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A B S T R A C T 

We assess the variance of supernova(SN)-like explosions associated with the core collapse of rotating massive stars into a 
black hole-accretion disc system under changes in the progenitor structure. Our model of the central engine evolves the black 

hole and the disc through the transfer of matter and angular momentum and includes the contribution of the disc wind. We 
perform two-dimensional, non-relativistic, h ydrodynamics simulations using the open-source h ydrodynamic code ATHENA ++ , 
for which we develop a method to calculate self-gravity for axially symmetric density distributions. For a fixed model of the 
wind injection, we explore the explosion characteristics for progenitors with zero-age main-sequence masses from 9 to 40 M �
and different degrees of rotation. Our outcomes reveal a wide range of explosion energies with E expl spanning from ∼0 . 3 × 10 

51 

to > 8 × 10 

51 erg and ejecta mass M ej from ∼0 . 6 to > 10 M �. Our results are in agreement with some range of the observational 
data of stripped-envelope and high-energy SNe such as broad-lined type Ic SNe, but we measure a stronger correlation between 

E expl and M ej . We also provide an estimate of the 56 Ni mass produced in our models which goes from ∼0 . 04 to ∼1 . 3 M �. 
The 56 Ni mass shows a correlation with the mass and the angular velocity of the progenitor: more massive and faster rotating 

progenitors tend to produce a higher amount of 56 Ni. Finally, we present a criterion that allows the selection of a potential 
collapsar progenitor from the observed explosion energy. 

Key words: accretion, accretion discs – hydrodynamics – nuclear reactions, nucleosynthesis, abundances – supernovae: general. 
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 I N T RO D U C T I O N  

assive stars ( � 9 M �), at the end of their hydrostatic life, are ex-
ected to form an iron core and subsequently undergo a gravitational
ollapse. This core collapse marks the start of a complex sequence of
 vents with v arious outcomes. The post-collapse e volution and final
emnant properties depend on factors like the progenitor mass, its
ngular momentum, and magnetic field (e.g. Woosley 2010 ; Janka
t al. 2012 ; Ugliano et al. 2012 ). Typically, stars with moderate
ass tend to successfully explode through the heating by neutrinos

mitted from the proto-neutron star (PNS), determining a classical
ore-collapse supernova (CCSN; e.g. Janka, Melson & Summa 2016 ;
ezzacappa 2020 ; Bollig et al. 2021 ; Burrows & Vartanyan 2021 ;
 uroda et al. 2022 ; Vartan yan, Coleman & Burrows 2022 ; Wang et al.
022 ; Bruenn et al. 2023 ; Rahman et al. 2023 on the latest progress),
hile progenitors with an even higher zero-age main-sequence mass,
 ZAMS � 16 M � are more prone to fail the explosion (as indicated

y Woosley & Heger 2006 ). The massive stars that fail to launch a
 E-mail: ludo vica.crosatomene gazzi@aei.mpg.de 
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uccessful explosion during the PNS phase collapse into a black hole
BH). 

In the presence of an appreciable rotation of the progenitor stars,
he BH should be subsequently surrounded by an accreting disc (see
.g. Woosle y & He ger 2006 ). It has been shown that in failed SNe
he wind created by the viscous heating inside the accretion disc
ay be a natural source of the SN energy with an explosion energy
 expl � 10 52 erg (MacFadyen & W oosley 1999 ; Popham, W oosley &
ryer 1999 ; Kohri, Narayan & Piran 2005 ) and it has been found to be
ich in 56 Ni ( ≥0 . 1 M �) (as shown by Just et al. 2022 ; Fujibayashi et al.
024 ; Dean & Fern ́andez 2024a ). The activity of the disc surrounding
he newly born BH can then also be a source of relativistic jets that
ccount for gamma-ray bursts (GRBs). The BH-disc system is thus a
romising engine to explain energetic supernovae such as broad-lined
ype Ic SNe (Type Ic-BL SNe or hypernovae) and their associated
RBs, as shown by observational studies such as Galama et al.

 1998 ), Stanek et al. ( 2003 ), Campana et al. ( 2006 ), Xu et al. ( 2013 ;
or a re vie w, see also Woosley & Bloom 2006 ; Kumar & Zhang
015 ). This scenario is known as collapsar scenario . 
Considering the alternative case of a successful explosion, Ober-

aulinger & Aloy ( 2020 ) found that PNS with a mass ranging from
.2 to 2.5 M � can successfully launch explosions through either the
© 2025 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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eutrino-driven mechanism or the magnetohydrodynamics (MHD)- 
ri ven mechanism. A MHD-dri ven CCSN could occur when a strong
agnetic field is associated with rapid rotation in the stellar core, and

s a possible mechanism for the creation of magnetars. The MHD- 
riven CCSN scenario (also known as proto-magnetar scenario) 
resents a potential explanation for the GRBs and associated Type 
c-BL SNe (see e.g. Usov 1992 ; Metzger et al. 2011 ). In this scenario,
otation leads to global asymmetries of the shock wave, which 
ranslates into the formation of highly collimated, mildly relativistic 
ipolar outflow as shown by Burrows et al. ( 2007 ), M ̈osta et al.
 2015 ), Bugli et al. ( 2019 ), Obergaulinger & Aloy ( 2020 ), Kuroda
t al. ( 2020 ) in their MHD simulations. Grimmett et al. ( 2021 )
sed hydrodynamics simulations based on this scenario to study 
he production of 56 Ni. In their most energetic models, where they 
bserv ed an e xplosion ener gy > 10 52 er g, a significant amount of
jected 56 Ni was found, i.e. > 0 . 05–0 . 45 M �. These findings are
onsistent with values deduced from the light curves of Type Ic-BL
Ne, which range from 0.12–0 . 8 M �, with a median at ∼0 . 28 M �, as
etermined by Taddia et al. ( 2019 ). Therefore, both the collapsar and
HD-driven CCSN scenarios are the currently fa v oured scenarios for 

he formation of GRBs and associated Type Ic-BL SNe. Historically, 
cenarios based on neutrino pair annihilation have been discussed 
hrough the years (see Woosley 1993 ; Piran 2004 , for re vie ws), but
hey appear to be less efficient. 

This paper is the extension of the previous work we presented 
n Menegazzi et al. ( 2024 ) (hereafter mentioned as Paper I ). In the
rst study, we explored the properties of sub-relativistic outflow 

n the collapsar scenario, with the explosion fueled by a BH-
ccretion disc system. We performed two-dimensional axisymmetric 
ydrodynamics simulations for modelling the ejecta produced by the 
ollapse of the massive, rotating star with M ZAMS = 20 M � taken
rom Aguilera-Dena et al. ( 2020 ). Then, by varying the parameters of
he injected wind, we investigated their effect on the ejecta properties 
uch as mass, velocity, geometry, and 56 Ni production. 

For this progenitor, our analysis unveiled a vast range of explosion 
nergies with E expl spanning from very low energy ∼5 × 10 49 erg 
o Ic-BL SN energy ( ∼3 × 10 52 erg). This distinction depends on
hether the ram pressure of the injected matter is stronger than that
f the infalling envelope, ef fecti vely pushing the stellar envelope 
utward or not. Our results in Paper I showed that the explosion
nergies we measured were in good agreement with observational 
ata for stripped-envelope SNe presented by Taddia et al. ( 2019 ) and
omez et al. ( 2022 ) confirming that the disc wind generated from

he BH-disc system in a failed SN may naturally be a source of the
N energy as suggested in previous studies by Woosley ( 1993 ),
acF adyen & Woosle y ( 1999 ), Popham et al. ( 1999 ). Because

f these results, we decided to further investigate the variety of
he explosion properties using the same scenario as in Paper I ,
ut expanding the parameter space by varying the mass and the 
nitial rotational velocity of the progenitor. In this study, we fix 
he parameter of the injected wind while varying the progenitor 
tructure (a detailed description of the choice of the parameters is
resented in Section 2 ). We employ a range of different progenitors
ith the same composition dominated by oxygen outside the iron 

ore (see Woosley & Heger 2006 ; Aguilera-Dena et al. 2020 ).
hen, we sample them with respect to their M ZAMS and vary 

heir degree of rotation, while holding the wind parameters the 
ame. 

Our hydrodynamics model based on the collapsar scenario is 
nspired by those used in fully general relativistic hydrodynamics 
imulations (Fujibayashi et al. 2024 ), which we here simplified. None 
he less, we will show that this simplified method can reproduce the
 v erall feature of the more detailed simulations, and hence, it is
seful for the interpretation of the observational data. 
This paper is organized as follows. In Section 2 , we first briefly

ummarize our hydrodynamics code that has been outlined in Paper 
 and we also use for this work, and then we describe the physics
f the progenitor stars we employ (taken from Woosley & Heger
006 ; Aguilera-Dena et al. 2020 ) and the added parameter for
he magnitude of the angular velocity. We present our results in
ection 3 , where we focus especially on the variety of the explosion
nergy and the 56 Ni production and study their dependence on the
ariation of the initial parameters and progenitor models. In this 
ection, we also compare our results with observational data. Then, 
ection 4 contains a discussion about the implication of our results,
lso considering those obtained in Paper I and their observational 
ounterpart. Finally, we summarize this work in Section 5 . The
ppendix es pro vide an insight into the hydrodynamical evolution 
f some models excluded from the analysis and an additional study
f the effect of the wind injection model on the explosion of the
5 M � progenitor of Aguilera-Dena et al. ( 2020 ). Throughout this
aper, G denotes the gravitational constant. 

 M E T H O D  A N D  PA R A M E T E R S  

n this work, we numerically explore the collapsar scenario. Specifi- 
ally, we focus on massive, fast-rotating stars in which the neutrino-
riv en e xplosion during the PNS phase does not take place, causing
he PNS to collapse into a BH (failed CCSN). We model the explosion
f a compact progenitor star post the BH formation. We perform two-
imensional (axisymmetric) Newtonian simulations using the open- 
ource multidimensional hydrodynamics code ATHENA ++ (Stone 
t al. 2020 ) to which we added the self-gravity by solving the
oisson’s equation under the axial symmetry (the implementation 

s presented in Paper I ). Additionally, in our simulations, we model
he central engine in a semi-analytical way by evolving the BH
nd the disc through the transfer of matter and angular momentum.
his method follows the prescriptions given by Kumar, Narayan & 

ohnson ( 2008 ) on which we add the contribution of the disc as
escribed by Hayakawa & Maeda ( 2018 ). 
The thermodynamical history of the ejecta is obtained using tracer 

articles in the method provided in Paper I . This method allows us to
ollo w the e volution of the tracer particles backward in time and also
o distinguish the fluid elements of the injected matter (coming from
he inner boundary) from those originating from the stellar envelope 
for a detailed description, see Paper I ). If the maximum temperature
f a tracer particle is higher than the critical temperature 5 GK for
uclear statistical equilibrium (e.g. Woosle y, He ger & Weaver 2002 ),
e assume that 56 Ni is synthesized with mass assigned to the tracer
article. As for the injected matter, since it lacks the thermodynamical 
istory, we estimate the mass of 56 Ni by e v aluating the temperature
f the disc when the matter is injected. We, then, measure the ratio
etween the injected matter experiencing temperature higher than 
 GK and the total injected mass, and multiply it to the injected
ass to get the amount of 56 Ni produced in this component of the

jecta. The method used to estimate the temperature of the injected
atter is presented in Appendix B . As we will see in Section 3 , we

