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A B S T R A C T 

The initial mass and metallicity of stars both have a strong impact on their fate. Stellar axial rotation also has a strong impact on 

the structure and evolution of massive stars. In this study, we exploit the large grid of GENEC models, covering initial masses 
from 9 to 500 M � and metallicities ranging from Z = 10−5 (nearly zero) to 0.02 (supersolar), to determine the impact of rotation 

on their fate across cosmic times. Using the carbon–oxygen core mass and envelope composition as indicators of their fate, 
we predict stellar remnants, supernova engines, and spectroscopic supernova types for both rotating and non-rotating stars. We 
derive rates of the different supernova and remnant types considering two initial mass functions to help solve puzzles such as the 
absence of observed pair-instability supernovae. We find that rotation significantly alters the remnant type and supernova engine, 
with rotating stars favouring black hole formation at lower initial masses than their non-rotating counterparts. Additionally, 
we confirm the expected strong metallicity dependence of the fates with a maximum black hole mass predicted to be below 

50 M� at SMC or higher metallicities. A pair-instability mass gap is predicted between about 90 and 150 M�, with the most 
massive black holes below the gap found at the lowest metallicities. Considering the fate of massive single stars has far-reaching 

consequences across many different fields within astrophysics, and understanding the impact of rotation and metallicity will 
improve our understanding of how massive stars end their lives, and their impact on the Universe. 
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 INTRODUCTION  

nderstanding the fate of massive stars has far-reaching implica-
ions for stellar evolution, the formation of compact objects, and
he classification of supernovae. As progenitors of neutron stars,
lack holes, and supernovae, these stars occupy a central position
n the astrophysical landscape. Despite significant advancements
n modelling stellar outcomes, key parameters such as rotation
nd metallicity remain under explored. These factors, however,
xert significant influence over the evolutionary pathways and
nal fates of massive stars. The ‘fate’ of a massive star is a
escription of the star during and after death, including the type
f supernova explosion (if any) and the type of compact remnant
if any). 

Metallicity and rotation affect key aspects of stellar evolu-
ion, including mass-loss, angular momentum, and nucleosynthe-
is. Parameters such as the carbon–oxygen (CO) core mass and
he hydrogen and helium composition of the envelope deter-

ine the type of stellar remnant and any supernovae produced.
revious research has addressed many aspects of stellar evolu-

ion, remnant types, and supernova classification, but the com-
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ined effects of mass, metallicity, and rotation require further
nvestigation. 

Our primary aim is to determine the final fate of massive stars
rom the properties of stellar models at the end of core helium
urning. The effects of initial mass, metallicity and rotation on
he fate of massive stars are explored, and the role that different
rocesses have on the final stages of evolution is considered. This
s achieved using 1D stellar evolution models from the ongoing
eries of GENEC grids. These rotating and non-rotating models at
etallicities from extremely metal poor (EMP), that of the Small
agellanic Cloud (SMC) and Large Magellanic Cloud (LMC) to

olar and supersolar, ranging from 9 to 500 M� are analysed and
heir collective properties used to predict their final fate. Finally,
tatistical analysis of the above results is presented to provide
n overview of the fate of massive stars at a stellar population
evel. 

The structure of this paper is as follows: Section 2 introduces
he physical ingredients of the massive star models and their
roperties, Section 3 considers the different remnant types and
H mass distribution, Section 4 considers the different supernova

ypes and Section 5 applies the results presented in Sections 3
nd 4 to a stellar population. This is followed by a discussion
f wider implication of the work and conclusions in Sections 6

nd 7 . 
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 MASSIVE  STAR  MODELS  

omplete and homogeneous grids of stellar models enable the 
nalysis of a wide range of observations, and allow for the exploration
f how stellar evolution depends on parameters such as initial mass,
etallicity, and rotation. They are also useful for considering the 

volution of progenitors of neutron stars, supernovae and black 
oles, and also the evolution of galaxies. They are also a source
f enrichment to the Universe in heavy elements. Many peculiarities 
f chemical abundances in galaxies find their origin in the different 
ourses of stellar evolution, with different interplays between rota- 
ion, mixing and mass-loss according to initial mass and metallicity. 
ere, we concentrate on the differences in various evolutionary 

chemes. In this work, we use rotating and non-rotating stellar models 
t Z = 10−5 (Sibony et al. 2024 ), 0.002 (Georgy et al. 2013 ), 0.006
Eggenberger et al. 2021 ), 0.014 (Ekström et al. 2012 ), and 0.02
Yusof et al. 2022 ) ranging from 9 to 500 M� from the collection of
ENEC grids, plus additional models for very massive stars (VMSs, 
ini > 100 M�) (Yusof et al. 2013 ; Martinet et al. 2023 ), alongside
odels that have been calculated for this work that have not been

ublished previously. A summary of the models and their origin is
iven in Table A1 (in Appendix A1 ). All of the models used ran
ntil at least the end of core helium burning, and this is the stage of
volution at which the properties are calculated. 

.1 Physical ingredients of the models 

he grids of models have been computed with the same input physics
nd physical ingredients to allow for direct comparison of their 
roperties across masses and metallicities, facilitating determination 
f the fate of massive stars across cosmic time, with the exception of
hose from Martinet et al. ( 2023 ) which have slightly different input
hysics for modelling VMSs. These ingredients are summarized 
elow. 
The initial abundances of each grid of models and the mixture of

eavy elements used in each grid is given by Ekström et al. ( 2012 ),
ith the absolute abundances scaled to the metallicity considered. 
he nuclear reaction rates are mainly taken from the NACRE data 
ase (Angulo et al. 1999 ), and some have been updated as detailed
n Ekström et al. ( 2012 ). Opacities are taken from OPAL (Iglesias &
ogers 1996 ), used with low temperature opacities from Ferguson 
t al. ( 2005 ) adapted for the high Ne abundance. Convective zones
re determined using the Schwarzschild criterion, and the convective 
ore is extended with an overshoot parameter dover /HP = 0 . 1 for
onvective H and He-burning cores. The non-rotating 180 and 
00 M� at Z = 0 . 006 taken from Martinet et al. ( 2023 ) instead
se the Ledoux criterion and dover /HP = 0 . 2 as well as an updated 
quation of state for the very late phase. Fig. 2 shows that these
wo models fall in line with the surrounding models from the other
ources and that the different input physics used in these models do
ot change the results presented in this work. Note nevertheless that 
onvection plays a pivotal role in both the evolution of massive stars
nd their fate, and so is one important source of uncertainty (see e. g.
aiser et al. 2020 , and references therein), which we will study in
etail in Whitehead et al (in preparation). The rotating models in this

ork start on the ZAMS with vini /vcrit = 0 . 4, where υcrit =
√ 

2 
3 

GM 

Rpb 

nd Rpb is the polar radius at the critical limit. This value is chosen
s it aligns with the peak of the velocity distribution of young B stars
n Huang, Gies & McSwain ( 2010 ). The treatment of rotation within
he code is described in detail in Maeder & Meynet ( 2012 ). 

A series of empirical and theoretical mass-loss prescriptions are 
mployed at different domains during the evolution to give the mass-
oss rate of the star. On the main sequence, the mass-loss rate from
ink, de Koter & Lamers ( 2001 ) is used in the domains where it

s valid and that from de Jager, Nieuwenhuijzen & Van Der Hucht
 1988 ) is used elsewhere. The formula from Reimers ( 1975 ) is used
or RSG under 12 M� and that from Jager et al. ( 1988 ) is used again
or stars above 15 M� with log Teff > 3 . 7. When log Teff ≤ 3 . 7, a
t of the data from van Loon et al. ( 1999 ) and Sylvester, Skinner &
arlow ( 1998 ) is used (Crowther 2000 ). Mass-loss rates for WR stars
re given by Nugis & Lamers ( 2000 ), or the Gräfener & Hamann
 2008 ) recipe in the small validity domain of this prescription. In
ome cases, the WR mass-loss rate of Gräfener & Hamann ( 2008 ) is
ower than the rate of Vink et al. ( 2001 ). In these cases, we use the
ink et al. ( 2001 ) prescription instead of that of Gräfener & Hamann
 2008 ). 

Radiative mass-loss has a metallicity dependence given by equa- 
ion ( 1 ). 

˙
 ( Z) = Ṁ ( Z�)( Z/Z�)α (1) 

here α = 0 . 85 is used for the O-type phase and WN phase,
= 0 . 66 for the WC and WO phases, and α = 0 . 5 is used for the

ager et al. ( 1988 ) prescription. There is no metallicity dependence
or the mass-loss rates of RSG stars (when log Teff ≤ 3 . 7). When
onsidering WR stars, the initial metallicity is used in this equa-
ion rather than the surface metallicity (Eldridge & Vink 2006 ). A
orrection factor is applied to the mass-loss rate of rotating models
s per Maeder & Meynet ( 2000 ). 

.2 Properties of the models 

.2.1 Surface properties 

he evolutionary tracks in the Hertzsprung–Russell diagram (HRD) 
f all models used in this work are presented in Fig. 1 , showing that
he width of the main sequence band generally increases with the
nitial mass of the model at all metallicities. Rotating models are
enerally cooler and more luminous than non-rotating models with 
he same initial mass and metallicity. As the metallicity increases, 

assive star models at the same initial mass are generally cooler, due
o metals at the surface increasing the opacity. The evolution of VMSs
s dominated by mass-loss and its metallicity dependence. At high 
etallicity, mass-loss is large and the mass and luminosity of VMS
odels goes down, whereas at low metallicities, mass-loss becomes 

radually weaker. VMS models at very low metallicities reach very 
igh luminosities and even expand late in their evolution. The most
uminous models are those with high initial mass and low metallicity
hat rotate. Such models may reach the Eddington limit and we will
tudy this topic in more detail in Ismail et al (in preparation). 

The hook found between the end of hydrogen burning and the
tart of helium burning is less noticeable for models with lower
etallicity. This is because the temperature of the core at the end

f hydrogen burning is higher in stars with lower metallicity, and so
ess contraction is required to heat up the core and maintain energy
eneration, resulting in a smaller hook feature for lower metallicities. 
odels at very high mass with Z > 0 . 002 evolve almost vertically

n the HRD, as shown in Fig. 1 , evolving across a wide range of
uminosities but with almost constant effective temperature (see also 
usof et al. 2013 ; Higgins et al. 2022 ). In these models, the convective
ore typically accounts for a large proportion of the mass of the star.

The increased mixing in rotating models brings more hydrogen 
nto the core, resulting in longer main sequence lifetimes at all initial
asses and metallicities. This is not the case for the helium burning

ifetime, as this tends to increase due to the convective core having
MNRAS 543, 2796–2815 (2025)
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Figure 1. Evolutionary tracks in the HRD for rotating (solid line) and non-rotating (dashed line) models. The metallicity (increasing from left to right) of the 
different grids is given at the bottom of each panel. Each track is labelled and colour coded with its initial mass. 
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 higher mass. More details about the models such as tables of main
equence and helium burning lifetimes at different metallicities can
e found in the corresponding GENEC grid papers (Ekström et al.
012 ; Georgy et al. 2013 ; Yusof et al. 2013 , 2022 ; Martinet et al.
023 ; Sibony et al. 2024 ). 

.2.2 Final mass 

he final total mass is an indicator of the amount of mass lost
hroughout a star’s life, and when coupled with the core and envelope

asses it can be used to compare the impact of mass-loss early and
ate in the evolution. We define the final mass as the total mass at
he end of core helium burning, which is strongly dependent on the

ass-loss history of the model, and so it follows that it is dependent
n the metallicity of the model. Taking the final mass at the end
f helium burning may seem premature, as the star will continue to
volve and burn carbon, neon, oxygen, and silicon before reaching a
rue final mass. However, these advanced phases of evolution have
uch shorter lifetimes and so any mass-loss resulting from the usual
ass-loss recipe experienced after this point is very small and thus

ssumed to be negligible. Some mass-loss may occur just before core
ollapse. This mass-loss is not accounted for here as there is yet no
hysical description of it (Neilson, Cantiello & Langer 2011 ). As a
esult, the true final mass of these models might in some cases be
maller than the final mass taken at the end of helium burning, as
uoted in this work. Rotation generally decreases the final mass when
nitial mass and metallicity are held constant, due to the increased

ass-loss rates experienced by rotating models. Similarly, due to
he metallicity dependence of mass-loss on the main-sequence, an
ncrease in metallicity results in a decrease in final mass. 

