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Abstract

Type IIb supernovae (SNe IIb) present a unique opportunity for investigating the evolutionary channels and
mechanisms governing the evolution of stripped-envelope SN progenitors due to a variety of observational
constraints. Comparison of these constraints with the full distribution of theoretical properties not only helps
determine the prevalence of observed properties in nature, but can also reveal currently unobserved populations. In
this follow-up paper, we use the large grid of models presented in Sravan et al. to derive distributions of single and
binary SNe IIb progenitor properties and compare them to constraints from three independent observational probes:
multiband SN light curves, direct progenitor detections, and X-ray/radio observations. Consistent with previous
work, we find that while current observations exclude single stars as SN IIb progenitors, SN IIb progenitors in
binaries can account for them. We also find that the distributions indicate the existence of an unobserved dominant
population of binary SNe IIb at low metallicity that arise due to mass transfer initiated on the Hertzsprung Gap. In
particular, our models indicate the existence of a group of highly strlpped (envelope mass ~0.1-0.2M,)
progenitors that are compact (<50Rg) and blue (g < N 10° K) with ~10*°-10°" L, and low-density circumstellar
mediums. As discussed in Sravan et al., this group is necessary to account for SN IIb fractions and likely exist
regardless of metallicity. The detection of the unobserved populations indicated by our models would support weak
stellar winds and inefficient mass transfer in SN IIb progenitors.

Unified Astronomy Thesaurus concepts: Core-collapse supernovae (304); Binary stars (154); Companion stars
(291); Stellar photometry (1620); Stellar mass loss (1613)
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1. Introduction

SNe are classified into Types I or II depending on the
absence or presence of hydrogen emission lines in their spectra,
respectively. Except SNe Ia, which are thermonuclear explo-
sions resulting from runaway fusion in white-dwarfs, SNe I
result from iron core-collapse (CC) of massive stars that have
lost their outer hydrogen layers. SNe IIb are an interesting class
that transition from Type II to I, initially exhibiting prominent
hydrogen spectral features that weaken and disappear over
time. They are related to Type I CC SNe, except their
progenitor stars have lost most but not all of their hydrogen
layers. These SNe are therefore collectively also referred to as
stripped-envelope (SE) SNe.

A key question about SE SNe is the mechanisms that drive
the removal of the envelopes of their progenitor stars. In
particular, the debate centers around the relative roles, if any, of
stellar winds (e.g., Woosley et al. 1993; Georgy et al. 2012;
Groh et al. 2013b), stellar rotation (e.g., Georgy et al. 2012;
Groh et al. 2013a, 2013b; Zhao & Fuller 2020), binary
interactions (e.g., Podsiadlowski et al. 1992; Yoon et al.
2010, 2017; Soker 2017; Lohev et al. 2019), and nuclear
burning instabilities (e.g., Arnett & Meakin 2011; Strotjohann
et al. 2015). There has been growing support for binary
interactions as dominant due to several independent lines of
evidence, including weaker stellar winds (Smith 2014) and
higher binary fractions (Sana et al. 2012; Moe & Di
Stefano 2017) than previously estimated. Other key lines of
support include high SE SN fractions (Smith et al. 2011), low
ejecta masses (Lyman et al. 2016; Prentice et al. 2019), and low
circumstellar medium (CSM) densities (Wellons et al. 2012;
Drout et al. 2016).

SNe IIb in particular are important for addressing which
stripping mechanisms dominate because they have five
identified progenitors, compared to just one for each of the
other SE SN types. There is also evidence for a binary
companion to the progenitor star in three cases. These are in
addition to several constraints on progenitor structure from
analyzing multiband SN light curves (LCs) and CSM properties
from X-ray/radio observations (see Table 1).

Several theoretical investigations have leveraged this unique
opportunity to constrain the mechanisms governing the
evolution of SNe IIb progenitors. Claeys et al. (2011) used a
large grid of solar-metalhclty single and binary SN IIb models*
to identify various evolutionary channels resulting in SNe IIb
and their observational characteristics, focusing on the
progenitor’s and companion’s photometric properties. How-
ever, they did not investigate CSM properties. Yoon et al.
(2017) used a broad but sparse grid of binary models with fixed
mass ratio and mass transfer efficiency at solar and subsolar
metallicities to examine the structural, photometric, and CSM
properties of SN IIb progenitors. Ouchi & Maeda (2017)
focused on investigating CSM properties of SN IIb progenitors
using a small grid of solar-metallicity binary models.

Though important for delineating the range of progenitor
properties, constraints from limited or sparse model grids do
not convey full information. For example, Maund et al. (2004)
favored a binary SN IIb progenitor evolving via case C mass
transfer (i.e., mass transfer after core helium exhaustion) to
explain photometric and spectroscopic constraints for SN
1993)’s progenitor and companion. However, this mass

