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ABSTRACT

Context. During the late stages of massive stellar evolution, failed supernovae (FSN) may form through core-collapse processes.
The traditional evaluation criterion &, 5 = 0.45, where &, 5 is the compactness parameter, defined as the mass enclosed within 2.5 Mg
divided by the radius at that mass in units of 1000 km, is primarily established using nonrotating progenitor models. It is significantly
inaccurate when it is applied to rotating pre-supernova systems. The effects of metallicity and rotation on the explodability landscapes
of massive stars lack a robust quantification.

Aims. We investigate the effect of rotation and metallicity on the explodability of massive stars.

Methods. Using the code called modules for experiments in stellar astrophysics (MESA), we simulated stars with initial rotational
velocities of Viyi = 0, 300kms™!, and 600 kms™! at three metallicities (Z,, 1/10Zs, and 1/50Z,) and tracked their evolution from
the zero-age main sequence (ZAMS) until iron core collapse at 1000 kms™'. For each MESA model at the onset of core collapse,
we extracted the key parameters (the enclosed mass, temperature, density, radial velocity, electron fraction, and angular velocity) and
input them in the 1D supernova collapse simulation code GR1D to simulate the core-collapse supernova (CCSN) phase. Through
an iterative procedure, we determined the critical heating parameter fi, Within 1% of the explosion threshold. We then defined the
corresponding time-averaged heating efficiency 7‘7;;2;[ at this fie, to estimate the progenitor explodability. By correlating the explosion
outcomes with & 5, we derived an explodability criterion based on &, 5 and also investigated the correlation between explodability and
the ZAMS mass and CO-core mass for the rotational velocities and metallicities.

Results. We obtain new critical values of &, 5 for pre-supernova star explodability under different rotation rates and metallicities: 0.45
for models with Vi,; = 0; 0.48 for the V,;; = 300kms™' group; 0.47 for Vi, = 600km shat Z = Z,, and 0.59 for low metallicity
(Z =1/10 and 1/50 Z,). These criteria enable the rapid assessment of the progenitor explodability for equation of state configurations
resembling L.S220, which is an equation of state with a nuclear incompressibility of 220 MeV. The upper limit of the pre-supernova
star compactness for producing CCSNe is significantly higher in chemically homogeneous evolution (CHE) cases than in non-CHE
scenarios. This discrepancy primarily arises because the centrifugal force generated by rotational motion in a pre-supernova star more
effectively facilitates explosions than in nonrotating scenarios. According to the explodability criterion of the compactness &, 5, we
give the ZAMS mass ranges for FSN in different models. We also determined the position of the CO-core mass corresponding to
the compactness peak. Our results show that CHE undergone by rapidly rotating low-metallicity massive stars leads to a significant
decrease in the ZAMS and CO-core mass range for FSN.

Conclusions. Rotation substantially affects the explodability of low-metallicity massive stars. This underscores that it is important to

incorporate rotational effects in models of CCSN progenitors.
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1. Introduction

At the conclusion of massive star evolution, when the electron
degeneracy pressure is no longer sufficient to counteract grav-
itational forces, the iron core undergoes collapse. Upon reach-
ing nuclear saturation compactness, neutron degeneracy pressure
renders the core rigid and incompressible. The infalling mate-
rial generates a shock wave as it impacts the core (Janka
2017). The shock wave can weaken and stall as a result of
two primary processes: the dissociation of heavy nuclei pre-
ceding the shock front (Colgate & White 1966), and the sub-
sequent loss of neutrinos, which leads to the formation of an
accretion shock wave (Janka 2017). If the shock wave success-
fully revives and breaks out of all envelopes, the supernova will
successfully explode (Horiuchi et al. 2011; Li et al. 2011), leav-
ing a neutron star, or forming a black hole (BH) via fallback
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accretion (Kuroda et al. 2018; Chan et al. 2018; Burrows et al.
2023; Heger et al. 2023). If the shock wave revives but fails
to break out of the outer envelope, or if the shock wave fails
to revive at all, the star will undergo failed supernova (FSN),
forming a black hole (Fischeretal. 2009; O’Connor & Ott
2011; Heger et al. 2023; Boccioli et al. 2025). It is very impor-
tant to understand the mechanics of core-collapse supernovae
(CCSNe) and predict which progenitors will undergo explosion
(Gogilashvili et al. 2023; Diehl et al. 2021; Fischer et al. 2009;
Smartt 2015; Heger et al. 2023).

The prevailing shock-revival theory is the neutrino delayed-
heating mechanism proposed by Bethe & Wilson (1985), which
has been broadly supported by multidimensional simulations
Janka (2025). This theory posits that hundreds of millisec-
onds after the initial rebound, electron-type neutrinos and
antineutrinos transfer thermal energy from the protoneutron
star (PNS) to the material located behind the shock wave.
When the post-shock material attains sufficient energy, the
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shock wave is revitalized and continues to propagate out-
ward (Janka 2017; Bethe & Wilson 1985). Notably, in the vast
majority of one-dimensional (1D) supernova simulations, the
neutrino heating mechanism proves inadequate for triggering
a supernova explosion (Horowitz 2002; Burrows et al. 2006;
Fischer et al. 2017) unless the neutrino heating efficiency is sig-
nificantly enhanced (Gogilashvili et al. 2023; Liebendorfer et al.
2005; Buras et al. 2006a; Miiller et al. 2017; Radice et al. 2017).
With the enhancement of computational capabilities, it has
become possible to conduct 2D (Miller et al. 1993; Herant et al.
1994) and 3D (Janka & Mueller 1996; Fryer & Warren 2002)
CCSNe simulations. Multidimensional simulations can enable
successful CCSNe explosions (Lentz et al. 2015; Miiller 2015;
Bruenn et al. 2016; Miiller et al. 2019; Burrows et al. 2020;
Vartanyan & Burrows 2023). The advancement of multidi-
mensional simulations has brought to light additional explo-
sion mechanisms, such as neutrino-driven turbulence and
convection, which are increasingly recognized for their crit-
ical roles in supernova dynamics (Murphy & Burrows 2008;
Mabanta & Murphy 2018). Consequently, assessing the poten-
tial for a supernova to explode necessitates multidimensional
simulations.

Multidimensional ~ simulations are extremely time-
consuming and computationally intensive, however
(Boccioli et al. 2021; Gogilashvili et al. 2023). In contrast,
1D simulations are significantly faster. O’Connor et al. (2018)
conducted a comprehensive comparison of several simulation
codes designed to study the CCSNe mechanism and found
that the results from most codes were similar. This ensures the
reliability of the code and provides a foundation for studying
the effects of different parameters on supernova explodability.