stimate that 40–60 per cent of the injected mass becomes 56 Ni with
ur procedure. We do not perform a full nucleosynthesis calculation 
nd use the critical temperature 5 GK to approximately estimate the 
6 Ni mass produced in the ejecta because of the lack of knowledge
bout the injected matter and the fact that it dominates o v er the mass
riginating from the stellar envelope (see Section 3.4 ). 
MNRAS 537, 2850–2867 (2025) 
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Figure 1. Schematic picture of the explosion in the collapsar scenario. 2 θw 

represents the angle for which we allow the wind outflow. Outside this angle, 
the matter is only allowed to infall towards the central engine. The figure also 
shows the rotation axis and the equatorial plane. 
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It is worth reminding that in this work, we assume that the entire
tellar component of the injected matter experiencing T > 5 GK
ecomes 56 Ni. This may be a reasonable assumption considering
ecent global viscous hydrodynamic studies in the collapsar scenario,
n which they find an ejecta Y e distribution that narrowly peaks around
 e ∼ 0 . 5 (Just et al. 2022 ; Dean & Fern ́andez 2024a , b ; Fujibayashi
t al. 2024 ). Ho we ver, some studies sho wed that collapsar discs may
ecome neutron-rich (Siegel, Barnes & Metzger 2019 ; Miller et al.
020 ), and more recently the first 3D neutrino-transport general-
elativistic magnetohydrodynamic ( νGRMHD) collapsar simula-
ions performed by Issa et al. ( 2024 ) found the conditions for the
evelopment of neutron-rich ejecta in such scenario (measuring
 e � 0 . 3). If the ejecta electron fraction is lower (i.e. Y e < 0 . 5), the
stimates of the 56 Ni would be different. In such a scenario, the main
roduct of the nucleosynthesis is not expected to be 56 Ni, but rather
eavier nuclei (Siegel et al. 2019 ). As a result, the mass fraction of
6 Ni of the injected matter would be substantially smaller than those
stimated with the procedure used in this work. 

.1 Computational set-up 

n this work, all simulations are performed on an axisymmetric grid
sing spherical-polar coordinates. The polar angle of our domain
pans from 0 to π with 128 grid points uniformly distributed, leading
o a zone width of �θ = 0 . 0245 rad. The radial dimension ranges
rom 10 8 cm ( r in ) to 3 . 3 × 10 10 cm ( r out ) and it is divided into 220
ones. The grid zone size �r is obtained by increasing the mesh
ize with a constant factor �r i = α�r i−1 where α ≈ 1 . 03 ensures
n approximately squared shape for all zones (i.e. �r i ≈ r i �θ ; for
ore details see Paper I ). 
The inner radius r in determines the inner boundary of the com-

utational domain, and it is the same through all simulations. This
ut is done to exclude the central engine from the computational
omain and consider it embedded in the central part of the star. By
his cut, computational costs are significantly saved, as evolving the
entral engine semi-analytically rather than numerically significantly
educes the simulation time. 

Instead of solving the hydrodynamics inside r in , we evolve the BH
nd disc assumed to be embedded there. Specifically, their masses
 M BH and M disc ) and angular momenta ( J BH and J disc ) are evolved
ccording to the mass and angular momentum fluxes at r in (see Paper
 for details). The initially enclosed mass and angular momentum
nside r in are assumed to be those of the initial mass of the BH (see
ection 2.3 ). The outer radius, which is located outside the stellar
urface of our progenitor models, is also kept fixed for all simulations.

.2 The equation of state 

he thermodynamical properties of the star are described by the
ame equation of state (EOS) as employed in Paper I which includes
ons, radiation, electrons, and e −–e + pair (we also refer to the EOS
escribed in Timmes & Swesty 2000 and Takahashi et al. 2016 ). In
his work, we suppose that oxygen is the only component for the ion
i.e. Y e = 0 . 5), resulting in a 16 O mass fraction of 1. This decision was
ade considering the composition of our progenitor model, which is

ominated by oxygen outside the iron core (see Aguilera-Dena et al.
020 ). 

.3 Inner boundary condition and parameters 

he model used in this work is the same as in Paper I , which is based
n the collapsar disc wind scenario and inspired by Fujibayashi et al.
NRAS 537, 2850–2867 (2025) 
 2024 ; see also Just et al. 2022 and Dean & Fern ́andez 2024a ). We
et the inner boundary conditions so that the wind is launched after
he disc formation toward the non-axis direction (see section 2.6 of 
aper I for a detailed description of the inner boundary conditions). In

he early stages, before the disc formation, we allow material to flow
oward the central engine for r < r in (outflow condition). After the
isc formation ( M disc > 0), we set the wind injection from the inner
oundary within a half opening angle of θw = π/ 4 directed along
he equatorial plane. Outside the injection angle, we inhibit matter
owing from the central engine into the computational domain by
etting zero fluxes (reflecting boundary condition) when the radial
elocity in the first active cell is positive while letting the mass infall
o the central engine if it is ne gativ e. The geometry employed in our
imulations is illustrated in Fig. 1 . 

The choice of setting the half opening angle as θw = π/ 4 and di-
ecting it along the equatorial plane was made considering the results
f global simulations obtained by Fujibayashi et al. ( 2024 ), Just et al.
 2022 ), and Dean & Fern ́andez ( 2024a ). Their simulations, indeed,
how that the wind matter remains confined (focused, collimated)
ithin an opening angle of roughly π/ 2 along the equatorial plane

see fig. 2 in Fujibayashi et al. 2024 , figs 3 and 4 in Just et al. 2022 ,
r fig. 3 in Dean & Fern ́andez 2024a for reference). Additionally,
he outflow we study in this work is non-relativistic, leading the
xplosion configuration to rapidly become spherical; hence the θw is
nlikely to significantly change the global result (an analysis of the
ffect of the opening angle on the outflow properties is presented in
ppendix A ). Considering these findings, we then use θw = π/ 4 as
ducial value. 
We set the wind density ρw using a parabolic density profile

escribed in Paper I . The total specific energy of the disc wind at
he inner boundary is assumed to be a fraction of the specific kinetic
nergy with the disc escape velocity v esc as: 

1 

2 
v 2 w + f therm 

1 

2 
v 2 w + 	 = ξ 2 1 

2 
v 2 esc , (1) 
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here v esc : = 

√ 

2 GM BH /r disc with r disc : = j 2 disc /GM BH and j disc : =
 disc /M disc . In equation ( 1 ), 	 is the gravitational potential which
atisfies the Poisson’s equation: 

	 = 4 πGρ , (2) 

here ρ is the mass density of the fluid, and the specific internal
nergy of the wind, e int, w /ρw = (1 / 2) f therm 

v 2 w , is defined as a fraction
f the wind kinetic energy through the free parameter f therm 

. The
udge factor ξ denotes the uncertainties due to incomplete knowledge 
f the disc structure (Hayakawa & Maeda 2018 ). The outflow 

ressure is calculated from the EOS with the density ( ρw ) and internal
nergy ( e int, w ) as input parameters. 

Equation ( 1 ) indicates that if the total specific energy (1 / 2) v 2 +
 int /ρ + 	 is conserved, the asymptotic velocity of the injected 
atter is ξv esc . 
Part of the injected matter could fall back to the centre when it

as a ram pressure smaller than that of the infalling envelope. If
his happens and the injected matter that is pushed back has j >
 ISCO where j ISCO is the specific angular momentum at the innermost 
table circular orbit (ISCO; Bardeen, Press & Teukolsky 1972 ), it
ould become part of M disc again and hence re-injected into the 

omputational domain. To a v oid the recycling of the injected matter,
s we did in Paper I , we do not allow the injected matter to fall back
o the disc, but only to the BH by setting the angular momentum of
he injected matter to zero. 

In this work, we fix the parameters of the wind following the
esults obtained in our previous work. The wind parameters are the 
ind time-scale t w , the accretion time-scale t acc , the ratio between

he radial velocity of the outflow and the escape velocity ξ , and f therm 

see equation 1 ). This regulates the rate at which material is accreted
n to the BH from the disc, and hence aids in monitoring the central
ngine’s dynamics (see Kumar et al. 2008 for more details). 

Our aim of the present study is to reproduce a highly energetic ex-
losion with a large production of 56 Ni, comparable to observed high- 
nergy SNe. Therefore, referring to fig. 7 of Paper I , all simulations
n this work are performed setting a wind time-scale t w = 3 . 16 s, the
ccretion time-scale t acc = 10 s, the factor ξ 2 = 0 . 1 and f therm 

= 0 . 1
but see Appendix D for a complementary study). These parameters 
haracterized the model M20 3.16 3.16 0.1 0.10 of Paper I , which
nder goes an ener getic explosion with E expl = 3 . 0 × 10 51 erg and has
he ejecta mass of M ej = 3 . 4 M �, which is also in good agreement
ith the results obtained by Fujibayashi et al. ( 2023 ) for the same
rogenitor. 1 

.4 Diagnostics 

n this subsection, we outline the approach used to calculate the 
roperties of the ejecta and injected matter. We define ejecta mass
 ej as the sum of unbound matter mass. The explosion energy E expl 

s the energy carried by the unbound matter. The unbound matter is
 v aluated through the Bernoulli criterion, which takes into account 
he thermal effect on the matter and the effects of the gravitational
otential, and is defined as: 

 : = 

e t + P 

ρ
+ 	 > 0 , (3) 
 Fujibayashi et al. ( 2023 ) measured the ejecta mass of M ej = 2 . 2 M � and 
n explosion energy of E expl = 2 . 2 × 10 51 erg at the end of their simulation. 
hese values are lower than ours, but they should be considered as the lower 

imits since they were still growing at the end of their simulation; in a longer 
erm simulation, these values can be larger. 

t  

a
M
i  

2

here e t = e int + e kin is the sum of the internal ( e int ) and kinetic
 e kin = ρv 2 / 2) energy densities, and P is the pressure of the fluid,
espectively. 

Using the Bernoulli criterion, we track the evolution of the ejecta
ass and energy at every time-step by integrating the equations: 

 ej = r 2 out 

∫ t 

0 

∫ 
B> 0 ,v r > 0 

ρv r d S d t + 

∫ 
B> 0 ,v r > 0 

ρd 3 x , (4) 

 expl = r 2 out 

∫ t 
0 

∫ 
B> 0 ,v r > 0 ρBv r d S d t + 

∫ 
B> 0 ,v r > 0 ( e t + ρ	 )d 3 x , (5) 

here, d S denotes the surface integral element. The injected mass
 inj represents the matter coming from the central engine with a

ositive mass flux at the inner boundary r in . It is defined as: 

 inj = r 2 in 

∫ t 

0 

∫ 
v r > 0 

ρv r d S d t . (6) 

We consider the injected energy E inj as the energy carried by M inj 

ith positive binding energy. We, then, compute the injected energy 
 inj applying the Bernoulli criterion as follows: 

 inj = r 2 in 

∫ t 

0 

∫ 
v r > 0 

ρBv r d S d t . (7) 

The Bernoulli criterion allows us also to e v aluate the energy of
he bounded matter (i.e. the binding energy) at the beginning of the
njection which we define as: 

 bind , inj = 

∫ 
B< 0 ,v r < 0 ( e t + ρ	 )d 3 x . (8) 

.5 Progenitor parameters 

rogenitors of long GRBs have been suggested to be rapidly rotating,
otationally mix ed massiv e stars. Therefore, based on our aforemen-
ioned aim of investigating the effect of the progenitor structure on the
xplosion properties, in this work, we fix the parameters of the wind
njection (explained in Section 2.3 ) while changing the progenitor 

odels. We, then, select some massive, rapidly rotating, rotationally 
ixed stars from the stellar evolution models of Aguilera-Dena 

t al. ( 2020 ) (throughout this paper we will refer to the M ZAMS 

f the model also as M prog ). In particular, we choose nine stars with
 ZAMS = 9, 15, 17, 20, 2 22, 25, 30, 35, and 40 M �. For each of them
e, then, consider five different degrees of rotation, the original 

otational profile of the progenitor �0 (as given by Aguilera-Dena 
t al. 2020 ) and four more for which the angular velocity is modified
rom the original one �0 . These are obtained multiplying �0 by 
 � = 0 . 5 , 0 . 6 , 0 . 8, and 1.2 following Fujibayashi et al. ( 2024 ). 
In order to further investigate the dependence of the ejecta mass,

he explosion energy, and the 56 Ni production on the progenitor 
tructure, we also perform additional simulations using models 
ith different characteristics. Specifically, we employ the progenitor 
odels 16TI and 35OC from Woosley & Heger ( 2006 ) with no
odification of the angular velocity. These stars have a larger angular
omentum in an inner region than those of Aguilera-Dena et al.