4 Claeys et al. (2011) defined SN IIb progenitors as those that explode with a
0.1-0.5M, residual hydrogen envelope.



Table 1
Properties of SNe IIb

From Light Curves

From Pre-/Post-SN Photometry

From X-Ray/Radio

Myind / Moyr™!
SN Mcnv, I/M;E; Mcorc. I/M O} Rl /R;-‘,v loglo(Ll /Lv) lOglO(Tﬂfﬂ 1/ K) IOgIO(LZ/LG)) logl()(TEffvz/ K) Vwind / km s~
1993J 0.15-0.4 12 2.8-6.0 '3 51+03% 3.63 £ 0.05 * 504+ 03% 43+01% 2-6 x 10763
2001gd 2-12x 10766
2001ig 3.92 +0.147 4.28-4.347 22+05x%x10°8
2003bg 6.1-14 x 10°8°
2008ax <510 30-50 '° 4.42-53 10 3.88-4.3 10 9+3x 10"
2009mg <15x 107%™
2010P 3-5.1 x 10713
2011dh ~0.1 " 3.067088 15 @ 200-300 ' 492 4020 ' 3.78 £ 0.02 ' 3x 107817
2011ei <1518° 14 x 107818
2011fu ~0.3 1% ~450 198
2011hs <052 34 % 500600 2° 2406 x10°%
2012P 3254017 21
2013df 0.05-0.09 22 ° 2-3.6 2 64-169 2*° 4.94 4+ 0.06 > 3.63 + 0.01 10.5 4+ 3x107¢ 2
2015as ~0.1 #° ~7 2%
2016gkg 0.01-0.4 2627 40-340 26270 515915 26 @ 3.86 &+ 0.05 26 ¢
ZTF18aalrxas 0.04-0.15 2% 790-1050 28°

Notes. (1) Meqy,1: progenitor hydrogen envelope mass. (2) Mcore,1: progenitor helium core mass. (3) R;: progenitor radius. (4) L;: progenitor luminosity. (5) Tef,1: progenitor effective temperature. (6) L,: companion
luminosity; (7) Tefr2: companion effective temperature; (8) Myina: progenitor mass-loss rate; (9) Vyina: progenitor wind velocity.

4 Most recent value.
Semianalytic constraints.

References. | Woosley et al. (1994); 2 Houck & Fransson (1996); > Nomoto et al. (1993); * Maund et al. (2004);  Fransson et al. (1996); ¢ Pérez-Torres et al. (2005); 7 Ryder et al. (2018); ® Ryder et al. (2004); °
Soderberg et al. (2006); 10 Folatelli et al. (2015); ! Roming et al. (2009); 12 Oates et al. (2012); '* Romero-Caiiizales et al. (2014); '* Bersten et al. (2012); '° Ergon et al. (2015); 16 Maund et al. (2011); '7 Krauss et al.
(2012); '® Milisavljevic et al. (2013);'® Morales-Garoffolo et al. (2015); 2° Bufano et al. (2014); 2! Fremling et al. (2016); ** Morales-Garoffolo et al. (2014); ** Van Dyk et al. (2014); ** Kamble et al. (2016); %
Gangopadhyay et al. (2018); 26 Bersten et al. (2018); 27 Arcavi et al. (2017); 2 Fremling et al. (2019).
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transfer scenario is only possible for a small set of binary
configurations where the progenitor avoids mass transfer
during its first larger rise on the giant branch, while initiating
mass transfer on its second smaller rise after core helium
exhaustion (Yoon et al. 2017; Sravan et al. 2019). On the other
hand, a large grid of models can be used to derive probability
distributions of progenitor properties by accounting for the
probability of the existence of a given progenitor in nature. In
addition to showing the range of properties, probability
distributions also show the statistical significance of a given
progenitor and its associated observational characteristics. This
is especially important as we increasingly build larger
observational samples facilitating derivation of probability
distributions of observed properties (Lyman et al. 2016; Taddia
et al. 2018; Prentice et al. 2019). Moreover, theoretical
probability distributions of progenitor properties can also help
guide observational searches, to either validate or falsify
models, using observational regimes favored theoretically but
absent in existing observations.

In this second paper of a two-part comprehensive invest-
igation of SN IIb progenitors, we use an extensive grid of
single and binary SN IIb models to examine the distribution of
observable properties of SNe IIb constrained using three
independent observational probes: analyzing LCs, direct
progenitor detections, and X-ray/radio observations. We
identify regions of disagreement with current observational
constraints and assess whether this could be due to current
observational bias or the corresponding evolutionary channels
not being realized in nature. This paper builds on the
conclusions from the first part (Sravan et al. 2019, henceforth
referred to as Paper I), where we examined the parameter space,
evolutionary pathways, and fractions for SNe IIb, to create a
comprehensive picture of our theoretical understanding of their
progenitors.

This paper is organized as follows. In Section 2 we
summarize our models and methods. In Section 3 we examine
correlations between the physical properties of our models. In
Section 4 we discuss the three available observational probes
into SNe IIb progenitors (from analyzing LCs, direct detec-
tions, and X-ray/radio observations) and their limitations. In
Section 5 we compare our models to constraints from these
probes for all SNe IIb analyzed in the literature and highlight
regions of (dis)agreement. In Section 6 we delineate currently
unobserved observational regimes that could constrain SN IIb
progenitor channels. We summarize and conclude in Section 7.

2. SN IIb Models

In this section, we briefly summarize our models. These
models are the same as those in Paper 1. We refer the reader to
Section 2 therein for detailed discussions. The MESA input files
used to produce certain models are available at https://doi.
org/10.5281/zenodo.3332830.

We model nonrotating single and binary star models at solar
(Zo = 0.02) and subsolar (1/4 Zg; henceforth referred to as
“low”) metallicities using Modules for Experiments in Stellar
Astrophysics (MESA  Release 9575; Paxton et al
2011, 2013, 2015, 2018). We assume that the helium
abundance increases linearly from Y = 0.2477 (Peimbert
et al. 2007) at Z= 0.0 to Y = 0.28 at Z = 0.02 (Brott et al.
2011). We use the basic.net, co_burn.net, and
approx21l.net nuclear networks in MESA. Radiative
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opacities are computed using tables from the OPAL project
(Iglesias & Rogers 1996).