Through 1D parametric simulations, certain physical param-
eters of pre-supernova stars are correlated with their explosive
outcomes (Boccioli et al. 2021). These parameters allow us to
rapidly assess the potential for pre-supernova stars to explode.
To do this, O’Connor & Ott (2011) proposed the compactness
parameter &, s, Pejcha & Thompson (2015) employed the critical
neutrino luminosity, Ertl et al. (2016) also introduced a method
using two parameters, and Miiller et al. (2016) used five phys-
ically motivated parameters to determine the outcomes. More
recently, Maltsev et al. (2025) formulated a multiparameter cri-
terion based on a large set of stellar models and achieved an
accuracy of >99% in predicting the outcomes of a semi-analytic
supernova model.

Of all the models mentioned above, the compactness param-
eter &5 proposed by O’Connor & Ott (2011) to predict the
explodability of pre-supernova stars is the simplest and most
widely applied Heger et al. (2023). Some multidimensional sim-
ulations have cast doubt on the use of compactness for pre-
dicting pre-supernova explodability, however. Examples are
the 2D simulations of 100 stars by Vartanyan & Burrows
(2023) and Wanget al. (2022), along with the 3D simula-
tions by Burrows et al. (2019, 2020, 2024). The criterion &5
is based on the 1D supernova collapse simulation code GR1D
(O’Connor & Ott 2010; O’Connor 2015). Significant difficul-
ties arise in one-dimensional simulations from the absence of
neutrino-driven turbulence and convective motion for evaluat-
ing explodability. In the simulations, O’Connor & Ott (2011)
therefore artificially increased the neutrino heating rate in
the post-shock matter until explosions were triggered and
then statistically determined the critical time-averaged heat-
ing efficiency required (n;’lrei;[) for a pre-supernova star explo-
sion. They found that a pre-supernova with high compactness
(¢25) demanded extremely high 77! . Within the neutrino-driven
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paradigm, these high efficiencies were deemed unlikely, which
led to the conclusion that these progenitors would not explode.
Ultimately, the authors established a predictive criterion for
CCSN explodability based on the pre-supernova star com-
pactness parameter & 5. This criterion was primarily estab-
lished based on nonrotating pre-supernova star models, how-
ever. Recent studies (Takiwaki et al. 2016; Summa et al. 2018;
Obergaulinger & Aloy 2020; Aguilera-Dena et al. 2020) sug-
gested that centrifugal forces in a rapidly rotating massive pre-
supernova star may significantly facilitate neutrino-driven explo-
sions. Consequently, the original compactness-based criterion
applied to predict the explodability of rapidly rotating massive
pre-supernova stars might lead to erroneous conclusions.

Additionally, the evolution during the main-sequence phase
can significantly affect the structure of pre-supernova stars and
thereby affect the explosion outcome (Lietal. 2023, 2025).
Extensive numerical simulations showed that the final iron
core mass of stars does not monotonically increase with
initial mass (Timmes et al. 1996; Sukhbold & Woosley 2014;
Limongi & Chieffi 2018; Schneider et al. 2021; Temaj et al.
2024; Laplace et al. 2025). Changes in internal mixing, metal-
licity, and rotation all affect the relation between the initial and
final mass of stars (Farrell et al. 2020) and thereby affect the
explodability. Rotation can induce various instabilities during
the evolutionary process (Heger & Langer 2000) that facilitate
chemical mixing and angular momentum transfer Heger et al.
(2023). Stellar rotation transports hydrogen from the outer lay-
ers to the core-burning region, which accelerates the growth
of the helium core and increases its mass. On the other hand,
rotational mixing stirs more helium into the envelope, which
increases the mean atomic weight of the envelope and reduces its
opacity (Sukhbold et al. 2016; Janka et al. 2016; Yoshida et al.
2021). A more massive helium core significantly enhances the
stellar luminosity, while the increased helium abundance in the
envelope promotes a blue solution (Saio etal. 1988; Langer
1992). Metallicity affects the mass-loss rate, which in turn
affects the stellar mass during the evolution. In particular, a
low metallicity combined with rapid rotation might lead to a
chemically homogeneous evolution (CHE) (Maeder & Meynet
1987; Langer 1992; Brott et al. 2011), which enables the pre-
supernova star to retain a higher mass and rotational velocity.

Current multiwavelength observations and theoretical stud-
ies collectively indicate that the vast majority of massive stars
does not exist in isolation, but rather resides in close binaries
or more complex multiple stellar systems (Kobulnicky & Fryer
2007; Sana et al. 2012, 2013, 2014). Massive stars in multiple
star systems exchange mass through stable Roche-lobe over-
flow or merger events during their evolution (Stegmann et al.
2022; Henneco et al. 2024). This implies that the majority
of supernovae originates from these mass-exchange objects
Moe & Di Stefano (2017), Schneider et al. (2024). From pure
helium star models that approximate stripped stars in bina-
ries (Aguilera-Dena et al. 2022, 2023) to binary evolution sim-
ulations that incorporate stripped stars, accretors, and mergers
(Laplace et al. 2021; Schneider et al. 2021, 2023, 2024), stud-
ies collectively demonstrated that binary interactions profoundly
shape the pre-collapse core structures of stars. These struc-
tural changes directly impact the feasibility of neutrino-driven
supernova explosions (Miiller et al. 2019; Vartanyan et al. 2021;
Woosley et al. 2020; Antoniadis et al. 2022). The complexity of
binary and multiple stellar evolution, however, poses unique
challenges that extend beyond the scope of this work. We focus
on studying the impact of rotation and metallicity on the explod-
ability of massive single stars during their evolution.
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We simulated the entire evolution of stars from the main
sequence to an explosion to obtain different explodability cri-
teria for & s in various model groups, and we investigated the
effects of rotation and metallicity on the explodability of mas-
sive stars. In Section 2 we present the model parameter settings
and research methods. In Section 3 we show the results of the
study. A brief summary is provided in Section 4.

2. Model

In this section, we present the model parameter settings for
the code called modules for experiments in stellar astrophysics
(MESA) in version 10398 (Paxton et al. 2011, 2013, 2015, 2018,
2019) and GR1D. We also present the implementation of the
(O’Connor & Ott 2011) explosion model and contextualize it
against other explosion models.

