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Abstract

Most massive stars experience binary interactions in their lifetimes that can alter both the surface and core structure
of the stripped star with significant effects on their ultimate fate as core-collapse supernovae. However, core-
collapse supernovae simulations to date have focused almost exclusively on the evolution of single stars. We
present a systematic simulation study of single and binary-stripped stars with the same initial mass as candidates
for core-collapse supernovae (11-21 M.)). Generally, we find that binary-stripped stars core tend to have a smaller
compactness parameter, with a more prominent, deeper silicon/oxygen interface, and explode preferentially to the
corresponding single stars of the same initial mass. Such a dichotomy of behavior between these two modes of
evolution would have important implications for supernovae statistics, including the final neutron star masses,
explosion energies, and nucleosynthetic yields. Binary-stripped remnants are also well poised to populate the
possible mass gap between the heaviest neutron stars and the lightest black holes. Our work presents an
improvement along two fronts, as we self-consistently account for the pre-collapse stellar evolution and the
subsequent explosion outcome. Even so, our results emphasize the need for more detailed stellar evolutionary
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models to capture the sensitive nature of explosion outcome.

Unified Astronomy Thesaurus concepts: Core-collapse supernovae (304); Close binary stars (254)

1. Introduction

Studies on the core-collapse supernovae (CCSNe) explosion
mechanism have focused almost exclusively on single-star
progenitors (e.g., Burrows 2013; Janka et al. 2016; Roberts
et al. 2016; Radice et al. 2017; Burrows et al.
2018, 2019a, 2019b; O’Connor & Couch 2018; Ott et al.
2018; Summa et al. 2018; Vartanyan et al. 2018, 2019b; Glas
et al. 2019; Nagakura et al. 2019a, 2019b; Kuroda et al. 2020;
Burrows & Vartanyan 2021). However, the vast majority of
stars massive enough to reach core collapse are members of
multiple systems (e.g., Mason et al. 2009; Almeida et al. 2017).
Sana et al. (2012) conclude that the majority of massive stars
should interact with a close companion during their lifetime.
Binary evolution is commonly required to explain the high
intrinsic rate of hydrogen-poor (Type IIb, Ib, Ic) CCSNe
(Podsiadlowski et al. 1992; Eldridge et al. 2008; Yoon et al.
2010; Claeys et al. 2011; Li et al. 2011; Zapartas et al. 2017,
Shivvers et al. 2019; Sravan et al. 2019) and their ejecta mass
distributions peaked at low values of about 2 M, (e.g., Lyman
et al. 2016; Taddia et al. 2018). It is also required to explain the
properties of several SN progenitors observed through direct
imaging, including the triple-ring structure of SN1987a (e.g.,
Eldridge et al. 2013, 2017; Utrobin et al. 2021). Moreover,
direct imaging provides evidence for surviving companions
after CCSNe (e.g., Maund et al. 2004; Fox et al. 2014; Ryder
et al. 2018). Binary population synthesis studies have recently
shown binary interaction should also affect ~50% of hydrogen-
rich (Type II) SNe (e.g., Eldridge et al. 2018; Zapartas et al.
2019, 2021).

Thus, we expect that a large fraction of CCSN progenitors
experiences binary interactions, which might change the core

structure (Langer 1989; Woosley et al. 1993; Laplace et al.
2021) and thus “explodability” of stars of a given initial mass.
This is buttressed by a growing anthology of observed stripped
SNe (Shivvers et al. 2019) with interesting implications for the
formation of double compact objects (De et al. 2018; Taddia
et al. 2018; Prentice et al. 2019) and rapidly evolving transients
(Pursiainen et al. 2018).

CCSN explosion simulations of progenitors computed
accounting self-consistently for binary interactions are as-of-
yet rare, as are detailed stellar evolution models of binary stars
computed to core collapse. The preponderance of studies to
date simplify the binary mass exchange (Schneider et al. 2021)
or focus on the structure of naked cores (He cores,
Woosley 2019; Ertl et al. 2020; and CO cores, Patton &
Sukhbold 2020; but see Tauris et al. 2015), and prompt
explosion through parameterized or prescriptive means (Woos-
ley 2019; Ertl et al. 2020; Schneider et al. 2021; Zapartas et al.
2021). We emphasize that, as pointed out in Laplace et al.
(2021), the final core properties of single and binary-stripped
stars differ even when comparing models with similar helium
core masses due to the rate and timing of mass loss, which are
not easily captured in naked He cores. Furthermore, self-
consistent mass loss in binaries may leave some remnant
hydrogen, which will further alter the composition and
structure of the stripped star in comparison with a naked
He core.

The work of Miiller et al. (2018, 2019) considered the impact
of binary evolution modeling on the explodability of the donor
star with 3D explosion simulations, although with several
approximations to the neutrino radiation transport and binary
evolution modeling. They focused on the explosion of ultra-
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stripped stars from Tauris et al. (2015), motivated by the
relevance of this channel for gravitational-wave progenitors.
The binary evolution models from Tauris et al. (2015) start
from initial conditions with a compact object (NS) orbited by a
naked He star, i.e., starting the evolution from after the first
mass transfer or common envelope phase in a binary. The
binary evolution leads to a second mass transfer phase (case
BB RLOF, Roche-lobe overflow) which further reduces the
mass of the star, making it ultra-stripped. They found that these
ultra—strispped stars blow up with weak explosion energies
(E~10""erg) and with prompt explosions resulting in small
SN natal kicks.

