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ABSTRACT

As most massive stars are born in binary and other multiple-star systems, many are expected to exchange mass with a companion
star or merge with it during their lives. This means that most supernovae (SNe) are from such binary products. Here, we focus on
hydrogen-rich Type II SNe from accretors of binary mass transfer and stellar mergers, and compare them to those from single stars. We
computed various SN properties such as the explosion energies, nickel yields, and neutron star (NS) kick velocities, but also consider
NS masses. We find tight correlations between these parameters and various summary variables of the pre-SN core structures of
stars, such as the central specific entropy, core compactness, and iron core mass. However, there is no obvious relation between these
explosion properties and the evolutionary history of the pre-SN stars (i.e. single stars versus binary mass accretors and stellar mergers).
We find linear relations between the nickel mass and the SN explosion energy and the NS remnant mass, and give the reasons for such
relations in our models. In principle, these relations allow us to determine SN explosion energies and NS masses from nickel masses,
e.g. inferred from the tail of SN light curves. We further group our models into progenitors of SNe IIP, SN 1987A-like, and interacting
SNe, predict their SN and SN-progenitor properties, and compare these to observations. Overall, there is good agreement, but we also
highlight some tension. Accretors of binary mass transfer and stellar mergers naturally produce SNe IIP with long plateau durations
from progenitors with relatively small CO-core but large envelope masses that could explain SNe such as SN 2015ba. Our models give
rise to tight relations between the plateau luminosity and the nickel mass as well as the SN ejecta velocity as inferred observationally
for SNe IIP. We speculate that cool and red supergiants at log L/L, > 5.5 encounter enhanced mass loss due to envelope instabilities
and that some could retain a hydrogen envelope to then explode in interacting SNe IIn. The rate of such SNe from our models seems
compatible with the observed SN IIn rate. Some of our binary models explode as 10° L, blue supergiants that may have encountered
enhanced and/or eruptive mass loss shortly before their SNe, and could thus help us to understand interacting SNe such as SN 1961V
and SN 2005¢gl but also superluminous Type II SNe such as SN 2010jl.
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1. Introduction

The vast majority of massive stars and hence supernova (SN)
progenitors are born in multiple stellar systems and will
exchange mass with a companion during their lifespans (e.g.
Sana et al. 2012; Moe & Di Stefano 2017). Mass exchange can
take on different forms and stars can be stripped of their
outer envelopes, which gives rise to hydrogen-free SNe of
Types Ibc, but they can also gain mass by stable Roche-
lobe overflow and merging (see e.g. reviews by Langer 2012;
Marchant & Bodensteiner 2024). In the latter cases, stars typi-
cally explode in hydrogen-rich SNe of Type II'.

It is estimated that about half of all SN II are from pro-
genitor stars that accreted mass or merged with a compan-

* Corresponding author: fabian.schneider@h-its.org
In very massive post-mass accretors, stellar winds and other forms of
mass loss may again lead to SN Ibc.
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ion star, while some 15% are thought to originate from merg-
ers involving a main-sequence (MS) and a post-MS star (e.g.
Podsiadlowski et al. 1992; Zapartas et al. 2019; Henneco et al.
2024). These post-MS+MS star mergers can explain the unusual
appearance of the progenitor of SN 1987A as a blue super-
giant (BSG), the peculiar SN light curve, the asymmetric explo-
sion and also the triple-ring nebula (e.g. Chevalier & Soker
1989; Podsiadlowski et al. 1990; Podsiadlowski 1992, 2017a;
Morris & Podsiadlowski 2007, 2009; Menon & Heger 2017,
Menon et al. 2019). Blue supergiants from stellar mergers may
also explode in interacting, superluminous and pair-instability
SNe or collapse into very massive black holes (BHs) (see e.g.
Justham et al. 2014; Di Carlo et al. 2020; Renzo et al. 2020a;
Costa et al. 2022; Schneider et al. 2024, hereafter Paper I).
Binary-stripped stars (BSSs) and explosions thereof as
SN Ibc are important for many areas in astrophysics and
have been studied in quite some detail (e.g. Paczynski 1967,
van den Heuvel 1976; De Looreetal. 1978; Vanbeveren
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1991; Podsiadlowski et al. 1992; Wellstein & Langer 1999;
Petrovic et al. 2005; Cantiello etal. 2007; Eldridge et al.
2008; Yoon et al. 2010; Yoon 2017; Tauris et al. 2013, 2015;
Langer et al. 2020; Laplace et al. 2020; Baveraetal. 2021;
Schneider et al. 2021, 2023; Klencki et al. 2022; Wang et al.
2024). For example, BSSs contributed ~20% of the photons
to the reionisation of hydrogen in the Universe after the Dark
Ages (Gotberg et al. 2020), and many of the compact objects
in gravitational-wave (GW) merger events from isolated binary
stars are from such objects (see e.g. schematic evolutionary
cartoon in Figure 1 of van Son et al. 2022 and the reviews by
Mapelli 2021; Mandel & Broekgaarden 2022).

Accretors of stable mass transfer and stellar mergers are
somewhat less studied but similarly important. They likely form
some of the most massive stars in the Universe and become
massive counterparts of classical blue stragglers. Some of the
most massive stars known, the 200-300M, stars in R136
(Crowther et al. 2010; Bestenlehner et al. 2020; Brands et al.
2022), may be such objects (see e.g. Banerjeeetal. 2012;
Schneider et al. 2014). Moreover, accretors and mergers stem
from initially lower-mass stars with long lifetimes and, in
addition, they rejuvenate such that they can explode with
long delay times (Zapartasetal. 2017). After the SN of
their companion, accretors may become runaway stars (e.g.
Blaauw 1961; Renzo et al. 2019), and all of these effects can
significantly enhance stellar feedback (e.g. Conroy & Kratter
2012; Kimm & Cen 2014; Ma et al. 2016; Secunda et al. 2020;
Geen et al. 2023). Furthermore, the large diversity of the light
curves of hydrogen-rich Type II SNe would be difficult to explain
without mass accretion in binary stars (see e.g. Eldridge et al.
2018).

In Paper I, we modelled accretors and stellar mergers, and
established how their cores differ from those of genuine sin-
gle stars right at iron core collapse. We paid special attention to
their pre-SN core structures, likely fate, compact remnants, and
SN ejecta masses. In particular, accretors and mergers involv-
ing post-MS stars can become long-lived BSGs (e.g. Hellings
1983, 1984; Podsiadlowski & Joss 1989; Claeys et al. 2011;
Vanbeveren et al. 2013; Justham et al. 2014; Menon & Heger
2017), and we have shown that — at the pre-SN stage — their
cores and total masses differ most from those of single stars.
Consequently, some of these long-lived BSGs may form BHs of
up to S0Mg while others eject up to 40 Mg in SN explosions
even at solar metallicity. In this paper, we build on the models
of Paper I and explore how different the SN properties, such as
the explosion energies, nickel yields and neutron-star (NS) kick
velocities, are in accretors compared to genuine single stars. We
further link our models to the likely SN type and explore how
accretors and mergers contribute to the observed large diversity
of hydrogen-rich Type II SNe. To this end, we assign the SN
types of SN IIP, SN 1987A-like, and interacting SN IIn accord-
ing to the pre-SN location of our models in the Hertzsprung—
Russell (HR) diagram.

This paper is structured as follows. We introduce the stellar
and SN explosion models in Sect. 2 before presenting our find-
ings on the SN explosion properties and the emerging SN diver-
sity in Sect. 3. In Sect. 4, we compare our models to observed
SNe of the three broad types of SN IIP, SN 1987A-like SNe, and
interacting SN IIn. We summarise and conclude in Sect. 5.

2. Methods

The models used in this paper were computed and described in
Schneider et al. (2021) and Paper 1. We give a brief overview of
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them here and refer to Paper I for more details. The stellar mod-
els employed revision 10398 of the Modules-for-Experiments-
in-Stellar-Astrophysics (MESA) software package (Paxton et al.
2011, 2013, 2015, 2018, 2019). In Table A.1%, we provide the
newly derived quantities from the stellar models used in this
study and also list some previously published quantities that will
aid the understanding of this paper.

The stellar models are for single stars and accretors of binary
mass transfer and stellar mergers. Both the mass accretors and
mergers were approximated by accretion onto single-star mod-
els with the momentary thermal-timescale mass accretion rate.
Our models had initial masses Mjy; in the range 11-70 Mg, and
the amount of accreted mass AM,.. was 10%, 25%, 50%, 75%,
100%, 150% and 200% of a star’s initial mass (denoted by the
mass accretion fraction foee = AMayec/Min;). The mass accre-
tion took place at five different evolutionary phases: during core
hydrogen burning (called Case A accretors here), after the main
sequence but before core helium ignition (called Case B accre-
tors), and after core helium exhaustion (called Case C accre-
tors). Case A and B accretors are further divided into ‘early’ and
‘late’. In Case A accretors, this means accretion when the central
hydrogen mass fraction dropped to 0.35 (early) and 0.05 (late).
In early Case B accretors, we accreted mass shortly after the
star left the main sequence, i.e. while it had a radiative envelope,
and in late Case B accretors, mass accretion only occurred on
the red supergiant branch when the stars had developed a deep
convective envelope. With these accretion fractions and evolu-
tionary phases of accretion, our model grid covers a large range
of possible outcomes of accretors of binary mass transfer and
stellar mergers. In total, 419 single and accretor models were
computed.

The models were all non-rotating and employed a solar-like
chemical composition (i.e. initial hydrogen and helium mass
fractions of X = 0.7155 and Y = 0.2703, respectively, and
metallicity Z = 0.0142; Asplund et al. 2009). Convective step
overshooting of 0.2 pressure scale heights was applied during
core hydrogen and core helium burning but not in the later
nuclear-burning stages. Semi-convection was included with an
efficiency factor of @y, = 0.1, and a slightly modified version
of MESA’s ‘Dutch’ wind mass loss was used®. Importantly, we
did not use enhanced winds for stars possibly evolving into
luminous-blue variables (LBVs). A 23-isotope nuclear reaction
network (approx21_cr60_plus_co56.net) was applied. All
models were computed from the zero-age main sequence until
iron core collapse, i.e. until the iron core reaches infall velocities
>950kms™!.

The outcome of iron core collapse was then studied with the
parametric SN model of Miiller et al. (2016) with calibrations
as described in Schneider et al. (2021). This neutrino-driven SN
model takes as input the entire interior structure of stars at core
collapse and does not rely only on certain summary variables
such as the compactness of the core structures of SN progen-
itors. Moreover, it allows us to study the explodability of the
models, i.e. the question of neutron-star (NS) versus black-hole
(BH) formation, and also predicts the SN explosion energy Ecypl,
the ejected nickel mass My; and the NS kick velocity.