2.1. Pre-collapse stellar models

We used the open-source 1D stellar evolution simulation code
MESA to model the evolution from zero-age main sequence
(ZAMS) to core collapse at 1000kms~'. In the simulations,
we configured initial rotational velocities (Viy: 0, 300 and
600 km s~!) and metallicities (Zs, 1/10Z, 1/50 Z) with stellar
initial masses at ZAMS spanning 10-80 M.

Our MESA parameter settings agree with those of Li et al.
(2023), with the exception of the solar metallicity, which we
set to 0.014 (Asplund et al. 2009). The mixing-length parameter
was amrr = 1.5 (Bohm-Vitense 1958), with hydrogen-
burning stage overshooting @,y = 0.335 and the semicon-
vection mixing efficiency asc = 0.01. The rotation can
trigger the Goldreich—Schubert—Fricke instability, Eddington—
Sweet circulation, dynamical instability, and secular instabil-
ity, which produce the mixing (Heger et al. 2000). The ratio
of turbulent viscosity to the diffusion coefficient was 1/30
(Heger et al. 2000). Stellar winds were modeled according to
Yoon et al. (2006), Marchant et al. (2016): For hydrogen-rich
stars (Xg > 0.7), we applied the prescription by Vink et al.
(2001); for hydrogen-poor stars (X; < 0.4), we adopted the
formulas from Hamann et al. (1995); for intermediate com-
positions (0.4 < X; < 0.7), we employed a linear inter-
polation. Rotational enhancement of mass loss was included
following Bjorkman & Cassinelli (1993). Rotation was lim-
ited to Q/Q.q < 0.98 to avoid the critical velocity (Langer
1998; Aguilera-Dena et al. 2020). The models were computed
with the MESA approx21 nuclear network. The parameter
mesh_delta_coeff was set to 0.5, and varcontrol_target
was set to 3 x 1074,

Following O’Connor & Ott (2011), we still adopted the com-
pactness parameter &, 5 of pre-supernova stars to quantify their
core compactness. The parameter &y is defined as

MM,
R(Miay = M)/ (1000km)’

SV ey

where M typically represents 2.5 My, and R(M) refers to the
radius of a closed region with a baryonic mass of M, which is
usually calculated at the core bounce or at a collapse velocity of
1000 kms~'. O’Connor & Ott (2011) provided the criterion for
the explodability: when &5 < 0.45, a CCSN can successfully
explode; otherwise, FSN may occur.

2.2. Core-collapse model

We simulated the CCSNe using GR1D (O’Connor & Ott 2010;
O’Connor 2015), an open-source spherically symmetric general-
relativistic neutrino-radiation hydrodynamics code. The six
input parameters (enclosed mass, temperature, density, radial
velocity, electron fraction, and angular velocity) required for
each grid point of the progenitor supernova model in GRI1D
were provided by MESA when the iron core-collapse velocity
reached 1000 kms~!. GR1D employs the M1 scheme (O’Connor
2015) for neutrino transport. The M1 transport is a sophisticated
neutrino transport method that employs a two-moment scheme
to solve the Boltzmann equation governing neutrino propaga-
tion (Shibata et al. 2011; Cardall et al. 2013). This transport is
more complex than the neutrino transport approach adopted by
O’Connor & Ott (2011).

We employed a computational grid comprising 600 radial
zones. Within a radius of 20km, the radial spacing was set to
300 m. Beyond 20 km, the grid extended logarithmically to an
outer boundary where the density reaches 2000 gcm™ (higher-
resolution simulations are presented in Appendix A). Our sim-
ulations included the intrinsic rotation of the progenitor and
incorporated an additional parametric neutrino-heating term,
whose magnitude was controlled by an adjustable heating coef-
ficient. The equation of state (EOS) we adopted was LS220
(Lattimer & Swesty 1991), featuring a nuclear incompressibil-
ity of 220 MeV. Similarly, the neutrino opacity table was gen-
erated using NuLib. For LS220, we used the same NuLib table
as O’Connor (2015), both using three neutrino flavors and 18
energy groups. The simulations were evolved for a maximum
physical time of 2 s. The remaining simulation parameters were
set to the recommended values of the GR1D code (broadly
consistent with O’Connor 2015). This setting prevented GR1D
from terminating prematurely due to constraints in the parameter
configuration.

2.3. Neutrino heating

The accretion history of the proto-neutron star (PNS) prior
to shock revival determines the outcome: When the PNS
accretes enough material to surpass its maximum supported
mass (Tolman-Oppenheimer-Volkoff limit), it evolves into a
black hole via an FSN; otherwise, a successful CCSN explosion
occurs. This approach reflects the fact that in progenitor mod-
els where neutrino heating exceeds a critical threshold, sufficient
energy deposition can trigger shock revival. To achieve explo-
sion initiation in fully self-consistent 1D spherically symmetric
simulations, artificial enhancement of neutrino energy deposi-
tion in the post-shock region is typically required. The GR1D
code implements neutrino heating through the parameterization
of Janka (2001), where the heating rate at radius r is

e L i(r ) P 1 B
Qi’liedl(r) = fheatv_zo-heat,u,_xi — e 2Tv,-’
4rr my

- @)

where fieq 1S a scaling parameter introduced to parametrically
amplify the heating rate, L,,(r) is the neutrino luminosity inte-
rior to a radius r, and i refers to the neutrino flavors. 7, is the
optical depth determined by the leakage scheme. 0peat,, denotes
the energy-averaged absorption cross section, and Xj is the cor-
responding mass fraction for the neutrino interactions. The term
(1/F,,) represents the average inverse flux factor, which is ana-
lytically approximated as a function of the optical depth 7 by
comparison with the angle-dependent radiative transport calcu-
lations of Ott et al. (2008).
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By increasing the fie, value, we enhanced the neutrino heat-
ing, thereby triggering CCSN explosion in 1D simulations. We
adopted the same method as O’Connor & Ott (2011) and itera-
tively adjusted fhea to determine its critical value for explosion,

o> within a relative precision of 1%. Figure 1 shows the shock
radius evolution with time fyounce for different fie,e values. For
models with varying feq, the shock emergence times remained
identical. At low fhear, N0 explosions occurred in any of the
models. As fieq increased, the shock stagnation phase became
prolonged. With further increases in fie,, the shock propagated
outward to the stellar surface and ultimately produced a CCSN.
We note that shock waves in both models in the top panel (15 M,
ZAMS mass) oscillate with increasing fe,r (Buras et al. 2006b),
which is absent in the bottom panel (60 My). The top panel
requires fhear > 2.58 (left) and 2.43 (right) for a successful shock
revival, and the bottom panel demands fieo = 2.05 (left) and
2.93 (right), respectively.