Our study, using the progenitors developed in Laplace et al.
(2021), is complementary to the work of Miiller et al.
(2018, 2019) and Tauris et al. (2015), since we focus instead
on the first RLOF phase and what impact it can have on the
explodability of stripped (but not ultra-stripped) CCSN
progenitors. The most common kind of binary interaction is
mass transfer with a post-main-sequence donor (so-called case
B RLOF; de Mink et al. 2008; Klencki et al. 2020), which is
predicted to leave only a very thin layer of H-rich material on
the donor star at the end of the mass transfer phase at solar
metallicity (Gotberg et al. 2017; Yoon et al. 2017; Gilkis et al.
2019). At solar metallicity, such a layer is likely removed by
stellar winds in the post-mass-transfer, pre-collapse evolution,
leaving an exposed He core that will likely be the progenitor of
a Ib SN explosion, or, if the helium-rich layers are removed, of
a Ic. Therefore, albeit with numerous caveats affecting any
stellar evolution simulations, we provide the first self-
consistent binary models and supernovae simulations used to
explore the impact of the most common binary evolution
channel, case B mass transfer, on the explodability of the donor
star core with the added advantage of using a more detailed
radiation transport scheme to simulate the resulting supernovae.

Here, we report on one of the first comprehensive, self-
consistent simulation studies comparing CCSN outcomes for a
suite of 11 single-star and binary-stripped progenitors with the
same initial mass (Laplace et al. 2021). We note that Ertl et al.
(2020) also performed a similar comparison, including
comparisons to the single-star models of Sukhbold et al.
(2016), but with the qualifications mentioned above (namely,
He cores, instead of binary-stripped stars, that are subsequently
exploded through a parameterized model). Schneider et al.
(2021) perform a binary-stripped to single-star comparison as
well, but also simplify the binary mass loss and parameterize
the subsequent explosion modeling. Our work allows for the
systematic study of the viability of stripped stars as CCSN
progenitors and explores the role of massive star evolutionary
history on CCSNe outcome (see, e.g., Podsiadlowski et al.
1992; Yoon et al. 2010; Dessart et al. 2011; Tauris et al. 2015;
Woosley 2019; Chieffi & Limongi 2020; Ertl et al. 2020;
Patton & Sukhbold 2020; Woosley et al. 2021; Schneider et al.
2021; Zapartas et al. 2021). We find preferential explosion of
binary-stripped progenitors over single-star progenitors of the
same zero-age main sequence (ZAMS) mass. After describing
the salient points of our pre-explosion and explosion modeling
in Section 2, we first compare a representative pair of models
with the same initial mass in Section 3. We find that overall
donor stars in binaries are easier to explode, and among pairs of
the same initial mass, a lower compactness parameter
corresponds to easier explodability, but highlight key excep-
tions to this general trend and present explosion diagnostics
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with observational ramifications. We present our conclusions in
Section 4.

2. Methods
2.1. MESA

The stellar evolution models are presented and described in
detail in Laplace et al. (2021). The models were computed with
the open-source 1D stellar evolution code MESA (version
10398; Paxton et al. 2011, 2013, 2015, 2018, 2019) at solar
metallicity (Z=0.0142; Asplund et al. 2009). Until core
oxygen depletion (central oxygen mass fraction lower than
1077), we used a nuclear network comprising 21 isotopes that
produces sufficiently accurate reaction rates in the cores of
massive stars from core hydrogen burning until the end of core
oxygen burning (approx21; Timmes 1999; Timmes et al.
2000; Paxton et al. 2011). Because of the sensitivity of the
further evolution to nuclear burning and especially electron
captures, we used a 128-isotope network after oxygen depletion
(Farmer et al. 2016) and stop our models when the iron-core
infall velocity reached 1000 km s~ '. Mass loss from the binary-
stripped stars was included in the pre-supernova evolution. For
stars with effective temperatures of T > 10* K we used mass-
loss rates from Vink et al. (2001) when the surface hydrogen
mass fraction Xy > 0.4 and the rates from Nugis & Lamers
(2000) for the cases with Xy < 0.4. For effective temperatures
<10*K, we employ the de Jager et al. (1988) empirical wind
mass-loss prescription for stars across the Hertzsprung—Russell
diagram. For the binary-stripped stars, the pre-supernova mass
is very close to the helium core mass (evaluated at the end of
core helium burning), but slightly smaller due to wind mass
loss in late phases of the evolution.

Our grid consists of two sets of 11 models with the same
initial masses M; ranging from 11 to 21 M.. The first set
follows the evolution of single stars. For the second set, we
considered the most common binary interaction, that is, a stable
mass transfer phase after the end of the donor’s main sequence
(case B mass transfer; e.g., Kippenhahn & Weigert 1967). We
examined binaries with initial periods of 25-35 days and a
point-mass secondary of mass M, = 0.8M,, and assumed fully
conservative mass transfer. All stellar models and MESA inlists
are publicly available upon publication (see Laplace et al.