As explained in Paper I, our accretor models cannot cap-
ture all the complex physics of binary mass accretion and stel-
lar mergers but provide a useful first approximation of the
interior structure and post-accretion evolution of such stars.

2 An electronic version of this table is available at the CDS and at
https://doi.org/10.5281/zenodo.15791044
3 The modifications were only for the metallicity-scaling of winds.
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There are four main limitations: Firstly, accretion on a ther-
mal timescale is not fully adequate for all binary mass transfer
phases and stellar mergers. Case-A mass transfer also pro-
ceeds on a nuclear timescale during which the accretor can
continue to evolve. Case-B and-C mass transfer are more ade-
quately matched by our assumptions. Stellar mergers proceed on
a dynamic timescale. We cannot replicate the complex physics
of such phases, but we can model the most important aspect,
namely, the increase in mass. In this respect, our models do
a decent job as thermal-timescale accretion does not allow the
accretor to change its chemical structure by nuclear burning.
Secondly, as already mentioned, the complex physics of stellar
mergers cannot be reproduced by accretion alone. In particular,
there is mixing in mergers, for example, of nuclearly processed
material from the core into the envelope and vice versa (c.f.
multi-dimensional hydrodynamic simulations of stellar merg-
ers by e.g. Lombardi et al. 2002; Ivanova et al. 2002; Ivanova
2002; Glebbeek et al. 2013; Schneider et al. 2019). Additional
mixing of helium out of the cores of mergers enhances the
chance of forming long-lived BSGs (e.g. Hillebrandt & Meyer
1989; Podsiadlowski et al. 1990; Podsiadlowski 1992, 2017a,b;
Menon & Heger 2017), and our models thus underpredict their
rates. Similarly, our accretion models cannot correctly predict
the surface chemical abundances. Thirdly, the overall mass loss
in a merger event is uncertain and predictions thereof depend,
for example, on how stars merge (head-on collisions of different
collision energies versus less violent inspiral mergers of circu-
lar binaries; see e.g. Freitag & Benz 2005; Glebbeek et al. 2013;
Schneider et al. 2019). While these uncertainties are important
they do not affect our results, because we do not model indi-
vidual binary systems but only effective mass accretion events
of certain masses. By construction, we always have a net mass
gain, but, in late Case-B and Case-C mergers, the merger dynam-
ics may lead to a net mass loss (c.f. classical common-envelope
evolution where the entire envelope of a (super)giant star
may be ejected; Ivanova et al. 2013; Ropke & De Marco 2023;
Schneider et al. 2025). Such situations could lead to SN progen-
itors with little ejecta mass (e.g. SN IIb) that our models do not
cover. Lastly, we neglect rotation while it is thought to influence
the further evolution of accretors of binary mass transfer because
of induced mixing. Merger products may be slowly rotating
(e.g. Leonard & Livio 1995; Schneider et al. 2019, 2020), but
some could also rotate more rapidly. Moreover, strong, large-
scale magnetic fields are thought to be formed in stellar merg-
ers (e.g. Schneider et al. 2019; Frost et al. 2024; Ryu et al. 2025)
and they will further influence the evolution and rotation of
merged stars via enhanced angular momentum transport and
magnetic braking (e.g. Schneider et al. 2020). Understanding the
influence of all of these processes on the pre-SN structures and
core-collapse outcomes is left to future studies.

3. Results

We first present the predicted SN explosion outcomes in terms
of the explosion energy, nickel yields and NS kick velocities
(Sect. 3.1) and identify the nickel mass as a proxy of the NS
remnant mass and SN explosion energy (Sect. 3.2). Based on
the position of our SN progenitor models in the HR diagram,
we then associate them with their most likely SN types (SN IIP,
SN 1987A-like and SN IIn; Sect. 3.3). While this cannot be
an accurate classification, it nevertheless allows us to compare
the qualitative differences in the SN outcomes and properties
between these three groups (Sect. 3.4). Lastly, we focus on
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SNe IIP and their expected light curve properties given the diver-
sity of SN progenitors (Sect. 3.5).

3.1. Explosion energies, nickel masses and NS kicks

We now consider the explosion energy, Eeypl, nickel mass, My;,
and kick velocity, vyick, imparted onto the NS obtained by apply-
ing the parametric SN code of Miiller et al. (2016, c.f. Sect. 2) to
the core-collapse structures of our single-star and accretor mod-
els. We neither find obvious correlations between the SN prop-
erties and the CO core mass, Mcgo, nor the amount of accreted
mass, fiec (c.f. Table A.1).

Temaj et al. (2024) and Paper I showed that the central spe-
cific entropy is a good proxy to summarise the core structure
of stars, and, for example, they found tight correlations of cen-
tral entropy with the gravitational NS mass for a large range
of different SN progenitors (single stars with various degrees
of convective boundary mixing and binary accretors & stellar
mergers). Here, we use this proxy to investigate the aforemen-
tioned SN properties Eexpi, Mni and vyck separately for Case A,
B and C accretors, and single stars (Fig. 1). We find close rela-
tions between these properties and the central specific entropy,
s¢, as indicated by Pearson’s correlation coefficients, p, in Fig. 1.
The correlation of s, and My; is the tightest (o > 0.9), followed
by that of s. with Ecxp1 (p = 0.7-0.8) and vyiex (p = 0.6-0.8).

To help compare the SN outcomes of the different evolution-
ary histories of stars, i.e. single stars and Case A, B and C accre-
tors, we fit quadratic functions to each of the entire datasets of
Eexpt, My and vy and show these fits in Fig. 1. The root-mean-
square deviation from the quadratic fits of Ecypi, Mni and vyicx are
0.4 x 10°! erg, 0.02 My, and 220 kms~', respectively. The found
correlations are overall similar in the single stars and Case A, B
and C accretors, as indicated by the fit functions and the correla-
tion coefficients p. Moreover, we also find no obvious differences
between stellar models that evolve through a long-lived BSG
phase (i.e. more than 0.2 Myr as a core-helium burning BSG as
defined in Schneider et al. 2024) and those that do not; similarly,
the Case-A accretors with incomplete rejuvenation identified in
Paper I follow the same overall trend. This immediately implies
that the past evolutionary histories of pre-SN stars do not mat-
ter much for the exact SN explosion outcome but rather only the
pre-SN core structure as summarised here by the central specific
entropy. This finding is in line with the relation between cen-
tral entropy and gravitational NS mass mentioned above. Cover-
ing the same ranges of explosion properties does, of course, not
mean that the population averages between these groups (single
stars and the different accretor models) are also the same, and
there can be systematic differences.

As argued in Paper I, the central specific entropy s, iron core
mass Mg, and compactness parameter & 5* are all related to each
other and are useful summary proxies of the core structures of
our single stars and accretors for the explodability. Correlations
of Eexpl, My and vyiex with the compactness parameter have also
been noted by for example Nakamura et al. (2015), Miiller et al.
(2016), Schneider et al. (2021) and Burrows et al. (2024). The
mass coordinate M, at a specific entropy of s./Nakg = 4 could
also have been used instead of s, and shows the same quali-
tative correlations. This value is also known to strongly corre-
late with the mass coordinate at which the SN shock is revived

4 The compactness &y measures the mass-to-radius ratio at a spe-
cific mass coordinate M at the onset of core collapse, &y =
(M/Mp)/(R(M)/1000km) (O’Connor & Ott 2011). In this paper, we
measure it at M = 2.5 M.
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Fig. 1. Explosion energy, E..,, nickel mass, My;, and NS kick velocity, vy, as a function of central specific entropy s. of the SN progenitors
of Case-A (panels a, d, g), Case-B (panels b, e, h), and Case-C accretors (panels c, f, i). Colours indicate the amount of accreted mass f,.., and
results for single-star models are shown for comparison. Pearson’s correlation coefficients, p, are provided, and to guide the eye and allow for
easier comparison of the data across panels, quadratic curves fitted to the data are added.

and hence the NS remnant mass as for example explained in
Schneider et al. (2021). Overall, however, the correlations in this
work are the strongest with central entropy s..

It is expected that Eep and vyicx show a similar relation with
sc, because vyick is directly computed from Eeypl in our SN model

(vkick ¢ JAM Eexpi/MNs,grayv, Where AM is the neutrino heated
mass). Moreover, The nickel mass My; is also closely related
t0 Eexp because Eeyp sets the post-shock temperature in the
SN ejecta which then determines which parts of the ejecta are
hot enough to be explosively burnt into iron group elements,
i.e. nickel (see Sect. 3.2 below and, e.g. Lyman et al. 2016;
Curtis et al. 2019; Suwa et al. 2019; Pejcha 2020; Burrows et al.
2024). This very connection of explosion energy and nickel
yield via the post-shock temperature is implemented in the
Miiller et al. (2016) SN code applied here and thus explains the
found correlation.

In conclusion, we find that the core properties of stars (e.g.
central entropy or compactness) mainly determine the explod-
ability and the outcome of SN explosions in our models, and it is
of lesser relevance which evolutionary pathway (i.e. single star
or Case A, B or C accretor, and whether there was a long-lived
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BSG phase) led to a given core structure. A single parameter
such as central entropy or compactness is insufficient to accu-
rately predict the SN outcomes as is evident from the scatter in
Fig. 1 around the quadratic fits and even more well-known for
the explodability of stars (see e.g. Maltsev et al. 2025, and refer-
ences therein). It can nevertheless serve as a useful proxy.

3.2. Nickel mass as a proxy for explosion energy and NS
remnant mass

Explosion energies and nickel yields are closely related, and this
has been demonstrated by theoretical work as well as inferred
from observations of SNe (see description in Sect. 3.1 and, e.g.
review by Pejcha 2020). Indeed, we find a Myi—Eeyp relation
that can be well fitted by an exponential function to the entire
dataset (Fig. 2),

E expl
10°! erg

Mo

= (0.186 + 0.044) exp | (11.394 + 0.935)

+(0.402 + 0.079), 1
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Fig. 2. Nickel mass, My;, as a function of explosion energy, E..,. As in Fig. 3, Pearson’s correlation coefficients p are given as well as an

exponential fit to the entire dataset.
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Fig. 3. Nickel mass, My;, as a function of NS mass, Mys gray. Pearson’s correlation coefficients, p, are provided, and a linear fit to the complete

dataset is shown for the Case A, B and C accretors.

where the uncertainties are 1o~ and purely statistical. The root-
mean-square deviation of the entire model data from the fit func-
tion is 0.31 x 10°! erg. In Fig. 2, we again separate the sample
into Case A, B and C accretors, and show the single-star models
in each panel to illustrate that the evolutionary history of stars
does not seem to play a major role in setting this relation. Also,
the models that experienced a long-lived BSG phase follow the
same trend as do the Case-A systems with incomplete rejuvena-
tion. In these relations, the SN fallback systems seem to deviate
the strongest from the overall trend, and the scatter would be
reduced if these systems were not taken into account.