Table A2 in Appendix A2 gives the final total mass, Mfin , of
ll models used in this work. Both the rotating and non-rotating
NRAS 543, 2796–2815 (2025)
odels with Z = 10−5 have the highest final mass across all initial
asses, and non-rotating models with Z = 0 . 02 have the lowest final
ass across all initial masses. Rotating models generally have lower
nal masses due to the increased mass-loss in rotating models. The
ignificance of this effect increases with initial mass and metallicity
ntil a peak at Z = 0 . 006. At solar and supersolar metallicities, both
on-rotating and rotating models experience significant mass-loss,
ainly post-MS below ∼ 50 M� but also more and more on the MS

s the initial mass increases so the final mass and the final versus
nitial mass relation is no longer monotonic with respect to initial

ass or metallicity. 

.2.3 CO core mass 

he carbon–oxygen (CO) core mass is one of the main indicators
f fate used in this work. It is defined at the end of core helium
urning (when the central helium mass fraction drops below 10−5 )
s the mass coordinate where the helium mass fraction falls below
 per cent for the first time, when considering composition from
he surface to the centre of the star. It corresponds to the maximum
onvective core mass reached by the end of core helium burning. This
ass coordinate marks the edge of the core, where there is a steep

ensity gradient which eventually helps the supernova shock-wave
o eject material above the edge of the core. It is important to note
hat there are other ways to define the CO core mass, such as the mass
oordinate where the combined carbon and oxygen mass fraction is
reater than 75 per cent (Hirschi 2004 ; Hirschi, Meynet & Maeder
004 ). This second definition finds a CO core mass that lies in-
etween the alpha core mass and the CO core mass as defined in this
ork, and it can include the helium burning shell outside of the core.

t is for this reason that this definition is not used in this case, as it may
uggest that the core is helium free when it is not. Fig. 2 shows how
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Figure 2. The CO core mass, MCO , of the non-rotating (top) and rotating 
(bottom) models at each metallicity, Z. 
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he CO core mass, MCO , varies with initial mass and metallicity. The
O core mass increases monotonically for non-rotating models with 
ini < 30 M�, across all of the metallicities considered. Above this

nitial mass, models use a variety of mass-loss prescriptions across 
ifferent stages of their evolution and mass-loss is much stronger, so
he CO core mass still increases with initial mass, but the relationship
s no longer monotonic. 

With the exception of models at Z = 10−5 , the rotating models
how a qualitatively similar relationship between CO core mass and 
nitial mass as their non-rotating counterparts. At this metallicity, 
n unusual growth in the hydrogen burning shell causes a reduction 
n the CO core mass, as discussed in Sibony et al. ( 2024 ). This
ffect can be seen in rotating models with Z = 10−5 with initial
ass Mini = 20–60 M� to varying extents, and is most noticeable 

n the 30 and 40 M� models. They have significantly lower CO
ore masses than their non-rotating counterparts. For all Z > 10−5 , 
otating models generally have a higher CO core mass (due to 
otation-induced mixing), and the dependence of CO core mass on 
etallicity is less clear than that of final mass. 

.2.4 Envelope mass 

he mass and composition of the envelope is crucial in determining 
he type of supernova explosion that may occur after collapse. The 

ass of hydrogen and helium in the envelope at the end of core
elium burning is given in Table A2 in Appendix A2 . Rotating
odels have a smaller hydrogen envelope mass for a given initial 
ass and they have a much smaller helium envelope mass across

ll metallicities. These relationships are much less monotonic than 
hose for the final and CO core mass, suggesting that they are affected
y a complex combination of many factors, including rotation, 
etallicity, mass-loss and the extent of mixing. This has significant 

onsequences when considering the supernova type of the models 
hat are predicted to explode successfully, including as pulsation 
air-instability supernova (PPISN) and pair-instability supernovae 
PISN, see Section 6.1.1 ). 

.3 Compactness and the CO core mass 

he advanced phases of the evolution of massive stars are largely
etermined by the CO core mass and the abundance of 12 C at the end
f core helium burning (Chieffi & Limongi 2020 ; Patton & Sukhbold
020 ; Xin, Nomoto & Zhao 2025 ). In particular, the CO core mass
s significant in determining the further evolution of the star, but the
bundance of 12 C left after core helium burning is also informative as
t determines the extent of both core and shell carbon burning phases.
his mass fraction is not independent of the CO core mass (Chieffi &
imongi 2020 ), and so will not be considered separately in this work.

n order to relate the CO core mass to different remnant types, the
ompactness of the pre-supernova stellar core is often used; given by
quation ( 2 ) evaluated at M = 2 . 5 M� (O’Connor & Ott 2011 ). 

M = M/ M�
R( M) / 1000 km 

(2) 

he compactness is a non-monotonic function of the CO core mass
nd is important when considering the final fate of massive stars.
nd so, the CO core mass at the end of core helium burning can
e used to predict the type of compact remnant left behind when a
assive star dies – either a neutron star, black hole or no remnant in

he case of PISN. 
Massive stars with MCO < 6 M� are thought to explode success- 

ully and form neutron stars (Patton & Sukhbold 2020 ). O’Connor &
tt ( 2011 ) found that when ξ2 . 5 > 0 . 45, successful explosions are
uch less likely and there is a transition between neutron star

nd black hole formation; this will be referred to as the explod-
bility limit. Similarly, Ugliano et al. ( 2012 ) found that there is
 transition region between neutron star and black hole formation 
hen 0 . 15 < ξ2 . 5 < 0 . 35. There is a peak in compactness between
 < MCO < 12 M� where the compactness increases and falls within
his transition region, as per Sukhbold & Woosley ( 2014 ). When
 < MCO < 8 M�, the compactness increases through the transition
egion and above the explodability limit. Models with CO core mass
ithin this range models are therefore considered as unlikely to 

xplode and are expected to form black holes, with the possibility
f a successful explosion to form a neutron star. Black holes formed
ithin this transition mass range result from ‘failed’ explosions and 

o form by fallback. 
When 8 < MCO < 12 M�, the compactness falls below the ex-

lodability limit into the transition region and so such models are
ikely to explode successfully and are expected to form neutron 
tars, with the possibility of a failed explosion leading to black hole
ormation. This ‘island’ of explodability is shown clearly in fig. 13
f Sukhbold et al. ( 2016 ) and is also alluded to in O’Connor &
tt ( 2011 ). It is important to note that later studies from Wang

t al. ( 2022 ), Boccioli et al. ( 2023 ), and Maltsev et al. ( 2025 ) also
nd islands of explodability, but at very different masses and there

s some dependence on metallicity. This highlights uncertainties 
n explodability predictions, in particular for high compactness 
odels (Boccioli & Roberti 2024 ) but the CO mass still represent a

easonable indicator of the fate of massive stars. 
MNRAS 543, 2796–2815 (2025)
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Table 1. Dependency of remnant type on the CO core mass. PPISN refers 
to pulsation pair-instability supernovae and PISN refers to pair-instability 
supernovae. 

Remnant type 

MCO < 6 M� Neutron star 
6 < MCO < 8 M� Black hole (neutron star)
8 < MCO < 12 M� Neutron star (black hole) 
12 < MCO < 40 M� Black hole 
40 < MCO < 60 M� PPISN with black hole 
60 < MCO < 130 M� PISN with no remnant 
MCO > 130 M� Black hole 
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Table 2. Progenitor properties for different types of core-collapse SN. 
H/He envelope mass at the end of core helium burning is given by Menv 

H / He , 
respectively. 

Envelope composition SN type 

Menv 
H > 2 M� Menv 

He > 0 . 5 M� Type IIP 

0 . 5 < Menv 
H < 2 M� Menv 

He > 0 . 5 M� Type IIL 

0 . 033 < Menv 
H < 0 . 5 M� Menv 

He > 0 . 5 M� Type IIb 

Menv 
H < 0 . 033 M� Menv 

He > 0 . 5 M� Type Ib 

Menv 
H < 0 . 5 M� Menv 

He < 0 . 5 M� Type Ic 
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When 12 < MCO < 40 M�, a direct collapse to a black hole with
BH = Mfin is expected, meaning that there is no explosion at all

Patton & Sukhbold 2020 ). Above MCO = 40 M�, stars are expected
o undergo PPISN followed by a core-collapse supernova, resulting
n the formation of a black hole, and when 60 < MCO < 130 M�
tars are expected to be fully disrupted in a PISN that leaves behind
o remnant (Farmer et al. 2019 ). Hence, the CO core mass is
lso important in determining the supernova engine, as well as for
he remnant type. Above MCO = 130 M�, the photodisintegration
nstability, caused by the breaking apart of nuclei, allows for direct
lack hole formation again (Heger et al. 2003 ). The values of

CO corresponding to different remnant types are summarised in
able 1 . 

.4 Envelope composition and spectroscopic supernova type 

upernova types are based on both the spectral and light curve
roperties of a supernova explosion. In this work, this is based on
he composition of the envelope which is retained by the star (if the
nvelope has not been completely lost). Alternatively, the surface
ass fraction of hydrogen/helium could also be used to determine

upernova type, with Yoshida & Umeda ( 2011 ) using Xsurf 
He = 0 . 5 as

he boundary between Type Ib and Ic, but this measure is less widely
sed than envelope masses. It is largely agreed that the threshold
mount of hydrogen when differentiating between Type II and Type
b supernovae is low, such that Wellstein & Langer ( 1999 ), Heger
t al. ( 2003 ), Yusof et al. ( 2013 ), and Yoon, Woosley & Langer ( 2010 )
se a threshold of Menv 

H < 0 . 5 M� to determine whether a star is
ree of hydrogen whereas Georgy et al. ( 2009 ) use Menv 

H < 0 . 6 M�.
onsidering this, the choice Menv 

H < 0 . 5 M� has been made in this
ork and so stars with Menv 

H < 0 . 5 M�are considered ‘H-poor’. It
s important to note that it is suggested in Georgy et al. ( 2009 )
hat a range of 0 . 6 < Menv 

H < 1 . 5 M� gives very similar results
or supernova type. The threshold for hydrogen poor/rich (and so
etween Type II and Ib supernovae) is non-zero because the absence
f H lines in spectra does not indicate a complete absence of hydrogen
n the envelope; factors such as the temperature and density of the
nvelope are also important when considering the strength of the H
ines (Dessart et al. 2012 ). Type IIb supernovae are included as an
ntermediate type, for stars with 0 . 033 < Menv 

H < 0 . 5 M�(Hachinger
t al. 2012 ; Gilkis & Arcavi 2022 ). 

It is more difficult to choose a threshold amount of helium to
istinguish models which explode as Type Ic from Type Ib since it
s thought that the absence of He lines in spectra may not indicate
bsence of helium in the envelope of the progenitor, since this helium
ay be hidden due to very low 56 Ni mixing (if any) (Dessart

t al. 2012 ). Despite this, both Frey, Fryer & Young ( 2013 ) and
iu et al. ( 2016 ) determine that progenitors of Type Ic supernovae
re completely free of helium. Frey et al. ( 2013 ) used a mixing
NRAS 543, 2796–2815 (2025)
lgorithm based on 3D hydrodynamic simulations of massive stars to
etermine that the rates of mixing are higher than thought by Dessart
t al. ( 2012 ). This mixing brings the helium into deeper, hotter layers
f the star where it is burned to give O, resulting in completely
elium free progenitors for Type Ic supernovae. In this work, stars
ith Menv 

He < 0 . 5 M� are considered ‘He-poor’, in alignment with the
alue chosen for Menv 

H (see Table 2 ). It is important to note, however,
hat it is difficult to distinguish between Type Ib/c supernovae using
he envelope composition alone, since recent studies indicate that
 progenitor could have significant amounts of He, but it may not
ppear in the spectrum (van Baal et al. 2024 ). 