2021).

2.2. FORNAX

To simulate the collapse, core bounce, and initial shock
propagation in the first seconds, we use FORNAX (Skinner et al.
2019). FORNAX is a multidimensional, multigroup radiation
hydrodynamics code originally constructed to study core-
collapse supernovae. The models referenced herein were
evolved in 2D axisymmetry on a spherical grid extending to
20,000 km and resolved with 678 radial cells and 256 angular
cells. The angular grid resolution varies smoothly from 0764
along the equator to 0294 along the poles. Following Marek
et al. (2006) we used a monopole approximation for relativistic
gravity and employed the SFHo equation of state (Steiner et al.
2013), which is consistent with all currently known constraints
(Tews et al. 2017) on the nuclear equation of state. Our
intention in this study is to identify trends in a large set of
models, and hence simulating in 2D axisymmetry is favorable.
Although 3D simulations still are required, earlier works show
similarities in explosion outcome and diagnostics between 2D
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and 3D simulations (e.g., Vartanyan et al. 2018; Burrows et al.
2019b; Burrows & Vartanyan 2021), and such a broad suite of
2D simulations as presented here sets the groundwork for more
selective 3D simulations in the future.

We solve for radiation transfer using the M1 moment closure
scheme for the second and third moments of the radiation fields
(Vaytet et al. 2011) and follow three species of neutrinos:
electron-type (v,), anti-electron-type (%), and “v,,”’-type (v, D,
v,, and . neutrino species collectively). We use 12 energy
groups spaced logarithmically between 1 and 300 MeV for the
electron neutrinos and to 100 MeV for the anti-electron and
“v,.” neutrinos. The M1 solver avoids simplification to the
neutrino transport, such as the fast-multigroup transport scheme
with the ray-by-ray approximation, which introduces numerical
artifacts into explosion outcome.

3. Results

We present a study of 11 pairs of progenitors, for a total of
22 models, corresponding to progenitors, spanning 11-21 M,
ZAMS mass and following single and binary-stripped post-
main-sequence evolution. We find that all but 4 of the 22
models explode, where we identify explosion as the shock
reaching runaway expansion and failed explosion as the shock
stalling. Models explode between within 100-800 ms post-
bounce. The 13 and 14 M, single-star models fail to explode,
as do the 17 and 21 M, binary-stripped progenitors.

We compare here a typical single star with a binary-stripped
star with the same ZAMS mass and identify the explosion
trends. We then highlight the exceptions below. We plot in
Figure 1 the evolution of the 14 M, progenitor pair as a case
study of the differences between binary-stripped and single-star
evolution. The shock radii and density profiles of all
progenitors studied are summarized in the Appendix in
Figures 3 and 4, respectively. In the top left panel of
Figure 1, we illustrate the chemical composition of the interior
2.5M,, for the binary-stripped/single star pair of the same
initial mass. We identify a composition interface—which often
corresponds to the location of the silicon/oxygen (Si/O)
transition—illustrated by a sharp drop in the density, as one
metric of explodability (see also Vartanyan et al. 2018).” The
Si/O interface is more pronounced for the binary-stripped
progenitor, where the density drops by a factor of ~2.5 over an
annulus of ~0.005 M, than the single-star progenitor, which
shows a density drop of only ~1.6 at the interface.
Additionally, the interface is located deeper in, at ~1.3 M,
for the binary-stripped star than for the single star at ~1.8 M.

We illustrate the shock radii and highlight the time of Si/O
interface accretion and corresponding accretion rate in the top
right panel of Figure 1. The binary-stripped star has a sharper
Si/O interface located deeper within the stellar progenitor than
the single-star model (by ~0.5 M, for this progenitor mass),
and hence the interface is accreted earlier by the expanding
shockwave. For the binary-stripped model, the shock intersects
the Si/O interface within the first 100 ms. The accretion rate
plummets, the ram pressure exterior to the shock drops, and the

o Categorically, this transition has been associated with a silicon/oxygen
boundary (see also Timmes et al. 1996; Fryer 1999; Ott et al. 2018). However,
we found that the density drop corresponding to a compositional interface,
especially if fragmented, could also correspond to iron/silicon or oxygen/
neon/magnesium boundaries. We refer to the Si/O interface, and more
broadly, the silicon-group and oxygen-group compositional boundary,
interchangeably. See Appendix and Figure 4 for more detail.
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shock is revived. For the single-star analog, the Si/O interface
is less sharp and located farther out. It is accreted at ~500 ms
post-bounce, 400 ms after the the binary-stripped model. The
drop in accretion rate, and hence ram pressure, is noticeably
smaller. The single-star 14 M., progenitor does show a small
bump in the shock radii at the time of Si/O accretion and short-
timescale variations as turbulence develops, but the accretion of
the Si/O interface is insufficient to revive the stalled shock.
Note that in both models, the shock radii are very similar until
~70 ms post-bounce. Stellar collapse and shock revival
proceeds quasi-spherically until this point, when turbulence
develops around the shock front (Couch & Ott 2013). The
evolution paths diverge in part due to the different composi-
tional interfaces. We find that the binary-stripped models
studied here typically have a sharper interface located deeper in
the stellar interior and a smaller compactness parameter than
their single-star counterparts and, as a result, are more
explodable (see Table 1; see also Woosley 2019; Ertl et al.
2020; Schneider et al. 2021).