Given the relations between Mysgray and s¢ (Figure 13 in
Paper I), and My; and s (Fig. 1), it is evident that also Mys grav
and My; must be closely related. Indeed, we find a tight correla-
tion between these quantities (Pearson’s correlation coefficients
of p > 0.93; Fig. 3). From the least-squares fitting of the entire
dataset, we see that a linear relation,

M = (2757 + 0.045)@ + (1.259 £ 0.005), 2)
© M@
describes our models well (the purely statistical uncertainties are
again 1o and the root-mean-square deviation from the fit func-
tion is 0.045 M,,). As with all other relations found in this work,
it is mostly independent of the evolutionary history of the stars.
The fit suggests a minimum NS mass of (1.259 + 0.005) Mg
based on our stellar models and the applied SN explosions;

this mass may still be larger than those of NSs from electron-

capture SNe because such explosions are not considered here.
It nevertheless seems to overlap with a possible ~1.25 M NS
component in the mass distribution of NSs suggested to be
due to electron-capture SNe by Schwab et al. (2010). There are
also NSs with masses <1.2 Mg, (Ozel & Freire 2016; Tauris et al.
2017; Farrow et al. 2019). Our models do not make predictions
on the maximum NS masses, but it is rather an assumption to
help discriminate between NS and BH formation (2 M, in this
work, see Sect. 2). Nevertheless, if it were possible to reliably
calibrate Eq. (2), the maximum nickel mass observed in core-
collapse SNe may put constraints on the maximum NS mass
formed in such explosions.

In terms of the physics of neutrino-driven explosions, one
can understand this relation qualitatively as follows. Neutrino-
driven explosions are a threshold process similar to line-driven
stellar winds. Hence, they obey an explosion energy—binding
energy relation (see e.g. Janka 2017; Burrows et al. 2024). When
models are more difficult to explode (i.e. have high binding
energy), the neutrino heating must be more intense until an
explosion is triggered with a larger explosion energy. Mod-
els with high binding and explosion energies lead to larger
nickel yields because of the Myi—E.yp relation (Fig. 2). More-
over, the models with the largest binding energies also have
the largest Mg, and thus the largest s. and & 5. Mg, strongly
correlates with My, the location where the SN explosion is
revived, and hence the NS mass. Overall, it is therefore expected
to find a Mysgav—Mni correlation as shown in Fig. 3 and
Eq. (2).
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Fig. 4. Hertzsprung—Russell diagram of the pre-SN locations of the single star and accretor models. In the left panel a, we show models successfully
exploding in SNe, while we show BH formation in the right panel b. Small black circles indicate BH formation by SN fallback and the magenta
contours highlight cases of BH formation from stars in the entropy peak at Mco = 6—8 M, (c.f. Fig. 5). The dark grey, hatched areas show the
locations of the BSG progenitor of SN 1987A (left panel only) and the CSGs N6946-BH and M31-2014-DS1 that have been suggested to have
collapsed into a BH (right panel only). The hot and cool regimes of the S Doradus instability strip are indicated by the light grey bands (Smith et al.
2004) and the Humphreys-Davidson limit by the black dashed line. Models slightly faded out and additionally marked by white and golden crosses
spend more than 10* yr in the S Doradus region and thus likely experience significant mass loss (i.e. they will most likely explode elsewhere in the
HR diagram). The reddish, blue and purple shaded areas show our ad-hoc SN classification into SN IIP, SN 1987A-like and interacting SN IIn,
respectively (see main text for details). An ordering of the models into Case A, B and C accretors and the individual accretion fractions can be

found in the HR diagrams in Figure 9 of Paper I.

In SN observations, the two relations in Egs. (1) and (2) sug-
gest that one can obtain the NS mass and the explosion energy
by measuring the nickel mass. The latter may for example be
determined from the late-time, nickel-decay powered tails of SN
light curves. In particular, the My;—Ecxp relation may help break
degeneracies in SN observations (c.f. Goldberg et al. 2019), but
for any given My; our models scatter by ~0.3 x 10°! erg around
the best fit. A highly precise prediction of E..p, from a mea-
sured My; thus seems challenging. For the NS masses, the scat-
ter around the best fit is smaller, and a measured nickel mass
may provide an NS mass within ~0.05 M. Moreover, the rela-
tion implies that there is a link between the minimum and max-
imum observed nickel masses and the minimum and maximum
NS masses formed in neutrino-driven core-collapse SNe, respec-
tively. However, at both ends of the nickel mass ranges, electron-
capture SNe and explosions supplemented and/or powered by
other SN mechanisms (e.g. magnetar-driven SNe) will compli-
cate the interpretation. While our relations may give a qualita-
tive picture and clearly show that there are My;—MNns grav and
My;—Ecxp telations, Egs. (1) and (2) depend quantitatively on
the calibrations of our SN engine and the stellar models.

3.8. Hertzsprung—Russell diagram and SN classification

In Paper I, we have discussed the pre-SN positions of our single
star and accretor models in the HR diagram. Using these posi-
tions, we group the models into three broad SN classes (Fig. 4).

SN lin: This group shall represent the broad class of interact-
ing SNe (including interacting superluminous SNe, SLSNe). To
define potential interacting SNe, we consider SN progenitors
that explode as LBVs, i.e. as stars inside the S Doradus insta-

A253, page 6 of 18

bility strip of the HR diagram (Smith et al. 2004) or as cooler
super- and/or hypergiants (T < 7500 K) with luminosities of
logL/Ly > 5.5 (c.f. pink coloured region in Fig. 4). The lat-
ter is the empirically found luminosity limit of RSGs in M31,
the Milky Way and the Large and Small Magellanic Clouds
(Davies et al. 2018; McDonald et al. 2022). Both criteria reflect
the idea that such stars may have lost significant amounts of mass
just before the SN such that the SN ejecta can interact with the
lost mass in a way that affects the SN light curve. Alternatively,
some stars might lose a significant fraction of their envelope
mass such that they could instead explode as SNe Ibc. When
stars spend more than 10* yr in this region of the HR diagram, we
flag them up throughout this paper as stars with likely enhanced
LB V-like mass loss (often indicated by cross symbols in figures).
This is to indicate that the properties of these stars might be quite
different from what is shown here because our models do not
apply LBV-like mass loss’.

SN IIP: We denote SNe from hydrogen-rich progenitor stars with
luminosities of log L/Ly < 5.5 and Teg < 7500K as SNe IIP.
The effective temperature limit is the approximate cool side of
the S Doradus instability strip. Not all hydrogen-rich SN pro-
genitors that explode in this part of the HR diagram will give

5 The choice of the duration of 10*yr in the LBV region for flag-
ging up models is ad-hoc and guided by the average mass loss rates
of LBVs, which is on the order of 10* My, yr™! (see e.g. Smith 2014). In
such cases, about O(1 M) is lost and could thus significantly affect the
appearance of the stars. In the most extreme cases, the entire hydrogen-
rich envelope could be lost. In our models, stars generally do not evolve
out of the LBV regime once they enter it. Hence, the time spent as an
LBYV in almost all of our models implies they spent this time in the LBV
regime before core-collapse.
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rise to a SN IIP, but some may rather be classified for example
as SNe IIL or SNe IIb (SN explosions in different phases of RSG
pulsations can also affect the light-curve classification as SN IIP
and SN IIL, see e.g. Bronner et al., in prep.). Type IIb SNe have
hydrogen-rich envelope masses of <1.0 Mg (Yoon et al. 2017,
Sravan et al. 2019) and are not found in our accretor models,
which, by construction, have relatively massive hydrogen-rich
envelopes.

SN 1987A-like: Hydrogen-rich SN progenitors that are on the
hot side of the S Doradus instability strip or that are hotter than
7500K for log L/Ls < 5.5 may produce light curves similar to
that of SN 1987A (foremost, they may show long-rising, peculiar
SN II light curves; c.f. Fig. 4).

These classifications cannot be accurate and cannot reflect
the large diversity of SN II. Nevertheless, they serve as a first
way to connect our pre-SN models to their likely appearance as
SNe and thus offer a more direct way to compare to observations
of SNe.

In the HR diagram, we see that our models cover all three SN
groups (Fig. 4). The lowest initial mass in our grid is 11 My and
we thus lack pre-SN models at log L/L < 4.7. To indicate that
there should be many more SN progenitors at these luminosities,
we add star symbols to the bottom of the HR diagram. Moreover,
we can also see that most models in the SN IIn group spend more
than 10* yr in this part of the HR diagram and only a few evolve
into it less than 10* yr before core collapse.

As shown in Paper I, the compactness and entropy as a
function of Mco have a prominent peak at Mco =~ 7Mg in
our models (Fig. 5). This peak is characteristic of all of our
stellar models and regardless of their evolutionary histories.
It is found in single stars of varying convective core bound-
ary mixing parameters (Temaj et al. 2024), binary-stripped stars
at two different metallicities (Schneider et al. 2021, 2023), and
also accretors of binary mass transfer and stellar mergers
(Paper I). The peak is a consequence of core carbon burn-
ing becoming neutrino-dominated as shown and explained by
Laplace et al. (2025). It is also seen in stellar models com-
puted with other codes and employing different physics assump-
tions (e.g. O’Connor & Ott 2011; Sukhbold & Woosley 2014;
Sukhbold et al. 2018; Chieffi & Limongi 2020; Takahashi et al.
2023).

The models in the compactness and entropy peak form BHs
in our models (Paper I). These BH-forming models roughly fol-
low the hot side of the S Doradus instability strip in the HR
diagram for stars that reach core collapse as a BSG, and at a
luminosity of log L/Lg ~ 5.4 for stars collapsing as RSGs. This
implies that our groups of SN 1987A and SN IIP are almost
exclusively from stars with Mco < 7My® while interacting SNe
(SNe IIn) have Mco = 7M;, (Fig. 5). As shown in Sect. 3.1, the
central entropy can be regarded as a proxy for the SN outcome
in terms for example of explosion energy, nickel yield, and SN
kick velocity. Because the groups of SN 1987A-like and SN IIP
models cover a similar range of central entropies (Fig. 5), they
are expected to have similar explosion properties but possibly
very different ejecta masses and radii.

