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ABSTRACT

Stripped-envelope supernovae (Types IIb, Ib, and Ic) that show little or no hydrogen comprise roughly one-third of the observed
explosions of massive stars. Their origin and the evolution of their progenitors are not yet fully understood. Very massive single stars
stripped by their own winds (&25−30 M at solar metallicity) are considered viable progenitors of these events. However, recent 1D
core-collapse simulations show that some massive stars may collapse directly into black holes after a failed explosion, with a weak
or no visible transient. In this Letter, we estimate the effect of direct collapse into a black hole on the rates of stripped-envelope
supernovae that arise from single stars. For this, we compute single-star MESA models at solar metallicity and map their final state
to their core-collapse outcome following prescriptions commonly used in population synthesis. According to our models, no single
stars that have lost their entire hydrogen-rich envelope are able to explode, and only a fraction of progenitors left with a thin hydrogen
envelope do (IIb progenitor candidates), unless we use a prescription that takes the effect of turbulence into account or invoke increased
wind mass-loss rates. This result increases the existing tension between the single-star paradigm to explain most stripped-envelope
supernovae and their observed rates and properties. At face value, our results point toward an even higher contribution of binary
progenitors to stripped-envelope supernovae. Alternatively, they may suggest inconsistencies in the common practice of mapping
different stellar models to core-collapse outcomes and/or higher overall mass loss in massive stars.
Key words. supernovae: general – stars: massive – stars: evolution

1. Introduction
Core-collapse supernovae (SNe) mark the explosive death of
massive stars. A subset of them show no observational features of hydrogen (H) in their spectra. This indicates that their
progenitors had been (almost) fully stripped of their H-rich
envelopes before explosion. These so-called stripped-envelope
SNe (SESNe) are observationally classified as Type Ib or Ic
(SN Ib/c) when they are fully stripped of H, with Ic also lacking
signatures of helium (He) in their spectra. Type IIb SNe (SN IIb)
are a transitional subclass of SESNe that show H lines only for a
few days after the explosion, which subsequently disappear (for
a review of SN classification, see Filippenko 1997).
One mechanism proposed for the production of SNe Ib/c
is the stripping of the hydrogen-rich envelope of massive
single-star progenitors due to their own strong mass loss
(e.g., Maeder & Lequeux 1982; Heger et al. 2003; Georgy et al.
2012). These stripped stars might appear as Wolf-Rayet (WR)
stars with emission lines, or not, depending on their wind massloss rates (e.g., Crowther 2007; Götberg et al. 2018). The loss of
the outer layers is the outcome of many possible mass-loss mechanisms throughout the stellar lifetime (for a review, see Smith
2014).

Recently, there has been an ongoing investigation into
whether all massive star progenitors of a core-collapse event
produce observable transients. Self-consistent simulations that
model the core-collapse process, within the neutrino-driven
explosion paradigm, have suggested the possibility that the
SN shock might stall and be reverted by the infalling material, failing to unbind the outer layers of the star (Herant et al.
1994; Burrows et al. 1995; Fryer & Heger 2000; Janka 2013;
Müller 2019; Vartanyan et al. 2021). In this case, in the absence
of an extended H-rich envelope (e.g., Quataert et al. 2019;
Antoni & Quataert 2021), the expected outcome is the implosion of the collapsing star into a black hole (BH), with only
a weak transient (e.g., Nadezhin 1980; Fernández et al. 2018;
Ivanov & Fernández 2021) or possibly no transient at all. There
have been observational efforts to identify the disappearance of
evolved stars without a SN, and thus far there are two potential candidates of red supergiant stars that have been reported
missing (Gerke et al. 2015; Adams et al. 2017a,b; Neustadt et al.
2021).
The uncertainty of the outcome of the collapse process
is an important general limiting factor in the interpretation
of gravitational wave detections (e.g., Belczynski et al. 2016;

Article published by EDP Sciences

L19, page 1 of 6

A&A 656, L19 (2021)