In the bottom panels of Figure 1, we plot entropy profiles for
the chosen 14 M, pair. The single-star shock stalls interior to
100 km roughly 1 s after bounce, whereas it has reached almost
10,000 km for the exploding binary-stripped star. We see
typical entropies as high as 30 kg per nucleon, with the
explosion occupying a volume-filling fraction of ~20% at late
times. Note the large dipolar asymmetry seen in the exploding
model in the bottom right panel. Although we did see similar
“wasp’s waist” morphologies of explosion in various 3D
simulations (Burrows et al. 2019b; Vartanyan et al. 2019b), 3D
simulations seem to be less asymmetric than 2D equivalents.

3.1. Compactness

We find that the compactness parameter provides a viable
relative metric of explodability for a given binary/single-star
pair of the same ZAMS mass. The compactness parameter
characterizes the core structure and is defined as (O’Connor &
Ott 2011)

M/M,

YTy rv— ey
R(M) /1000 km

Eu

where the subscript M denotes the mass where the compactness
parameter is evaluated. For our purposes, we evaluate at the
compactness parameter &5 at M =1.75 M, encompassing
the Si/O interface for many of our models, though the trends
between single-star and binary-stripped star &; 75 remain largely
unaffected for M =2-3 M., (see also Laplace et al. 2021).
However, for the models studied, shock revival is determined
prior to accretion of the material exterior to two solar masses,
so &) .75 of the interior profile is more salient to our discussion.
Generally, binary-stripped models tend to have a lower &; 75
than their corresponding single-star progenitors, which corre-
lates with an earlier explosion in our models for a given initial
mass (see Woosley 2019; Ertl et al. 2020; Schneider et al.
2021; we note the exceptions below). Additionally, the early
accretion of a sharp Si/O density interface promotes explod-
ability (Vartanyan et al. 2018) and corresponds to a smaller
&1.75 (due to the prompt and sharp density drop). The difference
in the compactness parameter between binary-stripped and
single stars has been explored in detail (Woosley 2019; Chieffi
& Limongi 2020; Ertl et al. 2020). The higher carbon mass



THE ASTROPHYSICAL JOURNAL LETTERs, 916:L5 (10pp), 2021 July 20 Vartanyan et al.

1010 1.0 L, B
S 14 M, —— Binary F e
1090 TTTee-ll ---- Single [ \
Lo 1000L "
- F E 12
= [ )
g 107 2 | _ g
2 5 100:),.,)’// o
106 ~ F ,g
:
SGFe r . N <
10° —— 28gj Solid: Binary — Si/O Accretion ?0'1 <
10 N 1
160 [ Dashed: Single — Shock Radius b
10 T [ —_ fccretion Rate ]
0.0 0.5 0.01 I ] —
Time after bounce [s]
100 25 ) 5000 25 3
3 g
L) =
200 20C
3 3
=1 g
7 5 F 5
E 0 15 i § 0 15 i
n 5 = &
B =
= =
10 @ 10 @
o o
b= b=
(4] (5]
-100 2 -5000 2
5 »n 5 w»
-100 0 100 0 -5000 0 5000 0
X [km] X [km]

Figure 1. Top left: initial density profiles (black) and the mass fraction of Fe-56 (red), Si-28 (green), and O-16 (blue) distributions in the interior 2.5 M, for the binary-
stripped (solid) and single (dashed) 14 M., model. The vertical solid and dashed lines indicate the compositional interface, respectively. Top right: mean shock radii
(km, green) and the accretion rate at 200 km, just exterior to the shock (M, s~ ', right y-axis) for the 14 M, progenitor, a typical binary/single pair as a function of
time after bounce (s). The vertical lines illustrate when the Si/O interface is accreted onto the expanding shock. For both cases, the accretion of the Si/O interface
corresponds to the onset of turbulence in the expanding shock front, illustrated by variations in the mean shock radii. The concurrent accretion rate plummets as a
result of the drop in density and pressure outside the interface. The shock begins to expand rapidly for the binary-stripped model, resulting in an explosion. However,
the Si/O interface for the single star is farther out and less pronounced, and proving insufficient to revive the already stalled shock. Nevertheless, even the single-star
model shows a bump in the shock radii shortly after accretion of the Si/O interface. Bottom: we show the two-dimensional entropy profiles of the 14 M, model for the
nonexploding single star on the left and the exploding binary-stripped star on the right. Note the vastly different scales plotted.