As explained in Paper I, both the single stars and binary
accretors that do not become long-lived BSGs explode along a
similar band in the HR diagram (Fig. 4). Moreover, these models

% Some very massive stars with Mco 2 14 M, lost so much mass that
they are BSGs at core collapse and thereby enter the SN 1987A-like
group. However, these stars then have very low hydrogen-rich envelope
masses.
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Fig. 5. Central specific entropy, s, as a function of CO core mass, Mco,
at core collapse for the single-star and Case A and B accretor mod-
els. The Case C accretors are not shown to enhance the clarity of the
diagram. The entropy peak at Mo ~ 6—8 M, associated with BH for-
mation is indicated by the yellow box. Colours relate the models to their
pre-SN location in the HR diagram and hence their likely appearance as
SN IIn, SN IIP, and SN 1987A-like. The horizontal and vertical black
dotted lines help to visually distinguish between the different SN groups
and the typical central entropies that models in these groups have at core
collapse. The black crosses indicate models that likely experience sig-
nificant LBV-like mass loss, and grey boxes show cases of likely SN
fallback.

all follow the same CO core mass—luminosity relation such that
the compactness and entropy peak of pre-core-collapse CSGs
and/or RSGs is at a similar luminosity of log L/Ly = 5.4 in the
HR diagram. This model prediction coincides nicely with the
inferred luminosity of the RSG N6946-BH that has been sug-
gested to have collapsed into a BH (Fig. 4; see e.g. Gerke et al.
2015; Adams et al. 2017a,b; Basinger et al. 2021, but also JWST
observations of Beasor et al. 2024; Kochanek et al. 2024 that
may challenge this interpretation). M31-2014-DS1 is another
CSG that suddenly disappeared and that may have collapsed into
a BH (De et al. 2024). Its inferred luminosity of log L/Le ~ 5.07
does not match our prediction of BH-forming CSGs in the com-
pactness and entropy peak. However, De et al. (2024) suggest
that the progenitor was a star that lost most of its hydrogen-
rich envelope. The fast loss of parts of an envelope can make
stars drop in surface luminosity, and there is a model in our
grid that should have undergone additional mass loss from LB V-
like winds and has dropped in luminosity before core collapse
(Fig. 4). Luminosities of cool and red supergiants are notoriously
uncertain, in particular if only limited information is available,
as is the case for many SN progenitors (see e.g. Beasor et al.
2025). This is exemplified by the progenitor of SN 2023ixf
that has decent observational coverage in multiple bands and
still the bolometric luminosities inferred for the progenitor by
different groups scatter easily over a range of ~0.6dex (e.g.
Ransome et al. 2024).

On average, the models classified as SN IIn have larger cen-
tral entropies than our SN 1987A and SN IIP models (Fig. 5).
Moreover, they also originate on average from larger initial
masses as they have larger Mco. While there is no universal
relation between the initial masses and Mo in our accretor and
single-star models (in particular for Case A accretors), this rela-
tion is quite tight in Case B and C accretors and similar to that of

7 De et al. (2024) do not provide an uncertainty to their inferred lumi-
nosity and we have assumed +0.15 dex to indicate the position of this
CSG in the HR diagram in Fig. 4.
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Fig. 6. Ejecta mass, M., (a) and SN progenitor radius, R.., (b) as a function of the SN explosion energy, Ec,;. The symbols indicate our rough SN
classification based on the position of the SN progenitors in the HR diagram. Single-star models are shown in light blue to distinguish them from
the accretor models. As before, black crosses indicate models likely experiencing large LBV-like mass loss.

single stars (deviations in Mo of accretor and single-star models
on the order of 10%, c.f. Figure 5 in Paper I). The latter implies
that the SN rate of our SN IIn models is predicted to be lower
compared to those of SN 1987A-like and SNe IIP.

3.4. Supernova diversity

For easier discussion of the diversity of SNe and also as an
overview of all our models, we summarise the ranges of vari-
ous properties of the SNe and their progenitor stars in Table 1
for our single-star models and the different SN groups defined in
Sect. 3.3. We will refer back to this table throughout the rest of
this paper.

As shown in Sect. 3.1, the different evolutionary histories
studied in this work (single star evolution versus Case A, B
and C accretors) can lead to similar pre-SN core structures
summarised for example by the central entropy or compact-
ness that then results in similar SN engines (i.e. explosion ener-
gies, produced nickel mass and NS kick velocity). While these
explosion properties may be similar, the envelope structures of
the SN progenitors can be very different. In Fig. 6 (see also
Table 1), we show the SN ejecta mass M., and SN progen-
itor radius R.. as a function of the explosion energy Eexplg.
We can see an enhanced scatter and entirely different branches
due to the accretor models that contribute to the observed SN
diversity.

The applied stellar wind mass loss restricts the final masses
of our single-star, solar-like metallicity models to values of
<16 Mg, and thus limits their ejecta masses to <14 M, (Fig. 6a
and Table 1). In contrast, the accretor models can greatly exceed
this if they spend considerable time as a BSG where stellar winds
in our models are the weakest (see also Paper I). While some of
the SN 1987A-like and SN IIn accretor models spend all their
post-accretion evolution as BSGs, the SN IIP progenitors can —
by definition — not do that. Hence, they must have systemati-
cally smaller maximum ejecta masses as is evident from Fig. 6a
and Table 1. To form a long-lived BSG progenitor for 87A-like
SNe, the accretor must accrete beyond a certain mass thresh-
old (see Paper I, and references therein). Hence, such BSG SN
progenitors must have a systematically larger minimum ejecta
mass compared to both SNe IIP and SNe IIn. Lastly, SNe IIn

8 One could replaced the explosion energy by the ejected nickel mass
or NS kick velocity and would still get the same picture qualitatively.
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are generally from stars with larger masses (e.g. as indicated
by their larger CO core masses, Table 1) such that they also
have the highest ejecta masses in our models (Fig. 6a). Note,
however, that our models do not account for the likely encoun-
tered LBV-like winds and that our final stellar and thus ejecta
masses are upper limits. Our models are for solar-like metal-
licity, and the final and hence ejecta masses are expected to be
larger (smaller) at a lower (higher) metallicity. The systematic
differences between the SN classes are thought to persist also at
other metallicities.

The radii of our BSG 87A-like SN progenitors are the small-
est in our models (R, = 50-200Rg; Fig. 6b and Table 1). The
largest radii are found in our single stars and SN IIP progenitors
(afew 100 to 1000 Ry) while those of SNe IIn populate the radii
in between and overlap with those of the single stars and SN IIP
progenitors (Fig. 6b). The radii of SN progenitors directly influ-
ence the appearance of SNe. For example, the luminosities of
SN shock breakout and the general SN light curve are (partly)
related to the progenitors’ radii, with smaller radii leading to
lower luminosities and vice versa (c.f. also the plateau lumi-
nosity of SNe IIP). Moreover, the radii already indicate another
important difference in the envelope structures of stars: more
compact stars have radiative envelopes while those of larger stars
are convective. Radiative and convective envelopes have quite
different density profiles that are expected to directly influence
the shapes of SN light curves.

Lastly, the ejecta masses of the SN progenitors of our
accretor models are larger than in the single-star models and,
in particular, those of SN 1987A-like progenitors have the
systematically highest minimum ejecta masses as explained
above. A large ejecta mass immediately implies a long pho-
ton diffusion timescale and hence a slowly evolving SN light
curve. We will discuss this more quantitatively for SNe IIP in
Sect. 3.5. For our SN 1987A-like progenitors, we predict the
slowest evolution to maximum light given the likely largest
ejecta masses (especially the largest minimum ejecta masses).
Our SNe IIn may also evolve similarly slowly in certain cases
and still will depend strongly on the uncertain final stellar
mass. Hence, these structural differences in SN progenitors can
help understand the observed large diversity of hydrogen-rich
SNe.

From the spectroscopy of SNe, it is possible to measure the
expansion speed at different epochs. We cannot predict a time
evolution of the SN explosions from our models but we can com-
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Table 1. Ranges of selected properties of SNe and their progenitor stars.

Single stars SN IIP 87A-like SN IIn
Sc/Nakp 0.78-1.09 0.78-1.10 0.76-1.10 0.87-1.17
(0.78-1.05) (0.78-1.10) (0.76-1.10) (0.87-1.03)
& 0.01-0.44 0.01-0.51 0.02-0.52 0.17-0.52
(0.01-0.40) (0.01-0.51) (0.02-0.52) (0.17-0.36)
Mco /Mg 2.0-12.4 2.0-12.1 2.0-8.0 6.7-15.1
(2.0-9.1) (2.0-7.0) (2.0-8.0) (7.2-9.2)
M. /Mo 10.0-16.0 11.0-57.1 18.3-85.5 13.0-99.5
(10.0-13.9) (11.0-33.6) (18.3-85.5) (13.0-85.9)
M /Mg 8.6-13.8 9.6-55.1 16.7-83.7 11.3-97.6
(8.6—12.1) (9.6-32.0) (16.7-83.7) (11.3-84.1)
My eny /Mo 1.2-7.2 4.9-449 14.6-75.1 1.2-85.8
(2.6-7.2) (4.9-26.2) (14.6-75.1) (2.0-74.1)
R.. /Ry 150-1050 400-1250 50-200 100-1100
(750-1050) (400—-1250) (50-200) (100-1050)
Tefrcc /KK 3.3-13.7 3.3-6.6 7.9-33.8 4.3-23.1
(3.3-5.2) (3.3-6.6) (7.9-33.8) (4.3-23.1)
log Le./Lo 4.8-5.8 4.8-5.5 4.8-6.1 5.5-6.2
(4.8-5.6) (4.8-5.4) (4.8-6.1) (5.5-6.1)
ECXPI/IOS] erg 04-2.8 04-3.2 0.2-3.2 04-3.2
(0.4-2.8) (0.4-3.2) (0.2-3.2) 0.4-1.7)
Myi /Mo 0.02-0.21 0.02-0.24 0.02-0.23 0.06—0.25
(0.02-0.21) (0.02-0.24) (0.02-0.23) (0.06—-0.18)
Ukick /km s~! 250-1450 250-1650 150-1600 250-1900
(250-1450) (250-1650) (150-1600) (250-1200)
log Eexpl/Me; 16.4-17.1 16.0-17.1 15.5-16.5 15.8-17.0
(16.4-17.1) (16.0-17.1) (15.5-16.5) (15.8-16.8)
Vo /km s~ 2300-5100 1400-4900 800-2600 1100-4600
(2300-5100)  (1500-4900)  (800-2600)  (1100-3700)