While we achieved CCSN explosion in 1D simulations
through artificially enhanced neutrino heating in the previous
section, it remains unclear whether these models can explode
under self-consistent multidimensional natural scenarios with
turbulence. Therefore, O’Connor & Ott (2011) used the time-

averaged heating efficiency of the critical model (fpea = f}fer;),

f]ﬁrei;t. Here, fjpea is defined as (O’ Connor & Ott 2011)
TTheat = f !Z,T dV/(Lue + Lﬁt»)rgam’ 3)
gain

where ¢, denotes the net energy deposition rate within the gain
region, and (L,, + L;,)r,,, represents the luminosity of electron
neutrinos and anti-electron neutrinos at the gain radius. We cal-
culated the average value between the shock formation time and
the explosion time. The explosion time is defined as the moment
when the region behind the shock attains a positive velocity and
accretion onto the PNS ceases (in GR1D simulations, outward
shock propagation does not necessarily imply outward motion
of the material behind the shock; when this point failed to occur,
we increased fheq to continue the simulation). 7‘7;2;[ characterizes
how much of the available neutrino energy must be redeposited
on average to explode a given progenitor, regardless of the trans-
port scheme or numerical code (O’Connor & Ott 2011), there-
fore remains equally valid for the M1 neutrino transport model.
By performing 1D simulations of the confirmed eruptive pre-
supernova star models, we estimated the required range of 7t
values in 1D models that correspond to successful explosions.
This approach allowed us to assess via 1D simulations whether
a specific progenitor-EOS combination was more likely to result
in explosion or BH formation.

Woosley & Weaver (1995) derived 7~ 0.13 from sim-
ulations of a 15 My ZAMS progenitor with solar metallicity.
Buras et al. (2006a) artificially exploded this progenitor in 1D
and found ﬁﬁfj;[ ranging from 0.1 to 0.15. O’Connor & Ott (2011)
found that their simulated data (EOS was LS180 and LS220)
could be clearly divided into two categories: low-compactness
models with ﬁﬁrei;t < 0.2 (the simulations exhibited some noise,
with the average value being approximately 0.16, which is close
to the value of 0.15 reported by Buras et al. 2006a), and high-
compactness models with ﬁflrei;l > 0.23-0.27. Assuming that
multidimensional simulations can achieve a fixed heating effi-
ciency regardless of compactness, they proposed that the for-
mer category can produce successful explosions while the latter
could not. The limitation of this method lies in the fact that this
assumption cannot be guaranteed; multidimensional simulations
by Boccioli et al. (2025) showed that neutrino heating varies
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with the compactness. We employed the ﬁﬁrei:n as the explodabil-
ity criterion from O’Connor & Ott (2011) and assumed it to be
valid for rotating pre-supernova star models.

In Figure 2 we show the temporal evolution of the elec-
tron neutrino and antineutrino luminosities Ly, ,, (solid curves)
at the gain radius and the net neutrino energy deposition rate §;
(dashed curves) in the gain layer for the four models in Figure 1
with fiear = fio. Using Equation (3), we calculated the criti-
cal heating efficiency parameters ﬁ;ﬁ;t with the upper panel (left
to right) corresponding to 0.112 and 0.139, and the lower panel
(left to right) to 0.242 and 0.257. Based on the explodability cri-
terion (ﬁfg;t < 0.2) in O’Connor & Ott (2011), we determined
that the first two models (15 M) would explode, while the latter
two (60 M) would form FSN.

For the two pre-supernova star models shown in the lower
panels of Figure 1, evolutionary simulations for the critical
model cannot be extended further due to limitations in the EOS
and neutrino opacity tables. Although shock breakout occurred,
they might lead to an FSN if the simulation can be continued,
but this continuation cannot always be achieved. We demon-
strate that these delayed failed supernova events affect our con-
clusions very little. First, critical models typically exhibit shock
radii approaching or exceeding 1000km, indicating penetra-
tion through most of the stellar envelope. Second, the derived
ﬁﬁrei;t values deviate by only ~3% on average in the numerical
resolutions.

2.4. Other explosion models

STIR model. Convection and turbulence are inherently three-
dimensional phenomena. The model proposed by Couch et al.
(2020) approximates turbulent effects in Newtonian simulations
by parameterizing 3D neutrino-driven convection. Boccioli et al.
(2021) extended this to a general-relativistic treatment and
implemented it in the GR1D+ code. The code is computa-
tionally efficient and capable of capturing multi-D neutrino
effects. Notably, at the time of writing, the current implemen-
tation does not support a simultaneous inclusion of STIR and
rotation.

Ertl model. The 1D explosion model of Ertl et al. (2016)
and Sukhbold et al. (2016) was based on the prescription by
Ugliano et al. (2012). Within their explosion model, the inner
1.1 Mg core is removed after bounce and replaced by a mov-
ing inner boundary that sets the neutrino energy and luminos-
ity Ugliano et al. (2012). Neutrino transport follows the gray
treatment of Scheck et al. (2006). The calibration of the explo-
sion model required the selection of different progenitor models
representing SN 1987A and the calibration of the free parame-
ters associated with the core-boundary prescription against the
observables of SN 1987A (Ertl et al. 2016; Boccioli et al. 2025).
However, Boccioli et al. (2025) identified a key theoretical lim-
itation. The model selects a mild contraction for the 1.1 Mg
shell, which mildly increases the average neutrino energies
over time.

Muller model. The model by Miiller et al. (2016) was built
upon the theoretical frameworks developed by Janka (2001),
Janka (2012), and Miiller (2015), among other studies, and
expanded upon and refined these frameworks. It does not
require complex hydrodynamic simulations, but instead pre-
dicts the properties of neutrino-driven explosions based on the
pre-collapse stellar structure. The Muller model incorporates
the effects of neutrino-driven convection by substituting them
with the shock radius multiplied by a scaling factor a. This
causes convection in the explosion model to exert roughly the
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Fig. 1. Shock wave radius evolution vs. explosion time fyuce for different fie, values. The simulations started with an iron core-collapse velocity of
1000 km s~!, where ¢ = 0 corresponds to the shock wave formation. The top and bottom panels show 15 M, and 60 M, ZAMS masses, respectively,
with initial velocities Viy; = O (left panels) and 300 km s~! (right panels). All models have a metallicity of 1/10Z.

same influence on all progenitors. Multi-D simulations revealed,
however, that the convection strength is strongly correlated with
compactness (Boccioli et al. 2025).