Table 1
Explosion Properties
Compactness

Model Explosion? Parameter Pre-SN Mass (M) PNS Mass (M.)* He Mass (M) CO Mass (M)
(M) Binary Single Binary Single Binary Single Binary Single Binary Single Binary Single
11.0 v v 0.140 0.215 3.11 9.32 1.47 1.48 3.16 3.78 1.88 2.31
12.1 v Vv 0.246 0.110 3.52 9.73 1.52 1.33 3.93 4.78 2.09 2.81
13.0 v X 0.213 0.364 3.87 9.97 1.50 1.83 4.29 5.26 2.46 3.19
14.0 v X 0.200 0.597 4.23 10.1 1.45 1.86 4.53 5.62 2.57 3.60
14.6 v v 0.280 0.656 4.48 10.1 1.56 1.86 4.66 5.80 2.99 3.90
15.0 v v 0.285 0.478 4.61 10.2 1.53 1.75 5.03 6.32 2.44 4.07
16.0 v v 0.274 0.647 4.97 10.1 1.52 1.89 5.36 6.85 342 4.47
17.0 X v 0.552 0.740 5.31 9.88 1.85 1.99 5.66 7.30 3.73 4.97
18.0 v v 0.569 0.756 5.61 10.10 1.79 2.01 6.01 741 2.49 542
20.0 v v 0.678 0.723 6.28 11.7 1.92 2.16 6.34 7.57 4.60 5.67
21.0 X v 0.730 0.363 6.62 10.4 2.16 1.61 6.67 8.19 4.07 6.20

Notes. Table of our 2D simulation results: models with a checkmark explode, and models with an x do not explode. Models with two checkmarks explode first
compared to their single/binary counterpart, if the latter explodes at all. We also show the compactness parameter (at 1.75 M), the final PNS mass for the binary-
stripped and single-star pair, and the pre-SN mass as well as the He and CO core masses (all in M) at the onset of core collapse.

 Note that these PNS masses are lower limits—many of the models continue to accrete (and explode) at the end of our simulations.

fraction in binary-stripped stars shifts the transition from ~7.2 M., (Woosley 2019). None of our final He core masses
convective to radiative central carbon burning to higher masses exceed this (Table 1;g Laplace et al. 2021), but we do see an
(Sukhbold & Woosley 2014), above a final He core mass of increase in compactness for the two most massive binary-
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Figure 2. Left: we illustrate the density profiles of the 17 and 18 M., progenitors for both the binary-stripped (solid) and single (dashed) stars, which behave as an
exception to the general trend with a lower compactness parameter preferentially promoting explosion for a given initial mass. Note that the the single stars, with a
higher &; 75, are more explodable, and also how similar the binary-stripped density profiles are for these two models. Right: we show the luminosity-accretion tracks

for the 17 M, (orange) and 18 M, (red) progenitors. We illustrate the neutrino luminosity weighted by the rms neutrino energy (at 500 km and in 10> erg s,

1

summing over electron neutrinos and antineutrinos) as a function of accretion rate (at 500 km, in M., s™"). The solid lines indicate the binary-stripped progenitors and
the dashed the single-star progenitors. The stars evolve leftward along the illustrated tracks. The colored squares show when the single-star models explode, and the
colored diamond when the stripped 18 M., model explodes. The stripped 17 M, progenitor does not explode. We see that the single stars have a higher rms-energy
weighted neutrino luminosity for a given accretion rate than their stripped counterparts. The stripped 18 M, progenitor has a slightly higher neutrino luminosity than
the stripped 17 M, prior to explosion, and the former explodes but not the latter, despite having nearly identical profiles. Near the onset of explosion, the dynamics

become turbulent, as evidenced by the variations in the plotted quantities.

stripped stars (Table 1), above ~6.3 M. Furthermore, we
measure the compactness at 1.75 M, which lies interior to the
CO core for all models. Thus, we do not find a straightforward
association with the CO core mass and carbon mass fraction
with compactness for the majority of our binary-stripped
models. Rather, we simply associate the smaller compactness
parameter with greater mass loss in the binary-stripped stars
and with the presence of a deeper Si/O interface, which results
in a deeper density drop.

For all progenitor pairs except the 17 and 18 M, models,
progenitors with a smaller &; 75 are more explodable, even
where the Si/O interface may be less pronounced. Note that
earlier studies have found no correlation between compactness
and explodability across progenitor mass (e.g., Summa et al.
2016; Radice et al. 2017; Vartanyan et al. 2018; Burrows et al.
2019a, 2019b; but see Ott et al. 2018), or a scattered correlation
with higher compactness but disfavoring very high compact-
ness (Sukhbold & Woosley 2014; Nakamura et al. 2015; Ott
et al. 2018; Sukhbold et al. 2018). The compactness parameter
does correlate with certain properties of the explosion, with a
higher compactness parameter yielding higher neutrino ener-
gies and luminosities and a higher accretion rate, as well as a
higher binding energy of the stellar envelope, and perhaps can
serve to distinguish remnant neutron stars from black holes.
However, the interplay between accretion, luminosity, and
explosion outcome is nuanced (see our discussion of the critical
condition below) and hence a monotonic relation between
compactness and explosion outcome is not expected (O’Con-
nor & Ott 2013). Our conclusion is not at odds with this—we
emphasize that the correlation of the relative compactness with
explodability here only holds for models with the same ZAMS
mass, but different (single versus binary-stripped) post-main-
sequence evolution. We find no ‘“absolute compactness
parameter” that delineates explosion from nonexplosion, and
a model with a smaller compactness parameter may fail to
explode, while a different ZAMS mass model with a higher
compactness parameter may explode. The results are summar-
ized in Table 1, where we show the compactness, explosion

outcome, the final proto-neutron star (PNS) mass, and the final
helium core mass for all 11 pairs of models presented here.