To obtain the mass of hydrogen/helium in the envelope, the H/He
ass fraction of each model was integrated throughout the star, since

he CO core is free of both hydrogen and helium by definition. This
llowed for determination of supernova type as described above. The
erived values of Menv 

H , Menv 
He and supernova type for each model are

iven in Table A2 . Note that models, which are predicted to directly
ollapse to black holes in Section 3 are not allocated a type since
hey do not explode, while models resulting in BH (NS) or NS (BH)
re allocated a type since it is uncertain to what extent they would
xplode (if at all). 

 REMNANT  TYPE  AND  BH  MASS  

ISTRIBUTION  

ontour plots exploring how the predicted remnant type varies with
nitial mass, metallicity, and rotation are presented in this section,
longside a consideration of how black hole masses below the pair-
nstability gap are distributed. 

The CO core mass was calculated from each model in the ongoing
eries of grids, and linear interpolation between these values across
n evenly spaced grid of initial masses (with steps of 1 M�)
as allowed for analysis of the CO core mass across the whole
ass range considered. This interpolation was also performed on

he final mass and H and He envelope mass of the models. The
se of linear interpolation may also result in missing features
n the map. This is why it is also useful to refer back to the
odel data, given in Table A2 , around interesting features in the

ontour map. 
The rotating model with Mini = 500 M�, Z = 0 . 02 did not reach

he end of hydrogen burning due to numerical issues. Data at this
oint is essential for the interpolation function used, and it was
ssumed that the properties of this model would be the same as those
f the rotating model at the same metallicity with Mini = 300 M�.
his is a reasonable assumption to make, as the properties of the

otating 300 and 500 M� models at Z = 0 . 014 also converge to a
ery similar value. 

The contour boundaries used in Figs 3 and 4 are given in Table 1 ,
nd it is important to note that the behaviour of the variables may
e less accurately represented at such boundaries, and that further
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Figure 3. Remnant type of non-rotating massive star models as a function of initial mass and metallicity. The boundaries for each remnant type are given in 
Table 1 , and the white contour lines indicate final mass. 

Figure 4. Same as Fig. 3 for rotating models. 
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nalysis of these regions may be required to build an accurate picture
f how the response variable is related to the independent variables. 

.1 Effect of metallicity 

irst, the effect of changing initial mass and metallicity on the CO
ore mass, and so the remnant type, will be considered for non-
otating models. It is expected that stars with higher initial mass
ill generally have a higher CO core mass, if the metallicity is
onstant. It is expected that increasing the metallicity will lead to an
ncreased rate of mas-loss, due to the dependence given by equation
 1 ). If this mass-loss occurs early in the evolution, it will result in
maller helium core masses and so leading to a smaller CO core
ass. 
Fig. 3 shows the dependence of fate on initial mass and metallicity

or non-rotating models. When initial mass is low, the dependence 
MNRAS 543, 2796–2815 (2025)



2802 R. Hirschi et al.

M

o  

l  

t  

r  

M  

f  

w  

e  

N  

M  

b  

w  

o
 

h  

f  

b  

b  

s  

b  

f  

(  

m  

u  

(  

o  

Z  

P  

w  

Z  

h
 

d  

T  

a  

c  

l  

a
d  

c  

m  

t

3

T  

e  

c  

h  

e  

r  

S  

c  

c  

m  

b  

t  

i  

a
 

F  

s  

a  

d
 

f  

b  

i  

s  

1  

a  

r  

s  

f  

s  

n  

o  

e  

a  

s  

t  

s
 

r  

t  

N  

i  

t  

a  

d  

r  

u  

m  

s  

l
 

r  

w  

h  

t  

c  

b  

i  

m
 

r  

S  

i  

t  

c
 

r  

a  

d  

c  

s  

m

3

T  

o  

t  

4  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/3/2796/8247985 by M
ichigan State U

niversity user on 03 N
ovem

ber 2025
f remnant type on metallicity is very limited. This is due to very
ow rates of mass-loss, particularly early in the evolution. Hence,
he CO core mass for a particular initial mass is constant across the
ange of metallicities considered in this work. Massive stars with

ini < 25 M� are predicted to end their lives as neutron stars (NS),
or the whole metallicity range considered. At higher initial mass,
hen 25 < Mini < 30 M�, black holes via failed supernovae are

xpected, with the possibility of a successful explosion leading to a
S remnant, referred to as BH (NS), as per Section 3 . When 30 <
ini < 40 M�, NS are expected but there is still the possibility of a

lack hole remnant, referred to as NS (BH). At higher initial mass,
hen Mini > 40 M�, the remnant type shows a strong dependence
n metallicity. 
At low metallicity and high initial mass, the CO core mass remains

igh due to low rates of mass-loss early in the evolution. Then,
or 40 < Mini < 100 M�, direct black holes are formed. As shown
y the white contours on Fig. 3 , the maximum black hole mass
elow the pair-instability gap ranges from MBH ≈ 30–90 M� and
o is highly dependent on metallicity (the BH mass distribution will
e discussed in more detail in Section 3.3 ). The upper boundary
or black hole formation without encountering the pair-instability
boundary between the black and orange regions) increases with
etallicity and so has an upward slope in Fig. 3 . Likewise, the

pper boundary for PPISN forming black holes below the PISN gap
boundary between the orange and grey regions) is also dependent
n metallicity, such that it is located at Mini = 150 M� when
 = 10−5 , and Mini = 300 M� when Z = 0 . 01. When Z < 0 . 002,
ISN are predicted from this boundary until Mini = 325 M� above
hich direct black hole formation is predicted once again. When
 > 0 . 002, PISN are predicted up to Mini = 500 M�, which is the
ighest mass considered in this work. 
At high metallicity and high initial mass, the CO core mass

ecreases as metallicity increases (assuming constant initial mass).
his is because mass-loss early in the evolution becomes significant,
s these models evolve at higher luminosities than their lower mass
ounterparts; this effect is scaled with metallicity as per the metal-
icity dependence of mass-loss. The boundary between NS (BH)
nd direct black hole formation lies between 50 < Mini < 80 M�
epending on the metallicity. Above this, models result in direct
ollapse to black holes, and when Z > 0 . 014 this is the case for all
odels in this region. Finally, PPISN are predicted at Z < 0 . 014 in

he region of Mini = 200 M�, as shown in Fig. 3 . 

.2 Effect of rotation 

he impact of rotation is complex as it has competing effects on the
volution. Increased mixing leads to the formation of larger helium
ores, and so larger CO core masses are expected. On the other
and, rotation also leads to higher luminosities and so higher rates of
arly mass-loss as well as modest mechanical mass-loss when stars
each critical rotation at low metallicities (see Sibony et al. 2024 ,
ection 3.1 for more details). This would lead to smaller helium
ores and so a decrease in CO core mass. And so, there are two
ompeting effects that both result from including rotation in the
odels. The increase in CO core mass due to internal mixing tends to

e the dominant effect at lower initial mass and metallicity, whereas
he decrease due to increased mass-loss tends to dominate at higher
nitial mass and metallicity. Hence, the results are expected to show
n interesting combination of these effects. 

The impact of rotation can be seen by comparing
igs 3 and 4 . The results on the Mini –Z plane will be
eparated into four cases depending on the initial mass
NRAS 543, 2796–2815 (2025)
nd metallicity, where the dominant effect due to rotation
iffers. 
When Mini < 60 M� and Z < 0 . 002, Fig. 4 differs significantly

rom the same region in Fig. 3 . First, unusual growth in the hydrogen
urning shell, as discussed in Sibony et al. ( 2024 ), causes a decrease
n CO core mass at Z = 10−5 , up until Z = 0 . 002. This effect is
trongest around 40 M�, but can be seen in many models at Z =
0−5 . This causes the location of the boundary for NS, BH (NS),
nd NS (BH) to increase in initial mass when compared to the non-
otating case, where this effect is not seen, introducing a negative
lope to the boundary (the limiting mass between NS and BH(NS),
or example, decreases when the metallicity increases). Hence, more
tars are predicted to form NS, BH (NS), and NS (BH) than in the
on-rotating case in this region. This is not due to increased rates
f mass-loss (as one might expect), but is because of the interesting
ffect of rotation on the hydrogen burning shell, which is as discussed
bove. The final mass contours (white lines in Figs 3 and 4 ) are very
imilar as increased mass-loss is not the dominant effect of rotation in
his region, and so both rotating and non-rotating models experience
imilar rates of mass-loss. 

When Mini < 60 M� and Z > 0 . 002, the dominant effect of
otation is increased mixing, leading to higher CO core masses
han in the non-rotating case. This causes the boundary between
S (BH) and direct black hole formation to generally decrease in

nitial mass when compared to the non-rotating case. Similarly to
he non-rotating case, the boundary increases to higher initial mass
s metallicity increases due to the fact that CO core mass generally
ecreases with increasing metallicity in this region of Fig. 4 . In the
otating case, this increase is seen as a gentle upward slope in Fig. 4 ,
nlike the sharp increase and plateau seen in Fig. 3 . Again, the final
ass contours are very similar between Fig. 3 and 4 in this region,

ince the rates of mass-loss are not greatly impacted by rotation at
ow initial mass. 

When Mini > 60 M� and Z < 0 . 002, the dominant effect of
otation is also increased mixing, leading to higher CO core masses
hen compared to results from Fig. 3 . When Z = 10−5 , direct black
oles are formed for 60 < Mini < 90 M�. The lower boundary of
his mass range is significantly higher than that in the non-rotating
ase ( Mini = 40 M�) due to the interaction between the hydrogen
urning shell and helium burning core. The upper boundary is lower
n the rotating case due to an increase in CO core mass due to internal
ixing. 
The maximum black hole mass below the pair-instability gap

anges from MBH ≈ 35–60 M�, which is discussed further in
ection 3.3 . The lower boundary of this mass range is lower than

n the non-rotating case due to the hydrogen burning shell effect, and
he upper boundary is significantly lower than in the non-rotating
ase due to increased mixing. 

When Mini > 60 M� and Z > 0 . 002, the dominant effect of
otation is increased mass-loss. The metallicity boundaries for PPISN
nd PISN are lower for rotating models and when Z > 0 . 01, only
irect black holes and NS (BH) are predicted in this region. When
ompared to the same region in Fig. 3 , the impact of rotation can be
een by the decreased final masses, which leads to lower black hole
asses. 

.3 The BH mass distribution 

he remnant mass in the case of black hole formation, MBH , depends
n the amount of mass assumed to be ejected during or following
he final collapse. For stars undergoing PPISN (for models with
0 < MCO < 60 M� in this work), there will be significant mass
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Table 3. Relations used to determine the remnant mass in the case of black 
hole formation, MBH . 

Relevant MCO range MBH 

MCO < 6 M� no BH 

6 < MCO < 8 M� MCO 

8 < MCO < 12 M� MCO 

12 < MCO < 40 M� Mfin 

40 < MCO < 60 M� Eq. 3 
60 < MCO < 130 M� no BH 

MCO > 130 M� Mfin 

Table 4. The maximum black hole mass below the pair-instability gap per 
metallicity, calculated using the values of Mfin and MCO directly from the 
models. 

Z vini /vcrit MBH , max 

10−5 0 84.99 
0.4 57.22 

0.002 0 48.75 
0.4 43.51 

0.006 0 41.94 
0.4 45.67 

0.014 0 41.44 
0.4 26.49 

0.02 0 35.65 
0.4 34.64 
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Figure 5. Black hole mass distribution for non-rotating (top) and rotating 
(bottom) models below the pair-instability mass gap. 
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jected due to the pulsations and so determining the black hole mass
s subject to uncertainties. In this work, we consider that the black
ole mass depends on the CO core mass and metallicity according 
o equation ( 3 ), which is adapted from Farmer et al. ( 2019 ). 