These 1D explosion models each have inherent limitations.
We chose the explosion model from O’Connor & Ott (2011)
because the compactness parameter &, 5 is a widely adopted and
the simplest parameter for predicting the explodability of pre-
supernovae star, and GR1D is an open-source software.

3. Results

We computed the critical heating efficiency parameter nC”t for
each model to assess whether these models can undergo super-
nova explosions under natural conditions where the nuclear EOS
is similar to LS220. The explosion outcomes were then corre-
lated with the compactness parameter &, 5. Therefore, according
to nﬁgt = 0.2, we established the explodability criteria of &; 5
(they can be calculated directly by MESA) for the models with
different metallicities and rotational velocities. By analyzing the
effect of rapid rotation and metallicity on the explodability of
massive stars, we linked their explosion outcomes with their ini-
tial ZAMS masses.

3.1. Explodability criteria of &, 5

Our computational resources were limited, and we therefore only
selected a subset of stars from each group for GR1D simula-
tions. We preferentially chose stars with &, s values closest to the
threshold.

Figure 3 shows the central angular velocity versus Mzams
in pre-supernova star models with Vi = 300km s71 (left)
and 600 kms~' (right), where different colors indicate distinct
metallicities. CHE occurs in all pre-supernova star models with
Vini = 600km s~ at both 1/10 Z, and 1/50 Z, metallicities. For
the Vini = 300kms™ and 1/50Z, subset, CHE is exclusively
achieved by stars with initial masses Mzams > 33 M. These
CHE progenitors exhibit systematically higher central angular
velocities (Weore), predominantly in the 0.3-0.7 rad s~ range. In
contrast, non-CHE progenitors exhibit significantly lower cen-
tral angular velocities (wWeore < 0.2 1ad s71), which may affect the
compactness required for the formation of FSN.

Figure 4 shows the &5 values versus their corresponding

Cr“ for all stellar models, with the complete dataset tabulated

in Table 1. 77”“ increases with the augmentation of &, 5. All our
models are clearly divided into two parts by 77““ the lower left

zone with 7 < 0.2, and the upper right zone with 77! > 0.23.
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}jer;‘t we show the evolution of the electron neutrino and antineutrino luminosities L, ,, (solid lines) at the gain radius and the net

neutrino energy deposition rate in the gain layer Q, ( fg i ¢y dV, dashed lines) vs. time fpounce. The simulations started with an iron core-collapse

velocity of 1000 kms™!, where t = 0 corresponds to the shock wave formation. The top and bottom panels show 15 M, and 60 My ZAMS masses,
respectively, with initial velocities Vi,; = 0 (left panels) and 300 kms™! (right panels). All models have a metallicity of 1/10 Z,.

Based on the explodability criterion of O’Connor & Ott (2011),
the former would successfully undergo CCSN, while the latter
would evolve into FSN.

The left panel represents models with a ZAMS rotation
of zero. The hollow inverted triangular data points are from
O’Connor & Ott (2011), which include both LS180 and L.S220
EOS with metallicities of Z, and 107*Z,. A unified criterion
of &5 = 0.45 is established for all nonrotating models across
three metallicities in our work, consistent with the results of
O’Connor & Ott (2011). The two models (lower right corner in
the left panel) from O’Connor & Ott (2011) exhibit high com-
pactness (é25 > 0.45), but still explode with 77 < 0.2 because
these models feature compositional interfaces where the density
drops by 50%; when the shock reaches this interface, it rapidly
breaks out, leading to a CCSN explosion (O’Connor & Ott
2011).

For the middle panel with Vi;; = 300kms™', the majority
of pre-supernova star did not undergo CHE, retaining low rota-
tion rates (w, < 0.2; Fig. 3 (left panel)). Stars with 1/50 Z; and
Mzams = 33 M, undergo CHE, but none of our selected models
exploded because of their exceptionally high compactness. We
still attempted to construct a unified explodability criterion for
the metallicities and derived & 5 = 0.48.
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In the right panel, with Vi = 600km s7!, Z, models
exhibit lower pre-supernova star rotational velocities because
their mass-loss rates are higher (Fig. 3 (right panel)), while the
1/10Zs and 1/50 Z; models maintain higher rotation before col-
lapse as a result of CHE. The &; 5 ranges for CCSN explosions
between these two groups are significantly different. No unified
criterion can be established: We obtained & 5 = 0.47 for non-
CHE models and &5 = 0.59 for CHE models. Using the pre-
supernova star models simulated by Aguilera-Dena et al. (2020)
(Vini = 600 km s™!, Z = 1/50 Z5), Halevi et al. (2023) calculated
the compactness parameter &; s for rapidly rotating massive stars,
and they derived &,5 ~ 0.6 for the explodability criterion, which
is consistent with our results. The 12 M, star with 1/10 Z can-
not successfully explode although &5 < 0.59 as 70 > 0.22.
This is primarily due to the low central rotation speed of its
progenitor (weak centrifugal support) combined with excessive
compactness.

For different model groups, we obtained distinct critical
compactness criteria for explodability. By comparing them
with the angular velocity w. at the pre-supernova star cen-
ter in Figure 3, we attribute this difference primarily to
rotation. Higher pre-supernova star rotational velocities gener-
ate stronger centrifugal forces, which facilitate the explosion
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Fig. 4. Compactness parameter &, 5 vs. the critical model time-averaged heating efficiency

Ferit

fpo.- The left, center, and right panels correspond to
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(Takiwaki et al. 2016; Summa et al. 2018; Aguilera-Dena et al.
2020; Obergaulinger & Aloy 2020) and thereby increase the
upper limit of the critical compactness required for explosion.

Single parameters cannot always reliably predict the pro-
genitor explosibility. Furthermore, the evolution of stars on the
main sequence is inherently complex: Even for ZAMS stars with
identical rotation and metallicity, the density profiles and rota-
tional properties of their pre-supernova stars can be significantly
different. These factors collectively mean that it is challenging
to establish a unified explodability criterion for model groups
with identical ZAMS conditions but varying masses. Our results
reflect an overarching trend for all parameters.

3.2. Explodability of massive stars based on the ZAMS and
CO-core masses

As discussed in Section 3.1, the explodability of massive stars
is determined by their metallicity, rotation, and specific ZAMS
masses. In this section, we present the relation between explod-
ability criteria and ZAMS masses in our models.