We model convection using the standard mixing-length
theory (MLT), adopting the Ledoux criterion, with the mixing-
length parameter, apy 1, set to 1.5. We adopt the MLT++
prescription of MESA, which enhances energy transport in
convective regions that approach the Eddington limit (Section
7.2, Paxton et al. 2013). To model overshooting, we extend the
hydrogen convective core boundary by 0.335 times the
pressure scale height (Brott et al. 2011). MESA uses the
formulation of Langer et al. (1983) to model semiconvection
and Kippenhahn et al. (1980) to model thermohaline mixing.
We set the value of oy to 1.0 (Yoon et al. 2006) and ay, to 1.0,
respectively.

Stellar evolution codes use theoretical and empirical
prescriptions to determine wind mass-loss rates using proper-
ties of the stellar photosphere. We use a customized “Dutch”
wind mass-loss prescription in MESA,” by scaling the
prescription of de Jager et al. (1988) by (Z/Z)*% to match
the metallicity scaling of Vink et al. (2001), where Z is the
initial metallicity of the model. As discussed in Paper I, some
studies suggest that red supergiant winds are independent of
metallicity (van Loon 2000; van Loon et al. 2005; Goldman
et al. 2017). Using stronger cool winds at low metallicity would
cause single stars to resemble their solar-metallicity counter-
parts, without affecting binary SNe IIb, as their evolution is
dominated by mass transfer and stronger Wolf-Rayet (WR)
winds (see Paper I). We assume that stellar winds carry away
the specific orbital angular momentum of the mass losing
binary component.

In binaries, we compute mass loss due to Roche-lobe
overflow (RLO) using the prescription of Kolb & Ritter (1990).
A fixed fraction, €, of the mass lost from the primary due to
RLO is transferred to the secondary and the rest is assumed to
be lost to the CSM as the secondary’s stellar wind. In this
paper, we focus on binary models with e = 0.5 and 0.1,
though we also have additional models with e = 1.0 and 0.01
at solar metallicity (see Paper I). We ignore models with
€ = 1.0 because mass transfer is expected to be nonconserva-
tive as a result of the spin-up of the secondary to critical
rotation due to accretion (Packet 1981; Petrovic et al. 2005;
Ritchie et al. 2012, also see Popham & Narayan 1991 for a
counter argument). Moreover, in Paper I we show that binary
SNe IIb should have low mass-transfer efficiencies in order to
explain observed SN IIb fractions. Finally, we ignore models
with € = 0.01 because as we show in Paper I, they occupy
roughly the same parameter space as those with € = 0.1. All
orbits are circular.

We track the evolution of all our SN IIb models from zero-
age main sequence (ZAMS) to core carbon exhaustion. We
define SN IIb progenitors as those that reach core carbon
exhaustion with 0.01-1Mg of residual hydrogen envelope®.
This definition is a conservative choice. Inferred hydrogen
envelope masses for SNe IIb, including those with detected
progenitors, are <0.5M. (see Table 1). Since we are
observationally biased toward finding the progenitors of SNe

5> The “Dutch” wind mass-loss scheme is a combination of the prescriptions of

Vink et al. (2001) (when T 2 10*K and X > 0.4), Nugis & Lamers
(2000) (when Teip 2 10* K and Xy < 0.4), and de Jager et al. (1988) (when
T < 10% K)

The hydrogen envelope boundary is defined as the outermost Lagrangian
coordinate where the hydrogen mass fraction <0.01 and the helium mass
fraction >0.1.
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IIb with more massive envelopes (as they are more extended
Yoon et al. 2017, and redder), they represent progenitors with
the most massive envelopes. Also, while detailed radiative
transfer calculations show that progenitors with total hydrogen
mass =0.001M,, yield the characteristic SN IIb spectra at early
times (Dessart et al. 2011), there are many SNe Ib with
evidence of high-velocity hydrogen during early phases (e.g.,
SN 2008D (Mazzali et al. 2008; Modjaz et al. 2009) and SN
2014C (Milisavljevic et al. 2015; Margutti et al. 2017)). It is
also important to remember that envelope mass constraints
from LC modeling are not robust (see also Section 4). We note
that the results in this paper are not sensitive to alternative more
restrictive definitions considered in Paper I. Though we do not
track the evolution of secondaries after primary CC, some
secondaries can produce SNe IIb. We expect these to resemble
single SN IIb, because 80% of binaries are expected to become
unbound after primary explosion (Renzo et al. 2019). In
systems that do remain bound, RLO is expected to result in
unstable mass transfer and merger due to the extreme mass
ratio between the secondary and the compact object remnant.

We classify binary SNe IIb into three types based on their
interaction history. Case early-B (EB) SNe IIb initiate mass
transfer while the primary is crossing the Hertzsprung Gap,
case late-B (LB) SNe IIb initiate mass transfer after the primary
begins its rise on the giant branch but before it exhausts helium
in its core, and case C SNe IIb undergo mass transfer after the
primary exhausts helium in its core.

We make the following assumptions regarding the birth
properties of single and binary stars in the universe. We assume
a Salpeter IMF (Salpeter 1955)

S Mzams) = M~ (1)

with a = 2.3 (Kroupa 2001). We adopt a power-law distribu-
tion for the initial mass ratio, ¢,

Sazams) = 51‘5 (2)

with 3 = 0.0 (Sana et al. 2012; Kobulnicky et al. 2014). We
assume a power-law distribution for the initial orbital period,
P orb»

f (logyg For) = (logy Forn)” 3)

where v = —0.22 (Kobulnicky et al. 2014). We do not make
an assumption regarding binary fraction since we compare
single and binary SN IIb populations to observed constraints
separately.