BH = a1 M
2 
CO + a2 MCO + a3 log Z + a4 (3) 

here a1 = −0 . 096, a2 = 8 . 564, a3 = −2 . 07, a4 = −152 . 97. 
Note that equation ( 3 ) is not used in this work for black hole
asses of stars that undergo failed supernova and direct collapse as

t is based on He stars only, and so MBH = Mfin alone will be used
or black holes formed by direct collapse below the PI mass gap
12 < MCO < 40 M�). Similarly, for black holes formed by direct
ollapse above the PI mass gap ( MCO > 130 M�), MBH = Mfin is
sed. Note that mass ejection might be possible if a rotating star
bove the PISN mass gap forms an accretion disk around the BH
hat can drive jets (see e. g. Ohkubo et al. 2006 , for hydrodynamical

odels of such a scenario in PopIII VMSs). Such a mass ejection
ould produce a BH of MBH < Mfin , possibly reducing the upper 

imit of the mass gap below 130 M�, although we do not consider
uch mass ejection in the present study. 

For stars undergoing a full PISN (60 < MCO < 130 M�), the entire
tar is ejected and no remnant is left behind. It is more complicated
hen considering failed supernova explosions, as some (or all) of 

he envelope could be ejected. In this work, MBH = MCO is used for
odels that undergo failed explosions, with both NS (/BH; models 
ith 8 < MCO < 12 M�) and BH (/NS; models with 6 < MCO <

 M�) remnant types, assuming that they form black holes and 
ject their hydrogen and helium rich envelope. The relations used 
o determine the remnant mass in the case of black hole formation,

BH , are summarized in Table 3 and the BH masses obtained using
hese are listed in Table A2 (column 5) for the relevant models. 

Table 4 gives the maximum black hole mass below the pair- 
nstability gap calculated using the values of Mfin and MCO directly 
rom the models, while Fig. 5 shows the black hole mass distribution
cross different metallicities, calculated using the interpolated values 
f Mfin and MCO . 
The detection of the GW190521 gravitational wave event involv- 

ng a black hole with mass 85 M� (Abbott et al. 2020 ) and GW231123
ith a BH mass around 100 M� (The LIGO Scientific Collaboration, 

he Virgo Collaboration & the KAGRA Collaboration 2025 ) chal- 
enge the existence of a PI mass gap between MBH ≈ 50–130 M�
Farmer et al. 2019 ; Woosley 2019 ), but the results we present suggest
 reduced mass gap with higher boundaries than this with a mass gap
redicted between about 90 and 150 M�. This was also found in
ink et al. ( 2021 ), where it is predicted that black holes of mass

90 M� can form in low metallicity environments (see also Farrell 
t al. 2021 ). The lower end of the PISN mass gap presented in this
ork is also consistent with results from Winch et al. ( 2024 ), where
 maximum black hole mass below the PI mass gap of 93 . 3 M� was
ound using rotating models with Z = 10−3 as well as the lower end
f 100 M� found by Costa et al. ( 2025 ) for non-rotating models at
ery low metallicities. The highest BH masses below the gap come
rom models with a massive hydrogen-rich envelope and at the same
ime a CO core mass below the PPISN limit. Mass ejection due to
ulsations and the CO core mass corresponding to the lower end of
he PPISN mass range are two key uncertainties affecting predictions 
f the mass gap. 
It is important to also consider the mass of black holes above the

I mass gap. As per Figs 3 and 4 , direct black holes are predicted for
oth rotating and non-rotating models at low metallicities (below that 
f the SMC). These black holes are predicted to have MBH = Mfin ,
hich is very close to their initial mass as the models lose little mass

hroughout their evolution. In the present grid, the least massive BH
bove the gap is 150 M� for the rotating 300 M� at Z = 0 . 002 and
he heaviest black hole predicted has MBH = 465 . 8 M�. It lies above
he PI mass gap and originates from the non-rotating progenitor 
odel at Z = 10−5 with Mini = 500 M�. At the lower end of the
ass range considered, no black holes below 6 M� are predicted by

esign. Note that this is expected as there is another likely black hole
MNRAS 543, 2796–2815 (2025)
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M

Figure 6. Supernova type of non-rotating massive stars as a function of 
initial mass and metallicity. The conditions used in this work to associate a 
given pre-supernova structure with a SN type is given in Table 2 . 
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Figure 7. Same as Fig. 6 for the rotating models. 
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ass gap observed at 2 − 5 M� (Bailyn et al. 1998 ; Farr et al. 2011 ;
onker et al. 2021 ). 

 SUPERNOVA  TYPE  

ontour plots exploring how the predicted supernova type varies with
nitial mass, metallicity, and rotation are presented in this section,
longside a consideration of the main effects of metallicity and
otation. 

.1 Impact of metallicity 

irst, the effect of changing initial mass and metallicity will be
onsidered for non-rotating models. It is expected that stars with
igher initial mass will generally lose more of their envelope as they
volve to higher luminosities, increasing the rate of mass-loss which
hey experience. Additionally, stars with higher metallicity will lose

ore of their envelopes due to increased levels of mass-loss, due
o the dependence given by equation ( 1 ). Due to this, more Type
I supernovae are expected at low metallicity, and more Type 1b/c
upernovae are expected at higher metallicity. 

Fig. 6 shows that when initial mass is low ( Mini < 20 M�), all
assive stars are expected to explode as Type IIP supernovae. This

s because they experience low levels of mass-loss during their
volution and so retain most of their envelope, which is rich in
oth hydrogen and helium. Similarly, most massive stars with low
etallicity ( Z < 0 . 01) are also expected to explode as Type IIP

upernovae. This is due to the metallicity dependence of mass-
oss, meaning that these stars experience low levels of mass-loss.
hose that do not explode as Type IIP supernovae are expected to
irectly collapse to a BH. At the boundary between Type IIP and Ib
upernovae in Fig. 6 , there is a region where stars retain a small
mount of hydrogen in their envelope and so they are expected
o explode as Type IIL or IIb supernovae. At higher initial mass,
he dependence of supernova type on metallicity is stronger. When

ini > 40 M� and Z < 0 . 01, stars are predicted to either collapse
irectly to black holes, or explode as either PPISN or PISN of
ifferent types. PISN are indicated in Fig. 6 by the hatched region,
hen PPISN are expected to occur in the region between direct BH
nd PISN. 

Type Ib supernovae are expected from Z = 0 . 002 and above,
epending on initial mass. As metallicity increases, we expect
tars with lower initial mass to explode as Type Ib supernovae.
his is because stars at lower initial mass tend to lose more of
NRAS 543, 2796–2815 (2025)
heir envelope at higher metallicity. At higher metallicity, when
 ≥ 0 . 014, initial mass has a more significant impact on supernova

ype than metallicity. This is shown in Fig. 6 , as the boundaries
etween different supernova types are largely horizontal, with a
entle upwards slope. This means that stars at supersolar metallicity
xplode as Type IIP supernovae at slightly higher initial mass than
hose at solar metallicity. Mass-loss occurring earlier (faster) at
upersolar metallicity means that cores are slightly smaller and that
t is slightly harder to lose the envelope. 

When 50 < Mini < 70 M�, Type Ic supernovae are predicted
bove solar metallicity. These stars are free of hydrogen and
almost) free of helium, since they experienced very high levels of
ost-MS mass-loss. Stars between solar and supersolar metallicity
bove this mass range are expected to directly collapse to black
oles. Hence, the impact of metallicity on supernova type is due
o the dependence of mass-loss rates on the metallicity. This
ffect changes depending on initial mass, which is related to the
uminosity. 

.2 Impact of rotation 

otation is expected to decrease the minimum initial mass of
rogenitors of Type Ib/c supernovae as they will evolve to higher
uminosities than their non-rotating counterparts. Similarly, rotation
s expected to decrease the number of Type II supernovae predicted
s more models will lose their envelopes due to increased levels of
ass-loss. The impact of rotation can be seen by comparing Figs 6

nd 7 , and differs depending on both initial mass and metallicity.
his is due to the competing effects that rotation has on the mass of
ydrogen and helium in the envelope. The results on the Mini –Z 

lane will be separated into four cases depending on the initial
ass and metallicity, where the dominant effect due to rotation

iffers. 
When initial mass and metallicity are low, ( Mini < 40 M� and
 < 0 . 01), the impact of rotation on supernova type is limited. The

mpact of rotation in this region of Fig. 7 is limited to Z < 10−5 , due
o the interaction between the hydrogen burning shell and helium
urning core. The lower CO core mass means that models at lower
nitial mass that would directly collapse to black holes in the non-
otating case are predicted to successfully explode in the rotating
ase. 

When initial mass is low and metallicity is higher ( Mini < 40
� and Z > 0 . 01), rotation has a few interesting effects. First,

he boundaries between Type IIP, IIL, and IIb supernovae become
ompletely horizontal, showing no dependence on metallicity. This is



The fate of rotating massive stars 2805

b
e
c
m
e

 

d
e
n
m
i

 

Z  

i  

l
p
b  

c  

h  

r
t  

w
 

Z  

c  

t  

b
l  

r

5

I  

p
i
t  

d  

w  

s

T
p
I
C  

m  

e  

o  

i  

c  

m
m  

a  

t  

h
c
o  

M

c

5

W
t
t  

s  

g
‘

5

T
b  

m  

t  

a  

T  

m  

m  

r
p  

0  

s

t  

a
l  

d  

c  

Z  

Z  

c  

l
 

s  

l  

m  

f
o
a  

h  

m  

m

5

T
S  

g  

w  

m  

f  

k
r  

t  

h  

m
b  

o
 

t  

l  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/3/2796/8247985 by M
ichigan State U

niversity user on 03 N
ovem

ber 2025
ecause models with Mini ≥ 25 M� completely lose their hydrogen 
nvelope at both solar and supersolar metallicity. In the non-rotating 
ase, the boundaries show more of a metallicity dependence, since 
odels at solar and supersolar metallicity lose their hydrogen 

nvelope at different initial mass. 
On the other hand, the boundary between Type Ib and Ic is more

ependent on metallicity such that stars at supersolar metallicity 
xplode as Type Ic supernovae at lower initial mass than their 
on-rotating counterparts. This is because more stars at supersolar 
etallicity lose both their hydrogen and helium envelope due to 

ncreased mass-loss in the rotating case. 
When initial mass is high and metallicity is low ( Mini > 40 M� and
 < 0 . 01), the boundaries IIP/IIL/IIb/Ib move to lower metallicities

n the rotating case. This is because rotating stars evolve at higher
uminosities and so experience higher rates of mass-loss which can 
artially strip the star of its hydrogen envelope, even at metallicites 
elow Z = 0 . 002. Above Z = 0 . 006, stars are predicted to directly
ollapse to black holes from 100 to 300 M�, whereas no direct black
oles are predicted above Mini = 100 M� and Z = 0 . 006 in the non-
otating case. Additionally, no Type Ic supernova are predicted in 
his region, whereas in the non-rotating case there is a single point
here they are expected. 
When initial mass and metallicity are both high ( Mini > 40 M� and
 > 0 . 01), only a direct collapse to BH is predicted in the rotating
ase. This was not the case for non-rotating stars, where some stars in
his region were predicted to explode as Type Ib supernovae. This is
ecause the rotating models lose more mass early in their evolution, 
eading to CO core masses below 40 M�at all initial masses in this
egion. 