Figure 5 shows the pre-supernova star compactness param-
eter & s versus initial mass. Our results exhibit a trend similar
to that of Li et al. (2023) and Aguilera-Dena et al. (2020). The
&> 5 of our current model shows no significant positive correla-

tion with Mzams, which is consistent with the simulated results
reported in other studies (Timmes et al. 1996; Schneider et al.
2021; Temaj et al. 2024). The final compactness, central entropy,
iron-core mass, and binding energy as functions of ini-
tial mass follow similar patterns (Sukhbold & Woosley 2014;
Takahashi et al. 2023; Schneider et al. 2021, 2024; Temaj et al.
2024). Laplace et al. (2025) investigated the underlying cause of
this distinctive distribution. Taking the left panel of Fig. 5 as
an example, Laplace et al. (2025) attributed the increasing com-
pactness at ~10-20Mg and ~25-30M, to the following rea-
son: When the neutrino energy loss exceeds the energy released
by carbon/neon burning, the core contracts, driving the burning
front outward. As the Mzams increases, a larger carbon/neon-
free core forms at the center, ultimately yielding a more massive
and denser iron core with higher compactness. In contrast, the
compactness of stars with masses of ~20-25 M and ~30-35 M,
decreases. Laplace et al. (2025) argued that this drop is due to
the earlier ignition of subsequent burning episodes, which slows
down the progression of the carbon and oxygen burning fronts,
caused by two factors: (1) the shortening of the main burn-
ing phase caused by fuel depletion and rising temperatures, and
(2) the acceleration of core contraction when the fuel-depleted
core exceeds the effective Chandrasekhar mass, leading to desta-
bilization of electron degeneracy and accelerated collapse. These
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Table 1. Summary of the core-collapse simulation parameters and
explosion outcomes for all stellar models.

MMo) &5 May (Mo) My (Mo)  thounce () 1 (s)  fiom  fjee  Explosion
Vini = 0kms™'  Zg
14 0.164 1.82 1.75 0.145 0723 247 0.152 yes
15 0.216 1.93 1.84 0216  0.662 2.28 0.185 yes
19 0.441 2.26 2.13 0232 0.733 1.98 0.198 yes
25 0.140 1.70 1.64 0.109  0.634 2.64 0.139 yes
30 0.495 2.35 2.20 0217 0.877 1.94 0.227 no
33 0.675 2.38 225 0256  0.846 1.93 0.266 no
45 0.404 2.06 1.96 0.182  0.623 2.13 0.162 yes
55 0.558 2.37 223 0250 0945 1.93 0.239 no
80 0.910 225 2.17 0.345  0.562 4.75 0.247 no
Vii = 0kms™'  1/10Z,
14 0.201 1.91 1.83 0.1499 0753 229 0.189 yes
15 0.120 1.91 1.83 0.106  0.620 2.58 0.112 yes
17 0.287 2.02 1.93 0.184  0.787 220 0.188 yes
21 0.466 2.30 2.16 0.196  0.794 1.96 0.221 no
23 0.438 223 2.10 0.171  0.787 1.98 0.188 yes
29 0.321 2.18 2.06 0.150  0.655 2.03 0.193 yes
32 0.539 2.33 2.19 0217 0754 1.92 0.227 no
35 0.594 2.34 221 0250 0.863 1.90 0.251 no
45 0.398 2.04 1.95 0.205  0.675 221 0.173 yes
60 0.782 2.41 230 0273 0701 2.05 0.242 no
80 0.877 2.31 222 0266 0.513 3.59 0.239 no
Vini = 0kms™'  1/50Z,
13 0.159 1.82 1.75 0.094 0.600 2.45 0.158 yes
15 0.165 1.79 1.72 0.165  0.690 2.50 0.135 yes
17 0.312 2.17 2.04 0.161  0.728 2.08 0.197 yes
23 0.442 224 2.12 0.188  0.683 1.98 0.190 yes
29 0.393 221 2.09 0.170  0.652 2.00 0.190 yes
30 0.427 2.28 2.14 0.121  0.631 1.96 0.197 yes
31 0.480 2.32 2.19 0.131  0.749 1.92 0.233 no
33 0.587 2.34 221 0.209 0.826 1.90 0.250 no
45 0.405 2.17 2.05 0202 0.747 2.09 0.188 yes
50 0.500 231 2.17 0226 0987 1.96 0.237 no
60 0.810 2.42 230 0.307  0.709 2.18 0.248 no
80 0.871 2.20 2.13 0.300 0.520 243 0.222 no
Vini = 300kms™! Zo
15 0.199 1.88 1.81 0.158 0.732 240 0.153 yes
17 0.339 2.12 2.01 0.200 0.721 2.10 0.188 yes
19 0.408 2.30 2.16 0212 0.707 1.99 0.180 yes
20 0.620 237 225 0239  0.747 1.93 0.224 no
27 0.552 2.36 222 0.247  0.815 1.92 0.226 no
32 0.649 2.35 2.20 0210 0.852 1.88 0.263 no
40 0.437 2.18 2.04 0.164 0927 2.05 0.171 yes
50 0.484 2.32 2.18 0219  0.847 1.98 0.195 yes
60 0.523 2.33 2.20 0231 0.863 1.95 0.223 no
80 0.906 2.40 2.34 0.345  0.646 2.88 0.256 no
Vi = 300kms™"  1/10Z,
13 0.205 1.96 1.88 0.055 0.521 228 0.178 yes
15 0.171 1.84 1.77 0.142 0713 243 0.139 yes
16 0.494 2.29 2.16 0230 0.822 1.95 0.226 no
21 0.452 2.26 2.14 0.142  0.652 1.96 0.179 yes

processes slow the core contraction down and lead to a reduced
compactness. By examining the distribution of &, s with respect
to Mzams, we find that all model groups exhibit similar pro-
files. In the left and middle panels, the relation between Mzams
and &5 is similar. In the right panel, the profile shifts toward
lower-mass regions with decreasing metallicity. This shift arises
because CHE occurs in the 1/10Zg and 1/50 Z; model groups.
A lower metallicity promotes more efficient CHE, which pro-
duces larger He cores and CO cores for the same Mzams com-
pared to higher-metallicity models.

Following Figure 5, we used our explodability criterion
to determine the initial mass range for FSN. The left panel
(Vini = 0) shows the explodability criterion of &5 = 0.45, and
stars with initial masses between approximately 21 and 23 M,
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Table 1. Continued.