3. Correlations between Progenitor Properties

Figure 1 shows the probability distribution of initial orbital
period as a function of pre-SN progenitor hydrogen envelope
mass for binary SNe IIb at solar and low metallicity. Binaries
with shorter initial orbital periods result in more stripped SN
IIb progenitors. This relation has been previously discussed by
Yoon et al. (2017) and Ouchi & Maeda (2017). At solar
metallicity, SNe IIb typically have larger envelope masses and
a wider range in values. The biggest difference between SN IIb
populations at solar and subsolar metallicities arises due to case
EB binaries. As we show in Paper I, while solar-metallicity EB
binaries are completely stripped before explosion, their low-
metallicity counterparts are able to evolve to CC without
getting stripped, owing to weaker winds. The low-metallicity
EB SNe IIb are highly stripped with small residual envelope
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Figure 1. Distribution of initial orbital period (P zams) as a function of pre-

SN progenitor hydrogen envelope mass (MH env,presn( 1)) for binary SNe IIb
with € = 0.5 (left) and 0.1 (right) at solar (top) and low metallicity (bottom).
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Figure 2. Distribution of pre-SN progenitor radius (Rpresn( 1), top) and effective
temperature (Tefr, presn(, 1), bottom) as a function of pre-SN progenitor hydrogen
envelope mass M env,presN(, 1), l€ft) for binary SNe IIb with € = 0.5 (left) and
0.1 (right) at solar metallicity. SNe IIb progenitors with smaller (larger)
envelope masses are more compact (extended) and hot (cool).

masses ~0.1-0.2M, (see also the discussion of SN IIb
definitions in Section 2). EB SNe IIb dominate the distribution
at low metallicity due to the large range in initial orbital periods
that permit mass transfer during this phase. However, it is
likely that this group also exists at solar metallicity given the
evidence that winds are weaker than previously assumed
(Smith 2014; Yoon et al. 2017, see also discussion in Section
6.2 in Paper I). In fact, as we note in Paper I, the existence of
case EB SNe IIb at solar metallicity is needed to account for
observed SN IIb fractions.

Figure 2 shows the probability distribution of pre-SN
progenitor radius and effective temperature as a function of
its hydrogen envelope mass for solar-metallicity binary SNe
IIb. SNe IIb progenitors with smaller (larger) envelope masses
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Figure 3. Distribution of pre-SN progenitor helium core mass (Me core, preSN(, 1))
as a function of its effective temperature (Zegr,presng,1y) for binary SNe IIb with
€ = 0.5 (left) and 0.1 (right) at solar (top) and low metallicity (bottom).

are more compact (extended) and hot (cool). The phenomenon
can be understood as more progressive stripping causing SN
IIb progenitors to increasingly resemble hydrogen-deficient
WR stars. This correlation was previously discussed by Meynet
et al. (2015) and Yoon et al. (2017). However, the correlation is
less apparent in the population of low-metallicity SNe IIb, once
again due to the dominant group of EB SNe IIb. We do not
show the corresponding Figure 2 for low-metallicity SNe IIb
because it contains a single strongly peaked distribution at
small envelope masses and radii (see the lower left and right
panels, respectively, of Figure 4 for reference). However, as we
mention earlier, we expect that this distribution is followed
even at solar metallicity.

Figure 3 shows the probability distribution of pre-SN
progenitor helium core mass as a function of its effective
temperature for binary SNe IIb at solar and low metallicity. The
correlations in this space closely follow the Hertzsprung—
Russell (H-R) diagram (discussed in the next section; see also
Figure 5), since the SN IIb progenitor luminosity is determined
by its helium core mass. The range in helium core masses is
roughly similar at both metallicities, as these are formed during
the main sequence and our binaries experience mass transfer
after core hydrogen exhaustion. While solar-metallicity SNe IIb
are mostly cool and extended, low-metallicity SNe IIb are hot
and compact. As before, the distributions of low-metallicity
SNe IIb are dominated by EB SNe IIb. They produce a tight
correlation in this space due to the helium main sequence
(discussed more in Section 5).

4. Observational Constraints for SNe IIb

Table 1 lists observationally constrained properties for
various SN IIb progenitors using three observational probes:
from multiband LCs, direct progenitor detections, and X-ray/
radio observations. Before comparing our models to these
constraints, we discuss the methodology involved in extracting
constraints from each of these probes to identify potential
sources of bias and uncertainty relevant to our analysis.

Sravan et al.

4.1. Constraints from LCs

The most widely used observational probe into SN
progenitors is analyzing multiband LCs. Most SNe IIb exhibit
a characteristic two-peak optical LC. The first peak is due to the
SN shock breaking out of the stellar surface, while the second
is due to radioactive heating from the decay of *°Ni and *°Co
(Nomoto et al. 1993; Podsiadlowski et al. 1993; Bartunov et al.
1994; Utrobin 1994; Woosley et al. 1994). The first peak is not
always observed, as in the cases of SNe 2008ax and 2015as, if
the envelope size is too small, leading to a short-lived shock
breakout phase. SN IIb LCs can be modeled either (semi-)
analytically or via hydrodynamical SN simulations.