 STELLAR  POPULATIONS  

n this section, the above results are placed in the context of a
opulation of massive stars, weighted according to two different 
nitial mass functions (IMFs). The distributions were calculated such 
hat there is one star with Mini = 500 M� in the Salpeter IMF
istribution, with a total population of 90 166 massive stars. This
as calculated using equation ( 4 ), with an exponent of α = 2 . 35 for

tars with M > 0 . 5 M� (Salpeter 1955 ). 

d N 

d M 

= M−α (4) 

hen, a top-heavy mass distribution was calculated such that the 
opulation size remained the same as that calculated using the Salpter 
MF. The 30 Doradus star-forming region in the Large Magellanic 
loud ( Z = 0 . 006) has been found to contain up to 32 per cent
ore stars with M > 30 M� than predicted by the Salpeter IMF. An

xponent of α = 1 . 90 has been calculated based on spectroscopic
bservations of stars with mass ranging from 15 to 200 M�. It is
mportant to note that a significant proportion of the sample stars
onsidered by Schneider et al. ( 2018 ) were expected to be products of
ass transfer in binary systems, and so the calculated IMF exponent 
ay not be accurate for single stars. However, binary mass transfer

lso results in stars appearing younger than they are, and so these
wo effects may cancel each other out (Schneider et al. 2013 ). This
ighlights the uncertainty in such calculations, which is important to 
onsider when drawing conclusions from IMF weighted proportions 
f remnant and supernova types. In this case, there are ∼ 4 stars with

ini = 500 M�, illustrating the top-heavy nature of this IMF when 
ompared to the Salpeter IMF. 
.1 Fraction of massive stars per remnant type 

hen considering the fraction of massive stars per remnant type, 
he NS and NS (BH) categories will be considered together; 
his combination is given as ‘Total NS’ in the data tables pre-
ented in Appendix A3 . Likewise, the BH and BH (NS) cate-
ories will be considered together; this combination is given as 
Total BH’. 

.1.1 Impact of metallicity 

he distribution of remnants from non-rotating models weighted 
y the Salpeter IMF is considered when exploring the impact of
etallicity, with results given in Table A3 and also shown by the

op left panel of Fig. 8 . A significant proportion of massive stars
re predicted to end their lives as NS at all metallicities considered.
his is because massive stars with initial mass between 9–30 M�are
ore heavily weighted than those with higher mass; most stars in this
ass range are predicted to end their lives as NS, and so the fraction

emains high across all metallicities. The fraction of massive stars 
redicted to end their lives as BH increases with metallicity until Z =
 . 006, then sharply decreases due to mass-loss when considering
olar and supersolar metallicities. 

The fraction of PPISN decreases as metallicity increases, such 
hat very few are expected at solar metallicity, and none are expected
t supersolar metallicity. This decrease is due to increased mass- 
oss at higher metallicity, leading to smaller CO core masses that
o not exceed the MCO > 40 M� threshold for PPISN at all masses
onsidered. The fraction of PISN is similar to that of PPISN from
 = 10−5 to Z = 0 . 006, with a slight peak at Z = 0 . 002. When
 > 0 . 006, this fraction is 0 as no stars are predicted to have a CO
ore mass above the MCO > 60 M�threshold for PISN due to high
evels of mass-loss. 

Therefore, the main effect of metallicity on the fraction of massive
tars per remnant type is due to the metallicity dependency of mass-
oss, given by equation ( 1 ). At low metallicity, there are more
assive CO cores due to low levels of mass-loss, increasing the

raction of (P)PISN and BH. At higher metallicity, increased levels 
f mass-loss mean that the CO core mass does not exceed 40 M�
nd so there are very few (P)PISN, if any at all. In addition, the
igh levels of mass-loss mean that smaller CO core masses are
ore common, hence the increase in the fraction of NS at higher
etallicities. 

.1.2 Impact of rotation 

he distribution of remnants from rotating models weighted by the 
alpeter IMF is shown in the bottom left panel of Fig. 8 . Results are
iven in Table A3 in Appendix A2 and the main differences are clear
hen comparing the top left and bottom left panels of Fig. 8 . The
ajority of massive stars are still predicted to end their lives as NS,

or the same reasons as outlined for non-rotating massive stars. One
ey difference between the rotating and non-rotating distribution of 
emnants is the significant increase in the fraction of NS at Z = 10−5 ;
his is due to interactions between the hydrogen burning shell and
elium burning core leading to a smaller CO core mass in rotating
odels. Massive stars within this mass range are heavily weighted 

y the IMF, hence this effect has a significant impact on the fraction
f NS. 
The effect of metallicity is different for the rotating case, due to

he hydrogen burning shell effect and the increased impact of mass-
oss in rotating models. The fraction of BH also shows a strong
MNRAS 543, 2796–2815 (2025)



2806 R. Hirschi et al.

M

Figure 8. Fraction of non-rotating (top) and rotating (bottom) massive stars per remnant type, weighted by both the Salpeter IMF (left) and a top-heavy IMF 
(right). 
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ependence on metallicity. Rotation decreases the fraction of BH at
 = 10−5 significantly. This is because stars that would have massive
nough CO cores to form BH if they were non-rotating experience
he hydrogen shell effect, leading to smaller CO cores that lead to
S instead. 
For Z ≥ 0 . 002, the fraction of massive stars ending their lives as

H is higher for rotating stars than their non-rotating counterparts.
his is due to rotation-induced mixing generally leading to larger
ore masses. The most significant difference is at solar metallicity,
here the fraction of rotating stars expected to end their lives as BH

s almost double that of non-rotating stars. This is because of the
ncrease in failed supernova leading to BH at this metallicity, which
as a significant impact on the fraction due to the IMF weighting
lacing more emphasis on stars with mass between 9–30 M�. 
Rotation increases the fraction of PPISN when metallicity is less

han Z = 0 . 006. Above this metallicity, no PPISN are predicted
ince the CO core mass of stars with solar and supersolar metallicity
oes not exceed 40 M� due to increased mass-loss experienced
y rotating stars. Similarly, the fraction of PISN is higher for
otating stars when Z ≤ 0 . 002, but is almost zero at Z = 0 . 006 as
ery few stars at this metallicity have a CO core mass exceeding
0 M�. 

.1.3 Impact of using a top-heavy IMF 

he fraction of massive stars per remnant type is qualitatively very
imilar when comparing results weighted by either the IMF (see right
anels in Fig. 8 ). 
Quantitatively, using a top-heavy IMF results in a smaller fraction

f NS, and increased fractions of BH and (P)PISN. Additionally,
sing the top-heavy IMF means that a larger weighting is given
o stars with mass between 30–100 M�, and in relative terms an
ven larger increase in weighting is given to VMSs. This means that
he fraction of (P)PISN experiences the most noticeable increase
in relative terms) when considering the top-heavy IMF. Table A3
hows that these fractions are almost three times higher than those
alculated using the Salpeter IMF at SMC and LMC metallicities. It is
mportant to note that despite a fraction of 0.066 of rotating massive
tars expected to result in PPISN at LMC metallicity (calculated
NRAS 543, 2796–2815 (2025)
sing the top-heavy IMF from Schneider et al. ( 2018 ) based on an
rea of the LMC), there have been no confirmed observations of
PISN. Considering absolute fractions, the largest increase is seen
or direct black holes, which occur within the initial mass range of
0–100 M� (mass range more populated than VMSs) and can reach
.06–0.08 at SMC and LMC metallicities. 

.2 Fraction of massive stars per supernova type 

.2.1 Impact of metallicity 

he distribution of supernova type from non-rotating models
eighted by the Salpeter IMF is considered when exploring the

mpact of metallicity, with results given in Table A4 and also shown
y the top left panel of Fig. 9 . When Z = 10−5 , almost all massive
tars are expected to explode as Type IIP supernovae. No other types
f supernovae are expected at this metallicity, with the remaining
raction expected to directly collapse to BH. The low rates of mass-
oss experienced by stars at this metallicity means that the envelope
s rich in both hydrogen and helium across the range of initial masses
onsidered in this work. As metallicity increases from Z = 10−5 to
 = 0 . 014, the fraction of Type IIP supernovae decreases. Then,

rom Z = 0 . 014 to Z = 0 . 02, the fraction of Type IIP supernovae
ncreases. This is because mass-loss occurs later in the evolution
f stars with initial mass below 25 M� at solar metallicity when
ompared to supersolar metallicity. Note that models below 25 M�
t both metallicities have similar CO core masses and final masses, it
s only the envelope mass which differs. This shows that they undergo
 similar amount of mass-loss throughout the whole evolution, but
odels at solar metallicity undergo more mass-loss later in the

volution. The fraction of massive stars predicted to explode as Type
IL supernovae is zero when Z = 10−5 , increasing with metallicity
ntil Z = 0 . 014. This increase is due to increased levels of mass-
oss with metallicity, due to the dependence given by equation ( 1 ).
he fraction of Type IIL supernovae then decreases from solar to
upersolar metallicity, as more stars are expected to explode as Type
IP supernovae. 

No stars at Z = 10−5 are expected to explode as Type IIb or Ib
upernovae, since they all have envelopes rich in hydrogen. From
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Figure 9. Fraction of non-rotating (top) and rotating (bottom) massive stars per supernova type, weighted by both the Salpeter IMF (left) and a top-heavy IMF 
(right). 
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 = 0 . 002 to Z = 0 . 014, the fraction of massive stars expected to
xplode as Type IIb or Ib supernovae increases due to the increased
ates of mass-loss experienced by models at this metallicity. This 
raction then decreases from solar to supersolar metallicity (due to 
tars losing mass earlier in their evolution). The fraction of massive 
tars predicted to explode as Type Ic supernovae is very low, or
ero, across all metallicities considered. At EMP, SMC, and solar 
etallicities, no Type Ic supernovae are predicted. When Z = 0 . 006,
 small fraction is expected to explode as Type Ic supernovae, 
hile at Z = 0 . 02 this is slightly higher. These supernovae are
redicted to be very rare for massive single stars, as very few
ave envelopes free of hydrogen and (almost) free of helium. Those
hat do tend to have high initial mass, and so are not favourably
eighted by the Salpeter IMF. Finally, the fraction of massive 

tars predicted to directly collapse to black holes is the same as
iscussed in Section 5.1 . Hence, metallicity has a significant impact 
n supernova type, largely due to the metallicity dependence of 
ass-loss. 

.2.2 Impact of rotation 

he distribution of supernova types from rotating models weighted 
y the Salpeter IMF is shown in the bottom left panel of Fig. 9 . Results
re given in Table A4 in Appendix A2 and the main differences
re clear when comparing the top left and bottom left panels of
ig. 9 . When Z = 10−5 , the fractions are very similar between the
on-rotating and rotating case, with the only predicted outcomes 
eing either a Type IIP supernova or direct collapse to a black
ole. In the rotating case, the fraction of massive stars predicted 
o explode as Type IIP supernovae is higher than the same fraction
n the non-rotating case. This is because of the interaction between 
he hydrogen burning shell and helium burning core in stars at this

etallicity, with fewer rotating stars expected to directly collapse to 
H when compared to non-rotating stars. The fraction of massive 

tars expected to explode as Type IIL supernovae is higher for rotating 
tars when 0 . 002 ≤ Z ≤ 0 . 006, as more rotating stars partially lose
heir hydrogen envelope. This fraction is lower than that for non- 
otating stars at solar metallicity due to the increased fraction of
irect BH. At supersolar metallicity, this fraction is very similar 
etween the non-rotating and rotating case, as shown by the top left
nd bottom left panels of Fig. 9 . 

Rotation does not really affect the fraction of type IIb nor the
raction of type Ib at low metallicities. The fraction of massive
tars predicted to explode as Type Ib supernovae when Z = 0 . 006
s slightly lower for rotating models, which is partly balanced by
he corresponding increase in type IIb at that metallicity. When 
 ≥ 0 . 014, the type Ib fraction is lower for rotating stars. This

s because more rotating stars are expected to directly collapse to
H, which would have exploded as Type Ib supernovae in the
on-rotating case. The fraction of rotating massive stars expected 
o explode as Type Ic supernovae is zero, apart from at supersolar
etallicity where it is more than double that in the non-rotating case.
his is because more rotating stars are expected to be completely

ree of both hydrogen and helium due to the increased mass-
oss rates which they experience. Hence, the effect of rotation 
n supernova type is dominated by increased mass-loss, as well 
s the increased number of stars expected to directly collapse 
o BH. 