 2020 ) at the onset of the stellar collapse. 
Considering the progenitor stars of Aguilera-Dena et al. ( 2020 ), in

ur model selection, we include both progenitors that are expected to
ndergo a successful explosion during the PNS phase and progenitors 
hat are expected to fail the explosion and lead to the BH formation,
ccording to the core-compactness criterion (Ertl et al. 2016 and 
 ̈uller et al. 2016 : The progenitors’ core-compactness parameter 

s presented in fig. 4 in Aguilera-Dena et al. 2020 ). This choice is
MNRAS 537, 2850–2867 (2025) 

 This is the same progenitor used in Paper I . 
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M

Figure 2. The specific gravitational binding energy at the surface of the 
progenitor star e bind , surface as a function of the progenitor mass M prog . 
e bind , surface gives an estimate of the compactness of the entire star. The 
blue circles show e bind , surface for the models of Aguilera-Dena et al. ( 2020 ), 
while the red squares indicate the results obtained using 16TI and 35OC 
(Woosley & Heger ( 2006 ). 
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ade in order to co v er a wide range of compactness of the entire
tar, which is likely to be rele v ant to the mass accretion rate after the
isc formation (see Fujibayashi et al. 2024 ). For instance, higher
ompactness of the entire star leads to a higher mass accretion
ate at a later stage of the collapse (i.e. after the disc formation),
nd Fujibayashi et al. ( 2024 ) showed that a higher mass-infall rate,
ypically from the carbon-oxygen layer of the star, amplifies the
iscous and shock heating rates within the inner region of the disc,
etermining a large explosion energy. Therefore, studying different
alues of the entire star compactness allows us to investigate a large
ariety of mass accretion rates after the disc formation, which, in our
cenario, may affect the outflow energy. 

A measure of the compactness of the entire progenitor star can be
iven by estimating the specific gravitational binding energy at the
urface of the star defined by: 

 bind , surface = 

GM ∗
R ∗

, (9) 

here M ∗ and R ∗ are the mass and the radius of the star, respectively.
n Fig. 2 , we show the value of e bind , surface as a function of the
rogenitor mass for the models of Aguilera-Dena et al. ( 2020 ) (blue
ircles) and the 16TI and 35OC progenitors from Woosley & Heger
 2006 ) (red squares). The figure shows that more massive stars have
igher specific gravitational binding energy considering the models
f Aguilera-Dena et al. ( 2020 ) because R ∗ depends only weakly on
 ∗ for their models. By contrast, for the models of Woosley & Heger

 2006 ), R ∗ is much larger than that for the models of Aguilera-Dena
t al. ( 2020 ), and thus, the specific gravitational binding energy is
uch smaller. This suggests that the models of Woosley & Heger

 2006 ) have the possibility of more energetic explosion. 

 RESULTS  

n this section, we will first analyse the mechanism that drives the
xplosion in our models and will investigate the dependence of the
xplosions on the progenitor mass and angular velocity (Section 3.1 ).
e also compare those to some observational data (Section 3.2 ).
e then present a way to predict the explosion energy from our

rogenitor models (Section 3.3 ). Finally, we will show the effect of
he progenitor mass M prog and the magnitude of the angular velocity
 � on the final 56 Ni production (Section 3.4 ). The models studied in
NRAS 537, 2850–2867 (2025) 
his work, with the most important properties of their ejecta and the
esults of the 56 Ni production, are summarized in Table 1 . 

In the final analysis of the results, some models were excluded due
o their physical inconsistency. The inconsistency arises from the fact
hat in these models, the accretion disc grows in the computational
omain of r in ≤ r ≤ r out . In our numerical modelling there are no
rocesses that launch the wind from the disc in the computational
omain. Consequently, the injected mass and energy are not correctly
ssessed for such models. On the other hand, for the other models,
he mass and energy injection sets in before the disc is formed in
he computational domain, and thus the result is considered to be
hysically consistent. Models showing the inconsistent behaviour are
herefore excluded from the general analysis of the results presented
ere but are described in Appendix C and listed in Table C1 . 

.1 Parameter dependence of the dynamics 

o investigate the dependence of the explosion properties on the
rogenitor models, we fixed the wind parameter to be the same for
ll simulations. As explained in Section 2.3 , we employed the wind
arameter of the model M20 3.16 3.16 0.1 0.10 from Paper I (i.e.
 w = 3 . 16 s, t acc /t w = 3 . 16, ξ 2 = 0 . 1, and f therm 

= 0 . 1) because it
nder goes an ener getic e xplosion with e xplosion energy and 56 Ni
ass comparable to those measured in energetic SNe. 
In the left panel of Fig. 3 , we compare the disc formation time t df ,

t which M disc becomes non-zero, with the injection time t inj (the time
t which the mass and energy fluxes at the inner boundary become
ositive and the matter unbound) for a sample of progenitors (among
hose taken from Aguilera-Dena et al. 2020 ) with four different
otational levels. 

Both panels of Fig. 3 show a correlation between the disc formation
ime and the progenitor structure, specifically, the magnitude of the
ngular velocity: t df is longer for progenitors with lo wer v alues of
 �. It is possible to explain this behaviour considering that in slower
otating models the matter that has a sufficient angular momentum
o form the disc is located at larger radii, thus taking longer time to
all into the central region and form the disc. 

To pro v e the abo v e speculation, we e v aluate the free-fall time of
he mass shell that has a specific angular momentum sufficiently
arge to form the disc, which may give an approximate estimation
f t df . We here assume that during the formation and the growth
f a BH, the specific angular momentum is conserved. Under this
ssumption and considering that the region with the enclosed mass
 encl collapses to the BH without forming a disc, it is possible to

stimate the mass and angular momentum of the formed BH for a
iven profile of the specific angular momentum as a function of the
nclosed mass, j ( M encl ) (Shibata & Shapiro 2002 ; Shibata 2003 ),
efined as 

 = 

1 

4 πr 2 

∫ 2 π

0 

∫ π

0 
�( r ) r 4 sin 3 θd θd φ = 

2 

3 
r 2 �( r) . (10) 

ere, �( r) is the angular velocity profile as a function of the spherical
adius only, which is assumed in stellar evolution calculations (Zahn
992 ). Both j and M encl are functions of r . 
In Fig. 4 , we show the average specific angular momentum of a
ass shell, (2 / 3) r 2 �, as a function of M encl for the model of M prog =

0 M � with different degrees of rotation: n � = 0 . 5 , 0 . 6 , 0 . 8 , 1 . 0 and
.2 (solid lines, where the colour distinguishes n �). We also plot
 ISCO for a BH that has mass M encl and angular momentum J encl for
ach model (dashed lines), and we highlight with filled circles the
oints at which j = j ISCO before getting larger. We refer to the mass
hen j = j ISCO as M 

df 
encl . When the mass shell falls into the centre, a
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Table 1. Model description and key results. The model’s name contains information about the progenitor mass and the magnitude of the angular velocity: the 
first number corresponds to M prog and the second indicates the factor by which the original degree of rotation has been multiplied. From left to right, the columns 
list the cumulative injected energy, ejecta mass, e xplosion energy, av erage ejecta v elocity, the number of tracer particles located within the ejecta, the mass of 
ejecta component originating from the injected matter, the ratio between the injected matter that is estimated to experience temperature higher than 5 GK and 
the total injected mass, the mass of ejecta component that is originated from the computational domain and experiences temperature higher than 5 GK, along 
with the number of tracer particles in parenthesis, the total mass of the ejecta which experiences temperature higher than 5 GK. 

Model E inj M ej E expl v ej N p M 

inj 
ej M 

inj 
> 5 GK /M 

inj M 

stellar 
ej ,> 5 GK ( N 

stellar 
ej ,> 5 GK ) M ej ,> 5 GK 

(10 51 erg) (M �) (10 51 erg) (10 3 km s −1 ) (M �) (M �) (M �) 

AD009x0.5 0.59 0.56 0.26 6.67 38681 0.19 0.39 0.00 (0) 0.07 
AD015x0.5 2.51 1.49 0.93 7.79 4269 0.46 0.44 0.01 (160) 0.21 
AD017x0.5 2.81 1.52 0.91 7.61 43049 0.53 0.44 0.01 (111) 0.24 
AD020x0.5 3.37 1.36 0.86 7.82 37600 0.51 0.46 0.01 (145) 0.24 

AD009x0.6 0.93 0.78 0.35 6.72 52445 0.10 0.43 0.00 (1) 0.04 
AD015x0.6 3.15 1.88 1.34 8.32 41193 0.64 0.48 0.02 (187) 0.33 
AD017x0.6 3.63 1.94 1.43 8.46 43309 0.65 0.48 0.017 (211) 0.33 
AD020x0.6 4.67 1.77 1.35 8.61 39282 0.50 0.50 0.01 (165) 0.26 
AD022x0.6 5.80 2.00 1.95 9.74 61595 0.75 0.52 0.01 (123) 0.40 
AD025x0.6 6.22 1.85 1.60 9.17 43669 0.54 0.54 0.02 (249) 0.31 

AD009x0.8 1.58 1.12 0.78 8.24 59195 0.20 0.54 < 0.01 (12) 0.12 
AD015x0.8 3.82 2.43 1.61 8.01 39308 0.78 0.44 0.02 (208) 0.36 
AD017x0.8 4.71 2.50 2.04 8.91 45816 0.83 0.52 0.04 (353) 0.47 
AD020x0.8 6.45 2.28 1.98 9.20 42409 0.54 0.50 0.03 (277) 0.30 
AD022x0.8 7.91 3.03 3.36 10.39 43355 1.20 0.55 0.02 (136) 0.68 
AD025x0.8 9.77 2.82 3.13 10.63 89755 0.88 0.64 0.02 (138) 0.58 
AD035x0.8 11.87 2.80 2.86 9.97 64595 1.11 0.55 < 0.01 (24) 0.62 