Bavera et al. 2020), X-ray binary kinematics (e.g., Atri et al.
2019), and SN statistics, all of which are seeing rapid observational advancements with LIGO/Virgo (e.g., Abbott et al. 2021),
Gaia (Gaia Collaboration 2018), and large transient surveys
(e.g., Perley et al. 2020), respectively. More specifically, robotic
surveys such as the Vera C. Rubin Observatory’s Legacy Survey of Space and Time (Ivezić et al. 2019) will provide large
samples of transients, including SESNe; however, ab initio simulations of stellar explosions are still sparse, and theoretical
rate calculations need to rely on simpler parametric corecollapse models (e.g., O’Connor & Ott 2011; Fryer et al. 2012;
Sukhbold & Woosley 2014; Sukhbold et al. 2016; Ertl et al.
2016, 2020; Ebinger et al. 2019; Patton & Sukhbold 2020;
Couch et al. 2020). Here, we investigate the consistency between
the single-star progenitors self-stripped by their own winds to
produce SESNe and a wide range of state-of-the-art parametric
explosion models.
The stellar core structure determines the collapse, explosion,
and, ultimately, the occurrence of a bright SN transient. Only by
parametrizing the complex pre-SN core structure and the multidimensional collapse and explosion dynamics is it possible to
explore a wide range of progenitors. One-dimensional (1D) parametric core-collapse models predict a non-monotonic behavior
of the properties of this inner core with initial mass, resulting in
“islands” of successful explosions in the mass parameter space,
which are surrounded by regions of BH formation via direct
collapse.
The observed relative rate of SESNe to all core-collapse SNe
is ∼1/3 (Smith et al. 2011; Eldridge et al. 2013; Shivvers et al.
2019). This ratio is not easily explained if only single massive stars are considered: A large initial mass is required for
them to lose all their H-rich material, which makes them disfavored by the initial mass function (e.g., Smith et al. 2011) and
generally makes it harder for them to explode successfully. If
even a fraction of them do not produce a transient at collapse,
it would increase the significance of the inconsistency between
the observed rates and the assumption that most SESNe come
from single massive progenitors. Our rate of massive single stars
successfully exploding as SESNe provides an independent constraint to be taken into account in the interpretation of observational data and of the outcome of population synthesis and
parametric SN explosion simulations1 .

2. Method
In this study we estimated the rate of successful hydrogen-poor
SN explosions from isolated stars using the software framework POSYDON (Fragos et al., in prep.)2 . Our default results are
based on a grid of 96 single-star models at solar metallicity
(Z = 0.0142; Asplund et al. 2009). The grid spans initial masses
from 10 to 120 M , with a spacing of 1 M between 10–25 M ,
0.5 M between 25–55 M to more accurately capture the transition to partially and fully stripped stars, and logarithmically
spaced above 55 M . The stellar models evolved using the MESA
1D stellar evolution code (Paxton et al. 2011, 2013, 2015, 2018,
2019, version 11701) from zero-age main sequence up to carbon
core depletion. At that evolutionary stage the star has less than a
few years until its core collapses, and its surface chemical profile is not expected to vary significantly until the end. This would
change in the case of possible episodic mass loss in the remain1