Notes. The SN IIP, SN 1987A-like and SN IIn categories only include
our accretor models, and the reported ranges only differ in a few quan-
tities when neglecting models that likely experience enhanced LBV-
like mass loss (modified ranges shown in parentheses). Provided are
the central specific entropy s. of stars at core collapse, the compact-
ness &5, the CO core masses Mco, the final stellar masses M., the
SN ejecta masses M,;, the mass of the hydrogen-rich envelope My eny
of the SN progenitors, the radii R, the effective temperature 7.q . and
luminosity log L../L of the pre-SN models, the explosion energy Eeypi,
nickel mass My;, NS kick velocity vyck, logarithmic Ep,; to M, ratio (in
units of erg g-') and the average ejecta velocity vy, = 2E 1 /M,y All
numbers are rounded to the last shown digit except for R, vkick and
Usn, Which are rounded to the nearest S0R,, 50km s~ and 100km s,
respectively. The value ranges in parentheses exclude stars that likely
experience significant LBV-like mass loss, i.e. spend more than 10* yr
as LBVs. For CO core masses around =7 M, there are no SN explo-
sions because these models are predicted to directly collapse into
BHs (c.f. Paper I). For individual numbers and further quantities, see
Table A.1.

pute the explosion energy—ejecta mass ratio Eeyp/Me; which is

related to the average ejecta velocity vsy = /2Eexp1/Mej. While
the range of explosion energies in all our models (single stars
as well as all accretors) is similar, the range of ejecta masses is
very different (Table 1). Hence, also the ranges of Eey,1/M.j and
vsn are different as illustrated in Fig. 7. The SN IIP and SN IIn
accretors overlap with the single stars in terms of Eexpi/M,j in
Fig. 7 but are more broadly scattered and extend to lower val-
ues because of the larger range in ejecta masses. Moreover, our
SNe IIn have the highest minimum nickel mass and are thus off-
set with respect to all other models. There is hardly any overlap
of the SN 1987A-like accretor models and single-star progeni-
tors in the Eeyp/Mej—Mny; plane because of distinctly different
ejecta masses (Fig. 7).
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Fig. 7. Similar to Fig. 6 but showing the ejected nickel mass, My;, as a
function of logarithmic explosion-energy to ejecta-mass ratio, Eexpi /M.
The E.p /M. ratio is a measure of the average SN ejecta velocity,
Usn = /2Ecxpi /M., shown on the top x-axis. Black crosses are for mod-
els likely experiencing significant LB V-like mass loss.

3.5. SN IIP light curves

The light curves of SNe IIP are characterised by an almost con-
stant luminosity, called the plateau luminosity L,, that is main-
tained for a relatively long time #, of order 100d. Several ana-
lytic scaling relations for L, and f,, have been derived (e.g. Arnett
1980; Chugai 1991; Popov 1993; Kasen & Woosley 2009), and
such analytic and more general functions were fitted to com-
puted light curves of SNe IIP (e.g. Kasen & Woosley 2009;
Sukhbold et al. 2016; Goldberg et al. 2019; Fang et al. 2025).
Here, we use the fit formulae obtained by Goldberg et al. (2019)
to estimate the plateau luminosity L, s0, the duration of the
plateau #, and the velocity of the Fe Il 15169 line v, 50, which
traces the SN photosphere® and is readily observable, for SN IIP-
like explosions from our model progenitors,

Lp.s0 M
+0.74 log( Eegl ) +0. 7610g( )
105! erg 500 Ro
3)

! My;
] (—p):2.184+0.1341 2N
og( 3 og M,

+041110 Me; -0.28210 Bt )
T ToM, | T U %\ 105 erg )
Fe.50 M
1 =361 -0.121
Og(kms ) Og(IOMG>
+0.3010g (22" ) 1 0.2510 5)
U8\ 1057 erg & 500RO

The plateau luminosity and Fe-line velocity are evaluated at 50 d
after shock-breakout. These fit functions are in good agreement
with the expected analytic scaling relations of Popov (1993) and
the extensions thereof by Kasen & Woosley (2009). SNe IIP are

® While the Fe 11 15169 line traces the photosphere, its velocity is sys-
tematically higher than that of the photosphere. We come back to this
difference later in this section.
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Fig. 8. Plateau luminosity, L; 50, at 50 d after shock breakout and dura-
tion, f,, of SN IIP light curves for our single-star and accretor models
following the scaling relations of Goldberg et al. (2019). Black crosses
show models with probable large LB V-like mass loss.

associated with RSG progenitors (see e.g. Smartt 2009, 2015),
and we thus compute L 5o, #, and vge 5o only for our group of
SN IIP models. The relations are scaled to a typical RSG SN
progenitor with R.c = 500Rq, Eexpl = 103! ergand M¢; = 10 M.

We show L 5o as a function of 7, in Fig. 8. While there is
little variation in the plateau duration #, of our single star mod-
els (=100—-125d), the SN IIP light curves from our exploding
RSG progenitors with a mass accretion history can be longer by
a factor of 2 (we find values of up to #250 d). The longer plateau
duration is caused by the higher envelope and thus ejecta masses
of these stars (see Sect. 3.4 and Table 1, and also Paper I). The
higher ejecta masses also reduce the plateau luminosity by a sim-
ilar factor (c.f. Egs. 3 and 4), and the general trend of longer
plateau durations and lower plateau luminosities with higher
accretion fractions is evident in Fig. 8. Both our single-star and
accretor models cover a similar range of plateau luminosities,
and most models cluster at Ly 5o ~ 1-3 x 10% ergs™'. Similarly,
most plateau durations are found at 7, ~ 100-175d.

In principle, accretors and stellar mergers can have helium-
enriched envelopes compared to single stars, which we do not
model here. The different helium content modifies the opacity of
SN ejecta and thereby affects L, and #,. A higher helium con-
tent reduces the electron scattering opacity and thus increases
L, and decreases t, (c.f. Popov 1993; Kasen & Woosley 2009;
Goldberg et al. 2019). While this counteracts the longer plateau
durations and lower luminosities from the higher ejecta masses
in helium-enriched accretor models, the magnitude of this effect
is less compared to that due to varying ejecta masses: For elec-
tron scattering, the opacity can change at most by a factor of
2 between pure hydrogen and pure helium plasmas. The opac-
ity enters L, and 7, with power-law exponents of —1/3 and 1/6
(Popov 1993), respectively, such that L, at most reduces by 20%
and 7, increases at most by 10%.

SNe IIP are used for cosmological distance determinations,
similarly to Type Ia SNe. There are two main techniques,
the expanding photosphere method (Kirshner & Kwan 1974)
and the standardised candle method (SCM; Hamuy & Pinto
2002). While the former is independent of calibrations and
thus provides a direct method for distance determinations, the
latter technique is based on an empirically calibrated rela-
tion between the expansion velocity and the plateau luminos-
ity of Type IIP SNe. Recent applications of this and related
methods (e.g. Maguire et al. 2010; Rodriguez et al. 2014, 2019;
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Gall et al. 2018; de Jaeger et al. 2020, 2022) have been success-
fully applied to Type IIP SNe and are used for example in inves-
tigating the tension in the Hubble constant inferred from local
and distant measurements (e.g. de Jaeger & Galbany 2023).

The plateau luminosity from the applied fitted relations of
Goldberg et al. (2019, Eq. 3) has the theoretically expected scal-
ing of Ly 59 o (vph,50)2 (see e.g. Kasen & Woosley 2009) with the
photospheric velocity 50 d after shock-breakout,

Uph50 \ M,
log(kmsfl) =354 0.1910g(10M®)
Eex 1 R
0.361 P 0.321 < 1. ®6
" Og(105‘erg)+ Og(SOOR@ ©

Observationally, one rather measures the systematically higher
velocity vpe 5o that has very similar scalings with M., Eexp and
R.. as the photospheric velocity (c.f. Egs. 5 and 6). Hence, L 5o
and vpe 5o follow an almost one-to-one relation in our models.
Moreover, Goldberg et al. (2019) argue that this is the funda-
mental reason why it is impossible to break the degeneracy
between M., Eexpl and Re. from observations of SNe IIP in the
plateau phase alone; even having measurements of v 50 does
not break these degeneracies because it hardly contains any new
information compared to Lj, so. Conversely, this is the reason why
one can use vge 5o to obtain the intrinsic bolometric plateau lumi-
nosity and thus potentially use SNe IIP as standardised candles.

Because Lpso and vgeso do not scale exactly as Lpso o
(vFe,SO)z, we investigate the scatter in this relation in Fig. 9a for
our single-star models, and the Case A, B and C accretors. The
scatter around a one-to-one relation is minimal. However, there
is a slight systematic offset between the single-star and the accre-
tor models. A linear fit to the data of the single stars reveals
a systematically higher vgeso for the same L,50 of the accre-
tor models of A(vpes0)*> ~ 0.5 (kms™')?; the offset increases to
A(UFe’j())z ~ 0.9 (kms™')? when only considering accretors with
the highest accretion fractions fy.. > 0.75. This offset is still
small and only slightly broadens the L, s50—vpes0 relation such
that accretors of binary mass transfer and stellar mergers are not
expected to introduce large systematics in the observationally
calibrated L 50—vre 50 relation used for distance determination
from SNe IIP with the standardised candle method because of
their different evolutionary histories.

Observationally, there is also a clear trend between the
SN IIP plateau luminosities and the nickel masses (e.g. Hamuy
2003; Spiro et al. 2014; Pejcha & Prieto 2015; Gutiérrez et al.
2017; Martinez et al. 2022a). This relation is qualitatively in
agreement with our model predictions (Fig. 9b). We find a sys-
tematic offset between the single-star models and the Case A, B
and C accretors: the accretor models tend to have nickel masses
larger by about 0.01 My for the same L,s5¢ or, alternatively,
smaller Lyso for the same nickel masses. Furthermore, accre-
tor models with larger f,., i.e. larger SN ejecta masses, at the
same plateau luminosities generally have larger nickel masses
(c.f. Fig. 9b at L, 50 = 1-2 X 10* erg s™"). This implies that the
different evolutionary histories of Type IIP SN progenitors likely
lead to a small albeit non-negligible broadening of the plateau
luminosity—nickel mass relation. This trend can be understood
as follows: for a given nickel mass, one has an explosion energy
following the explosion energy—nickel mass relation found in
our models (Eq. 1) and generally in the literature (see Sect. 3.2).
The explosion energy is one of the most important parameters
setting the plateau luminosities of SN IIP (c.f. Eq. 3). In stars
with a higher accretion fraction, the envelope and hence ejecta
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Fig. 9. Ejected nickel mass, My;, (a) and squared SN velocity, (vre50)%
(b) as a function of plateau luminosity, L, 5o, of our SN IIP models. The
different symbols are for single stars, and Case A, B, and C accretors
with the accreted mass fraction, f,.., indicated by the colours. Linear
fits to the data of the single-star models (dashed black lines) are shown
to guide the eye. Moreover, linear fits to the data of the accretor models
with the same slopes as those for the single-star models are provided
to indicate possible systematic differences (dotted black lines). Black
crosses indicate models with likely significant LBV mass loss.

masses are larger and, as a consequence, these models then have
systematically smaller plateau luminosities according to Eq. (3).