The simplest approach for constraining SN IIb progenitor
properties is fitting the radioactive decay powered phase of its
LC using the model of Arnett (1982). Analytical SN models of
Nakar & Piro (2014) and Piro (2015) are tailored to SNe IIb
and connect features of their LCs (e.g., time and luminosity of
the first peak) to the progenitor structure (e.g., envelope mass
and radius). Semianalytic models of Nagy & Vinké (2016) and
Sapir & Waxman (2017) use numerical calculations to improve
approximations used in analytic models. Radiative hydrodyna-
mical SN models involve injecting energy near the center of
stellar progenitor models, adding energy from radioactive
decay of Ni and following the ensuing shock wave as it
propagates through the stellar structure, to shock breakout and
later nebular phases.

These models constrain the progenitor envelope and core
mass and radius. It has been observed that progenitor
constraints derived from analytic and semianalytic models
typically yield smaller values than those from hydrodynamical
modeling (Smartt et al. 2009; Utrobin & Chugai 2009; Arcavi
et al. 2017; but see Taddia et al. 2018). Moreover, constraints
derived from analytic and semianalytic models are strongly
dependent on assumed parameters (e.g., opacity) and may not
always agree with one another. Due to these differences, in
Table 1 constraints derived using analytic/semianalytic models
are noted.

While Table 1 lists constraints derived for individual SNe,
recently, given the increase in the sample of SN LCs due to
surveys, there have been efforts to study LCs for a set of SE
SNe (Lyman et al. 2016; Taddia et al. 2018; Prentice et al.
2019). These studies use the model of Arnett (1982) to
constrain the SN ejecta mass.” Assuming a 1.5 Mg NS
remnant, the ejecta mass can then be used to get a rough
estimate for the progenitor core mass. Though approximate,
constraints from these studies have the advantage of being
homogeneously reduced (e.g., when constructing bolometric
LCs). We consider these constraints separately when compar-
ing our models to observations.

4.2. Constraints from Progenitor Identifications

Another, albeit serendipitous, probe into SN progenitors is
direct detections in archival images. A progenitor detection in
more than one filter can constrain the progenitor luminosity and
effective temperature. Direct progenitor detections thus provide
an independent probe of the progenitor radius from analyz-
ing LCs.

SNe IIb have a higher number of progenitors detected in pre-
SN images compared to other SE SN types. To date, five SN

7 Taddia et al. (2018) also used hydrodynamical models and found similar
results to those from using the simple Arnett prescription.
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IIb progenitor candidates have been identified in pre-explosion
images: SNe 1993J (Aldering et al. 1994; Maund et al. 2004;
Fox et al. 2014), 2008ax (Crockett et al. 2008; Folatelli et al.
2015), 2011dh (Maund et al. 2011; Van Dyk et al. 2011;
Benvenuto et al. 2013), 2013df (Van Dyk et al. 2014; Maeda
et al. 2015), and 2016gkg (Kilpatrick et al. 2017; Tartaglia
et al. 2017; Bersten et al. 2018). For the other two SE SN types,
one candidate was found for each: Type Ib SN iPTF13bvn (Cao
et al. 2013; Folatelli et al. 2016) and Type Ic SN 2017ein
(Kilpatrick et al. 2018; Van Dyk et al. 2018). In addition, there
is evidence for the presence of binary companions to the
progenitors of SNe 1993J (Fox et al. 2014), 2001ig (Ryder
et al. 2018), and 2011dh (Folatelli et al. 2014).

While powerful, progenitor constraints derived from direct
detections have important limitations. The primary uncertainty
is due to line-of-sight coincidences and these can be difficult to
quantify. It is also difficult to rule out flux contamination from
nearby stars and/or a binary companion. Another source of
uncertainty comes from using stellar atmosphere models to
constrain the progenitor SED. The properties of the model
stellar atmospheres are strongly dependent on their mass-loss
rates (Gotberg et al. 2018). However, wind mass-loss rates,
especially during late evolutionary phases, are highly uncertain
(Smith 2014). There is also added uncertainty from potential
mass loss due to binary RLO. Finally, since most progenitors
are discovered in high-resolution HST archival images, there is
selection bias against hot progenitors since the instrument lacks
filters in wavelengths shorter than ~220 nm.

4.3. Constraints from X-Rays/Radio

The third observational probe into SN progenitor properties
is from X-ray /radio observations. Nonthermal X-ray and radio
emission arises as the SN shock interacts with the CSM shaped
by the progenitor. X-ray emission arises when CSM electrons
are shocked to relativistic speeds, either by the forward or the
reverse shock, due to inverse Compton, Bremsstrahlung, or
synchrotron processes (e.g., Fransson et al. 1996; Kamble et al.
2016). Both the forward and reverse shocks can contribute to
emission in X-rays. Radio emission arises when shock
accelerated electrons gyrate around shock amplified magnetic
fields producing synchrotron emission. X-ray and radio
emission provide independent constraints on the CSM density
if they arise from different processes (e.g., if radio is due to
synchrotron and X-rays are either due to inverse Compton or
Bremsstrahlung).

Once again there are important limitations to consider when
interpreting constraints derived from X-ray/radio analyses.
First, observations help constrain CSM densities at the radius
from which the emission arises,® p(R). While a progenitor
mass-loss rate can be derived assuming a wind-like CSM
profile as Mying = 47R2p(R)Vying, these can have significant
uncertainties. For example, the progenitor wind velocity can
vary by two orders of magnitude depending on whether the
progenitor was a red supergiant or a WR star. Moreover, the
assumption of wind-like profile itself may not be accurate if
there are density fluctuations resulting from intermittent mass-
loss episodes, either due to inefficient mass loss in binary
interactions and/or stellar eruptions. In other words, the