Very recently, Patton et al. (2021) carried out a study in a similar
direction, focusing on the compact object remnant masses produced by
these prescriptions.
2
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ing stages, which we do not account for but discuss in Sect. 4. We
briefly summarize here some of the key physical assumptions as
well as certain variations of them that we explore.
In our default model we assumed standard “Dutch” wind
mass-loss prescriptions in various evolutionary phases, following Vink et al. (2000) for main-sequence stars and switching to
de Jager et al. (1988) whenever an evolved star expands and its
effective temperature drops below 104 K. We assumed a massloss rate, following Nugis & Lamers (2000), when the surface H
mass fraction drops below 0.4. We also experimented with scaling up wind mass loss by 1.5.
We adopted the Ledoux criterion for convective instability, with a mixing length parameter of αMLT =1.93 (Choi et al.
2016). In our default model we assumed an exponential convective overshooting only during the main-sequence phase, with
fov = 4.15 × 10−2 and f0,ov = 8 × 10−3 , calibrated following
Claret & Torres (2017) to produce main-sequence evolutionary
tracks similar to the step overshooting of Brott et al. (2011). We
also studied a population with models where there is the same
over- and undershooting in shell burning regions, as well as one
with a lower core overshooting of fov = 1.6 × 10−2 during main
sequence (Choi et al. 2016). All the above assumptions regarding overshooting lead to lower helium and carbon-oxygen core
masses. We assumed zero stellar rotation in our default simulation, but we also explored a variation where we assumed that
stars are born at 40% of their critical rotation, allowing for rotational chemical mixing (Chaboyer & Zahn 1992; Heger et al.
2000) and angular momentum transport (Spruit 2002).
We defined as possible progenitors of SNe Ib or SNe Ic
(SN Ib/c “candidates”) all stars that expel their H-rich envelopes
prior to carbon depletion (Menv = 0) and are left only with
H-deficient “helium” stellar cores, with a boundary defined by
the low hydrogen mass fraction of XH < 10−2 . We refrained
from differentiating between SN Ib and SN Ic progenitors due
to the uncertainty in the expected surface structure and abundances that lead to each subclass (Dessart et al. 2012, although
see also Modjaz et al. 2016). We also assumed that a successfully exploding star with a thin H-rich layer, 0 < Menv ≤ 0.5 M ,
will produce a SN IIb (e.g., Maund et al. 2004; Van Dyk et al.
2011; Bersten et al. 2012).
To determine whether a star will produce a successful explosion, we mapped its structure at carbon depletion to its “explodability” properties, following various prescriptions available in
the literature from Fryer et al. (2012), Sukhbold et al. (2016),
Patton & Sukhbold (2020), and Couch et al. (2020). Fryer et al.
(2012) introduced two prescriptions, “rapid” and “delayed”
(henceforth F12+rapid and F12+delayed, respectively), to determine the final compact remnant type and mass, based on
their final carbon-oxygen core mass, MCO . The main difference
between the two prescriptions for our study is that F12+rapid
produces a possibly physical mass gap between neutron stars and
BHs in the 2−5 M mass range.
The outcome of the collapse of Sukhbold et al. (2016) preSN models has been calibrated against the well-studied SN
1987A progenitor. From the different SN engine calibrations
available, we followed their most optimistic options for successful explosions of “N20” and “S19.8” (S16+N20 and S16+S19.8,
respectively). In our study, following Román-Garza et al.
(2021), for every star in our population we assumed the same
explodability outcome as the Sukhbold et al. (2016) model with
the closest final helium core mass, MHe . This is referred to as
the “hybrid” method in Patton et al. (2021). For simplicity, we
neglected the rare occurrence of any fallback-powered explosions during BH formation.
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In the Patton & Sukhbold (2020) prescription, the carbon
abundance and core mass at carbon ignition determine the explodability of the pre-SN core. The carbon abundance is sensitive to the
assumed 12 C(α, γ)16 O reaction rate (in our case, from Cyburt et al.
2010)3 , which is notoriously uncertain (e.g., Holt et al. 2019;
Farmer et al. 2020). Patton & Sukhbold (2020) study CO core
masses up to 10 M ; they argue that with higher core masses it
is even more difficult to explode and that the formation of a BH is
most likely (Sukhbold et al. 2016; Ertl et al. 2020). We thus followed the same assumption here. We could then map our models
to the explodability parametrization of Ertl et al. (2016), arguing
that it captures the results from 3D simulations more accurately
compared to the compactness parametrization of O’Connor & Ott
(2011). We mapped to the N20 calibration option of Ertl et al.
(2016) to determine the outcome of the collapse process (SN
engine P20E16+N20), although we verified that the results are
similar for the other options as well.
To get the statistical properties of a population, we performed
a linear interpolation on the final physical quantities used in the
SN prescriptions. These quantities are needed to determine the
explodability outcome and the H-rich envelope mass for a population of 10 000 single stars, drawn from a Kroupa (2001) initial
mass function over a range of 8−120 M .
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Fig. 1. Final total mass (Mfinal ; black), helium core mass (MHe ; maroon),
and carbon-oxygen core mass (MCO ; blue) as a function of initial mass
(Minitial ) for our default grid (top) and our grid with winds boosted by a
factor of 1.5 (bottom). We also depict the stellar models (white crosses)
that we interpolate between. In the background, we shade the mass
ranges for final stellar structures that could give rise to SNe IIb if they
explode at collapse (with 0 < Menv ≤ 0.5 M ; light blue shading) and
WR stars that may produce SNe Ib/c (with Menv = 0, blue shading).
We also mark the models that lead to successful explosions, according
to the FR12-rapid, FR12-delayed, S16-N20, S16−S19.8, P20E16+N20,
and C20 SN engines (horizontal magenta, brown, gray, light green, light
orange, and dark orange bands of arbitrary y value). In the inset plots
we show the final envelope mass (Menv ) for models with initial masses
of 15−40 M .