In the above description, we have considered the total ejecta
mass M, that includes the hydrogen- and helium-rich parts of
the SN progenitor, following the fit formulae of Goldberg et al.
(2019). However, as shown for example by Dessart & Hillier
(2019) and Fang et al. (2025), it is rather the hydrogen-rich
ejecta mass that influences the light curves and spectral appear-
ance of SNe IIP strongest and not the total ejecta mass. For this
reason, we also provide the hydrogen-rich envelope mass My eny
defined as the total envelope mass above that location in a pre-
SN star where the hydrogen mass fraction > 107> (see Tables 1
and A.1). The qualitative findings for the ejecta masses M,; also
apply to My eny but Mej > My eny. Accretors of binary mass trans-
fer and stellar mergers may have a higher helium abundance in
their envelopes than genuine single stars. As the plateau phase of
SNe IIP is driven by hydrogen recombination, it may be advis-
able to consider the total hydrogen mass in the SN ejecta rather
than My eny and M.

4. Comparison to observations

In the following, we compare our models to observed SNe IIP
(Sect. 4.1), SN 1987A-like (Sect. 4.2) and interacting and super-
luminous Type II SNe (Sect. 4.3). In this comparison, it is impor-
tant to recall that our models are for a solar-like metallicity, while
the observed SNe will be from progenitors of a range of metal-

Table 2. Observationally inferred ranges of the explosion energies Ecpi,

ejecta masses M,;, progenitor radii R.. and nickel masses My; of Type

IT SNe.

Reference Ecxpl M,; R, My;

(10°"ergs™) (M) Ro) Mo)
SNe IIP

HO03 0.6-5.5 14-56 80-600 0.016-0.260

M17 - - - 0.005-0.280

M22 0.15-1.40 8—14  450-1000 0.006—0.069

Uuc24 0.25-10.20 14-28  35-1500 0.006-0.110

SN 1987A-like
TI2& 16 0.6-11.3 12-43 30-350 0.039-0.230
P23 0.5-5.6 15-40 3-850 0.040-0.230

Notes. References are HO03 (Hamuy 2003), M17 (Miiller et al.
2017), M22 (Martinez et al. 2022b), UC24 (Utrobin & Chugai 2024),
T12& 16 (Taddiaetal. 2012, 2016), and P23 (Pumo etal. 2023).
When preparing the above data, the inferred properties of SN 2009kf
have been excluded from Utrobin & Chugai (2024), and those of
SN 2004ek and OGLEO73 from Taddia et al. (2016) and Pumo et al.
(2023). Among the SN 1987A-like objects in T12 & 16 and P23, there
are large inferred stellar radii (1000 R) for some long-rising SN light
curves; excluding them leaves a sample of SNe with inferred progenitor
radii <300Re.

licities. To first order, the metallicity mainly affects the stel-
lar winds and thereby the final stellar masses. Hence, at lower
(higher) metallicities, our models would for example have larger
(smaller) ejecta masses and lower (higher) Ecypi /M, ratios.

4.1. Type IIP supernovae

In the literature, one finds very different and to some extent con-
tradictory ranges of inferred explosion energies, ejecta masses,
progenitor radii and nickel masses of SNe IIP (Table 2). The
arguably most robust property is the nickel mass inferred from
the tail of SN IIP light curves (see e.g. Suwaetal. 2019;
Anderson 2019). The values of 0.005-0.280 M, reported by
Miiller et al. (2017) and based on a model of Pejcha & Prieto
(2015) may serve as a benchmark. This range of nickel
masses is in good agreement with our model predictions
(Table 1). Rodriguez et al. (2021) find maximum nickel masses
of =0.018 My, for Type II SNe, which is smaller than what is
predicted by our models.

While My; can be determined uniquely from the tail of the
SN light curve, it is not possible to break the degeneracy between
Eexpl, Mej, and R.. from observations of the plateau phase of
SN IIP light curves and measurements of vg 50 (Goldberg et al.
2019; Goldberg & Bildsten 2020). The quite different ranges
of these parameters inferred from SN IIP observations may be
partly because of implicit assumptions made to break the degen-
eracies. For example, Martinez et al. (2022b) employ single-star
models at solar metallicity to obtain an ejecta mass—progenitor
radius relation from the stellar models in order to then break
the degeneracy in Ecyp, Mj and R... As Martinez et al. (2022b)
explain, the inferred values of Eeyp, Mej and R are then deter-
mined by their stellar models and have limited applicability.

To break the degeneracy, Goldberg et al. (2019) suggest con-
straining the radius of the SN progenitor by for example charac-
terising the SN progenitor star if it was observed or by mod-
elling the SN light curve immediately after SN shock breakout
(i.e. during the first hours to days). Alternatively, one could try to
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constrain one of the degenerate parameters Eeypl, Mej and R by
other means. In general, the explosion energies are linked to the
nickel masses as explained in Sect. 3.1 (see also Fig. 2). Nickel
masses can be determined observationally, for example from the
tail of the SN light curve. Assuming there is a direct relation with
the explosion energy, one could obtain E..p, independently and
thereby break the degeneracy between Eeypi, Mej and Re.. How-
ever, while we find a relatively tight relation between Ec, and
My; (Sect. 3.2 and Fig. 2), the scatter is ~0.3x 103! erg and might
preclude an accurate enough inference of Eeyp (Jared Goldberg,
private communication).

While the SN IIP explosion properties inferred by
Martinez et al. (2022b) cannot be compared to our accretor mod-
els for the reasons given above, we can compare them to those
of our single-star models. The ranges of ejecta masses and pro-
genitor radii agree well, but Martinez et al. (2022b) find lower
explosion energies and also lower nickel masses. Nickel masses
and explosion energies are coupled, and the maximum nickel
masses of Martinez et al. (2022b) are much smaller than those
reported by Miiller et al. (2017). This may suggest that the SN
sample of Martinez et al. (2022b) is biased towards low explo-
sion energies'®. Our (single-stars) models do not reach down
to the regimes of low iron core masses and electron-capture
SNe, hence our minimum explosion energies and nickel masses
are upper limits and larger than the minimum values found by
Martinez et al. (2022b, see also Tables 1 and 2).

It is noteworthy that some observationally inferred ejecta
masses of SNe IIP (Table 2) exceed the maximum initial
masses inferred for observed SN IIP progenitors (<20 Mg, see
Smartt 2009, 2015). This apparent discrepancy may have (at
least) two causes'!: (i) an observational bias that precluded the
discovery of initially more massive SN IIP progenitors (e.g.
Beasor et al. 2025) and (ii) binary mass accretors and stellar
mergers. About half of all Type II SNe are from stars that expe-
rienced mass accretion in a binary or merged with a compan-
ion (e.g. Podsiadlowski et al. 1992; Zapartas et al. 2019). More-
over, as explained in Farrell et al. (2020), Temaj et al. (2024) and
Paper I for example, the (mean) luminosities of SN IIP pro-
genitors are solely determined by the core masses of the pro-
genitors and hold no information on the evolutionary history
of the SN progenitor and thus the envelope and initial mass.
Hence, binary products exploding with unusually large envelope
masses and typical core masses may explain the inferred large
ejecta masses of SNe IIP and the low inferred initial masses of
their progenitors. However, massive enough RSG SN progen-
itors are subject to large radial pulsations and thus luminosity
variations (see e.g. Stothers 1969; Wood et al. 1983; Heger et al.
1997; Yoon & Cantiello 2010; Clayton 2018; Bronner et al., in
prep.). These make comparisons to stellar models much more
difficult and may preclude an accurate determination of the CO
core masses of certain RSG SN progenitors.

Some SNe IIP such as SN2015ba show unusually long
plateau durations (=123 d) and have rather high inferred ejecta
masses (=24 Mg; Dastidar et al. 2018). Such a high ejecta mass

10 Martinez et al. (2022b) also reconstruct an initial mass distribution
of their SN progenitor stars that is significantly steeper than the typical
Salpeter (1955) stellar initial mass function. This could be an indica-
tion of missing physics in the applied SN progenitor models or a bias
towards low initial masses in their SN sample.

! The inference of high ejecta masses is likely to also be affected by
the degeneracy issue described above (c.f. Goldberg et al. 2019) and
the general difficulty in inferring ejecta masses while the SN IIP light
curves are more sensitive to the hydrogen-rich ejecta mass and not the
total ejecta mass (see e.g. Dessart & Hillier 2019).
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would signal a high initial mass of a single-star SN progenitor,
implying a rather large oxygen core mass and thus oxygen-rich
ejecta that should be visible in oxygen lines during the nebu-
lar phase. However, Dastidar et al. (2018) find insignificant lev-
els of oxygen during the nebular phase in apparent contradic-
tion with a massive SN progenitor. A past binary accretor (e.g.
stellar merger) may naturally explain this. The inferred nickel
mass of SN2015ba of ~0.03 M, (Dastidar et al. 2018) would
indicate an SN progenitor with a central specific entropy of
sc/ksNa =~ 0.8—0.9 and hence a rather small CO core mass of
Mco S 5-6 Mg in our models (c.f. Figs. 1 and 5). The smaller
CO core mass may explain the insignificant oxygen seen during
the nebular phase and the past accretion and/or stellar merger
could explain the large ejecta mass and hence long plateau dura-
tion. Similar situations are conceivable for other long-duration
SNe IIP.

The sub-group of low-luminosity SNe IIP (plateau luminosi-
ties lower by a factor of 5-10 compared to normal SNe IIP,
see e.g. Pastorello et al. 2004; Spiro et al. 2014; Pumo et al.
2017) with inferred low explosion energies (~10°° erg), small
ejecta masses (~10 M and possibly smaller), low nickel yields
(<0.01 Mp) and slow expansion velocities (factor of 2—3 slower
than typical SNe IIP) likely originate from the lower end of the
initial mass range of core-collapse SN progenitors. Such stars
and also electron-capture SN progenitors are not modelled here.
Still, such explosions may occur in RSG and BSG progenitors in
analogy to our more massive accretor models (i.e. an electron-
capture SN engine exploding a BSG with a high envelope mass).

Fang et al. (2025) show that it is possible to infer the
hydrogen-rich ejecta mass of SNe IIP, and they find values
in the range of ~2—-11M, for SNe IIP. While the lower end
agrees with our models, the high-mass end is smaller than what
we predict (26 Mg, Table 1). It is also smaller than what
Dastidar et al. (2018) found for the long-plateau SN 2015ba
(M.j =~ 24My), even when considering the difference between
total and hydrogen-rich ejecta. A larger sample of SNe IIP anal-
ysed with the methods outlined in Fang et al. (2025) may be
needed to better understand the maximum hydrogen-rich ejecta
mass.