AD009x1.0 2.03 1.39 1.11 8.82 45629 0.32 0.64 < 0.01 (8) 0.21 
AD015x1.0 4.21 2.37 1.37 7.50 41690 0.53 0.45 0.02 (170) 0.26 
AD017x1.0 5.21 3.07 2.21 8.36 40497 1.09 0.48 0.05 (344) 0.57 
AD020x1.0 7.10 3.33 3.04 9.42 45856 1.23 0.52 0.06 (380) 0.70 
AD022x1.0 9.05 3.61 3.97 10.28 49035 1.44 0.56 0.04 (278) 0.85 
AD025x1.0 11.50 3.94 4.75 10.82 49748 1.52 0.59 0.05 (257) 0.95 
AD030x1.0 13.46 4.40 5.16 10.68 55761 1.88 0.54 0.02 (57) 1.04 
AD035x1.0 16.20 4.30 5.15 10.80 53789 1.70 0.56 < 0.01 (28) 0.96 
AD040x1.0 17.55 3.73 3.38 9.37 38332 1.36 0.57 0.10 (663) 0.88 

AD009x1.2 2.38 1.56 1.35 9.16 45537 0.39 0.65 < 0.01 (14) 0.26 
AD015x1.2 4.19 2.98 1.74 7.52 62670 0.82 0.45 0.01 (83) 0.38 
AD017x1.2 5.55 3.28 2.25 8.17 39335 1.07 0.49 0.04 (294) 0.56 
AD020x1.2 7.83 3.75 3.46 9.45 61895 1.24 0.53 0.06 (378) 0.72 
AD022x1.2 9.77 4.07 4.16 9.96 72141 1.49 0.56 0.08 (381) 0.91 
AD025x1.2 13.38 4.74 5.70 10.81 65685 1.72 0.58 0.10 (445) 1.10 
AD030x1.2 15.00 5.27 6.19 10.84 49952 1.98 0.56 0.093 (396) 1.20 
AD035x1.2 19.73 5.58 7.98 11.79 46960 2.21 0.55 0.04 (172) 1.26 
AD040x1.2 22.86 5.64 8.15 11.82 58541 2.28 0.55 0.017 (34) 1.27 

16TI 3.28 5.32 1.20 4.76 87957 0.60 0.41 0.015 (1261) 0.26 
35OC 14.42 10.67 5.18 6.99 145059 1.88 0.47 0.25 (11268) 1.14 
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isc is expected to be formed. This plot shows that a BH is likely to
row more before the disc formation for lower values of n �, i.e. to
 

df 
encl ≈ 6 . 8 , 7 . 8 , 9 . 2 , 10 . 1 and 12.1 M � for n � = 1 . 2 , 1 . 0 , 0 . 8 , 0 . 6

nd 0.5, respectively. This procedure of comparing the specific 
ngular momentum with j ISCO has applied to all the models to 
alculate the mass coordinate M 

df 
encl and the corresponding radius 

 

df 
encl . Fig. 5 shows the results of this calculation as a function of the
rogenitor mass for both M 

df 
encl (upper panel) and R 

df 
encl (lower panel). 

n this plot, we present results for a sample of the models taken from
guilera-Dena et al. ( 2020 ) with n � = 0 . 5 , 0 . 6 , 0 . 8 , 1 . 0 , 1 . 2, and for

he progenitor stars 16TI and 35OC (from Woosley & Heger ( 2006 ),
ight-pointing and left-pointing triangle respectively). The results 
resented in Figs 4 and 5 confirm our hypothesis that in progenitor
tars with lower angular velocity, the matter with sufficiently high- 
ngular momentum to form the disc is located at larger radii, hence
resenting a longer disc formation time, t df . 
t  
We now calculate t ff for the mass shell M 

df 
encl as 

 ff = 

π√ 

GM 

df 
encl 

(
R 

df 
encl / 2 

)3 / 2 
. (11) 

n Fig. 6 , we compare t ff of the mass coordinate M 

df 
encl , at which the

isc is expected to form (on the vertical axis), with t df measured
n the simulations (on the horizontal axis) for the same sample
f progenitor models from Aguilera-Dena et al. ( 2020 ) used in
ig. 5 (i.e. the progenitor stars with n � = 0 . 5 , 0 . 8 , 1 . 0 and 1.2;
 prog is distinguished by colour while the marker indicates n �)

nd the progenitor stars 16TI and 35OC (from Woosley & Heger
006 ; right-pointing and left-pointing triangle, respectively). This 
lot clearly shows a linear correlation between the free-fall time 
nalytically e v aluated and the time at which the disc is formed in the
imulations. It also confirms that the disc formation is supposed to
ake longer for slower rotating stars because M 

df 
encl is located further
MNRAS 537, 2850–2867 (2025) 
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M

Figure 3. Left panel: disc formation time, t df (blue dots), and injection time (red dots), t inj , as functions of the progenitor mass for a sample of models taken 
from Aguilera-Dena et al. ( 2020 ) with four degrees of rotation: n � = 0 . 5, 0.8, 1, and 1.2. Right panel: time difference between the disc formation and the 
beginning of the injection, t inj − t df for the same four rotational levels. In this panel the colour and the shape distinguish the magnitude of the angular velocity. 

Figure 4. Specific angular momentum, j , as a function of the enclosed mass, 
M encl , for the model of M prog = 20 M � with different degrees of rotation: 
n � = 0 . 5 , 0 . 6 , 0 . 8 , 1 . 0 and 1.2. The magnitude of the angular velocity is 
distinguished by the colour. We also plot j ISCO for a given BH of mass 
M encl and corresponding angular momentum J ( M encl ) by the dotted curves. 
The filled circles denote the points at which j = j ISCO is satisfied for each 
progenitor model. 
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Figure 5. Upper panel: estimated BH mass at the disc formation M 

df 
encl 

as a function fo the progenitor mass M prog . M 

df 
encl is e v aluated to be the 

enclosed mass of the progenitor with a specific angular momentum equal 
to j ISCO . Lower panel: The radius R 

df 
encl of the mass coordinate M 

df 
encl as 

a function of M prog . The results are shown for a sample of the progenitor 
models from Aguilera-Dena et al. ( 2020 ) with four degree of rotation n � = 

0 . 5 , 0 . 8 , 1 . 0 , 1 . 2 (results for progenitors with different magnitudes of the 
angular velocity is distinguished by different markers). We also show the 
results for the models 16TI and 35OC from Woosley & Heger ( 2006 ) (pink 
right-pointing and left-pointing arrow, respectively). 
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ut in the env elope. F ocusing on the specific values of t ff and t df , we
otice that in our simulations, the disc formation time is by a factor
f ≈1 . 5 longer than the estimation with the free-fall time. This is
ikely due to the fact that the stellar envelope is not really free-falling
ue to the presence of the pressure in our simulations. 
The disc formation is employed as the condition triggering the

eneration of the wind in our simulations. The injection of matter
nd energy through the inner boundary does not begin simultaneously
ith the wind formation, though, since the wind needs some time to

nduce a positive mass flux at the inner boundary and make the matter
here unbound. This happens once the ram pressure of the injected

atter wins o v er that of the infalling envelope, which is lower in
he later times. Both panels of Fig. 3 show that, in our simulations,
he time interval t inj − t df varies from ∼2 s for n � = 1 . 2 to ∼10 s
or n � = 0 . 5 and, for a fixed magnitude of the rotation, it remains
ostly constant until M prog ≈ 25 M � and tends to slightly increase
NRAS 537, 2850–2867 (2025) 
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Figure 6. Estimated free-fall time t ff of the enclosed mass at which the disc 
is formed against the disc formation time t df for a sample of the progenitor 
models from Aguilera-Dena et al. ( 2020 ) with four degrees of rotation: 
n � = 0 . 5 , 0 . 8 , 1 . 0 , 1 . 2. Results for progenitors with different magnitude of 
the angular velocity is distinguished by different markers, while the colour 
indicates the progenitor mass M prog . We also show the results for the models 
16TI and 35OC from Woosley & Heger ( 2006 ) (pink right-pointing and 
left-pointing arrow, respectively). 
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or M prog > 30 M �. This can be explained considering that the stellar
adius of the progenitors depends only weakly on the progenitor mass
or the stellar -ev olution models of Aguilera-Dena et al. ( 2020 ). Thus,
or larger values of M prog , the ram pressure of the infalling matter
an be higher, dominating o v er that of the injected matter, for longer
imes. Eventually, in all simulations, the ram pressure of the injected 
atter becomes larger than that of the infalling envelope, driving the 

xplosion. 
igure 7. Left panel: the ratio of the explosion energy to the injected energy E e

his work. Right panel: E expl (filled markers) and E inj (open markers) as function
 2020 ) with different degrees of rotation are distinguished by different markers, w
eft-pointing pink triangles are the results for the models 16TI and 35OC from Woo
n Paper I for the model AD020x1.0. 
We then discuss the explosion energy and ejecta mass. In Fig. 7 ,
e present the results of all simulations in terms of the injected and

xplosion energy ( E inj and E exp ). In the left panel, we plot the ratio
f the explosion energy to the injection energy, E expl /E inj , for the
odels from Aguilera-Dena et al. ( 2020 ) with dif ferent v alues of n �

nd from the models 16TI and 35OC as a function of M ej and in
he right panel, we display separately E inj (open markers) and E expl 

filled markers) as functions of the ejecta mass. We also show the
esults of E expl obtained in Paper I for the model AD020x1.0 with
rey ×-markers. 
The left panel of Fig. 7 shows that the explosion energy represents

0–60 per cent of the injected energy for our models. The conversion
fficiency of E inj into E expl is below unity because part of the injected
nergy is used to o v ercome the binding energy of the infalling
nvelope and another fraction is pushed back to the centre by the
nfalling matter, preventing it to contribute to the ejecta. From 

his plot, it is also evident that progenitors with higher angular
 elocity hav e a larger ejecta mass, while the values of M prog seem to
ffect the efficiency of E expl /E inj , i.e. for more massive progenitors
he ratio E expl /E inj tends to be smaller. This behaviour can be
xplained by considering that the more massive progenitors have 
ore gravitational potential energy that the injected matter should 
 v ercome for the explosion (cf. Fig. 2 ). 
The right panel of Fig. 7 shows that more massive progenitors

ave larger values of E expl and M ej (in the case of the progenitors
f Aguilera-Dena et al. ( 2020 ), for a fixed value of n �). Both
 expl and E inj show a continuous distribution with respect to the

jecta mass. Considering the distributions of these quantities for the 
odels of Aguilera-Dena et al. ( 2020 ), the explosion energy ranges

rom E expl = 0 . 3 × 10 51 erg for a model with M prog = 9 M � and
 � = 0 . 5 to E exp = 8 . 2 × 10 51 erg for a model with M prog = 40 M �
nd n � = 1 . 2 and the injected energy from E inj = 0 . 6 × 10 51 erg to
 inj = 2 . 3 × 10 52 erg for the same two models. The only point slightly
etached from the rest of the distribution are those of the 9 M �
rogenitor with n � = 0 . 5 (AD009x0.5) and n � = 0 . 6 (AD009x0.6).
one the less, the explosion energy follows the global trend even

or these simulations. Therefore it is reasonable to assume that the
MNRAS 537, 2850–2867 (2025) 

xpl /E inj as a function of the ejecta mass M ej for all the models studied in 
s of the ejecta mass M ej . Results for progenitors from Aguilera-Dena et al. 
hile the colour indicates the progenitor mass M prog . The right-pointing and 
sley & Heger ( 2006 ). The grey ×-markers show the results of E expl obtained 

ax-Planck Society user on 01 April 2025
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M