3.2. Exceptions

Contrary to the general trend of donor stars in binaries being
more easily exploded than single stars of the same initial mass,
we find that the 12.1 and 21 M., as well as the 17 and 18 M,
single-star progenitors are more explodable. The former pair
can be explained by merger of the Si/O shells, resulting in a
steeper Si/O interface, a smaller £, 75, and hence a progenitor
more conducive to explosion. The 12.1 and 21 M, single-star
progenitors do indeed have a smaller compactness parameter,
and are more explodable, than the corresponding binary-
stripped models. We find that the shell mergers happen
stochastically and are not a hallmark difference of the single
versus binary evolution (see Laplace et al. 2021).

For the 17 and 18 M., progenitors, we find a contrasting
behavior. The single-star progenitors have a higher compact-
ness parameter than their stripped counterparts, with Si/O
interfaces farther out. Surprisingly, these models with a higher
&, 75 are more explodable than their stripped counterparts. We
explore why the explosion trend is reversed for these models
with a discussion of the critical condition for explosion below.

3.3. Luminosity-accretion Tracks and Criticality

We explore the proximity to a critical condition for
explosion. The critical curve (Burrows & Goshy 1993; Summa
et al. 2016) quantifies the competing but coupled effects of
accretion and neutrino luminosity in driving explosion.
Accretion provides a ram pressure exterior to the shock that
the shock must overcome to produce an explosion, while
simultaneously providing an accretion-powered luminosity that
contributes to neutrino heating of the stalled shock. In Figure 2,
we illustrate luminosity —accretion rate tracks for the enigmatic
17 and 18 M, models. The two single-star progenitors have a
higher luminosity for a given accretion rate than the binary-
stripped counterparts. The single-star progenitors for these two
models have a shallower density profile that provides a higher
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Figure 3. Mean shock radii (km) for the 11 pairs of models studied as a function

of time after bounce (s). The single-star models are illustrated with solid lines, and the

binary-stripped models with dashed lines. All but four models explode, and the explosions occur within 100-800 ms post-bounce. Note that even the nonexploding
models feature a bump in the shock radii after 500 ms, corresponding to the accretion of the Si/O interface.

accretion rate and a higher accretion luminosity conducive to
explosion. Their subsequent explosion can be explained by
their proximity to this critical condition for explosion. In
addition, we find that, prior to explosion, the binary-stripped
18 M, progenitor has a slightly higher neutrino luminosity than
the 17 M, binary-stripped model, and only the former explodes
despite having quite similar progenitor profiles with the latter.
This highlights how sensitive explosion outcome can be to
small differences in this mass range.

However, the critical condition does not sufficiently explain
explodability for other models. For instance, the 21 M,
stripped progenitor has a higher luminosity for a given
accretion rate than its single-star counterpart, but fails to
explode. Thus, compactness and criticality provide valuable
and complementary insight, and neither alone necessarily
provides a definitive determinant of explosion outcome.
Quantifying the exact transition from nonexplosion to explo-
sion has been a subject of previous work (Summa et al.
2016, 2018), but often requires fine-tuning the studied
parameters and lies outside our present focus. We draw
attention only to the point that compactness and the critical
condition focus on two distinct factors of explosion outcome:
the density profile, including the presence of a strong Si/O
interface (see Figure 4), and the accretion/accretion-luminosity
tracks, respectively. Additionally, more detailed prescriptions
for predicting explosion exist (Pejcha & Thompson 2012; Ertl
et al. 2016; Miiller et al. 2016; Murphy & Dolence 2017;
Raives et al. 2018). These parameterizations are in the context
of one-dimensional spherically symmetric explosions, depen-
dent on the simulation results for tuning, and beyond our scope
in the context of multidimensional simulations.

Progenitors with a sufficiently small compactness parameter
or in our models, analogously field a prominent Si/O or

equivalent compositional interface, explode regardless of their
proximity to criticality. Those that are not need to satisfy the
critical condition. Our results illustrate the following trend for
explosion outcome by progenitor: among lower-mass progeni-
tors (10—15 M.,), with steeper density profiles, the model with
a smaller &, 75 is more explodable. Higher-mass progenitors (17
and 18 M., single-star progenitors, and both single-star and
stripped profiles for the 20 M., progenitors) have shallower
density profiles and Si/O interfaces located farther out. Here,
sustained accretion powers a sufficient neutrino luminosity for
the star to explode, with the star with a smaller &; 75 again being
more explodable. For intermediate-mass stars (e.g., the 17 and
18 M, binaries), the Si/O interface lies between ~1.7 and
1.9 M, and is too far to be accreted for prompt shock revival,
while the density profile is not shallow enough to maintain high
persistent accretion to promote later shock revival. These
models do not satisfy either criterion for explodability: a
prominent interface or the critical condition.