Couch et al. (2020, henceforth C20) included the effect
of turbulence during the collapse simulated in 1D (see also
Mabanta & Murphy 2018; Mabanta et al. 2019). They applied
their explosion model to the progenitors from Sukhbold et al.
(2016), so we followed the same hybrid approach as in the
S16+N20 and S16+S19.8 prescriptionss, assuming an explodability outcome based on the final helium core mass. We used a
value of αΛ = 1.2 for the free parameter that describes the effect
of turbulence, consistent with their favored range. As already
noted by C20, the explosion outcomes are radically different
from the results of Sukhbold et al. (2016) and Ertl et al. (2016).

Figure 1 shows the final total, He-core, and CO-core masses as a
function of the initial masses of the stars. The final total and core
masses are determined by the interplay between (i) the increasing mass-loss rates, (ii) the shorter lifetime, and (iii) the bigger mass reservoir and the relatively more massive cores of stars
with higher initial masses. We see that, on average, stars with
higher initial masses have higher final total and core masses. For
our default grid of stellar simulations (Fig. 1a), stars with initial masses of approximately 70 M reach a peak final mass of
∼35 M . For even higher initial masses, the final mass drops to
around 13 M due to the increased wind mass-loss rate.
For a fixed set of stellar physics assumptions, there is a minimum initial-mass threshold, Mmin,WR , above which single stars
lose their H-rich envelopes before collapse, making them candidates for exploding as SNe Ib/c. Type IIb SNe can occur in a
thin mass range between Mmin,IIb and Mmin,WR . These parameters are sensitive to stellar physical assumptions, especially the
strength of stellar winds. In our default models, we find Mmin,IIb ∼
25 M and Mmin,WR ∼ 30 M , consistent with previous theoretical and observational estimates that place Mmin,WR between 20
and 40 M (Heger et al. 2003; Crowther et al. 2006; Georgy et al.
2012; Renzo et al. 2017; Sravan et al. 2019). In Table 1 we report
on the values of these parameters and the formation rates of
SN Ib/c and SN IIb candidates for all our stellar simulations.
In Fig. 1 we also depict the range of initial masses that lead
to successful SNe for various SN engines (horizontal, colored
bands). FR12+rapid and FR12+delayed engines (magenta and
brown, respectively), which are solely based on the final mass of
the carbon-oxygen core (blue line), result in explosions only for
initial stellar masses below ∼28 M in our default model. Only a
few SN IIb candidates are in this range and successfully explode,
whereas all fully stripped candidates of SNe Ib/c are predicted to
collapse into a BH.
S16+N20 and S16+19.8 (gray and light green, respectively)
as well as P20E16+N20 (orange) show a more abrupt behavior,
as expected from the nonlinearity of the inner core structure with
initial mass (Sukhbold et al. 2016; Ertl et al. 2016). These SN
3
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engines disfavor explosions of initially very massive stars and
do not predict any SNe Ib/c or even SNe IIb.
In Table 1 we also show the expected fraction of candidates
of SESNe that will successfully explode, following a Kroupa
(2001) initial mass function, for all the combinations of different physical assumptions during the stellar evolution (columns)
and SN engines (rows). None of the explosion models, expect
that from C20, produce any SNe Ib/c, regardless of the assumptions during the stellar evolution, with the exception of the
increased wind mass-loss rate as we discuss below. F12+rapid
and F12+delayed in our default model predict that ∼15% of partially stripped candidates (with 0 < Menv ≤ 0.5 M ) will successfully explode as SNe IIb. This fraction is sensitive to the
assumed maximum Menv , increasing to & 60% for F12+rapid
and F12+delayed when the assumed range for SNe IIb is 0 ≤
Menv < 1.0 M , although the fraction of successful SNe IIb
remains negligible for the other engines, even in this case.
The C20 engine predicts a very different picture compared
with the other SN prescriptions, resulting in all SESN progenitors exploding. This is because in that study they find that
in the models with higher initial stellar masses of &30−50 M
from Sukhbold et al. (2016), it is easier to make them explode.
These stars have the highest core masses in Sukhbold et al.
(2016), ∼15 M . Combining this with the higher core masses
found in our models leads to explosions from all SESNe for
αΛ ≥ 1.2. Couch et al. (2020) find an island of BH formation from initially lower mass progenitors, of around 10−15 M ,
which form 3−4 M final helium cores; this can be found in our
results as well. Their results are drastically different compared
to Sukhbold et al. (2016) and Ertl et al. (2016), possibly pointing toward the importance of turbulence. In a way, turbulence
may be the key factor for solving the issue, although it creates
artifacts in the SN II and compact object formation landscapes.
We stress, however, that the C20 model leads to low mass BHs
of .10 M , especially for high αΛ values, which is not consistent
with the BH masses in some Galactic BH X-ray binaries (e.g.,
Miller-Jones et al. 2021).
The main reason for the dearth of successful SESN explosions for all SN engines apart from that of C20 is the high final
core masses. The exact final values are dependent on stellar
parameters, including stellar winds, convective core overshooting, the inclusion of the effect of shell convective over- and undershooting, and rotation, but these high final masses are generally
consistent with other theoretical and observational results (e.g.,
Georgy et al. 2012; Spera et al. 2015; Sander et al. 2019). The
nonoccurrence of SNe Ib/c is a persistent result in our simulations
that do not include effects of turbulence in the collapse process,
as in C20, independent of mild initial rotation or the amount of
shell overshooting during the post-main-sequence evolution.
Only in our grid of increased wind strength (1.5 times higher
compared to our default model; Fig. 1b, last column of Table 1)
do we find a small fraction of fully stripped progenitors that
successfully explode, even for engines different than that of
C20. Higher wind mass-loss rates result in a decreased Mmin,WR ,
increasing the number of SESN candidates that originate from
lower initial masses compared to the default simulations. It also
leads to less massive final cores compared to default simulations, which on average favors successful explosions and neutron star formations according to all SN engines. We additionally find successful SNe Ib/c originating from stars of &60 M
with final masses of ∼7−8 M , although this group is very sensitive to wind mass-loss uncertainties. A higher fraction of SN IIb
candidates also explode for models with increased winds. Still,
even in this case, the fraction of successful SN Ib/c explosions
compared to all fully stripped cadidate stars remains below 5%
L19, page 4 of 6