Figure 8. E expl (filled markers) and E inj (open markers) as functions of the 
binding energy e v aluated at the injection time E bind , inj for all the models 
studied in this work. The right-pointing and left-pointing pink triangles 
are the results for the models 16TI and 35OC from Woosley & Heger 
( 2006 ). The right-pointing and left-pointing pink triangles are the results for 
the models 16TI and 35OC from Woosley & Heger ( 2006 ). The dashed 
purple line represents the linear regression E inj and the dashed grey line the 
linear regression of E expl for the models of Aguilera-Dena et al. ( 2020 ). The 
excluded models are not shown in this plot and are discussed in Appendix C . 
Results for progenitors with different angular velocities are distinguished by 
different markers, while the colour indicates the progenitor mass M prog . 
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pace in the between would be filled by progenitors with initial mass
anging from 9 to 15 M � or n � = 0 . 7. The distributions of E expl and
 inj for the progenitor 16TI and 35OC also look continuous with re-

pect to the ejecta mass and both the explosion and the injected energy
re comparable to those measured for the models of Aguilera-Dena
t al. ( 2020 ) with analogous M prog , but the points are located at higher
alues of M ej . For the 16TI we measure E expl ≈ 1 . 2 × 10 51 erg and
 ej ≈ 5 . 3 M � compared, for instance, to E expl ≈ 1 . 37 × 10 51 erg

nd M ej ≈ 2 . 37 M � for AD015x1.5. For the 35OC progenitor, we
nstead measure E expl ≈ 5 . 2 × 10 51 erg and M ej ≈ 10 . 7 M � while in
he case of AD035x1.0 we find E expl ≈ 5 . 2 × 10 51 erg as well but
 ej ≈ 4 . 3 M �. 
The same figure also shows that E expl and M ej have a clear

orrelation with n �, i.e. the faster the progenitor rotates, the larger
 expl and M ej are. This is consistent with our expectation since a
rogenitor with higher values of n � has a larger disc mass which is
he source of the wind injection. 

It is also noticeable that the distribution of the points obtained
n this work varying the progenitor model co v ers a smaller interval
f explosion energies than that presented in Paper I for different
ind injection models that span from ∼5 × 10 49 to ∼3 . 4 × 10 52 erg.
dditionally, in the present study, E expl does not show a bimodal
istribution for highly energetic and sub-energetic explosions. This
onfirms our hypothesis presented in Section 3.1 that the bimodal
istribution obtained in Paper I is likely to be determined by the model
or central engine employed. Since for this analysis, we employ the
arameters that determine an energetic explosion of AD020x1.0 in
aper I , even changing the progenitor structure, the explosion would
lso belong to the same category. 

In Fig. 8 , we plot E inj and E expl as functions of the binding energy
f the matter at the onset of the wind injection, E bind , inj , for all
odels. E inj and E expl increase approximately linearly with E bind , inj 
NRAS 537, 2850–2867 (2025) 
nd, specifically, the injected energy is al w ays larger than the binding
nergy, as it is in the model 20 3.16 3.16 0.1 0.10. This confirms that
n all the simulations, the explosion is driven by the same mechanism,
.e. by the ram pressure of the injected wind that dominates o v er
hat of the infalling matter, efficiently pushing forward the stellar
nv elope that e xpands without falling back. As a result, all the models
xperience an energetic explosion. 

A good linear correlation between E expl and E bind , inj is reasonable:
he engine of the explosion has to provide the energy similar to
 bind , inj for a successful explosion. When the energy with the order
f E bind , inj is injected, the stellar envelope becomes unbound by the
njected wind. Hence, the mass infall to the central BH-disc system
nd the new energy injection are suppressed. The explosion energy
s thus likely to be regulated by the order of E bind , inj . Comparing the
njected energy of the models 16TI and 35OC with that measured
n for the progenitor of Aguilera-Dena et al. ( 2020 ) for give E bind , inj ,
e notice that it is slightly smaller in the case of 16TI and 35OC .
his difference can relate to the difference in the progenitor features
nd to the simple model we used. Therefore the fits shown in Fig. 8
re made using only the results for the progenitors of Aguilera-Dena
t al. ( 2020 ). 

.2 Comparison with the obser v ations 

n this section, we compare the ejecta properties obtained in our
imulation with the observational data. Fig. 9 presents the distribution
f our model in the E expl –M ej plane (filled markers) along with
he observational data for Ic-BL SNe taken from Taddia et al.
 2019 ) and for stripped-envelope SNe, including Type Ic-BL SNe
rom Gomez et al. ( 2022 ) (open markers). We additionally display
he results of some general relativistic neutrino-radiation viscous-
ydrodynamics simulations obtained using different progenitors:
rom Fujibayashi et al. ( 2024 ) for progenitors with M prog = 20, 35,
nd 45 M � of Aguilera-Dena et al. ( 2020 ) and different degrees
f rotation n � = 0 . 6 , 0 . 8 , 1 . 0 , 1 . 2 and from Just et al. ( 2022 )
nd Dean & Fern ́andez ( 2024a ) for 16TI and 35OC models in
oosley & Heger ( 2006 ). In Fig. 9 , we focus on the dependence of

he explosion on the progenitor mass M prog indicated by the colour
f the markers and on the magnitude of the angular velocity n �
istinguished by the marker shape. 
Comparing our numerical results with the observational data, we

nd that our results agree with some range of the observational data.
o we ver, we also find that, despite the wide-ranging variations of
 prog and n �, the explosion energy distributes along a trend and

oes not show the extended distribution made by observational data.
n other words, the explosion energy and the ejecta mass are more
trongly correlated in our simulations than in the observational data
rovided by Taddia et al. ( 2019 ) and Gomez et al. ( 2022 ). A similar
ight correlation between E expl and M ej was also found in our previous
ork for the model AD020x1.0 as indicated by the ×-markers in the

ight panel of Fig. 9 (see also fig. 11 in Paper I ). 
We find that the observational data points with M ej � 10 M � are

ardly reproduced with the progenitor models of Aguilera-Dena et al.
 2020 ). The reason is just that the available mass for the ejecta, i.e.
he pre-collapse stellar mass minus BH mass at the disc formation
see the upper panel of Fig. 5 and upper panel of fig. 1 in Aguilera-
ena et al. 2020 ), is at most ∼10 M �. The events with M ej � 10 M �
ay have originated from the stars that have larger available mass,

.e. with larger envelope mass or faster rotation, in the context of a
ollapsar scenario. 

Our speculation is supported by the points obtained by numerical
imulations (Dean & Fern ́andez 2024a ; Just et al. 2022 ) that use
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Figure 9. Parameter dependence with respect to the observable pair of explosion energy E expl and ejecta mass M ej . Results for progenitors from Aguilera-Dena 
et al. ( 2020 ) with different degrees of rotation are distinguished by different markers, while the colour indicates the progenitor mass M prog . The grey ×-markers 
show our results obtained in Paper I for the model AD020x1.0. The open markers display the observational data for stripped-envelope SNe, some of which are 
Type Ic-BL SNe, taken from Taddia et al. ( 2019 ) and Gomez et al. ( 2022 ). The up-pointing triangles display the results of Just et al. ( 2022 ) from neutrino-radiation 
viscous-hydrodynamics simulations with the progenitors 16TI . The magenta plus-sign denotes the results obtained in a general relativistic neutrino-radiation 
viscous-hydrodynamics simulation for progenitors with M prog = 20 , 35 , 45 M � and n � = 0 . 6 , 0 . 8 , 1 . 0 , 1 . 2 (Fujibayashi et al. 2024 ). The down-pointing 
triangles show the results of Dean & Fern ́andez ( 2024a ) from neutrino-radiation viscous-hydrodynamics simulations with the progenitors 16TI and 35OC . For 
the same models 16TI and 35OC we perform additional simulations displayed in the figure with a right-pointing and a left-pointing purple arro w, respecti vely. 
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aster rotating pre-collapse structure ( 16IT and 35OC ; Woosley & 

eger 2006 ). Their ejecta mass is systematically higher than those of
ur result. This indicates that the tight correlation found in our result
ay stem from our limited choice of the progenitor structure, and 
e could reproduce events with M ej � 10 M � with more massive or

aster rotating progenitors. 
We also note that the results obtained in Fujibayashi et al. ( 2024 )

re well aligned with the outcomes of our simulations showcased in 
ig. 9 , while the results in Dean & Fern ́andez ( 2024a ) and Just et al.
 2022 ) are located in the regime with systematically higher values
f M ej . The better agreement with Fujibayashi et al. ( 2024 ) could
lso be due to the choice of the progenitor models: Fujibayashi et al.
 2024 ) also use the same progenitor stars as ours. This fact may also
upport the abo v e speculation. 

To confirm our speculation, we perform additional simulations 
sing progenitor models 16TI and 35OC . For the 16TI we measure
he ejecta mass of M ej ≈ 5 . 3 M � and en explosion energy E expl ≈
 . 2 × 10 51 erg, while for the 35OC progenitor M ej ≈ 10 . 7 M � and
 expl ≈ 5 . 2 × 10 51 erg. For these models we measure an E expl similar

o that of the progenitor from Aguilera-Dena et al. ( 2020 ) with the
ame mass, but the point distribution 16TI and 35OC is located 
t higher M ej , in qualitative agreement with the results obtained 
y Dean & Fern ́andez ( 2024a ). The difference between the values
f E expl we measured for 16TI and 35OC and those obtained by
6TI and 35OC can be attributed to the simple wind model we
sed where the wind parameters are fixed throughout the whole 
imulation. 

.3 Prediction on the explosion energy 

t would be advantageous to have a tool useful for choosing a potential
rogenitor based on some requirements for the outcomes before 
erforming any simulation. We provide such a tool using the binding
nergy of the outer layers E ol ( ol = outer layers), which is defined
s: 

 ol = 

GM ol M 

df 
encl 

R 

df 
encl 

, (12) 

here M 

df 
encl is the mass coordinate at which the specific angular

omentum is equal to that of ISCO for a BH with the same mass and
ngular momentum of their enclosed values, i.e. the estimated BH 

ass at the disc formation. R 

df 
encl is the radius of the mass coordinate

 

df 
encl , and M ol is the mass outside the same mass coordinate. This

uantity would provide an estimate of available energy by the 
ccretion of the outer layer to the disc. 

In Fig. 10 , we show the relation between E expl and E ol , for both
he model from Aguilera-Dena et al. ( 2020 ) and the 16TI and 35OC
f Woosley & Heger ( 2006 ) (right and left-pointing pink triangles,
espectively). In Fig. 10 , we also plot the line of E expl = E ol (purple
ashed line in the figure) to provide an order of magnitude estimate
MNRAS 537, 2850–2867 (2025) 
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M

Figure 10. Explosion energy E expl as a function of the binding energy of the 
outer layers in the pre-collapse ( E ol ) for the models from Aguilera-Dena et al. 
( 2020 ) and Woosley & Heger ( 2006 ). E ol is a measure of the compactness of 
the entire star. The dashed purple line shows E expl = E ol to provide an order 
of magnitude for the explosion energy. Results for progenitors with different 
angular velocity are distinguished by different markers, while the colour 
indicates the progenitor mass M prog . The right-pointing and left-pointing 
pink triangles are the results for the models 16TI and 35OC from Woosley & 

Heger ( 2006 ). 
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f the explosion energy considering only the pre-collapse conditions.
he linear line of E expl = E ol well reproduces the relation between
 expl and E ol we obtained within a factor 2 (with the difference
etween E expl obtained in our results and E ol ranging from to
6 per cent–60 per cent of E ol ). The somewhat smaller E expl than
 ol indicates that not all the gravitational binding energy of the outer

ayer is used for the explosion. 
Considering the relation between E expl and E ol for the progenitor

tars 16TI and 35OC , we notice that the points lay outside the trend
escribed by the distribution of the progenitors from Aguilera-Dena
t al. ( 2020 ). Therefore the relation we found between E ol and E expl 

pplies only to the models of Aguilera-Dena et al. ( 2020 ) with a
oderate modification of rotation. 