8 R .. R . L .
However, if the emission arises from free—free absorption in radio or

photoelectric absorption in X-rays, they probe the material in front of the
shock.
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treatment washes out information on the actual density profile
probed by the observations. In fact, Milisavljevic et al. (2013)
found evidence of CSM density modulations by a factor of two
for SN 2011ei. Gal-Yam et al. (2014) found evidence of
eruptive mass loss in the immediate environment (NIO12 cm)
of the progenitor of SN 2013cu using flash spectroscopy. Note,
however, that Strotjohann et al. (2015) did not find evidence for
pre-SN eruptions for the majority of SNe IIb. Therefore, in this
work, we use the ratio of Miying and Vying, as this is the only
reliable observationally derived quantity. Second, emission
from both the near and far side of the SN shock, potentially
arising from different environments, can contribute during later
phases. Therefore, constraints from earlier in the SN evolution
are cleaner probes of CSM density. All values listed in Table 1
are derived for CSM at radii <10'®cm. Finally, it is important
to remember that CSM density estimates are strongly
dependent on assumed shock microphysics, which are typically
loosely constrained.

5. Distributions of SN IIb Progenitor Properties and
Comparison to Observational Constraints

We compare the probability distributions of progenitor
properties to observationally constrained values from all three
probes discussed in Section 4. Given the inconsistencies in
statistical characteristics of derived values in Table 1, unless
otherwise noted, we convert all constraints with uncertainties to
a “range” using the 30 spread. This choice was intended to
keep our inferences conservative. We do not use the CSM
density constraint for SN 2008ax, as its 30 lower limit is 0. We
note that the distributions are not sensitive to alternative more
restrictive definitions considered in Paper 1.

5.1. Properties from Light Curves

Figure 4 shows distributions of single and binary SN IIb pre-
SN progenitor properties at solar and low metallicity that can
be constrained using LCs: hydrogen envelope mass, helium
core mass, and radius. The distribution of helium core mass for
binary SN IIb progenitors at solar metallicity is bimodal. The
high (low) helium core mass peak is due to progenitors with
Mzanmsa 2 (S)20Mg. The high core mass group consists of
mildly interacting binaries whose evolution largely resembles
their single-star counterparts. This group does not exist at low
metallicity because progenitors with Mzams 1 2, 20Mg do not
evolve to SNe IIb (see Paper I). The low helium core mass peak
is similar at both metallicities as our binaries experience mass
transfer after the main sequence.

Observational constraints for helium core masses of SNe IIb
are 1.5-6M. This constraint excludes single stars and the
binary high core mass group at solar metallicity as SNe IIb
progenitors. This conclusion has been underscored extensively
in the literature as one of the key pieces of evidence supporting
binaries as SN IIb progenitors. We also consider constraints
derived from samples of SNe IIb (Lyman et al. 2016; Taddia
et al. 2018; Prentice et al. 2019). We do not directly compare to
derived distributions because these are not corrected for
sampling bias or completeness and thus cannot be directly
compared to SNe IIb populations. The 3¢ range in helium core
masses derived from these studies is 1.5-11.8M (assuming a
NS remnant of mass 1.5M). This range is broad and does not
constrain our models. Interestingly, Prentice et al. (2019) found
evidence of two peaks in the distribution of SN IIb ejecta
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masses, at 2 and 4My (corresponding to 3.5 and 5.5M, for
helium core masses). While our distribution is also bimodal,
they peak at 3.5 and 11M. As we highlight in Section 4, since
Prentice et al. (2019) used the analytic model of Arnett (1982)
the derived values are likely only accurate within a factor of
a few.

The distribution of progenitor radii of binary SN IIb
progenitors at solar metallicity is also bimodal. The low (high)
radius peak is due to progenitors with T > (<) 10* K. The
peak in the radius distribution around 400Ry for high-
metallicity SNe IIb is due to the Hayashi line allowing
progenitors with increasing luminosity /decreasing envelope
mass to be stable with the same radius. Binary SN IIb
progenitors at low metallicity have smaller hydrogen envelope
masses and radii (a peak in progenitor envelope mass translates
to a peak in radius, and vice versa; see Section 3) than at solar
metallicity. This is due to the group of EB SNe IIb. As
discussed earlier, this channel is only viable in low-metallicity
models where weak winds permit the progenitor to retain its
hydrogen envelope leftover after the mass-transfer phase. The
group of EB SNe IIb dominates the distribution at low
metallicity because the parameter space that permits case EB
mass transfer is large (see Paper I). We note that it is likely that
low-metallicity models also represent solar-metallicity envir-
onments. There is evidence that stellar wind prescriptions,
including those used in this work, are overestimated
(Smith 2014; Sundqvist et al. 2019; Bjorklund et al. 2020),
particularly for late-stage low-mass stars (Yoon et al. 2017, see
also discussion in Section 6.2 in Paper I). Moreover, as
suggested in Paper I, low-metallicity models can help account
for observed SN IIb fractions irrespective of metallicity.

Observational constraints exclude SNe IIb with more
massive envelopes at solar metallicity. However, as we note in

Section 2, excluding models with hydrogen envelope >0.5M,
do not change the overall distributions presented in this paper
much. Observations indicate a broad range for SN IIb
progenitor radii and as such do not provide strong constraints
for our models. Although compact progenitors are not
represented in observations, this could be a result of
observational bias (see Section 4). Note also that SNe IIb
from compact progenitors would be harder to detect because
the cooling envelope feature in their LCs would be less
pronounced (Moriya et al. 2016). The existence of compact
progenitors is favored by our models, and if present, especially
in high-metallicity environments, would indicate the presence
of weak stellar winds.