for SN engines that take the compactness of the inner core into
account (S16+N20, S16+19.8, and Pat20E16+N20). It is interesting to note that the C20 engine in the case of high winds does
not lead to successful explosions from all stripped-envelope candidates, which was the case with all other stellar assumptions.
This is because the lower final cores of these stellar models are
found in the mass range in which inducing explosions is found
to be difficult when the turbulence effect is included.

4. Discussion and conclusions
In this Letter we estimate the effect of the non-explodability of
massive single-star SN progenitors on the statistics of SESNe,
using various up-to-date core-collapse prescriptions. We find
that, unless high wind mass loss is invoked, all fully stripped
stars that could produce SNe Ib/c will collapse into a BH with a
faint transient, or none at all, for all but one of the SN engines
considered in this study. A significant fraction of single-star candidate progenitors of IIb SNe are expected to not produce transient events either. In contrast, the fraction of stripped-envelope
candidates that successfully explode is as high as 100% for the
C20 SN engine that includes the effects of turbulence.
There are several caveats to our results. Since our stellar models stop at core carbon depletion, we cannot directly quantify the
explodability of each model at the onset of core collapse. We aim
to explore the general trend for a range of masses with various
SN engines rather than predict self-consistently the outcome of
the collapse. The mapping of our stellar structure properties to
the outcome of their collapse is less uncertain in the case of the
Pat20E16+N20 engine because this model additionally takes the
core carbon abundance into account. For this mapping, the main
source of uncertainty seems to originate from stellar evolution
processes prior to carbon ignition: prior mass loss (Renzo et al.
2017), internal mixing (Limongi & Chieffi 2018), and the efficiency of the nuclear reaction rates that affect the abundances in
the carbon core (Tur et al. 2007; Farmer et al. 2020). We note that
this engine predicts the lowest fraction of successful SESN explosions for all stellar simulations. In the other SN engines considered, we implicitly assume that the explodability outcomes from
Fryer et al. (2012) and Sukhbold et al. (2016) apply for stars with
the same carbon and helium core masses, respectively, despite
their progenitor models being computed using different stellar
codes and physical assumptions.
Previous studies have shown that the suggested explodability metrics depend on metallicity and rotation (e.g.,
O’Connor & Ott 2011), the adopted stellar wind mass-loss
rates (even if these only act early during a star’s evolution;
Renzo et al. 2017), overshooting (Davis et al. 2019), and the
occurrence of convective shell mergers (e.g., Vartanyan et al.
2021). Other parameters might play a significant role in shaping the density structure of the core at the onset of core collapse.
Studying the complex impact of each stellar physics assumption
on the core-collapse outcome is beyond the scope of this Letter.
A major caveat common to explodability studies that span
a large parameter range is that these are only feasible with
semi-analytic (e.g., Fryer et al. 2012; Mandel & Müller 2020;
Schneider et al. 2021) and/or 1D parametrized explosion simulations (e.g., O’Connor & Ott 2011; Ertl et al. 2016, 2020;
Sukhbold et al. 2016; Ebinger et al. 2019). However, it has
become increasingly clear that multidimensional effects (e.g.,
neutrino-driven convection, standing accretion shock instability,
and lepton emission asymmetry) are key to the success of explosions (e.g., Janka 2012, for a review) and that asymmetries are
necessary to produce natal kicks (e.g., Janka 2013, 2017). Recent
multidimensional simulations of core collapse can result in successful shock revival even when 1D parametrized results might