.4 56 Ni production 

n this section, we analyse the results of the 56 Ni production and the
ay in which it correlates with the progenitor mass and its angular
elocity. By doing that, we aim to ascertain whether it is feasible to
eplicate observational data such as those presented by Taddia et al.
 2019 ) and Gomez et al. ( 2022 ), especially for the high-energy SNe
 E expl � 10 52 erg). 

The data used in our 56 Ni calculations are summarized in Table 1 .
he table includes, starting from the fifth column: the mass of ejecta
omponent originating from the injected matter (i.e. from the disc)
 

inj 
ej , the total mass experiencing temperature higher than 5 GK,
 > 5GK , (5 GK is the threshold abo v e which the 56 Ni production

rimarily occurs), the mass of the stellar component experiencing
emperature higher than 5 GK, M 

stellar 
ej ,> 5GK , and the ratio between the

njected matter that is estimated to experience temperature higher
han 5 GK and the total injected mass M 

inj 
> 5GK /M 

inj . For the values
f M > 5GK and M 

stellar 
ej ,> 5GK , also the number of tracers is shown in

arenthesis. In this work, we employ tracer particles to estimate
he 56 Ni mass synthesized in the matter originating from the stellar
nvelope under the assumption that it is produced by the fluid
lements experiencing temperatures higher than 5 GK. We make
NRAS 537, 2850–2867 (2025) 
his approximation without computing the whole nucleosynthesis
ecause we found that the ejecta mass is dominated by the injected
atter, which is larger than M 

stellar 
ej ,> 5GK by more than one order of

agnitude. For this component, as mentioned in Section 2 we
stimate the mass of 56 Ni by e v aluating the temperature of the
isc when the matter is injected (see Appendix B ). Therefore,
e roughly estimate the mass of 56 Ni in the ejecta, M ej , Ni as
 ej , Ni = M 

stellar 
ej ,> 5GK + M 

inj 
ej ,> 5GK , where M 

inj 
ej ,> 5GK is M 

inj 
ej multiplied by

he ratio M 

inj 
> 5GK /M 

inj . 
With this approximation, M ej , Ni is found to represent the ∼13–

1 per cent of the total ejecta mass, with the lowest amount of
0 . 19 M � produced in the progenitor AD009x0.8 and the largest

f ∼2 . 3 M � for the model AD040x1.2. 
Fig. 11 shows for all models our estimates of the 56 Ni mass

roduced in the whole ejecta M ej ,> 5 GK (open markers) and that
riginating from the stellar component M 

stellar 
ej ,> 5 GK (filled markers) as a

unction of the explosion energy (left panel) and of the average ejecta
elocity (right panel). In addition to the results of our simulations, in
he plots we include the observational data for Type Ic-BL SNe taken
rom Taddia et al. ( 2019 ) and for stripped-envelope SNe, including
c-BL SNe, taken from Gomez et al. ( 2022 ). Furthermore we also
how the 56 Ni mass obtained by Fujibayashi et al. ( 2024 ) and by
ean & Fern ́andez ( 2024a ). 
Fig. 11 highlights how strongly the component of the ejecta

riginating from the injected matter dominates the estimate of the
otal 56 Ni mass produced in all models. It also shows that M ej ,> 5 GK 

ends to increase with E expl (or with respect to v ej ). The dependence
f M ej ,> 5 GK on E expl is reasonable: more massive and faster rotating
rogenitors have larger values of E expl and M ej due to the larger
isc mass (we discussed it in Section 3.1 ; see also Fig. 7 ) and M disc 

s the source of the injected matter, a significant fraction of which
s here considered to become 56 Ni. Even though not as linearly as
 ej ,> 5 GK , also M 

stellar 
ej ,> 5 GK roughly increases with E expl in the left panel

f Fig. 11 . This is because the energy injection occurs in similar time-
cale ∼t w . This leads to the higher energy injection rate E inj /t w for
igher E expl models, and thus, more matter tends to experience higher
emperature (see Suwa, Tominaga & Maeda 2019 for the positive
orrelation between the energy injection rate and temperature that
he ejecta experience). 

The left panel of Fig. 11 shows that our numerical estimates of
he 56 Ni mass are in fair agreement with the relation between M ej , Ni 

nd E expl in the observational data and with the results obtained
y both Fujibayashi et al. ( 2024 ) and Dean & Fern ́andez ( 2024a ).
e can reproduce at least some class of SNe Ic-BL with, basically,

nly the exclusion of the observed explosions with E expl < 10 50 or
 expl > 10 52 erg. The capability of reproducing the observational
ata is the result of the calibration of the wind parameter with the
umerical results of Fujibayashi et al. ( 2024 ). Fig. 11 shows that such
alibration allows us to be in good agreement with a wide range of
nergetic SNe with a broad range of progenitor mass. Comparing our
esults with the observational data in the right panel of Fig. 11 , we
lso have to note that lower velocity SNe of Gomez et al. ( 2022 ) are
ikely to be normal SNe Ic resulting from the heating by neutrinos
mitted from the PNS, which we are not trying to reproduce with our
odels. 
Focusing on the right panel of Fig. 11 , we observe that the total

6 Ni mass produced in our simulations is in fair agreement with the
bservational data in the range of the ejecta velocity we measured,
.e. v ej ∼ 6 × 10 3 –12 × 10 3 km s −1 . Ho we ver, our simulation results
re less scattered than the observational data, which spread up to
25 × 10 3 km s −1 (excluding the normal SNe Ic from Gomez et al.



Disc wind-driven explosions in massive stars 2861 

Figure 11. Relations between the explosion energy and the 56 Ni mass (left) and between the average velocity of the ejecta and the 56 Ni mass (right). Each grey 
line connects M 

stellar 
ej ,> 5GK (triangles) and M ej ,> 5GK = M 

stellar 
ej ,> 5GK + M 

inj 
ej ,> 5GK ∗ M 

inj 
> 5GK /M 

inj (down-pointing triangles) of the same model to show the possible 

range of 56 Ni mass. For the models from Aguilera-Dena et al. ( 2020 ), results for progenitors with different angular velocity are distinguished by different 
markers, while the colour indicates the progenitor mass M prog . The results with the models 16TI and 35OC are displayed with a right-pointing and a left-pointing 
purple arro w, respecti vely. The open markers display the observational data for stripped-envelope SNe, some of which are Type Ic-BL SNe, taken from Taddia 
et al. ( 2019 ) and Gomez et al. ( 2022 ). The magenta plus-sign denotes the results obtained in a general relativistic neutrino-radiation viscous-hydrodynamics 
simulation for progenitors with M prog = 20 , 35 , 45 M � and n � = 0 . 6 , 0 . 8 , 1 . 0 , 1 . 2 (Fujibayashi et al. 2024 ). The open black x-markers show the results of 
Dean & Fern ́andez ( 2024a ) from neutrino-radiation viscous-hydrodynamics simulations with the progenitors 16TI and 35OC . 
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 2022 ) and focusing on the high-energy distribution). Considering 
he fact that the results of Fujibayashi et al. ( 2024 ) extend to higher
elocity up to 18 × 10 3 km s −1 , the reasonable reason for this can be
ttributed to our choice of a simple wind model; for instance, in the
resent set-up, the wind time-scale t w and the accretion time-scale 
 acc are set constant and do not depend on the BH-disc properties,
.g. the Keplerian time at the typical disc radius ∝ 

√ 

M BH / r disc 
3 . 

e find that the higher progenitor mass tends to result in high ejecta
elocity in Fujibayashi et al. ( 2024 ). This indicates that our wind
arameter set chosen in this study is somewhat different for higher 
rogenitor mass. Considering that Paper I achieved a high ejecta 
elocity ∼20 × 10 3 km s −1 with longer wind time-scale t w = 10 s
or M prog = 20 M � star, the disc formed in the collapse of a more
assive progenitor may have a longer wind time-scale. 
In Fig. 11 , it is possible to observe a dependence of the total 56 Ni
ass in the ejecta on the progenitor mass and angular velocity. To

etter appreciate it, in Fig. 12 , we plot M ej , Ni as a function of M prog 

or all models, distinguishing them also by their degree of rotation 
ith different markers and colours. The figure shows a specific 

orrelation among M ej , Ni , M prog , and n �. More massive and faster
otating progenitors tend to produce more 56 Ni in the ejecta. The 
xplanation for this behaviour can be the same as speculated abo v e
o describe the relation between M ej , Ni and E expl : more massive and
aster rotating progenitors have a larger disc mass, which is the source
f the wind injection and 56 Ni mass. 

 DISCUSSION  

.1 Variety of disc wind-dri v en explosion 

he present analysis of our results shows a large variety of ejecta mass
ith M ej going from ∼0 . 6 M � for the model AD009x0.5 to > 10 M �

or the progenitor 35OC and a large variety of explosion energy 
ith E expl spanning from ∼0 . 3 × 10 51 erg for the model AD009x0.5
o ∼8 × 10 51 erg for AD040x1.2. Focusing on the results obtained
sing the models of Aguilera-Dena et al. ( 2020 ), Fig. 7 shows a
onotonic trend of our results, where E expl and M ej increase with

he progenitor mass and the initial degree of the rotation. The effect of
he progenitor mass on the outcome of the explosion can be explained
onsidering that, typically, more massive stars are supposed to have 
 more compact envelope (in terms of M ∗/R ∗), resulting in higher
ass-infall rates, which provides a larger amount of matter for the

isc formation and a larger energy budget for explosion energy. The
mpact of the initial magnitude of the rotation, after the BH formation, 
n the explosion energy, and on the ejecta mass is investigated by fully 
MNRAS 537, 2850–2867 (2025) 
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eneral relativistic radiation viscous hydrodynamics in Fujibayashi
t al. ( 2024 ). They showed that a star with a fast rotation can yield
 more energetic explosion and enhance mass ejection. Our present
odels approximately reproduce their findings. 
Another interesting result, as mentioned in Section 3.2 , is that we

ound a stronger correlation between E expl and M ej in our models
han in the observational data. We also hardly reproduced data points
ith M ej � 10 M � (refer to Fig. 9 ). As discussed in Section 3.2 ,

hey may be partially due to the choice of the progenitor models. In
he same subsection, we demonstrated that using the faster rotating
re-collapse structures 16TI and 35OC , also employed by Dean &
ern ́andez ( 2024a ), we could actually reproduce samples with M ej �
0 M �. This indicates that there may be a wider variety of ejecta
roperties than we find in this work, which stems from the difference
n the mass and angular momentum distributions of the pre-collapse
tellar structure. 