5.2. Properties from Detection of Progenitors and their
Companions

Figure 5 shows distributions in the H-R diagram of single
and binary SN IIb progenitors at solar and low metallicity.
There are two groups in the binary SN IIb progenitor H-R
space at low metallicity. The top right group is roughly similar
to the one at solar metallicity and is due to case LB/C SNe IIb.
The bottom-left group, spanning across the H-R diagram, is
due to case EB SNe IIb. Since these progenitors are highly
stripped they lie along the helium MS (Kohler et al. 2015).
Although, these progenitors are not represented in observa-
tions, this could be due to observational bias toward detecting
redder stars (see Section 4). Note that there is indirect evidence
for a WR progenitor for SN 2013cu using flash spectroscopy
(Gal-Yam et al. 2014, but see Groh 2014). There is a gap in the
H-R locations of the two groups at € = 0.5. This is because
progenitors that initiate mass transfer late on the HG with high-
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C SNe IIb, respectively.

mass transfer efficiency enter contact and are expected to merge
(see Paper I).

Most companions lie on the main sequence, producing the
almost vertical streak in the distributions. Similar to Claeys
et al. (2011), we find that SN IIb companion effective
temperature and luminosity decrease for lower accretion
efficiencies. The range in companion luminosities for binary
SN IIb with € = 0.5 at low metallicity is smaller. This is
because low initial mass ratio EB SNe IIb enter unstable mass
transfer or contact due to a combination of the effects of low
mass ratio, high mass-transfer efficiency, and mass transfer on
the Hertzsprung gap (see Paper I). Redder companions result
from binaries with initial mass ratios close to unity, where the
companion also evolves off the main sequence. These are less
likely at higher mass-transfer efficiencies, which produces
more contact systems that we expect to merge. We find that
systems where the companion is red as a result of a recent rapid
mass transfer event are rare.

Overall, our binary SN IIb models are able to explain the
H-R properties of SN IIb progenitors and companions detected
to date. H-R locations of detected progenitors of SNe IIb are
favored at solar metallicity and low mass-transfer efficiency
(e =0.1) at low metallicity. Single SN IIb progenitors are
excluded within 1o of observed constraints. Our models
indicate the existence of a large population of blue highly
stripped SN IIb progenitors at low metallicity. However, as
mentioned earlier, it is likely that these models represent solar-
metallicity environments as well.

5.3. Properties of Circumstellar Medium

To compare CSM properties at similar observational
conditions, we examine SN IIb progenitor properties a given
number of years before CC. Since our models are stopped at
core carbon exhaustion, and this point could be between 0.1
and 100 yr before progenitor CC depending on mass, we run
single-star models with stellar winds turned off until silicon
core exhaustion’ to compute the time remaining until CC for a
given core mass. Specifically, we compute linear fits to time
between core carbon and silicon exhaustion as a function of
carbon core mass. We assume that CSM properties are
dominated by more massive wind parcels and that the wind
velocity is the escape velocity of the star/binary component it
originates from. For the majority of binaries the progenitor star
has the higher mass-loss rate, so its mass loss characterizes
the CSM.

Figure 6 shows the distributions of CSM properties of single
and binary SNe IIb at solar and low metallicity shaped by the
progenitor system 100 yr before progenitor CC. Our results do
not change much for CSM properties shaped either 10 or 1000
yr before CC. CSM for binary SNe IIb at low metallicities is
less dense than at solar. This is because binary SNe IIb
progenitors at low metallicities are more compact and therefore
have higher wind velocities. Case C SNe IIb are observation-
ally valuable as they are more likely to be undergoing mass

° Defined as the point when the central silicon mass fraction drops below
107 Our models with ZAMS masses <10.5Mg and carbon core
masses S2M, ignite neon off-center and do not reach silicon core exhaustion.
Since our our conclusions are not strongly dependent on the progenitor age at
which the CSM is shaped, we ignore these models when computing fits.
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mode >0.01. Gray shaded regions show the observationally range inferred for SNe IIb. Constraints for individual events are indicated using lines (ranges), circles
(single values), and triangles (upper limits). Note that, as discussed in Section 4, observations constrain CSM densities or the ratio of Mying and Vyina.

transfer close to CC, leaving an imprint of their interaction on
their CSM. Although a few case C SNe IIb models with
€ = 0.5 have their CSM affected due to binary interactions
1000 yr before CC (with vying ~ 1000km s7! and
Miging ~ 10*My yrfl), the overall distributions of CSM
properties of case C SNe IIb are not very different from case
B SNe IIb.

Using four SN IIb with detected progenitors, Maeda et al.
(2015) found a correlation between CSM density and
progenitor radius derived from photometry. Kamble et al.
(2016) found similar results using radio luminosity (which is a
proxy for CSM density) and the product of the peak bolometric
luminosity and duration of the shock breakout phase of the LC
(which is proxy for progenitor radius). We cannot verify these
relations because our wind velocity estimate depends on the
progenitor radius. However, we note that, given the relation
between SN IIb envelope mass and radius described in
Section 3, it is likely there is also an analogous correlation
between CSM density and progenitor envelope mass.

Observationally constrained CSM properties for SNe IIb are
consistent (though only on the low side) with single SN IIb
progenitors at low metallicity and case LB/case C binary SN
IIb progenitors at both metallicities. However, since there is a
bias toward detecting brighter events in X-rays/radio, the
nonrepresentation of the dominant group of EB SNe IIb could
be due to observational bias. Interestingly, Weil et al. (2020)
found evidence for a WR-like wind phase close to CC for the
progenitor of Cas A. This is in addition to a recent estimate
showing the progenitor to have been subsolar (Sato et al. 2020).
However, Schure et al. (2008) constrained the maximum
lifetime of a potential WR progenitor for Cas A to
be <2000 yr, making the progenitor incompatible with EB

SNe IIb. Note that there is no companion to Cas A to deep
limits (Kochanek 2018; Kerzendorf et al. 2019).