E. Zapartas et al.: The explodability of single stripped-envelope supernova progenitors
Table 1. Minimum initial mass for SN Ib/c and IIb candidate stars (Mmin,WR and Mmin,IIb , respectively), their formation rate for each stellar
simulation, and the fraction of them that successfully explode in SNe Ib/c and IIb, respectively, for different SN engines.

Stellar simulation

Mmin,WR (Mmin,IIb ) [M ]
Ib/c (IIb) cand. [10−3 (M /yr)−1 ]
FR12+rapid
FR12+delayed
S16+N20
S16+S19.8
P20E16+N20
C20

Default
(Fig. 1a)

Shell over/
undershooting

Lower core
overshooting

Initial rotation,
ω/ωcrit = 0.4

Increased winds,
η = 1.5 (Fig. 1b)

31 (26.2)
1.3 (0.47)
0% (31%)
0% (30%)
0% (0%)
0% (0%)
0% (0%)
100% (100%)

30 (25.4)
1.47 (0.27)
0% (59%)
0% (68%)
0% (0%)
0% (0%)
0% (0%)
100% (100%)

55 (53.7)
0.43 (0.11)
0% (13.4%)
0% (7%)
0% (7%)
0% (7%)
0% (7%)
100% (100%)

27.0 (24.3)
1.38 (0.61)
0% (53%)
0% (52%)
0% (0%)
0% (0%)
0% (0%)
100% (87%)

23 (18.8)
2.5 (0.85)
48% (42%)
65% (100%)
2.6% (44%)
4% (50%)
1% (21%)
60% (74%)

suggest complete fallback in a failed explosion (Chan et al.
2018, 2020; Ott et al. 2018; Kuroda et al. 2018; Burrows et al.
2019; Vartanyan et al. 2019; Powell & Müller 2020). In the case
of a successful shock revival, we might expect a visible electromagnetic transient. In any case, these simulations are computationally challenging and expensive, and thus there are not yet any
prescriptions for an extended mass range of progenitors.
In addition, we focused only on the paradigm of neutrinodriven explosions. While other explosion mechanisms have
been proposed (e.g., MacFadyen & Woosley 1999; Janka 2012;
Gilkis et al. 2016; Soker 2019), no criterion to assess the outcome
across a large range of initial masses exists to our knowledge. We
also note that possible faint electromagnetic transients in the case
of a “failed SN” and BH formation due to the loss of gravitational
mass to neutrinos (Fernández et al. 2018; Ivanov & Fernández
2021) seem quite improbable for compact, stripped-envelope
stars, for which little to no ejection is expected.
In this study we have restricted ourselves to solar metallicity
models; as such, our results do not apply directly to the observed
SESN sample, as these include events from a range of metallicity
environments (e.g., Graur et al. 2017). However, in lower metallicities, SN IIb and Ib/c stellar candidates would be on average
less numerous and of higher final mass due to their lower wind
mass-loss rates (e.g., Vink et al. 2001; Smith 2014). Therefore,
these progenitors would also have on average larger final core
masses that correspond to less explosive structures for most of
the SN engines discussed here.
We show that one possible way to increase the number of
SESN progenitors from single stars at a given metallicity would
be to increase the stellar wind mass-loss rates (e.g., van Loon
2006; Beasor & Davies 2018). However, observational evidence
and theoretical arguments thus far point toward potentially lower
wind mass-loss rates than adopted in this study (e.g., Smith 2014;
Neijssel et al. 2021; Higgins et al. 2021). In addition, changing
the wind mass-loss rates can have an impact on the core structure and its explodability (e.g., Renzo et al. 2017). Another possibility is for eruptive mass loss (luminous blue variable eruptions;
e.g., Conti & Ebbets 1977) or episodic mass loss linked to the late
phases of massive stellar evolution (e.g., Arnett & Meakin 2011;
Quataert & Shiode 2012) to strip a star of its final H-rich envelope, although these processes may instead lead to Type IIn SNe
due to interaction with circumstellar material.
If indeed only a small portion of massive, single, stripped
stars contribute to the statistics of SESNe, it would significantly
change their theoretically expected rates and properties. As we
cannot empirically constrain the rate of failed SNe from WR
stars, their explodability fraction is not an observationally testable