.2.3 Impact of using a top-heavy IMF 

he fraction of massive stars per supernova type is qualitatively very
imilar when comparing results weighted by either the Salpeter or 
op-heavy IMF, with the distribution of supernova types weighted 
y a top-heavy IMF given by the rightmost panels of Fig. 9 . Using
he top-heavy IMF results in a decrease in the fraction of Type IIP
upernovae, and an increase in the fraction of all other possibilities
cross the whole range of metallicities considered. This is because 
tars that explode as Type IIP supernovae generally have a lower
nitial mass (apart from when Z = 10−5 ), and these stars make up
ess of the stellar population calculated using the top-heavy IMF than
he Salpeter IMF. As discussed in Section 5.1 , the largest increase in
bsolute fractions is seen for direct black holes. These increases are
ollowed closely by increases in Type Ib fractions for non-rotating 
odels at LMC and solar metallicities. The largest relative increase is

ound in type Ib fractions for the rotating SMC and LMC metallicity
odels, around three times higher than those calculated using the 
alpeter IMF. 
MNRAS 543, 2796–2815 (2025)
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Figure 10. Fraction of non-rotating (top) and rotating (bottom) massive stars 
per supernova type that are expected to be PISN. Solid lines indicate those 
weighted using the Salpeter IMF and dashed lines for the top-heavy IMF. 

5  

P

F  

e  

n  

b  

I  

r  

t  

a  

w  

m  

a  

T  

a  

b  

t  

e  

Z  

P  

P  

t
 

s  

b  

w  

t  

i  

1  

I  

o

6

6

T  

f  

Table 5. Observational fractions of core collapse supernova types from Smith 
et al. ( 2011 ) and Li et al. ( 2011 ). 

IIP IIL IIb Ib Ic Other 

Smith et al. ( 2011 ) 0.482 0.064 0.106 0.071 0.149 0.128 
Li et al. ( 2011 ) 0.521 0.074 0.089 0.052 0.134 0.129 
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.3 Fraction of massive stars per supernova type expected to be
ISN 

ig. 10 shows, for each supernova type, the fraction, which is
xpected to be PISN (rather than core-collapse SN). It is important to
ote that no PISN are expected at solar or supersolar metallicities, for
oth the non-rotating and rotating case using both variations of the
MF. First, the impact of metallicity will be considered, for the non-
otating case calculated using the Salpeter IMF. When Z = 10−5 ,
he fraction of Type IIP supernova expected to be PISN is small,
nd decreases even further with increasing metallicity reaching 0
hen Z = 0 . 006. This is because PISN have progenitors at low
etallicity which are VMSs, and progenitors of Type IIP supernovae

re generally not VMSs when Z > 0 . 002. However, the fraction of
ype IIL supernovae expected to be PISN is significantly higher
nd all Type Ib supernovae at SMC metallicity are expected to
e PISN considering single stars (see discussion about binarity in
he next section). When Z = 0 . 006, no Type IIP/L supernovae are
xpected to be PISN (the models predict more type Ib PPISN at
 = 0 . 006), and the fraction of Type Ib supernovae expected to be
ISN lower than when Z = 0 . 002 (the models predict more type Ib
PISN at Z = 0 . 006). Hence, the impact of metallicity depends on

he supernova type considered. 
The most significant effect of rotation on PISN types is the

ignificant decrease in the fraction of Type Ib supernovae expected to
e PISN in the rotating case. This is because PISN are only expected
hen Z ≤ 0 . 006 in the rotating case due to lower CO core masses

han in the non-rotating case. Using the top-heavy IMF results in an
ncrease in all of the fractions, other than those equal to either 0 or
; the choice of IMF has a significant impact on the fraction of Type
IP supernovae expected to be PISN, and very little impact on that
f Type IIL and Ib. 

 DISCUSSION  

.1 Comparison to observations 

able 5 presents the proportions of different supernova types derived
rom large observational surveys published in Smith et al. ( 2011 ) and
NRAS 543, 2796–2815 (2025)
i et al. ( 2011 ), which we can compare to the fractions predicted by
he present models (Table A4 ). A detailed comparison is difficult as
e do not know the distribution of metallicity of the observed SN

nd not even the average metallicity of the large samples (although
he average is often considered to fall in between the LMC and
olar metallicities). Nevertheless, we can still compare them in
eneral terms. The observed fraction of Type IIP supernovae is
ower than the fraction found in the models. Only a top heavy
MF at not too low metallicities can reach the observed values. The
bservational fraction of Type IIL supernovae can be reproduced by
he models though model predictions vary a lot, especially for the

odels with rotation. The observed fraction of Type IIb supernovae
s similar to the fraction found in the solar metallicity models
ut much higher than that found in low metallicity models. The
bservational fractions of Type Ib supernovae vary from Smith et al.
 2011 ) to Li et al. ( 2011 ), but can be explained by the fractions
redicted in Section 4 , though the fractions calculated using the
op-heavy IMF are higher than the observational range in Type Ib
raction. 

The most noticeable difference is for the fraction of Type Ic, where
he observed fraction is much higher than the models predict (even
hen considering a top-heavy IMF). This is in part compensated by

he higher predicted fraction of Type Ib in the models and it is still
ot completely clear what differentiates a Type Ic from a Type Ib
N from the progenitor point of view as discussed in Section 2.4 .
n alternative explanation is that Type Ic SN come mainly from

tars that have experienced interactions with a binary companion.
inary interactions are indeed expected to be common for massive

tars as discussed below. Even when considering binary stars, it
emains a challenge to remove the helium rich layer and predict
 Type Ic and it is not clear how much helium can be hidden in
 Type Ic SN (see e. g. Aguilera-Dena et al. 2023 ; Jin, Yoon &
linnikov 2023 ). 

.1.1 Pair-instability supernovae 

ISN are usually expected to appear as superluminous supernovae
ith broad light curves (Gal-Yam 2012 ). Given that the IMF

avours stars at the bottom of the PISN mass range, the majority of
ISN, however, do not produce the extremely bright superluminous
N generally expected and are instead not much more luminous

han core-collapse SN (see e. g. fig. 13 in Gilmer et al. 2017 ).
urthermore, they can evolve faster than generally expected from
ype II superluminous SN as they often have lost their H-rich
nvelope as discussed above (see e. g. Kozyreva et al. 2017 ). Even
onsidering the brightest PISN from the top of the PISN mass
ange, PISN are difficult to find with optical transient surveys as
hey are expected to occur at high redshift, and so are faint in
he optical wavelength range. For example, the deep optical survey
ith Subaru/Hyper Suprime-Cam (HSC), aimed at finding PISN

andidates, has so far not found any (Moriya et al. 2021 ). Instead,
he use of near-infrared instruments is more suitable for searching
or PISN as they are bright in the near-infrared range. In the next
ecade, several wide-field near-infrared instruments are planned,
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uch as the near-infrared wide-field instrument on the recently 
aunched Euclid satellite (Scaramella et al. 2022 ) and the Wide Field
nstrument on the Nancy Grace Roman space telescope (Spergel et al. 
015 ), which have the potential to find PISN candidates. However, 
here are currently no confirmed observations of PISN, and so no 
omparisons can be made in this case. It is important to note that
here are, however, a few recent PISN and PPISN candidates (Gomez 
t al. 2019 ; Aamer et al. 2024 ; Angus et al. 2024 ; Schulze et al.
024 ). 
Despite the weak observational evidence for PISN, it is still im-

ortant to consider the proportion of supernovae which may be PISN
s they have very different nucleosynthetic yields, e.g. the odd-even 
ffect is more significant for PISN than core-collapse supernovae, 
longside higher abundances of Si, S, Ar, and Ca due to the explosive
xygen burning (Kobayashi 2015 ). This has implications within the 
eld of Galactic chemical evolution, where these nucleosynthetic 
ields are used within simulations of chemical enrichment processes. 
owever, Kobayashi, Karakas & Lugaro ( 2020 ) did not include 

ffects from PISN in their Galactic chemical evolution models due 
o the lack of observational evidence. Hence, advancements in un- 
erstanding whether PISN are likely to occur will be important if the
bservational data does become available. Additionally, the fraction 
f supernovae expected to be PISN is important when considering the 
istribution of black hole masses (Marchant et al. 2016 ; Farmer et al.
019 ; Winch et al. 2024 ), in particular the PI mass gap discussed in
ection 3.3 . 

.2 Effect of binarity 

ost massive stars form in multiples and interactions between 
assive binary stars are common as they tend to exist in close binary

ystems (Preibisch, Weigelt & Zinnecker 2001 ; Chini et al. 2012 ;
ana et al. 2012 ). Due to this, it is important to consider the effect

hat binarity would have on the results presented in this study (see
anger 2012 , for a review on the various ways binarity affects the
volution of massive stars). 

Mass transfer has a significant impact on the evolution of both 
tars involved, and so will influence their respective fates. If the 
ass transfer occurs before the end of core helium burning (Case
 or B), it can change the mass of the donor star’s convective core

see e. g. Laplace et al. 2021 ; Schneider, Podsiadlowski & Müller
021 ). This means that it would end core helium burning with a
maller CO core mass, and so this would affect the remnant type
redicted in this work. It may possibly result in more NS, and
educe the fraction of massive stars expected to end their lives as
ISN, as this requires that very high CO core masses are retained.
dditionally, loss of the envelope means that the fraction of massive 

tars expected to explode as Type Ib/c supernovae would be higher 
hen including effects due to mass transfer. On the other hand, the

econdary star in the binary system would have a larger envelope 
ass, and so may retain more hydrogen/helium in the envelope 

han if it were a single star. Hence, the effects that mass transfer
as on the fate of massive stars is complicated. It is important to
ote that De Donder & Vanbeveren ( 2002 ) found that including
inary stars in models of galactic chemical evolution had only a 
oderate effect on yield, suggesting that considering only single 

tars may well still represent the average properties of massive 
tars. 

In close binary systems, stars tend to synchronize their rotation 
o the orbital period, causing tidal mixing that dissipates the excess 
inetic energy (Zahn 1975 , 1977 , 2013 ). These internal tides increase
otational mixing, and so increase the effects of rotation even further. 
dditionally, this leads to the star being very compact, as it is in
uasi-chemical equilibrium throughout its evolution. This means that 
t is less likely to overfill its Roche lobe, and so may prevent any
esulting mass transfer. Hence, the effects of mass transfer on the
ate of massive stars may be less significant than described above.
t is also worth noting that at low metallicities, stars expand less
see Fig. 1 ) while at high metallicities the most massive stars lose
o much mass that they also expand less (Romagnolo, Gormaz- 
atamala & Belczynski 2024 ). Such limited expansion might affect 

r event suppress binary interactions (Romagnolo et al. 2025 ). There
re numerous possible intermediate products and end-points of the 
volution of massive binary stars, highlighting the complexity of 
onsidering binary interactions when determining the fate of massive 
tars, and why it is beyond the scope of this work. See Eldridge et al.
 2017 ) for an example of how stellar evolution models can include
ffects due to binarity. 

 CONCLUSIONS  

n this work, we use the large grid of GENEC models, covering initial
asses from 9 to 500 M� and metallicities ranging from Z = 10−5 to

.02, to study the impact of initial mass, metallicity, and rotation on
he fate of massive stars. As initial mass is varied, different fates are
ound. At low initial mass, most massive stars are found to result in
ype IIP supernovae and the formation of a neutron star. Then, as the

nitial mass increases, stars are less likely to successfully explode, and 
o are more likely to form black holes. VMSs are expected to end their
ives as either PPISN or PISN (at low metallicity), or direct collapse to
lack holes (at higher metallicity). Extremely metal poor stars with 
he highest initial masses are also expected to directly collapse to
lack holes. Hence, varying the initial mass has a significant impact
n the fate of massive stars. 
This has also been explored through choice of IMF, considering 

ifferent mass distributions and how this affects the results presented. 
he use of a top-heavy IMF allows for a closer match to observational
ata on supernova type than the use of the Salpeter IMF, possibly
uggesting that the top-heavy IMF is a better match for the mass
istribution of massive stars. However, the observational data does 
ot exclude supernovae resulting from stars in binary systems, and 
o any comparisons should be treated with caution. 