6. Observationally Valuable Regimes for Constraining SN
IIb Progenitors

While our models are able to account for current observa-
tional constraints for SNe IIb, there are regions favored by our
models that are not represented in observations. Unobserved
regimes either exclude the corresponding evolutionary scenar-
ios or could be a result of observational bias.

The only channel that can be excluded due to nonrepresenta-
tion in observations is single and mildly interacting binaries.
However, the remaining unobserved observational regimes can
be attributed to observational bias and offer opportunities to
target future observations for further constraining SN IIb
progenitor channels.

The main channel that contributes to unobserved observa-
tional regimes is due to EB SNe IIb. They produce highly
stripped and compact progenitors that are currently unobserved
by all three observational probes considered in this work.
Specifically, our models favor the existence of SN IIb
progenitors that are blue (Tofrpresni i) S 10 K) with
~10*-0°3 L, radii <50Ry and low CSM densities. More-
over, since these progenitors lie along the helium MS, their
luminosities are correlated with their effective temperatures,
which can aid in narrowing down follow-up strategies.
Detection of this group of SN IIb progenitors, especially in
high-metallicity environments, would favor the presence of
weak stellar winds. In fact, as we suggest in Paper I, they are
likely to exist even in high-metallicity environments as they
can account for observed SN IIb fractions. The nondetection of
this group of progenitors would indicate other channels toward
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SNe IIb (e.g., Young et al. 2006; Hirai et al. 2020). We note
that, as discussed in Section 2, it is unclear whether explosions
of compact EB SN IIb will result in a SN IIb or a SN Ib spectral
classification. The classification of IIb versus Ib can be
observationally biased by the epoch when spectra are first
obtained (Chornock et al. 2011; Milisavljevic et al. 2013).
Interestingly, the photometric properties of EB SNe IIb
progenitors are consistent with the identified progenitor of
SN Ib iPTF13bvn. Moreover, the CSM properties of EB SNe
IIb are consistent with those of SNe Ib (Drout et al. 2016;
Margutti et al. 2018).

Our models predict the existence of a dominant population
of blue (MS) companions to SN IIb progenitors with
~10%7-1052 L along with a smaller population of red and
yellow (at high metallicity and mass transfer efficiency)
companions with ~10%4-10°* L. The H-R space for
companions can also help constrain the efficiency of mass
transfer in binaries. Specifically, the existence of red evolved
companions and  low-luminosity = companions  with
~10%4-1034 Ly would favor inefficient mass transfer. In fact,
as we conclude in Paper I, low-mass transfer efficiencies
(<0.1) in addition to subsolar stellar winds are needed,
regardless of environment, to account for observed SN IIb
fractions.

7. Conclusions

In this second paper of a two-part series aimed at conducting
a comprehensive investigation of SNe IIb progenitors, we
compare theoretical distributions of SN IIb progenitor proper-
ties to constraints from three independent observational probes.

Our models successfully explain the range in current
observations. We also identify observational regimes that
either exclude some evolutionary scenarios or are potentially
unobserved due to bias and can be targeted to further constrain
progenitor channels (see Section 6). The detection of SN IIb
progenitors in these regimes would result in improved
convergence of our understanding of SN progenitors from all
observational lines of evidence: SN IIb fractions, progenitor
structure constraints from LCs, direct progenitor detections in
archival images, and CSM properties from X-ray/radio
observations. It would provide strong support for binaries as
SN IIb progenitors experiencing weak stellar winds and
inefficient mass transfer regardless of environment.

This paper demonstrates the importance of statistically
comparing inferences from population scale modeling to
observations. However, there is currently a lack of statistical
constraints for SN IIb populations from the observational side.
As mentioned in Paper I, robust estimates of SN IIb fractions as
function of metallicity will help improve insights from
comparing to theoretical models. There is also a need for
distributions of constraints from LCs, ideally also as a function
of metallicity. The wealth of data from surveys like All-Sky
Automated Survey for Supernovae (Kochanek et al. 2017),
Zwicky Transient Factory (Bellm 2014; Bellm & Kulk-
arni 2017), and, at the turn of the decade, LSST (Tyson 2002;
Ivezic et al. 2019) should help address both limitations. It is
harder to obtain large samples of direct progenitor detections
because of the limited sensitivity of instruments (e.g., the
detection horizon with HST is ~20 Mpc) and the availability of
pre-SN observations in relevant bands. Moreover, while HST is
expected to remain operational until at least 2025, there are
currently no missions with the ability to undertake high-
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resolution UV imaging to aid in companion searches or for
acquiring data that could lead to serendipitous hot progenitor
(such as those favored in this work) identifications. However,
two of four 2020 Decadal Survey Mission Concept studies,
LUVOIR (The LUVOIR Team 2018) and HabEx (Mennesson
et al. 2016), can serve as successors to HST with significantly
improved capabilities. For example, LUVOIR can reach ~4
times the depth of HST in ~10% the time (The LUVOIR
Team 2019). On the other hand, efforts toward conducting
large sample studies of CSM properties are under way (e.g.,
Drout et al. 2016; Margutti et al. 2018). The availability of data
discussed above along with theoretical models using accurate
mass-loss rates will lead to true convergence of our under-
standing of SN IIb progenitors from both theoretical and
observational fronts.
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