It is difficult to find a priori indicators of explosion outcome
from progenitor dependence alone, but we attempt to provide a
broad categorization across progenitor mass here. No single
parameterization is sufficient to capture or predict the complex
nature of explosion, but jointly studying the compactness and
the proximity to the critical condition span the range of possible
outcomes. We emphasize that the phase space of interest for
explosion outcome is really the density profile, p(M) — M, and
not simply the ZAMS or He core mass of the star. A simple
parameterization or explosion criterion eludes our, and the
broader supernova community’s, efforts.
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Figure 4. Density profiles for each of the 11 pairs of progenitors studied here. Dashed lines indicate single-star progenitors and solid lines indicate binary-stripped. We
overplot as vertical lines where the relevant density drops, indicative of a sharp Si/O interface, occur. Note that several models have multiple sharp interfaces—
however, the interior Fe/Si interface is often irrelevant to explosion because it is accreted onto the PNS during core collapse and lies interior to the post-bounce shock.
In other cases where the relevant interface may be fragmented, we highlight the interface whose accretion occurs on timescales relevant to shock revival. Note the
presence and strength of an interface is further complicated by limitations of mixing-length theory, particularly when nuclear burning occurs on similar timescales to

convective turnover.

3.4. Explosion Diagnostics

Explodability, and explosion timing, provides a diagnostic of
the explosion properties, including remnant masses, nucleo-
synthetic yields, and energetics. For instance, early work
(Burrows & Vartanyan 2021) suggests that perhaps stars that
explode later may do so more energetically. In this study, this is
further buttressed by the fact that the less-explodable single
stars also have a heavier mantle to sustain higher accretion
energies.

Here, we find a distribution of baryonic PNS masses
spanning 1.3-22M. (see Table 1) at the end of our
simulations, higher than the values found in Ertl et al. (2020)
for similar helium core masses. Just after core bounce, the PNS

masses are close to the Chandrasekhar mass of 1.3 M, and the
divergence of behavior afterward is a function of the accretion
density profile. The heavier progenitors accrete almost as much
as 1 solar mass within the first second of core bounce. In many
of our models, the PNS masses are still growing. Categorically,
the binary-stripped stars, with a smaller compactness para-
meter, yield PNS masses a few tenths of a solar mass smaller
than their single-star pairs of the same initial mass. The
exceptions, as expected, are the 12.1 and 21 M, progenitors,
for which the single-star progenitors have a smaller compact-
ness parameter and yield a smaller PNS mass. Surprisingly,
both the 17 and 18 M, binary-stripped progenitors produce less
massive PNS, despite being less explodable than their single-



THE ASTROPHYSICAL JOURNAL LETTERS, 916:L5 (10pp), 2021 July 20

star counterparts, suggesting that progenitor density profile and
compactness may be additionally critical to determining PNS
mass than simply the explosion time alone.

The 18 and 20 M, stripped-star progenitors both yield PNS
masses over 2M., and both successfully explode as well,
providing simulation insight into the upper mass limits of
neutron stars. After explosion within the first second, multiple
solar masses of material remain in the stellar envelope to be
ultimately accreted and, in smaller part, blown out as a wind.
The possible existence of a mass gap (Bailyn et al. 1998; Ozel
et al. 2010; Farr et al. 2011) between the most massive neutron
stars (e.g., Cromartie et al. 2020) and the least massive black
holes (e.g., Abbott et al. 2020) lying between ~2.5 and 5 M,
could be populated by fallback accretion onto the PNS
remnants of stripped stars in binaries (Fryer et al. 2012; Ertl
et al. 2020; Woosley et al. 2020; Schneider et al. 2021). Late-
time simulations of CCSNe that encompass mass fallback are
lacking, as is our understanding of the details of fallback
accretion. However, we can approximate fallback by assuming
the morphology of the shock (e.g., bottom right panel of
Figure 1) is sustained, and we can estimate a volume-filling
fraction of the expanding shock. At 5000 km, this is ~20%,
suggesting that more than half of the envelope will accrete at
later times. Indeed, we only require sustained accretion of less
than half the helium core mass of binary-stripped stars (see
Table 1), or around 1-2 solar masses, to populate this mass
gap. We emphasize again that this is just a cursory estimate,
and detailed, long-term 3D simulations are necessary.

The successfully exploding models present a typical
diagnostic explosion energy of ~0.2 Bethe (1 Bethe = 10°'
erg) within the first second. The more massive single 17 and
18 M, progenitors have energies upward of 0.4 Bethe, and
both the single and binary-stripped 20 M, progenitors have
diagnostic energies of more than 0.5 Bethe. However,
correcting for the gravitational binding energy of the material
exterior to our grid, we find that all of our models are still
gravitationally bound, albeit tenuously. This is to be expected
for a short simulation, spanning less than 1 s post-bounce.
Furthermore, many of the models show significant early energy
growth rates (consistent with Burrows et al. 2019b; Burrows &
Vartanyan 2021), suggesting that longer simulations are
necessary to see the final explosion energies for many of these
models, as well as the remnant PNS masses, nucleosynthetic
yields, and possible remnant kick velocities.