parameter but will affect the observed rate of SESN transients.
Assuming that all SESNe originate from single stars, our finding – that the majority of single stars that end up stripped of
their H-rich envelopes do not explode – is inconsistent with their
observed relative rate compared to hydrogen-rich Type II events
of ∼1/3 (Smith et al. 2011; Eldridge et al. 2013; Shivvers et al.
2019). This is because theoretically expected single SESN progenitors are very rare, even if we assume that all massive stars are
able to explode (∼0.15 to all SNe, for Mmin,WR = 31 M as our
default model and assuming Type II explosions from stars with
initial masses of between 8 and 31 M ). So the findings discussed
in this study aggravate the possible rate discrepancy (something
that is qualitatively mentioned in Smith et al. 2011). The empirical absolute rate of SESNe depends on the star-forming rate of the
host galaxies of the progenitors and thus is not easily constrained;
however, the fact that we do detect these types of transients obviously cannot be explained by single massive single-star progenitors if their explodability rate is ∼0%.
Our results alone are not necessarily a motivation to
revise single-star mass-loss rates or their explodability properties, since the binary progenitors of SESNe are a suggested alternative path for SNe Ib/c and SNe IIb (e.g.,
Podsiadlowski et al. 1992; De Donder & Vanbeveren 1998;
Yoon et al. 2010; Eldridge et al. 2013; Zapartas et al. 2017;
Sravan et al. 2019, 2020). This scenario helps explain their
low ejecta masses and short timescales (e.g., Drout et al. 2011;
Lyman et al. 2016; Modjaz et al. 2016), their relatively high
occurrence rate (e.g., Eldridge et al. 2013; Graur et al. 2017;
Shivvers et al. 2019), the difficulty to directly image their progenitors (e.g., Eldridge et al. 2013, although see Yoon et al.
2012; Van Dyk et al. 2019), and the detection of binary companions at SN IIb sites (Maund et al. 2004; Fox et al. 2014;
Ryder et al. 2018). Within the framework of this study, our
results suggest that binary progenitors may be the dominant formation channel for SESNe. Evolution in a binary system offers
two advantages over single-star progenitors. First, binary interactions do not have a minimum mass threshold for removing
the H-rich envelope (Podsiadlowski et al. 1992; Eldridge et al.
2013; Yoon et al. 2017; Götberg et al. 2018; Sravan et al. 2018,
2020), allowing progenitors of initial masses of ∼10−25 M
(which have lower final cores and thus will explode in most
cases) to produce SESNe. Secondly, binary stripping seems to
affect the final core structure and chemical composition, on
average increasing the explodability of binary stripped stars
compared to single stars of the same initial mass or even the
same carbon core mass (Schneider et al. 2021; Laplace et al.
2021; Vartanyan et al. 2021). Binaries might also provide paths
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to SESNe through mergers or by increasing the mass of binary
secondaries enough for them to wind-strip (e.g., Yoon et al.
2012; Zapartas et al. 2017; Hirai et al. 2020). However, the
explodability of such progenitors requires further study.
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