As the metallicity is increased, the rates of mass-loss on the main
equence also increase. This results in reduced CO core masses 
t higher metallicities, having various impacts on the remnant it 
eaves behind. In particular, VMSs with low metallicity can end 
heir lives as PISN and so leave behind no remnant. As long as
he star does not become a RSG, increasing the metallicity also
ncreases the rate of post-main sequence mass-loss. This means 
hat a significant proportion of the envelope may be lost, possibly
esulting in Type Ib/c supernovae. Hence, metallicity has a significant 
mpact on the final fate of massive stars as a whole, with both the
emnant and supernova type showing a strong dependence on the 
etallicity. 
Rotation has also been shown to have a significant impact on the

ate of massive stars. It has two main competing effects: increased
ixing tends to increase the CO core mass, and increased mass-loss

ends to decrease the CO core mass and H/He envelope mass. In
ddition to these effects, an unusual boost in the hydrogen burning
hell of extremely metal poor models leads to a decrease in the CO
ore mass, which was unexpected. The dominant effect of rotation 
iffers depending on initial mass and metallicity. Hence, rotation has 
ifferent effects on the fate of massive stars depending on the other
arameters considered. 
MNRAS 543, 2796–2815 (2025)
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The findings of this work are summarized below: 

(i) The competing effects that rotation has on the evolution of
assive stars results in it having a complex effect on both remnant

nd supernova type, depending on the initial mass and metallicity of
he star. 

(ii) A pair-instability mass gap is expected from ∼ 90 to ∼
50 M� with extremely metal poor stars with the highest initial
asses expected to directly collapse to black holes with mass above

he pair-instability mass gap. 
(iii) Pair-instability supernovae and pulsation pair-instability su-

ernovae are predicted at metallicities lower than solar, and initial
asses greater than 100 M�. 

Given the above predictions concerning PISN, if upcoming near-
nfrared wide-field surveys do not find potential PISN candidates at
igh redshift, then the theoretical framework on which the predictions
n this work are based may need to be re-evaluated although the lack
f observed PISN might still be explained by the IMF favouring
he less bright PISN as discussed above. More importantly, if there
re detections of gravitational wave events involving merging black
oles with masses within the predicted mass gap, this will seriously
hallenge stellar evolution theory or support the multiple merger
rigin of GW events in dense environments (see e. g. Vaccaro et al.
024 ; Antonini, Romero-Shaw & Callister 2025 ). 
Understanding the fate of massive stars, and how it is impacted by

arious factors, has important applications across many different
elds within astrophysics. The way in which massive stars die,
oth the type of supernova they produce and the type of compact
emnant they leave behind, has significant effects on models of
alactic chemical evolution, nucleosynthetic yields, gravitational
ave astronomy, and also provides the necessary context for the

nterpretation of observational data. Since observations are generally
imited to the surface properties of stars, the use of models and
ssumptions is important when considering the internal properties
f massive stars. The fate of a massive star has its basis in both
nternal and surface properties, in particular the CO core mass and
omposition of the envelope. The grids of one-dimensional stellar
volution models used in this work have been calculated over the
ast decade, covering a wide range on initial masses, metallicities
nd considering models with and without rotation. This allows for
nalysis of how the properties, and the fate, of massive stars varies
cross this parameter space. 

There are still many uncertainties to consider when using stellar
volution models, such as the mass-loss prescriptions used and the
xtent of their convective zones. Although the effects of binarity
n the fate of massive stars have briefly been discussed here,
uture studies will benefit from including a quantitative analysis
f these effects as well as the effects of magnetic fields on stellar
volution, though this will be challenging given the very large
arameter space to be covered. Considering the effect of a metallicity-
ependent IMF and specific star formation rates are another avenues
or further exploration to compare models to observations like SN
ype fractions. Using observational constraints and multidimensional
tellar evolution models, these uncertainties can hopefully be reduced
n the future as our understanding of stellar evolution continues to
dvance. 
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Table A1. List of models used and their origin where superscript 1 corresponds to Sibony et al. ( 2024 ), 2 to Georgy et al. ( 2013 ), 3 to Yusof et al. ( 2013 ), 4 to 
Eggenberger et al. ( 2021 ), 5 to Martinet et al. ( 2023 ), 6 to Ekström et al. ( 2012 ), 7 to Yusof et al. ( 2022 ). Models without superscript are unpublished and have 
been calculated for this work. 

Z vini /vcrit Initial mass of models 

1 × 10−5 0 91 121 151 201 251 301 401 601 851 1201 1501 2001 3001 5001 

0.4 91 121 151 201 251 301 401 601 851 1201 1501 2001 3001 5001 

0.002 0 92 122 152 202 252 322 402 602 852 1202 150 200 300 
0.4 92 122 152 202 252 322 402 602 852 1202 1503 2003 3003 

0.006 0 94 124 154 204 254 324 404 604 854 1204 1503 1805 3005 5003 

0.4 94 124 154 204 254 324 404 604 854 1204 1503 2003 3003 5003 

0.014 0 96 126 156 206 256 326 406 606 856 1206 1503 2003 3003 5003 

0.4 96 126 156 206 256 326 406 606 856 1206 1503 2003 3003 5003 

0.02 0 97 127 157 207 257 327 407 607 857 1207 1507 2007 3007 500 
0.4 97 127 157 207 257 327 407 607 857 1207 1507 2007 3007 

Table A2. Initial mass ( Mini ), final total mass ( Mfin ), defined as the total mass at the end of core helium burning, remnant mass in the case of black hole 
formation, MBH , helium core mass ( Mα), CO core mass ( MCO ), H envelope mass ( Menv 

H ), He envelope mass ( Menv 
He ), followed by remnant and SN type of the 

models. The full table is available as supplementary material in csv format. 

Mini Z vini /vcrit Mfin MBH Mα MCO Menv 
H Menv 

He Remnant type SN type 

9 10−5 0 9.00 2.46 1.02 4.74 3.11 NS Type IIP 
9 10−5 0.4 9.00 2.68 1.12 4.20 3.51 NS Type IIP 
12 10−5 0 12.00 3.36 1.58 6.04 4.23 NS Type IIP 
12 10−5 0.4 12.00 3.46 1.59 5.33 4.81 NS Type IIP 
15 10−5 0 14.99 4.36 2.28 7.18 5.36 NS Type IIP 
15 10−5 0.4 14.99 5.20 2.63 5.80 5.48 NS Type IIP 
20 10−5 0 20.00 6.18 3.75 8.82 7.24 NS Type IIP 
20 10−5 0.4 20.00 5.47 2.98 6.82 8.27 NS Type IIP 
25 10−5 0 25.00 8.32 5.55 10.18 9.07 NS Type IIP 
25 10−5 0.4 25.00 8.50 5.52 7.92 10.48 NS Type IIP 
30 10−5 0 29.99 (7.57) 10.67 7.57 11.34 10.84 BH (NS) Type IIP 
30 10−5 0.4 22.84 7.67 4.81 4.23 10.68 NS Type IIP 
40 10−5 0 39.99 (11.67) 15.38 11.67 13.37 14.60 NS (BH) Type IIP 
40 10−5 0.4 39.84 5.47 3.14 8.49 20.58 NS Type IIP 
60 10−5 0 60.00 60.00 25.73 20.94 17.18 21.27 BH Direct BH 

60 10−5 0.4 56.61 56.61 17.46 13.42 10.58 24.36 BH Direct BH 

85 10−5 0 84.99 84.99 37.42 31.63 21.66 30.69 BH Direct BH 

85 10−5 0.4 57.22 57.22 44.28 37.36 2.13 14.67 BH Direct BH 

120 10−5 0 98.45 47.27 54.20 48.00 12.86 35.28 PPISN Type IIP 
120 10−5 0.4 86.62 27.07 68.53 59.50 2.88 20.02 PPISN Type IIP 
150 10−5 0 128.59 28.81 67.52 58.88 17.59 49.96 PPISN Type IIP 
150 10−5 0.4 131.84 94.72 86.62 7.43 37.03 PISN Type IIP 
200 10−5 0 168.21 93.16 83.24 19.43 64.24 PISN Type IIP 
200 10−5 0.4 158.24 134.54 123.50 2.90 27.29 PISN Type IIP 
300 10−5 0 245.66 142.38 117.67 22.37 89.36 PISN Type IIP 
300 10−5 0.4 282.38 282.38 266.28 247.63 1.06 22.14 BH Direct BH 

500 10−5 0 465.80 465.80 252.54 235.23 24.49 198.12 BH Direct BH 

500 10−5 0.4 462.66 462.66 433.15 404.05 1.62 36.09 BH Direct BH 

9 0.002 0 8.89 2.49 1.00 4.65 3.09 NS Type IIP 
9 0.002 0.4 8.98 2.85 1.14 4.14 3.39 NS Type IIP 
12 0.002 0 11.91 3.60 1.73 5.88 4.03 NS Type IIP 
12 0.002 0.4 11.87 3.84 1.80 5.09 4.79 NS Type IIP 
15 0.002 0 14.78 4.60 2.41 6.91 5.27 NS Type IIP 
15 0.002 0.4 14.77 4.97 2.59 5.86 5.95 NS Type IIP 
20 0.002 0 19.70 6.53 4.00 8.44 7.01 NS Type IIP 
20 0.002 0.4 19.25 7.09 4.24 6.65 7.63 NS Type IIP 
25 0.002 0 24.40 8.47 5.66 9.52 8.92 NS Type IIP 
25 0.002 0.4 22.75 (6.25) 9.50 6.25 6.38 9.11 BH (NS) Type IIP 
32 0.002 0 23.90 (8.59) 11.77 8.59 5.64 9.31 NS (BH) Type IIP 
32 0.002 0.4 24.67 (9.36) 13.03 9.36 4.10 9.97 NS (BH) Type IIP 
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Table A2 – continued 

Mini Z vini /vcrit Mfin MBH Mα MCO Menv 
H Menv 

He Remnant type SN type 

40 0.002 0 29.55 (11.39) 14.92 11.39 5.74 11.96 NS (BH) Type IIP 
40 0.002 0.4 29.14 29.14 17.48 13.37 4.05 10.32 BH Direct BH 

60 0.002 0 37.91 37.91 25.19 20.43 4.08 12.58 BH Direct BH 

60 0.002 0.4 39.44 39.44 31.38 26.70 4.05 10.31 BH Direct BH 

85 0.002 0 48.75 48.75 37.53 32.26 3.00 12.12 BH Direct BH 

85 0.002 0.4 51.34 43.51 49.47 43.59 1.68 10.21 PPISN Type IIL 

120 0.002 0 64.15 41.24 55.65 49.57 1.75 11.56 PPISN Type IIL 

120 0.002 0.4 86.09 84.78 76.61 1.67 10.20 PISN Type IIL 

150 0.002 0 84.97 70.91 63.39 2.69 16.78 PISN Type IIP 
150 0.002 0.4 106.68 106.68 93.78 0.27 5.02 PISN Type IIb 
200 0.002 0 105.92 98.86 68.49 0.02 8.18 PISN Type Ib 
200 0.002 0.4 129.34 129.34 116.66 0.06 4.30 PISN Type IIb 
300 0.002 0 164.44 158.59 116.57 0.08 31.35 PISN Type IIb 
300 0.002 0.4 149.78 149.78 149.78 134.10 0.00 3.18 BH Direct BH 

9 0.006 0 8.65 2.27 0.88 4.57 2.93 NS Type IIP 
9 0.006 0.4 8.80 2.56 1.00 4.16 3.44 NS Type IIP 
12 0.006 0 10.95 3.26 1.47 5.30 3.86 NS Type IIP 
12 0.006 0.4 11.25 3.81 1.77 4.68 4.11 NS Type IIP 
15 0.006 0 14.00 4.46 2.30 6.35 5.03 NS Type IIP 
15 0.006 0.4 14.15 5.05 2.68 5.43 5.58 NS Type IIP 
20 0.006 0 15.33 6.46 3.94 5.19 5.68 NS Type IIP 
20 0.006 0.4 13.80 7.13 4.33 3.04 5.58 NS Type IIP 
25 0.006 0 12.04 8.47 5.70 5.17 5.67 NS Type IIP 
25 0.006 0.4 12.42 (6.28) 9.35 6.28 1.18 4.09 BH (NS) Type IIL 