Another possible reason for the tight correlation can be attributed
o the simple wind model we use, in which the wind parameters, e.g.
he wind and accretion time-scales, are fixed throughout the whole
imulation. As mentioned in Section 2.5 , this hypothesis is supported
y the comparison to the results obtained in Fujibayashi et al. ( 2024 ).
he higher mass progenitor models tend to result in higher velocities
nd, thus, higher explosion energies than we find with the same
rogenitors (see also Fig. 7 ). This indicates that the rele v ant time-
cale for the wind injection may be different for different progenitors.
his is reasonable because the different mass and angular momentum
istribution of pre-collapse structure naturally leads to the different
haracteristics of the BH-disc system, e.g. dif ferent K eplerian time-
cale. We would, then, conclude that it may be possible to reproduce
he variety of the observational data by the combination of the wide
ariety of the progenitor structure and more consistent modelling
f the wind injection. In reality, the wind injection would occur
fter the efficiency of neutrino cooling compared to the viscous
eating in the disc drops (Fujibayashi et al. 2024 ); both t w and t acc 

hould depend sensitively on the neutrino cooling. Therefore, it is
ecessary to construct a more sophisticated wind injection model
hat consistently captures the physical processes during both the
eutrino-dominated accretion flow (Popham et al. 1999 ; Kohri et al.
005 ) and the advection-dominated accretion flow (Narayan & Yi
994 ; Hayakawa & Maeda 2018 ) phases in the specific case of a
iscosity-driv en wind e xplosion. We leav e the construction of the
odel and the investigation with it for future work. 

.2 The effect of GRB jet 

ne of our aims for future studies and a possible use of this work
s to connect the progenitor and the failed CCSN with a GRB
hat could be launched in such a scenario if a relativistic jet is
roduced (see e.g. Aloy et al. 2000 ; Izzard et al. 2004 ; Zhang,
oosley & Heger 2004 ; Mizuta et al. 2006 ; Gottlieb et al. 2022 ;

hibata et al. 2024 for simulation works with various sophistication).
erforming relativistic-hydrodynamic simulations with the inclusion
f relativistic jets would be an interesting case to investigate. As a
atter of fact, if we also consider in our model a large dimensionless

pin of the BH and an electromagnetic fields, then we could have
he formation of an energetic jet or outflow along the spin axis of
he BH determined by the Blandford–Znajek effect (see Blandford &
najek 1977 ). Consequently, if a relativistic jet is formed, the energy
udget for the explosion and the 56 Ni production may increase
ecause more energy is injected into the stellar matter. Several
orks have already studied this scenario, hence proposing that the

et and associated cocoon drive the stellar explosion and that it can
NRAS 537, 2850–2867 (2025) 
aunch a GRB (e.g. Hjorth et al. 2003 ; Stanek et al. 2003 ; Lazzati
t al. 2012 ; Eisenberg, Gottlieb & Nakar 2022 ; Suzuki & Maeda
022 ). Tominaga et al. ( 2007 ) and Tominaga ( 2008 ) studied the jet-
nduced explosions of a Population III 40 M � star and suggested a
orrelation between GRBs with and without bright SNe and the
nergy deposition rate Ė dep (see also Maeda & Nomoto 2003 ;
agataki, Mizuta & Sato 2006 ). They found that explosion with
igh energy ( ̇E dep � 6 × 10 52 erg) can synthesize a large amount
f 56 Ni ( � 0 . 1 M �) resulting consistent with GRB-SNe. Contrarily,
f the explosion deposition rate is low ( ̇E dep � 3 × 10 51 erg), they
easured a low ejected 56 Ni mass ( � 10 −3 M �) comparable to that

bserved in GRBs without SN brightening (like GRB060505 and
RB0606014). The GRB-SN mechanism was also found to be

trongly sensitive to the angular momentum of the progenitor, but
naffected by its mass (Hayakawa & Maeda 2018 ). Considering the
revious works, then, one of our follow-up studies will be performing
elativistic-hydrodynamic simulations that incorporate the injection
f relativistic jets. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we extended our previous study of the hydrodynamics
nd nucleosynthesis for the explosion of massive stars in the collapsar
cenario by performing a series of two-dimensional, Newtonian
imulations of progenitor models with different characteristics.
pecifically, we selected nine models from Aguilera-Dena et al.
 2020 ) sampled in the range of M prog = 9–40 M �. We, then, studied
hem at five different angular velocities (see Section 2 ). To further
nvestigate the dependence of the ejecta properties on the progenitor
tructure, we additionally performed two simulations with the models
6TI and 35OC from Woosley & Heger ( 2006 ) that have a larger
ngular momentum than those of Aguilera-Dena et al. ( 2020 ) for
 given mass (for these simulations we used the original angular
 elocity profile). F or these simulations, we w ork ed with the open-
ource multidimensional hydrodynamics code ATHENA ++ solving
he axisymmetric gravitational potential as in Paper I . We also used
he same model for the central engine that is supposed to evolve the
H and the disc with the transfer of matter and angular momentum
nd that also includes the disc wind formation and injection. 

Our main aim was to investigate the effect of the progenitor
tructure on the properties of the ejecta. In order to focus our
nvestigation on the effect of the progenitor structure on the faith
f the evolution, we fix the parameters of the wind injection model
o that the results of the explosion of the AD020x1.0 progenitor are
imilar to those obtained by Fujibayashi et al. ( 2023 ) for the same star.
n all our models, the disc-driven explosion results in an explosion
ith E expl ranging from 0 . 3 × 10 51 erg for the model AD009x0.5

o > 8 × 10 51 erg for the model AD040x1.2 for the progenitor
odels of Aguilera-Dena et al. ( 2020 ). For the progenitor models

f Woosley & Heger ( 2006 ), the explosion energy is comparable for
 given progenitor mass, but the ejecta mass is larger because they
ave a larger available mass (the pre-collapse stellar mass minus
H mass at the disc formation), determined by a faster rotation
nd a larger initial envelope mass. Comparing the progenitors with
 prog = 35 M � from Aguilera-Dena et al. ( 2020 ) and Woosley &
eger ( 2006 ), we measured M ej = 4 . 3 M � for AD035x1.0 while
 ej = 10 . 67 M � in the case of 35OC . 
Analysing the impact of the progenitor model and its rotation

n the final ejecta, we found that more massive stars reach higher
xplosion energy because of a higher mass-infall rate that supplies
 larger amount of matter to form the disc and, therefore, a higher
hermal energy budget for the explosion energy. Our results also show
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hat faster rotating progenitors experience more energetic explosions 
ue to a larger disc mass. 
We find that the distribution of explosion energy and ejecta mass

as a fair agreement with the observed distribution of SNe Ic-BL.
his indicates that such an energetic explosion would be driven 

ndeed by the disc wind in collapsars. We also find a strong correlation 
etween the explosion energy and the binding energy of the outer 
ayer of the star, E ol . We provided a function of E ol to predict the
xplosion energy only with the information of the pre-collapse star. 

As for the analysis of the 56 Ni production, in our simulations, M 

inj 
ej 

ainly determines the estimate of the total mass of 56 Ni synthesized 
n the ejecta as it is more than one order of magnitude larger than
 

stellar 
ej ,> 5GK . Due to the predominance of M 

inj 
ej , for which the complete

hermodynamical history is not available, we provided only a rough 
stimate of M ej , Ni . None the less, the distribution of our estimate of
he 56 Ni mass can broadly explain the relation between M Ni and E expl 

f the observational data for stripped-envelope SNe (some of which 
re Ic-BL SNe) taken from Taddia et al. ( 2019 ) and Gomez et al.
 2022 ). We also found a correlation between the 56 Ni mass and the
rogenitor’s mass and angular velocity, i.e. more massive and faster 
otating stars produce more 56 Ni. 

We also found that our results on the explosion energy and 56 Ni
ass agree approximately with those obtained by more detailed 

imulations (Fujibayashi et al. 2024 ; Dean & Fern ́andez 2024a ).
his suggests that our rather simple hydrodynamics model captures 

he essence of the explosion mechanism in the collapsar scenario 
nd is useful for interpreting the observational data. Yet, we found 
 tighter correlation of E expl and M ej than those of the observational
ata (Taddia et al. 2019 and Gomez et al. 2022 ). It is partially because
f the limited class of progenitor structure. Another reason is likely 
o be the simple modelling of wind injection employed in this study
see Section 2.5 ). We will sophisticate our current wind injection 
odel to capture the rele v ant physical processes consistently and 

urther investigate the collapsar disc wind scenario in the future. 
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PPENDIX  A :  ANALYSIS  O F  T H E  EFFECT  O F  

H E  O P E N I N G  A N G L E  2 θw O N  T H E  E J E C TA  

ROPERTIES  

n this appendix, we analyse the effect of the opening angle on
he global ejecta properties. As mentioned in Section 2.3 , the
w is unlikely to produce significant change on the global result
ecause the outflow expands non-relativistically, hence making the
xplosion configuration become quickly spherical. To confirm this,
e compare the ejecta mass M ej and the explosion energy E expl 

esulting from simulations performed for the progenitor star model
D020x1.0 using three different values of the half opening angle:

w = π/ 6 , π/ 4 , π/ 3. The results are presented in Fig. A1 . 
Fig. A1 confirms that changes in the wind opening angle affect

he final ejecta properties only slightly. As a matter of fact, M ej 

iffers at most by ∼19 per cent between θw = π/ 6 and θw = π/ 4
left panel of Fig. A1 ) while the difference in E expl does not exceed
9 per cent (between θw = π/ 3 and θw = π/ 4, see right panel of
NRAS 537, 2850–2867 (2025) 

igure A1. Evolution of M ej (left panel) and E expl (right panel) for the model A
blue line), θw = π/ 4 (red line), and θw = π/ 3 (green line). 
ig. A1 ). In light of these results, we can conclude that varying θw 

oes not have a significant impact on the final properties of the ejecta.
herefore, given this result, the simulations outcomes of Just et al.
 2022 ), Fujibayashi et al. ( 2024 ), Dean & Fern ́andez ( 2024a ) and the
implified model we employ, it is reasonable to set θw = π/ 4 along
he equator as fiducial value for the wind injection half opening angle.

PPENDI X  B:  ESTIMATION  O F  T H E  

EMPERA  T U R E  T H A  T  T H E  I N J E C T E D  

ATTER  EXPERI ENCES  

n this appendix, we estimate the temperature that the injected matter
xperiences. As the matter is assumed to be launched from the disc,
e first estimate the temperature at the typical radius of the disc
 disc . If the internal energy is dominated by non-relativistic particles,
he temperature at the radius of the disc may be estimated from the
ravitational binding energy as 

 nr ∼ Gm p M BH 

k B r disc 
∼ 2 × 10 11 K 

(
M BH 

10 M �

)(
r disc 

10 8 cm 

)−1 

, (B1) 

here m p is the proton mass and k B is the Boltzmann’s constant.
n the other hand, if relativistic particles, i.e. photons and thermally
enerated electron–positron pairs in high temperature, are dominant
n the internal energy, the temperature is obtained by solving
T 4 /ρ ∼ GM BH /r disc as 

 rel ∼
(

GρM BH 

ar disc 

)1 / 4 

∼ 2 × 10 10 K 

(
M BH 

10 M �

)1 / 4 (
M disc 

0 . 1 M �

)1 / 4 (
r disc 

10 8 cm 

)−1 

, (B2) 

here a is the radiation constant, and the disc density is assumed to
e ρ ∼ M disc /r 

3 
disc . The disc temperature may be the lo wer v alue of

 nr and T rel , 

 disc = min ( T nr , T rel ) . (B3) 

e note that M BH , M disc , and r disc are functions of time, and hence,
 disc is also a function of time. 
To assess how well we estimate the disc temperature with

quation ( B3 ), we try to estimate the disc temperature with the
ame equation for a snapshot of the model AD35-15 in Fujibayashi
t al. ( 2024 ). Fig. B1 compares the temperature along the equatorial
D020x1.0 using three different values of the half opening angle: θw = π/ 6 

ociety user on 01 April 2025
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Figure B1. Temperature along the equatorial direction (red line) for the 
model AD35-15 in Fujibayashi et al. ( 2024 ) at t = 10 . 3 s, at which the disc 
outflow sets in. It is compared with the temperature estimated by equation ( B3 ) 
(blue line) with the cylindrical radius R, local rest-mass density ρ, and the 
BH mass ≈16 M � at the same time. 