4.2. SN1987A-like Type Il SNe

SN 1987A-like events have long-rising, dome-shaped light
curves and are sometimes also referred to as peculiar SN II.
As in SN 1987A (see e.g. reviews by Podsiadlowski 1992,
2017b), their progenitors are likely compact BSGs and they
occur at a rate of about 1-7% of hydrogen-rich Type II SNe
(Pastorello et al. 2012; Shivvers etal. 2017). The BSG pro-
genitor of SN 1987A can neither be explained by a Case A
nor a Case B merger, while SN 1987A-like events may be
from such merged stars. To explain the BSG progenitor of
SN 1987A, a Case C merger is required with sufficient mixing
of helium out of the core into the envelope (Hillebrandt & Meyer
1989; Podsiadlowski et al. 1990; Podsiadlowski 1992, 2017a,b;
Menon & Heger 2017). In our accretor models, we did not apply
such mixing which limits the range of accretion fractions ficc
from which we obtain BSG SN progenitors and affects the pre-
SN position of our BSGs in the HR diagram (for a detailed dis-
cussion of these points, we refer the reader to Paper I).

In Table 2, we provide typical ranges of explosion energies,
ejecta masses, nickel yields and SN progenitor radii inferred
for 87A-like SNe. Our choice of associating SN progenitors to
SN 1987A-like events by their position in the HR diagram nat-
urally limits the SN progenitor radii to $200R, (Table 1 and
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Sect. 3.3). While this ad-hoc choice is arbitrary at first sight,
it reflects the inferred radii of SN 1987A-like progenitors quite
well (<300 Ry with a few long-rising Type II peculiar SNe hav-
ing larger inferred progenitor radii of >1000 Ry, i.e. more typi-
cal of SN IIP progenitors; see Table 2). This seems to generally
support the idea that many SN 1987A-like events are from BSG
progenitors.

The observationally inferred nickel masses of
~0.04—0.23 M, (Table 2) appear to be consistent with the
range of 0.02-0.24 M predicted by our models (Table 1).
There might be a slight tension for the lowest nickel masses
where our models — despite not covering the lowest iron core
masses by design — predict smaller values than what appears
to have been observed!?. Moriya & Menon (2024) show that
exploding BSGs with My; < 0.01 Mg do not give rise to
long-rising, dome-shaped SN 1987A-like light curves but are
more similar to light curves of some intermediate-luminosity
red transients. Hence, this may explain parts of this tension as
an observational bias.

Because the nickel mass correlates with the explosion
energy, our models predict lower minimum explosion energies
(0.2 x 10°" erg) than what is inferred from observations (0.5 x
107! erg). Moreover, some SN 1987A-like events have large
inferred explosion energies of 5-10 x 10°! erg, which may be
difficult to reach by standard neutrino-driven explosions (Janka
2017). Additional energy sources such as another SN engine or
circumstellar interaction may be required. Because the progeni-
tors of 87A-like SNe are likely stellar merger products, they may
have highly magnetised cores at core collapse from the past coa-
lescence (Schneider et al. 2019, 2020). Neutrino-driven explo-
sions from highly magnetised, non-rotating stars give rise to
more energetic explosions (Matsumoto et al. 2022; Varma et al.
2023), which helps reduce this tension. At the extreme end of
SN 1987A-like SN II, there is OGLEO73 with an explosion
energy of 12.4J_r;39‘0 x 10°" erg, an ejecta mass of 60f‘l% M, and
a nickel mass of >0.47 + 0.02 Mg, (Terreran et al. 2017). Such
explosion energies point to a different explosion mechanism,
and Kozyreva et al. (2018) argue that OGLEO73 could be a pair-
instability SN.

To obtain BSG SN progenitors, sufficiently high mass accre-
tion is required such that the pre-SN stars have large envelope
masses for their cores (Paper I). Hence, the SN ejecta masses of
87A-like SNe are predicted to be higher than those of SNe IIP.
This does not seem to be confirmed by the compiled observa-
tional data (Table 2), but may be related to the difficulties of
inferring robust explosion properties, similar to the situation in
SNe IIP as explained in Sect. 4.1. As in the case of SNe IIP,
the ejecta masses of 87A-like SNe appear to be generally more
massive than the initial masses inferred for the progenitor stars
of SNe IIP (520 Mg, see Smartt 2009, 2015). This could be an
indication of larger pre-SN masses in 87A-like SNe compared to
SNe IIP, but, as noted above, the initial masses of SN IIP progen-
itors are determined from single-star models and do not account
for stellar mergers and accretors of binary mass transfer.

The rates of SN 1987A-like SNe in comparison to iron core-
collapse SNe hold important information on the frequency of
BSG formation as a result of a past stellar merger. Zapartas et al.
(2019) find that ~28% of their binary stars exploding in
hydrogen-rich Type II SNe experience a merger of a post-MS

12 We note that the samples of Taddiaetal. (2012, 2016), and
Pumo et al. (2023) discussed here comprise O(10) 87A-like SNe such
that the quoted ranges of SN properties are subject to low number statis-
tics.
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star with an MS star. For a primordial binary star fraction of
fs = 0.7 (Sanaet al. 2012), this implies that ~20% of SN II
may be from such objects. If most of the observed 87A-like SNe
are from such mergers that additionally continued their post-
merger evolution and final fate as BSGs, we can infer that a frac-
tion of ~(1-7%)/20% ~ 5-35% of post-MS+MS mergers must
result in long-lived BSGs given the observed 87A-like SN rate of
1-7% of Type II SNe. We cannot compare this number quantita-
tively to our models because we cannot easily relate the accretion
fractions to initial binary star configurations and the question of
which initial binary star systems may experience post-MS+MS
star mergers. It is, however, clear from our models that stars need
to gain sufficient mass to become and explode as a BSG. Hence,
a picture in which some 5-35% of post-MS+MS star mergers
become long-lived BSGs seems conceivable.

4.3. Interacting and superluminous SNe

Interacting SNe are a diverse class of transients (see e.g. review
by Smith 2017). In these SNe, the fast-moving SN ejecta col-
lides with the slower-moving circumstellar medium (CSM) pre-
viously ejected by the SN progenitor. The collision can deceler-
ate the SN ejecta and thereby converts some SN kinetic energy
into heat and radiation. Light emitted from the collision may
ionise hydrogen in the CSM ahead of the shock which can
give rise to the characteristic narrow hydrogen emission lines
seen in many interacting SNe such as the prototypical SNe IIn.
Depending on the exact conditions, a considerable fraction of the
kinetic energy can be converted into light, possibly giving rise
to superluminous SNe (SLSNe; Gal-Yam 2012; Howell 2017,
Moriya et al. 2018). The CSM interaction can mask the actual
SN, and a wide range of SN explosion types may power inter-
acting SNe (e.g. core-collapse SNe, electron-capture SNe, (pul-
sational) pair-instability SNe and Type Ia SNe).

SNe IIn make up about 4—10% of hydrogen-rich SNe
and about 3-7% of core-collapse SNe (Lietal. 2011;
Shivvers et al. 2017). Observationally, pre-SN mass loss rates
of 1074—1 M, yr~! within the last 1-100 yr are inferred and the
slower CSM typically moves at 100—1500km s~ (Kiewe et al.
2012). Binary mass transfer, stellar mergers and common-
envelope phases can eject the required amounts of mass and
often lead to asymmetric, bipolar CSM structures. However,
it is challenging to explain the timing of major mass ejection
episodes from stellar mergers and common-envelope events and
the SN explosion <100yr later unless the binary interaction
itself causes the SN (see e.g. Hamuy et al. 2003; Chevalier 2012;
Schrgder et al. 2020). Binary mass transfer just before a SN
or still ongoing when the donor star explodes, may occur in a
few per cent of all core-collapse SNe and is thus a promising
channel for some SNe IIn (e.g. Ercolino et al. 2024). Similarly,
wave-driven mass loss induced by late nuclear burning might
eject mass just prior to the final SN explosion and hence lead
to SN IIn characteristics (Arnett & Meakin 2011; Fuller 2017,
Wu & Fuller 2021); however, this mechanism seems to be more
effective in hydrogen-poor SN progenitors (Wu & Fuller 2022).
The SN IIn characteristics are also met by exploding LBVs
as further supported by the direct detection of very luminous
(L ~ 10° Ly) and yet compact, blue SN progenitors in SN 1961V,
SN 2005gl, SN 2009ip and SN 2010jl (Gal-Yam et al. 2007;
Gal-Yam & Leonard 2009; Smith et al. 2010; Kochanek et al.
2011; Smith et al. 2011; Foley et al. 2011). The latter, SN 2010jl,
belongs to the class of SLSNe (Smith 2017).

In standard single-star evolution, stars are not expected
to end their lives as LBVs but to lose almost their entire
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hydrogen-rich envelope in strong mass loss and then end their
lives as Wolf—Rayet stars, possibly giving rise to SNe Ibc. In this
paper, we find that this is also true for binary mass accretors and
stellar merger products that evolve as CSGs during most of core
helium burning (c.f. models marked by crosses in Fig. 4). More-
over, only very massive single stars (initially >30—-40M;) are
expected to become LBVs and only initially >50 My may reach
the very high SN progenitor luminosities inferred in SN 1961V,
SN 2005gl, SN 2009ip and SN 2010j1'*. Such massive stars are
rather prone to collapsing into BHs and are thus not expected to
explode in neutrino-driven SNe (e.g. Heger et al. 2003; Ertl et al.
2016; Schneider et al. 2021, 2024). Hence, a different evolution-
ary path (e.g. stellar mergers) and/or a different explosion mech-
anism (e.g. pulsational PISNe) is required to explain interacting
or (pulsational) pair-instability SNe from very luminous BSGs
(c.f. Justham et al. 2014; Vigna-Goémez et al. 2019; Renzo et al.
2020b; Costa et al. 2022; Ballone et al. 2023; Schneider et al.
2024). Here, we consider the merger hypothesis within neutrino-
driven SNe.

Some of our SN progenitor models labelled as SN 1987A-
like and SNe IIn spend less than 10* yr inside the LBV regime
of the HR diagram before exploding in a neutrino-driven SNe
(Fig. 4). Their progenitor luminosities reach values of up to
log L/Ly =~ 6.1 (Table 1) and are generally BSGs that have
already burnt helium in their cores as such BSGs because
of a past stellar merger. This agrees qualitatively well with
the colours and luminosities inferred for the (possibly quies-
cent) progenitor stars of the observed (superluminous) SNe IIn
described above. As these models explode inside the LBV
regime, they will likely have shed additional mass before core
collapse and are thus excellent candidates to help understand
some of the mentioned SNe IIn. The ejecta masses of these
models can be very high (up to 80 M, Table 1 and Paper I),
depending on how much mass the progenitors lose during their
final evolution in the LBV region of the HR diagram. The explo-
sion energies and nickel yields are rather comparable to those of
our other models but also reach some of the highest values in
our grid because these models are close to the compactness and
entropy peak and high entropy signals a high explosion energy
and nickel yield in our models (c.f. Sects. 3.1 and 3.4). In the
rare situation that a large amount of mass is lost in an LBV giant
eruption shortly before the SN (less than a few years), a large
fraction of the SN kinetic energy may be converted into light,
possibly giving rise to a Type II SLSNe powered by CSM inter-
action.