32 0.006 0 12.51 (8.37) 11.43 8.37 1.48 4.51 NS (BH) Type IIL 

32 0.006 0.4 13.99 (9.91) 13.43 9.91 1.18 4.08 NS (BH) Type IIL 

40 0.006 0 15.55 (11.53) 14.95 11.53 1.47 4.50 NS (BH) Type IIL 

40 0.006 0.4 19.41 19.41 18.89 14.89 0.09 2.36 BH Direct BH 

60 0.006 0 22.92 22.92 22.92 18.23 0.39 3.13 BH Direct BH 

60 0.006 0.4 33.03 33.03 33.03 28.25 0.09 2.35 BH Direct BH 

85 0.006 0 31.53 31.53 31.53 26.15 0.16 2.73 BH Direct BH 

85 0.006 0.4 35.93 35.93 35.93 29.93 0.09 2.35 BH Direct BH 

120 0.006 0 54.62 41.94 54.62 47.27 0.00 0.48 PPISN Type Ic 
120 0.006 0.4 52.58 42.60 52.58 45.08 0.08 2.32 PPISN Type IIb 
150 0.006 0 59.68 37.76 59.68 51.72 0.00 0.79 PPISN Type Ib 
150 0.006 0.4 45.67 45.67 45.67 38.70 0.08 2.31 BH Direct BH 

180 0.006 0 71.06 71.06 63.49 0.00 1.19 PISN Type Ib 
200 0.006 0.4 51.11 42.52 51.11 43.55 0.00 1.41 PPISN Type Ib 
300 0.006 0 91.35 91.35 82.30 0.00 1.13 PISN Type Ib 
300 0.006 0.4 54.14 42.30 54.14 46.45 0.00 0.88 PPISN Type Ib 
500 0.006 0 94.68 94.68 82.18 0.00 1.68 PISN Type Ib 
500 0.006 0.4 74.89 74.89 65.37 0.00 1.27 PISN Type Ib 

9 0.014 0 8.80 2.21 0.83 4.62 3.07 NS Type IIP 
9 0.014 0.4 8.58 2.92 1.18 3.61 3.34 NS Type IIP 
12 0.014 0 11.36 2.95 1.26 5.68 3.91 NS Type IIP 
12 0.014 0.4 10.31 3.83 1.83 4.08 3.56 NS Type IIP 
15 0.014 0 13.34 4.20 2.11 5.87 5.04 NS Type IIP 
15 0.014 0.4 11.19 5.01 2.69 3.38 4.01 NS Type IIP 
20 0.014 0 9.02 6.14 3.67 1.33 3.67 NS Type IIL 

20 0.014 0.4 7.55 7.04 4.36 3.38 4.01 NS Type IIP 
25 0.014 0 8.77 8.06 5.34 0.28 2.57 NS Type IIb 
25 0.014 0.4 9.91 (6.54) 9.59 6.54 0.15 2.33 BH (NS) Type IIb 
32 0.014 0 11.17 (7.72) 10.74 7.72 0.12 2.55 BH (NS) Type IIb 
32 0.014 0.4 10.21 (7.05) 10.21 7.05 0.15 2.33 BH (NS) Type IIb 
40 0.014 0 13.92 (10.40) 13.86 10.40 0.00 2.23 NS (BH) Type Ib 
40 0.014 0.4 12.41 (9.01) 12.41 9.01 0.03 2.01 NS (BH) Type Ib 
60 0.014 0 12.57 (9.18) 12.57 9.18 0.00 0.52 NS (BH) Type Ib 
60 0.014 0.4 18.07 18.07 18.07 13.97 0.00 0.51 BH Direct BH 

85 0.014 0 18.72 18.72 18.72 14.67 0.00 0.57 BH Direct BH 

85 0.014 0.4 26.49 26.49 26.49 21.47 0.00 0.54 BH Direct BH 

120 0.014 0 31.00 31.00 31.00 25.64 0.00 0.71 BH Direct BH 

120 0.014 0.4 19.12 19.12 19.12 14.87 0.00 0.60 BH Direct BH 
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Table A2 – continued 

Mini Z vini /vcrit Mfin MBH Mα MCO Menv 
H Menv 

He Remnant type SN type 

150 0.014 0 41.26 41.26 41.26 34.96 0.00 0.87 BH Direct BH 

150 0.014 0.4 20.31 20.31 20.31 16.10 0.00 0.68 BH Direct BH 

200 0.014 0 49.42 41.44 49.42 42.50 0.00 0.82 PPISN Type Ib 
200 0.014 0.4 22.01 22.01 22.01 17.57 0.00 0.60 BH Direct BH 

300 0.014 0 38.24 38.24 38.24 32.17 0.00 0.84 BH Direct BH 

300 0.014 0.4 24.01 24.01 24.01 19.43 0.00 0.63 BH Direct BH 

500 0.014 0 29.84 29.84 29.84 24.21 0.00 0.82 BH Direct BH 

500 0.014 0.4 25.91 25.91 25.91 21.05 0.00 0.70 BH Direct BH 

9 0.02 0 8.80 1.21 1.14 4.55 2.95 NS Type IIP 
9 0.02 0.4 8.74 1.83 1.31 4.05 3.12 NS Type IIP 
12 0.02 0 11.56 2.98 1.58 4.55 2.95 NS Type IIP 
12 0.02 0.4 10.36 3.68 2.14 4.05 3.12 NS Type IIP 
15 0.02 0 13.09 4.09 2.24 5.71 4.01 NS Type IIP 
15 0.02 0.4 10.83 5.22 3.09 4.08 3.50 NS Type IIP 
20 0.02 0 8.45 6.03 3.68 5.63 4.83 NS Type IIP 
20 0.02 0.4 7.27 7.14 4.66 3.15 3.70 NS Type IIP 
25 0.02 0 8.04 8.04 5.37 1.12 3.25 NS Type IIL 

25 0.02 0.4 9.08 (6.67) 9.08 6.67 0.01 1.22 BH (NS) Type Ib 
32 0.02 0 10.71 (7.77) 10.71 7.77 0.00 1.92 BH (NS) Type Ib 
32 0.02 0.4 9.80 (7.16) 9.80 7.16 0.00 1.07 BH (NS) Type Ib 
40 0.02 0 11.33 (8.64) 11.33 8.64 0.00 2.22 NS (BH) Type Ib 
40 0.02 0.4 11.63 (8.97) 11.63 8.97 0.00 0.32 NS (BH) Type Ic 
60 0.02 0 10.77 (8.24) 10.77 8.24 0.00 0.33 NS (BH) Type Ic 
60 0.02 0.4 12.87 (9.93) 12.87 9.93 0.00 0.40 NS (BH) Type Ic 
85 0.02 0 16.21 16.21 16.21 12.91 0.00 0.38 BH Direct BH 

85 0.02 0.4 16.64 16.64 16.64 13.25 0.00 0.39 BH Direct BH 

120 0.02 0 23.40 23.40 23.40 19.15 0.00 0.43 BH Direct BH 

120 0.02 0.4 22.26 22.26 22.26 18.05 0.00 0.42 BH Direct BH 

150 0.02 0 30.92 30.92 30.92 26.07 0.00 0.49 BH Direct BH 

200 0.02 0 35.65 35.65 35.65 30.02 0.00 0.63 BH Direct BH 

200 0.02 0.4 34.64 34.64 34.64 29.09 0.00 0.48 BH Direct BH 

300 0.02 0 22.23 22.23 22.23 18.08 0.00 0.69 BH Direct BH 

300 0.02 0.4 25.24 25.24 25.24 20.62 0.00 0.67 BH Direct BH 

500 0.02 0 25.55 25.55 25.55 20.31 0.00 0.67 BH Direct BH 

500 0.02 0.4 25.24 25.24 25.24 20.62 0.00 0.67 BH Direct BH 

Table A3. Fraction of massive stars per remnant type, calculated using IMFs from Salpeter ( 1955 ) with α = 2 . 35 and Schneider et al. ( 2018 ) with α = 1 . 9. 

Z vini /vcrit α NS NS (BH) Total NS BH (NS) BH Total BH PPISN PISN 

10−5 0 2.35 0.787 0.049 0.836 0.045 0.091 0.136 0.014 0.013 
0.002 0 2.35 0.776 0.061 0.837 0.049 0.082 0.131 0.013 0.018 
0.006 0 2.35 0.776 0.053 0.829 0.057 0.086 0.143 0.015 0.013 
0.014 0 2.35 0.787 0.109 0.896 0.052 0.048 0.100 0.004 0 
0.02 0 2.35 0.787 0.103 0.890 0.065 0.044 0.109 0 0 
10−5 0.4 2.35 0.900 0.017 0.917 0.011 0.044 0.054 0.014 0.014 
0.002 0.4 2.35 0.763 0.061 0.824 0.044 0.092 0.135 0.014 0.026 
0.006 0.4 2.35 0.763 0.050 0.813 0.044 0.117 0.161 0.024 0.001 
0.014 0.4 2.35 0.749 0.060 0.809 0.109 0.082 0.191 0 0 
0.02 0.4 2.35 0.749 0.093 0.842 0.109 0.049 0.158 0 0 

10−5 0 1.9 0.657 0.064 0.721 0.053 0.156 0.209 0.033 0.037 
0.002 0 1.9 0.644 0.079 0.723 0.057 0.135 0.192 0.030 0.055 
0.006 0 1.9 0.644 0.069 0.713 0.066 0.142 0.208 0.036 0.043 
0.014 0 1.9 0.657 0.158 0.815 0.062 0.112 0.174 0.011 0 
0.02 0 1.9 0.657 0.155 0.812 0.078 0.110 0.188 0 0 

10−5 0.4 1.9 0.799 0.026 0.825 0.016 0.093 0.109 0.029 0.036 
0.002 0.4 1.9 0.630 0.076 0.706 0.050 0.151 0.201 0.028 0.065 
0.006 0.4 1.9 0.630 0.062 0.692 0.050 0.189 0.239 0.066 0.003 
0.014 0.4 1.9 0.615 0.084 0.699 0.128 0.173 0.301 0 0 
0.02 0.4 1.9 0.615 0.140 0.755 0.128 0.118 0.246 0 0 
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Table A4. Fraction of massive stars per supernova type, calculated using IMFs from Salpeter ( 1955 ) with α = 2 . 35 and Schneider et al. ( 2018 ) with α = 1 . 9. 

Z vini /vcrit α Type IIP Type IIL Type IIb Type Ib Type Ic Direct BH 

10−5 0 2.35 0.909 0 0 0 0 0.091 
0.002 0 2.35 0.898 0.008 0.009 0.002 0 0.082 
0.006 0 2.35 0.833 0.053 0.002 0.026 0.001 0.086 
0.014 0 2.35 0.676 0.073 0.119 0.084 0 0.048 
0.02 0 2.35 0.763 0.044 0.025 0.097 0.026 0.044 

10−5 0.4 2.35 0.956 0 0 0 0 0.044 
0.002 0.4 2.35 0.870 0.026 0.011 0.002 0 0.092 
0.006 0.4 2.35 0.734 0.124 0.012 0.012 0 0.117 
0.014 0.4 2.35 0.734 0.029 0.114 0.040 0 0.082 
0.02 0.4 2.35 0.717 0.046 0 0.110 0.078 0.049 

10−5 0 1.9 0.844 0 0 0 0 0.156 
0.002 0 1.9 0.808 0.020 0.031 0.005 0 0.135 
0.006 0 1.9 0.710 0.069 0.004 0.073 0.001 0.142 
0.014 0 1.9 0.540 0.075 0.141 0.132 0 0.112 
0.02 0 1.9 0.630 0.050 0.030 0.135 0.045 0.11 

10−5 0.4 1.9 0.907 0 0 0 0 0.093 
0.002 0.4 1.9 0.759 0.055 0.030 0.005 0 0.151 
0.006 0.4 1.9 0.599 0.144 0.029 0.040 0 0.189 
0.014 0.4 1.9 0.599 0.032 0.138 0.058 0 0.173 
0.02 0.4 1.9 0.581 0.049 0 0.132 0.120 0.118 
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