Additionally, although some single-star models (such as the
18 and 20M. models) have higher diagnostic explosion
energies, all binary-stripped models have more weakly bound
and less massive envelopes. Thus, correcting for the gravita-
tional overburden of the envelope, all of our exploding binary-
stripped models have higher net explosion energies than the
corresponding single stars, at least within the first second of
simulation. However, our preliminary results seem to suggest
that single stars have faster energy growth rates than their
binary-stripped pairs, which we attribute to a larger accreting
mass. This is at odds with Schneider et al. (2021), who find a
higher accreting mass and higher energies in their binary-
stripped models using a parametric supernova code. Resolution
of this necessitates longer simulations in self-consistent 3D. In
addition, we find that single stars tend to have higher
gravitational-wave energies, potentially due to more massive
envelopes ultimately yielding greater turbulent energy
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impinging on the PNS (Radice et al. 2019; Vartanyan et al.
2019a; Vartanyan & Burrows 2020).

Though the helium core mass correlates with the core
compactness, compactness itself does not provide a global
metric for explosion outcome. Rather, we find that core
compactness serves as a relative metric for explodability for
progenitors of the same ZAMS mass but different evolutionary
channels. Insofar as the helium core mass correlates with the
compactness, which we find is a useful relative metric for
explodability of binary-stripped and single-star pairs, we find a
weak and scattered correlation with more massive helium cores
exploding later and with higher PNS masses. However, the
helium core extends too far in mass to significantly affect the
early nature of shock revival, whereas the interior density
profile is critical to a successful explosion.

4. Conclusions

In this study, we presented a comparison of binary-stripped
stars with single-star counterparts of the same initial mass.
Compared to current literature, our work provides an improve-
ment along two avenues—we follow a self-consistent evolution
of both the pre-collapse progenitors, including binary interac-
tions as our initial condition and the subsequent explosion
outcome. We illustrate that binary-stripped progenitors typi-
cally have a smaller compactness parameter and tend to be
more explodable (see also Woosley 2019; Ertl et al. 2020;
Schneider et al. 2021) than single stars with the same initial
mass. The latter remains to be confirmed—our detailed
simulations post-bounce and stellar evolution pre-bounce are
hostage to uncertainties in the understanding of stellar theory,
including the development of convection (Renzini 1987; Renzo
et al. 2020), nuclear burning reactions (Farmer et al. 2016),
winds (Renzo et al. 2017), overshooting (Davis et al. 2019),
and details of the role of neutrino microphysics. However,
these initial results are promising to resolve possible dis-
crepancy between the stellar mass function and the rate of
supernovae, as well as populate the possible neutron star—black
hole mass gap. The higher explodability of binary-stripped
stars may also help explain the large fraction of stripped-
envelope supernovae. We expect the nucleosynthesis of single
and binary-stripped stars to be different (R. Farmer et al. 2021,
in preparation) due to the systematic differences in composition
at the onset of core collapse (Laplace et al. 2021). If binary-
stripped stars are more explodable, then these differences in
nucleosynthesis are even more important.

Stars of similar initial masses can have very different density
profiles (e.g., Sukhbold & Woosley 2014; Sukhbold et al.
2018) and hence different explosion outcomes. Here, we have
seen stars of different masses, e.g., the 17 and 18 M., models,
with very similar density profiles but qualitatively different
explosion outcomes (explosion versus no explosion). We find
only a weak, scattered dependence on explosion outcome with
the helium core mass.

Earlier work on binary progenitors of CCSNe have either
evolved only until the formation of a carbon—oxygen core, or
evolved an isolated carbon—oxygen core until collapse (Patton
& Sukhbold 2020). Additionally, these studies have either
artificially inducing explosion through parameterized heating
(Woosley 2019; Ertl et al. 2020; Schneider et al. 2021), or have
used prescriptive formulae to predict explosion outcome,
introducing uncertainty in both the progenitor profile and its
final fate. Here we present a self-consistent study of explosion
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outcome of stripped models with their single-star counterparts.
We find that the progenitor density profile is critical to
explosion outcome. The sensitivity of the explosion to details
necessitates a thorough study of the physical uncertainties in
the progenitor models—the initial conditions for core-collapse
simulations—before we can confidently claim resolution of the
core-collapse problem. Recent results would indicate we have
reached a tipping point where uncertainties in the stellar
evolution models dwarf uncertainties in the neutrino-heated
explosion of core-collapse supernovae.
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Appendix

In the main text, we highlighted the 14 M, progenitor as a
case study of binary-stripped versus single-star profile and
explosion outcome, and discussed the various exceptions. Here,
we illustrate the progenitor profile and explosion outcome of all
models. In Figure 3, we plot the shock radii as a function of
time for all the models studied here. Only four models show no
explosion, with all the other models evincing explosion within
the first second post-bounce. Shock revival often corresponds
to the presence of a sharp compositional interface located
sufficiently deep within the star.

In Figure 4, we plot the density profiles for each of 11 pairs
of single and binary-stripped models studied here. We highlight
the location of the Si/O or equivalent density interface for each
model as a vertical line. To identify the location of the relevant
compositional interface, we look for a sharp density drop of a
factor of several around 1.5-2 M., at a density of a few million
g cm 2. We then correlate these with the composition (e.g., top
left panel of Figure 1) to isolate which compositional boundary
the interface corresponds to. When there are several “frag-
mented” interfaces in close proximity, we then check that the
accretion of the chosen interface coincides with shock revival,
or in the case of a failed explosion, a bump in the shock radii.
We find that models with sharper interfaces, which may result
from the merger of multiple shells, are preferentially
explodable.
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