The luminosities of BSG SN progenitors inside the LBV
region of the HR diagram are given by their envelope mass
(Paper I), and they have CO core masses of 7-9 Mg (and up
to 15 Mg when neglecting strong LBV-like mass loss; Table 1).
Hence, within the neutrino-driven SN mechanism, one may con-
clude that SNe IIn from very bright SN progenitors are from
stars with generally large CO core masses. This prediction may
be testable in the future if oxygen lines in the nebular phase after
the main SN has faded can be linked to their CO core mass, as
is possible in stripped-envelope Type Ibc and Type IIb SNe for
example (see e.g. Jerkstrand et al. 2015; Fang & Maeda 2023).

Our models that likely experience strong LB V-like mass loss
as a BSG or enhanced mass loss as a CSG for more than 10* yr
may lose (almost) all of their hydrogen-rich envelopes and could
then explode as stripped-envelope SNe of types IIL, IIb and Ibc

13 Tt is not clear whether the SN progenitors are caught during an LBV-
like outburst during which they would appear overluminous or in a qui-
escent phase where the observed luminosity would be that of the star.
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with possible signs of interaction (e.g. SN 2006jc within the
known class of SN Ibn). According to the models, such SNe
are from stars with CO core masses in the range ~7—15 Mg, and
helium core masses of ~10-27 Mg. This implies large ejecta
masses of up to *25 Mg in SNe with rather typical explosion
energies of ~0.6-3.2 x 10°! erg. If LBV mass loss was linked
to instabilities in the hydrogen-rich envelope of stars, one would
not expect such mass loss in helium stars and hence no SN Icn
via the formation channels discussed in this paper'*.

The rates of SNe IIn and SN 1987 A-like are similar, and both
are in the range of 1-10% of hydrogen-rich SNe (Li et al. 2011;
Shivvers et al. 2017). Some of our post-MS+MS star mergers
reach luminosities of ~10° Ly, just before they explode inside the
LBV region of the HR diagram and can thus explain the poten-
tially very luminous SN progenitors of SN 1961V, SN 2005¢g],
SN 2009ip and SN 2010jl. Their formation rate must be signif-
icantly smaller than that of BSG SN progenitors of SN 1987A-
like SNe because of their higher masses. Hence, such merger
products can only make up a small fraction of all SNe IIn. While
we cannot predict this contribution quantitatively, we can make
educated guesses. If only a fraction figv_region ~ 0.1 end up
as a star in the LBV region prior to core collapse, one would
infer a rate of fipv_region X 1-10% = 1073-10"2 of SN II
being SNe IIn from a BSG SN progenitor. If another fraction of
JSoiant—pre—SN—-eruption €Xperiences a giant LBV eruption just before
the SN, such events might only occur at a rate of 10741073
of all core-collapse SNe (for fiant—pre—SN-eruption = 0.1). Such
low rates are typical for Type II SLSNe from CSM interaction
(see e.g. Moriya et al. 2018). Hence, BSGs from post-MS+MS
star mergers could help understand these extreme events (see
also Justham et al. 2014). At a lower metallicity, some of our
BSG progenitors avoiding long times in the LBV region of the
HR diagram may have large enough cores to end in (pulsa-
tional) PISNe (c.f. Paper I, and see also Justham et al. 2014;
Vigna-Gémez et al. 2019; Renzo et al. 2020b; Costa et al. 2022;
Ballone et al. 2023). Such objects might then further contribute
to SLSNe.

As argued above, the majority of SNe IIn are not related
to LBV-like BSG progenitors. We now turn to exploding CSGs
as contributors to SNe IIn. Observationally, there is a mismatch
between the luminosity of the most luminous SN IIP progenitor
(log L/Ly = 5.1; Smartt 2009, 2015; Rodriguez 2022) and the
maximum luminosity of RSGs (log L/Ly = 5.5; Davies et al.
2018; McDonald et al. 2022, see also Temaj et al. 2024), also
known as the missing RSG problem!>. Very luminous RSGs
evolve into a luminosity-to-mass ratio regime where they may
be subject to enhanced mass loss because of the proximity to
the Eddington limit and envelope instabilities (see e.g. Clayton
2018). In some stars, the mass loss may be so strong that the
stars lose their entire hydrogen-rich envelopes and then explode
in SNe Ibc. Others may still be in the process of losing their
envelopes which could lead to SNe IIn when an SN explodes
into this enhanced wind. The rate of such SNe might actually
be compatible with the observed SN IIn rate. Let us assume that
stars with initial masses beyond the compactness peak starting at
M¢_peax = 22 Mo (Schneider et al. 2021) and smaller than some
upper limit My, = 30 My explode while enhanced CSG mass

14 There are formation channels for SN Icn by binary mass loss from
helium stars shortly before SNe (see e.g. Wei et al. 2024).

15 The significance of the missing RSG problem is constantly under
debate as luminosity measurements of RSG progenitors are challenging
(e.g. Beasor et al. 2025) and the number of such detected progenitors is
still rather small (see e.g. Davies & Beasor 2020; Rodriguez 2022).
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loss continuously erodes their envelopes. For an initial mass
range of AM;_peax = 2 My, of the compactness peak and a lower
mass of Mgy = 8 M, for the occurrence of core-collapse SNe,
the expected fraction of SNe IIn among Type II SNe is

Mllb_cy - (M,;’—peak + AME—peak)l_y

Mllb_cy — (Me—peak + AM_pear)' 7 + Mgl:geak
~ 7%, (7
where y = —2.35 is the Salpeter (1955) exponent of the stellar
initial mass function. Such a rate would be compatible with the

observed rate of SNe IIn and could further help us understand
the missing RSG problem.

In =
1-y
- MSN

5. Conclusions

We have studied the SN outcomes (i.e. explosion energies, nickel
yields, NS kick velocities, and NS masses) and likely SN types
of accretors of binary mass transfer and stellar mergers com-
puted in Paper I. The SN types SN IIP, SN 1987A-like, and inter-
acting SN IIn were assigned to the models based on their posi-
tion in the HR diagram. Our main results can be summarised as
follows.

— There is no obvious relation between the SN outcomes
and the evolutionary history of our models (i.e. single star,
Case A, B, and C accretors). Instead, we find strong corre-
lations between the SN outcomes and the central entropy of
the stellar models at core collapse. Similar correlations are
found for other summary variables of the pre-SN core struc-
ture such as the compactness parameter or iron core mass.
Hence, the exact evolutionary history of stars does not matter
much for the SN explosion properties and outcomes as single
stars and binary accretors can achieve similar pre-SN cores
(albeit from different initial stellar masses). This does not
imply that population averages of for example SN explosion
energies or nickel yields of single stars and binary accretors
are also similar, but systematic differences can arise.

— We find that the nickel mass, My;, is a proxy for the SN
explosion energy, Eeyp, and the NS remnant mass, Mns gray-
Linear relations are found with root-mean-square devia-
tions of ~0.3 x 107! erg and ~0.05M; for the Myj—Eecxp
and My;—Mns gray relations, respectively. Quantitatively, the
found relations depend on the stellar and SN models. Qual-
itatively, similar relations are also found in 3D simulations
of neutrino-driven core-collapse SNe (see e.g. Burrows et al.
2024).

— Based on the assigned SN types, we summarise the proper-
ties of the SNe and their progenitors for single stars, SNe IIP,
SN 1987A-like, and SNe IIn (Table 1) and, overall, find
decent agreement with observations but also highlight some
tensions (e.g. the minimum nickel mass for SN 1987A-like in
our models is lower than what is suggested by observations).

— In our models, SNe IIP and SN 1987A-like are from stars
with similar CO core masses and pre-SN core structures,
and therefore show a similar range of explosion properties.
The main difference between these SN classes is the enve-
lope structure in terms of mass and radius. SNe IIP are from
extended CSGs with convective envelopes, while the pro-
genitors of SN 1987A-like are compact BSGs with radiative
envelopes.

— Because of our assignment of SNe IIn with more luminous
SN progenitors compared to SNe IIP and SN 1987A-like,
interacting SNe IIn in our models are from stars with sys-
tematically larger CO core masses and hence different final

central entropies and SN properties. For example, they gen-
erally have larger SN energies and higher Ni yields than what
we find from SNe IIP and SN 1987A-like.

— Accretors of binary mass transfer and stellar mergers can
lead to unusually long plateau durations of the SN light
curves of SNe IIP. At the same time, these models can have
relatively small CO core masses and produce only small
amounts of nickel but nevertheless eject large amounts of
mass.

— Our models show a tight plateau luminosity—SN velocity
relation, and accretors and mergers neither broaden nor
induce offsets with respect to single-star models in this rela-
tion; such a relation is the basis for the standardised candle
method (Hamuy & Pinto 2002) for distance determinations
using SNe IIP. We further find a tight plateau luminosity—
nickel mass relation, in agreement with observations, that is
broadened by binary accretors and mergers; there is also a
systematic offset with respect to our single-star models.

— Interacting SNe IIn are a mixed bag of objects. Observa-
tionally, some extreme and superluminous SNe appear to be
related to exploding ~10° L, BSGs and we indeed find stel-
lar merger models that explode in this location of the HR
diagram and that may be subject to LB V-like mass loss just
before the SN that could produce the circumstellar medium
required for interacting SNe.

— Given the upper luminosity threshold of observed RSGs and
progenitors of SNe IIP, these progenitors must have a high
luminosity-to-mass ratio. It is thus conceivable that the most
luminous CSG SN progenitors shed so much mass before the
SN that they give rise to SNe IIn. The predicted SN rate from
such models could be compatible with the observed SN IIn
rate.

We have shown that accretors of binary mass transfer and stellar
mergers contribute greatly to the observed diversity of hydrogen-
rich SNe II. There remain many open ends, and the comparison
of pre-SN stellar models to observations of SNe is difficult and
challenged for example by degeneracies, such as in the case of
SN IIP light curves. Computing self-consistent SN light curves
for stellar models may be a natural next step to further under-
stand the large SN diversity.

Data availability

Full Table A.1 is available at the CDS via https://cdsarc.
cds.unistra. fr/viz-bin/cat/J/A+A/700/A253 and at
https://doi.org/10.5281/zenodo.15791044

The MESA inlists, settings and some model output such as the
pre-SN structures are available via Zenodo at https://doi.
org/10.5281/zenodo.10731998.
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