M (Mo) &5 Mouy(Mo) Myay (Mo) foounce (8) 16 (s) S 7 Explosion
26 0.291 2.12 2.02 0.131  0.651 2.10 0.169 yes
27 0.397 2.19 2.08 0.117  0.614 2.00 0.198 yes
28 0.537 226 2.15 0237 0728 1.96 0.224 no
35 0.593 2.30 2.16 0.184 0.784 190 0.227 no
60 0.942 2.46 2.36 0321  0.665 293 0257 no
Vini = 300kms™"  1/50Z,
15 0.205 1.88 1.81 0.151 0723 240 0.151 yes
16 0.340 2.15 2.03 0.179  0.602 2.10 0.168 yes
19 0.316 2.08 1.98 0.188 0.617 2.15 0.172 yes
20 0.513 2.32 2.20 0226 0760 196 0227 no
21 0.422 226 2.13 0202 0.748 2.00 0.192 yes
26 0.366 2.19 2.07 0.156  0.592 2.01 0.177 yes
27 0.473 2.26 2.13 0.194 0621 196 0.183 yes
28 0.590 2.38 224 0.172 0713 1.90 0.229 no
30 0.656 2.36 2.22 0236 0773 1.92 0.252 no
35 0.664 2.33 222 0249 0.823 2.06 0222 no
40 0.803 2.62 2.49 0.249  0.857 449 0.251 no
Vini = 600kms™"  Zg
15 0.237 1.94 1.86 0.186 0.767 234 0.177 yes
21 0.470 1.96 2.05 0.194 0663 2.15 0.191 yes
22 0.539 221 2.09 0200 0.684 2.02 0.190 yes
23 0.574 229 2.16 0238 0.742 1.97 0.198 yes
32 0.474 2.35 2.20 0.177 0.885 1.88 0.236 no
34 0.395 232 2.19 0.187 0912 1.89 0.223 no
40 0.448 2.30 2.14 0.175 0741 198 0222 no
50 0.611 2.41 223 0270 0751 1.97 0.234 no
60 0.817 242 2.30 0.285 0.753 2.10 0.265 no
80 0.870 2.39 2.26 0304 0.532 4.86 0243 no
Vini = 600kms™"  1/10Z,
12 0.563 2.35 222 0242 0.854 1.99 0.230 no
13 0.432 2.20 2.09 0207 0.732 2.08 0.199 yes
15 0.145 1.75 1.69 0.145  0.692 275 0.148 yes
20 0.566 2.35 223 0209  0.639 2.17 0.192 yes
21 0.625 2.29 2.19 0.156  0.608 2.43 0.234 no
22 0.656 231 220 0.162  0.682 236 0.237 no
28 0.519 2.33 2.18 0.151  0.809 199 0.183 yes
40 0.537 242 229 0270 0737 222 0.154 yes
45 0.745 2.49 237 0243 0703 2.12 0.243 no
55 0.885 2.46 235 0253  0.672 253 0.263 no
Vini = 600kms™!  1/50Z¢
15 0.511 2.36 223 0219 0738 2.14 0.191 yes
16 0.576 2.40 227 0235 0.734 2.10 0.185 yes
19 0.640 2.46 231 0205 0.673 242 0.242 no
22 0.440 2.16 2.04 0.157 0.744 2.08 0.194 yes
27 0.365 2.30 2.14 0.183 0.852 2.38 0.118 yes
28 0.413 2.33 2.18 0.192  1.240 229 0.168 yes
29 0.432 2.35 2.20 0201 1.150 2.28 0.153 yes
31 0.589 2.46 233 0249 0907 240 0.192 yes
33 0.645 2.51 2.38 0262  0.820 232 0238 no
40 0.556 2.35 220 0217 0953 1.90 0.196 yes
50 0.802 2.48 236 0309 0770 235 0.258 no
60 0.874 2.49 237 0302  0.891 3.99 0.283 no

Notes. ZAMS mass, &5, Myary and My, are the baryonic and grav-
itational masses (enclosed within the radius where the density equals
10" gem™, evaluated at the end of the simulations with fiea = f1),
shock formation time (tbqunce), explosion time (f), critical heating

parameter at explosion ('), and corresponding (f];’ei;l).

between 30 and 41 M, and above approximately 50 M can-
not undergo supernova explosions. These results are consistent
with previous studies by Sukhbold et al. (2018), Ugliano et al.
(2012), and Ivanov & Fernandez (2021). For the middle panel
(Vi = 300kms™'), based on &5 = 0.48, FSN forms in
the initial mass ranges of approximately 20-22 M, 27-35 M,
and above 40 M. For the right panel (Vi;; = 600kms™!), the
results depend on the metallicity: At solar metallicity (Z = Z),
the FSN initial mass range is ~14 My, 23-40 M, and above
50 M; for 1/10Zg, stars with Mzaps in the ranges of approx-
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respectively. The squares mark the occurrence of CHE.

imately ~11 Mg, 21-26 M and above 40 M, fail to undergo
CCSN explosions; for 1/50Z, stars with Mzays in the ranges
of approximately ~11 My, 17-20 M, and above 32 M, fail to
undergo CCSN explosions.

For models without CHE, the initial mass range for the
occurrence of FSN differs slightly from the results obtained
using the traditional criterion (£,5 = 0.45). In contrast, pre-
supernova stars that have undergone CHE exhibit a reduced
Mzanms range for forming FSN when the &, 5 = 0.59 criterion is
applied. Their cores maintain higher pre-supernova star angular
velocities (see Fig. 3), and these systems (even when they fail to
produce successful CCSN explosions) are therefore more likely
to generate long gamma-ray bursts (IGRBs) (Woosley 1993;
Yoon et al. 2006). This results in luminous transients that might
not conform to the observational definition of FSN (Yoon et al.
2006). IGRBs are produced when the specific angular (jc,)
momentum at any location within the CO core exceeds that of
the last stable orbit (jkerrso) (Bardeen et al. 1972). CHE pro-
genitors undergoing core collapse leave bare CO cores and retain
sufficient specific angular momentum during the black hole for-
mation to facilitate IGRB production (Aguilera-Dena et al. 2018,
2020; Li et al. 2023).

Figure 6 shows the evolution of &, 5 as a function of CO core
mass at core collapse for different model groups. The trends in
all model groups are comparable: Distinct compact regions of

high &, 5 appear at CO core masses of approximately 6-7 Mg,
~14 Mg, and 221 M. These high-&; 5 regions generally corre-
spond to the domains that are favorable for failed supernova for-
mation. Rotation and metallicity have very little effect on the
overall distribution of &, s with CO core mass. Models with CHE
significantly narrow the CO core mass interval, however, which
leads to failed supernovae (reducing the width of the peaks). It
is noteworthy that the locations of the first two compact peaks
observed in this study (at ~7 Mg and ~14 M) are comparable
to those reported by Temaj et al. (2024). These authors indicated
that the location of the peak in the & 5 distribution versus CO
core mass is affected by the convective-core overshooting value.