Figure B2. The ratios of the M 

inj 
> 5 GK and M 

inj for all the models. Markers 
and colours distinguish the values of n �. 
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irection (red line) and the temperature estimated by equation ( B3 )
ith the cylindrical radius and the local rest-mass density, and the 
H mass (blue line) at t = 10 . 3 s (6 s after the disc formation).
his corresponds to the time at which the disc wind sets in. We
nd that equation ( B3 ) estimates the actual disc temperature within
 factor of two for T � 3 × 10 10 K. Abo v e this temperature, the
eutrino emission can extract the internal energy in the disc evo-
ution (viscous) time-scale. Thus, the temperature is lower than the 
stimated v alue. Ne vertheless, as the threshold temperature for 56 Ni
roduction is 5 × 10 9 K, we do not have to correctly estimate the disc
emperature abo v e ∼10 10 K. We thus conclude that equation ( B3 ) can
pproximate the disc temperature with good accuracy. 

The mass of the injected matter that experiences temperature 
igher than 5 GK is then calculated as 

 

inj 
> 5GK = 

∫ 
Ṁ inj ( t )  ( T disc ( t ) − 5 GK )d t, (B4) 

here  is the Heaviside function. In Fig. B2 , the ratios of M 

inj 
> 5 GK 

nd M 

inj are shown for all the models of Aguilera-Dena et al. ( 2020 ).
e find that about half of the injected matter experiences temperature

igher than 5 GK . Thus, we may infer that a significant fraction of the
njected matter is composed of 56 Ni (given that its electron fraction
s ∼0 . 5). 

PPENDI X  C :  EXCEPTI ONA L  B E H AV I O U R  O F  

OME  M O D E L S  

s mentioned in Section 3 , we exclude some models from the
nalysis of the study because they showed exceptional behaviour 
uring the simulations. The results for these simulations are listed in
able C1 . In the left panel of Fig. C1 , we show the distributions of

he injected and explosion energy as functions of the ejecta mass for
hese models only, while in the right panel, we compare them to the
ther progenitors. From these plots, it is evident that the values of
 inj , E expl , and M ej of the excluded models do not align with those
f the others. They are all progenitors with M prog > 22 M � and they
resent E inj higher than expected while E expl and M ej lower. 
The reason for this behaviour is that the matter with sufficient

ngular momentum inflows to the centre and forms a centrifugally 
upported disc in the computational domain ( r > r in ). As the matter
hat does not flow inside the inner boundary cannot be the energy
ource as an injected matter, the injected energy for such models is
nderestimated. This behaviour is physically inconsistent because the 
iscous effect is not taken into account in the computational domain.
odels are regarded as physically consistent if the explosion sets in

efore the disc formation inside the computational domain. For such 
odels, the injected matter pushes the stellar envelope and prevents 

t from inflowing into the vicinity of the inner boundary. 
MNRAS 537, 2850–2867 (2025) 
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M

Figure C1. E expl (filled markers) and E inj (open markers) as functions of the ejecta mass M ej for all the models studied in this work (left panel) and for those 
showing an exceptional behaviour compared to the general trend (right panel). Results for progenitors with different magnitudes of the angular velocity are 
distinguished by different markers, while the colour indicates the progenitor mass M prog . 

Table C1. Exceptional models excluded from the analysis of the results. After the column with the model’s name, from left to right, the columns list the 
cumulative injected energy, ejecta mass, explosion energy, average ejecta velocity, the number of tracer particles located within the ejecta, the mass of ejecta 
component originated from the injected matter, the ratio between the injected matter that is estimated to experience temperature higher than 5 GK and the total 
injected mass, the mass of ejecta component that is originated from the computational domain and experiences temperature higher than 5 GK, along with the 
number of tracer particles in parenthesis, the total mass of the ejecta which experiences temperature higher than 5 GK. 

Model E inj M ej E expl v ej N p M 

inj 
ej M 

inj 
> 5 GK /M 

inj M 

stellar 
ej ,> 5 GK ( N 

stellar 
ej ,> 5 GK ) M ej ,> 5 GK 

(10 51 erg) (M �) (10 51 erg) (10 3 km s −1 ) (M �) (M �) (M �) 

AD022x0.5 5.59 0.22 0.03 3.53 120913 0.003 0.90 0.0230 (9791) 0.03 
AD025x0.5 4.58 0.22 0.06 5.09 72916 0.001 0.56 0.00 (1) 0.00056 
AD030x0.5 3.94 0.21 0.04 4.17 103540 0.004 0.89 0.03 (13151) 0.03 
AD035x0.5 2.60 0.21 0.05 4.70 112094 0.002 0.82 0.05 (22152) 0.05 
AD040x0.5 1.31 0.21 0.06 5.18 106482 0.003 0.81 0.041 (18387) 0.04 

AD030x0.6 7.14 0.36 0.08 4.56 95468 0.006 0.91 0.10 (19466) 0.11 
AD035x0.6 5.62 0.38 0.10 5.11 139220 0.005 0.86 0.10 (29247) 0.10 
AD040x0.6 3.54 0.36 0.11 5.41 112656 0.002 0.84 0.10 (35565) 0.10 

AD030x0.8 13.76 0.78 0.12 3.83 220315 0.007 0.90 0.16 (33604) 0.17 
AD040x0.8 11.16 0.92 0.20 9.97 93655 0.008 0.89 0.34 (27650) 0.35 
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PPENDIX  D :  D E P E N D E N C E  O F  E expl F O R  T H E  

5  M � PROGENITO R  

his work was moti v ated by our aim of better investigating the variety
f explosion properties for different progenitors after the results
btained in Paper I , where we instead studied different parameters
f wind injection. We expected that the variation of the progenitor
ass and its angular velocity would have explained the variety

f the observational data. However, as discussed in Section 3.2 ,
ur numerical results have a tighter correlation between E expl and
 ej than that measured in by the observational data by Taddia

t al. ( 2019 ) and Gomez et al. ( 2022 ) (as shown in Fig. 9 ). A
imilar strong correlation between E expl and M ej was also found
n our previous work for the model AD020x1.0 (fig. 11 in Paper
 ); ho we ver the points of the distributions lie on lines with different
lopes (see Fig. 9 ). This comparison suggests that the proportionality
etween E expl and M ej relates to the choice of the progenitor
odel and of the parameters for the wind injection. Therefore, we

xpect that fixing the progenitor model and studying its explosion
arying the parameters of the wind injection, the explosion energy
NRAS 537, 2850–2867 (2025) 
ould distribute along a different trend for every progenitor star. To
onfirm our speculations, we perform additional simulations using
he progenitor model AD035x1.0 and varying the parameters of the
ind injections sampling some values of t w , t acc , f therm 

, and ξ 2 among
hose used in Paper I (see Section 2 ). The parameters used, the results
or the explosion energy, the ejecta mass, and the averaged velocity
re displayed in Table D1 . 

In Fig. D1 , we show in the E expl –M ej plane the distribution of
he models with different parameters of the wind injection for the
rogenitor AD035x1.0 (filled markers). We also show the results
btained for the study presented in this work (see Section 3 for
ifferent progenitor models with the parameters of the wind injection
xed (orange hexagonal markers) and the outcomes obtained in Paper
 with grey ×-markers. We additionally display the observational data
rom Taddia et al. ( 2019 ) and Gomez et al. ( 2022 ) (open markers)
nd the results obtained by Fujibayashi et al. ( 2024 ) for the same
rogenitor AD035x1.0. 
Comparing the distribution of the explosion energy of AD035x1.0

ith that of AD020x1.0, they show two slightly different trends, i.e.
hey lie on lines with different slopes. This supports our speculation
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Table D1. Model description and key results for model M035x1.0 studied with different parameters for the wind injection. 
From left to right, the columns contain the wind time-scale, the ratio of the accretion and wind time-scales, the squared ratio of 
the asymptotic velocity of injected matter to escape velocity of the disc, the internal to kinetic energy ratio of injected matter, 
cumulative injected energy, ejecta mass, explosion energy, and average ejecta velocity. 

Model t w t acc /t w ξ2 f therm 

E inj M ej E expl v ej 

(s) (10 51 erg) (M �) (10 51 erg) (10 3 km s −1 ) 

M35 1 3.16 0.1 0.10 1 3.16 0.1 0.10 15.25 4.29 4.64 10.43 
M35 1 10 0.1 0.10 1 10 0.1 0.10 18.06 5.53 7.45 11.63 
M35 3.16 1 0.1 0.10 3.16 1 0.1 0.10 0.52 0.99 0.14 3.78 
M35 3.16 3.16 0.1 0.10 3.16 3.16 0.1 0.10 16.29 4.06 4.89 11.01 
M35 3.16 10 0.1 0.10 3.16 10 0.1 0.10 21.13 4.75 8.23 13.20 
M35 3.16 10 0.3 0.10 3.16 10 0.3 0.10 40.20 7.82 25.02 17.94 
M35 3.16 10 0.1 0.01 3.16 10 0.1 0.01 20.53 5.33 8.19 12.44 
M35 10 1 0.1 0.10 10 1 0.1 0.10 1.89 1.10 0.17 3.91 
M35 10 3.16 0.1 0.10 10 3.16 0.1 0.10 28.88 6.18 16.39 16.33 
M35 10 3.16 0.3 0.10 10 3.16 0.3 0.10 69.53 9.48 54.25 23.99 
M35 10 10 0.1 0.10 10 10 0.1 0.10 35.15 7.47 21.27 16.92 
M35 10 10 0.3 0.10 10 10 0.3 0.10 88.43 9.52 72.27 27.62 

Figure D1. Wind parameter dependence of model M035x1.0 with respect 
to the observable pair of ejecta mass M ej and explosion energy E expl . The 
colour distinguishes the wind time-scale t w . The orange hexagonal markers 
show the result of the study presented in this paper, while the grey x-markers 
represent the results obtained in Paper I for the model AD020x1.0. The open 
markers display the observational data for stripped-envelope SNe, some of 
which are Type Ic-BL SNe, taken from Taddia et al. ( 2019 ) and Gomez et al. 
( 2022 ). The magenta plus-sign denotes the results obtained in a general 
relativistic neutrino-radiation viscous-hydrodynamics simulation with the 
same progenitor AD035x1.0 by Fujibayashi et al. ( 2024 ). 
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hat by varying the progenitor structure and sophisticating the wind 
njection model, we may be able to reproduce a wider variety of
he observational data. However it is still impossible to reproduce 
he observational data with M ej � 10M � because our choice of the
rogenitor models are not appropriate for this purpose. 
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