4. Conclusions

Using the MESA stellar evolution code, we simulated stars
with initial rotational velocities of Vi; = 0, 300kms~!, and
600km s~! at three metallicities (Zy, 1/10Zs, and 1/50 Z,). We
tracked their evolution from the ZAMS until iron-core collapse
at 1000 kms~!. Using the MESA models of iron-core collapse at
1000kms~!, we extracted key parameters (enclosed mass, tem-
perature, density, radial velocity, electron fraction, and angular
velocity) as input parameters for GR1D, and we subsequently
simulated the CCSN phase with GRID. We iteratively deter-
mined the critical value of fie, such that it lay within 1% of
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the threshold required for a successful explosion. The corre-
sponding time-averaged heating efficiency at this critical fieqy,
denoted as f]ﬁgt, was then used to evaluate whether the progen-
itor can explode in multidimensional simulations. Finally, we
established a correlation between the explosion outcomes and
&5, and we derived the critical compactness parameters &, s for
pre-supernova star explodability as follows: 0.45 for models with
Vipi = 0; 0.48 for the Viy; = 300kms™! group; 0.47 for Vi, =
600kms™! at Z = Z ; and 0.59 for low metallicity (Z = 1/10
and 1/50Z;). These criteria enable a rapid assessment of pre-
supernova stars explodability for EOS configurations resembling
LS220. The upper limit of the pre-supernova star compactness
for producing CCSNe is significantly higher in models where
massive stars have undergone CHE compared to those without
CHE. This discrepancy primarily arises because the centrifugal
force generated by rotational motion in pre-supernova star more
effectively facilitates explosions compared to nonrotating sce-
narios. Traditional criteria (55 = 0.45) might not be suitable to
evaluate the CHE progenitor explodability.

We established correlations between the explodability of
stars in different model groups and their ZAMS masses. We
determined the initial ZAMS mass ranges for an explosion for-
mation in these groups. For models without CHE, the ZAMS
mass ranges that lead to FSN vary less than the ranges obtained
using the &5 < 0.45 explodability criterion. In contrast, model
groups that underwent CHE showed a significantly increased ini-
tial ZAMS mass range for the occurrence of an explosion. They
are more likely to produce IGRBs, which leads to a significantly
reduced likelihood of FSN. Through our analysis of the com-
pactness parameter &5 distribution as a function of CO core
mass, we found that for model groups with otherwise identical
initial parameters, rotation and metallicity affect the distribution
of compactness with CO-core mass only little.
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Appendix A: Grid simulations at higher resolution

We set a high-resolution grid comprising 1200 radial zones. Within the inner 20 km, 200 radial zones are configured at a fine spacing
of 100 m. Beyond 20 km, the grid extends logarithmically to an outer boundary where the density reaches 2000 g cm .

Figure A.1 shows the shock radius evolution with time #,ounce for different fic, values. (The four pre-supernova star models
simulated in here are identical to those presented in Figures 2 and 3 of the main text). Comparisons of simulations at different grid
resolutions indicate that at low fi, values, results from both grid resolutions are nearly identical. As fie, increases, simulations
remain consistent until the early shock stagnation phase; beyond this point, however, the finer grid demonstrates a higher likelihood
of shock revival and explosion. Simulations of the identical initial setup performed at varying grid resolutions yield deviations in
fE that average less than 3%.

Figure A.2 depicts the temporal evolution of Ly, ,, at the gain radius and Q, in the critical model across different grid resolutions.
We calculate the critical heating efficiency parameters 7" for the 1200 grid configuration, with the upper panel (left to right)
corresponding to 0.109 and 0.129, and the lower panel (left to right) to 0.246 and 0.253.

The results indicate a mean relative deviation of ~ 3% in f]ﬁg;t between grid configurations. Given that simulations with high-
resolution grids require over five times the computational resources of their low-resolution counterparts, we employed the low-
resolution setup (600 total cells) for all models.
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Fig. A.1. Shock wave radius evolution vs. explosion time #younce for different fi., values. The simulations started with an iron core-collapse velocity
of 1000 km s~!, where ¢t = 0 corresponds to shock wave formation. Dashed curves depict simulations employing coarse numerical grids, while
solid lines correspond to higher-resolution implementations. The top and bottom panels show 15 My and 60 M, ZAMS masses respectively, with
initial velocities Vi, = O (left panels) and 300 km s~! (right panels). All models have a metallicity of 1/10 Z.

A46, page 12 of 13



Luo, R,, et al.: A&A, 704, A46 (2025)

— Lo, fﬁggt =2.53

4 -—- Q,fIt. =253

—— Ly, v, (low) foit =258
—————— Qy (low) frlt, = 2.58

15Me Okm/s 1/10Z,

Lyove Qv (10%%erg/s)

-0.1 0.0 0.1 0.2 0.3 0.4 0.5
t = tbounce(s)

— Lo, fiee =2.08
--- Q,fMt =2.08
— Ly,,v, (low) f§it = 2.05

S 0, (low) feit, =2.05
60Mo Okm/s 1/10Z

Ly, v Oy (10°%erg/s)

62 01 00 01 02 03 04
t = thounce(s)

e ——————= f\ e TR f
= e’ S=NLN LN DI G

— Li,v. fﬁgét =241
- Qi =241
— Ly, v, (low) £t =2.43

—————— Qv (low) £t =2.43

15Mo 300km/s 1/10Z,

-0.1 0.0 0.1

0.2 0.3 0.4 0.5

t = thounce(S)

1= Lo fige=3.10

—-- O/ ft =310

— Ly.v. (low) fi =

| = O, (low) fit, =2.

eat

60Mo 300km/s 1/10Z,

2.93
93

00 01 02 03
t = thounce(s)

Fig. A.2. For fiey = }fe‘;‘t, we show the evolution of the electron neutrino and antineutrino luminosities Ly, ,, (solid lines) at the gain radius and net

neutrino energy deposition rate in the gain layer Q, ( L in

gy dV, dashed lines) vs. time fpounce. The simulations started with an iron core-collapse

velocity of 1000 km s~', where t = 0 corresponds to the shock wave formation. The red lines depict simulations employing coarse numerical
grids, while black curves correspond to higher-resolution implementations. The top and bottom panels show 15 M and 60 M, ZAMS masses
respectively, with initial velocities Vi, = 0 (left panels) and 300 km s~! (right panels). All models have a metallicity of 1/10 Z.
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