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ABSTRACT

A Comprehensive Investigation of Type IIb Supernova Progenitors: Combining

Theory, Observations, and Statistics

Niharika Sravan

Context: Type IIb supernovae (SNe) are important candidates to understand mecha-
nisms that drive the stripping of stripped-envelope (SE) supernova (SN) progenitors.
While binary interactions and their high incidence are generally cited to favor them
as Type IIb SN progenitors, this idea has not been tested using models covering a
broad parameter space.

Aims: In this work we use single- and binary-star models at solar and low metal-
licities covering a broad parameter space to investigate the progenitors of and evolu-
tionary pathways to Type IIb SNe. We also estimate theoretical Type IIb SN rates
and make predictions for observable constraints. We also perform a case study on
SN 2016gkg using Bayesian inference to derive the probability distributions of its
progenitors using existing observational constraints.

Methods: We use the largest database of self-consistently computed Type IIb

progenitor models, statistical inference methods and multiple comparison methods to



observations. As a result, our work provides the strongest constraints on Type IIb
progenitors and progenitor channels to date.

Results: We find that the parameter space for single-star SN IIb progenitors de-
creases and that for binary-star SN IIb progenitors increases with decreasing metal-
licity.

We find that single and binary stars contribute roughly the same as Type IIb SNe
at solar metallicity. Binary stars only dominate as progenitors at low metallicity. We
also find that our models can account for less than half the observationally inferred
rate for Type IIb SNe at high metallicity, making up < 4.5% of all core-collapse (CC)
SNe. On the other hand, our models can account for the rates currently indicated by
observations at low metallicity, making up 0.5 — 15% of all CC SNe. However, this
requires low mass transfer efficiencies (~ 0.1) in the binaries.

We find that potential binary star progenitors for SN 2016gkg have smaller pre-
SN hydrogen-envelope and helium-core masses than potential single-star progenitors
typically by 0.1M, and 2M,), respectively. We find that, a binary companion, if
present, is a main-sequence or red-giant star. We demonstrate that the range of pro-
genitor helium-core mass for SN 2016gkg inferred from observations could help im-
prove constraints on the progenitor. We find that the probability that the progenitor
of SN 2016gkg was a binary is 22% when we use constraints only on the progeni-
tor luminosity and effective temperature. Imposing the range of pre-SN progenitor
hydrogen-envelope mass and radius inferred from SN light-curves the probability the
progenitor is a binary increases to 44%. However, there is no clear preference for a

binary progenitor.



Conclusions: We suggest that, at solar metallicity, the stellar wind mass-loss rates
are lower than those currently used in most stellar evolution models. Lower mass-loss
rates would widen the parameter space for binary Type IIb SNe at solar metallicity
by allowing stars that initiate mass transfer earlier in their evolution to reach CC
without getting stripped. Our analysis of SN 2016gkg demonstrates the importance
of statistical inference methods to constrain progenitor channels. Our work indicates
that to address the question of progenitors of SNe IIb we still need four pieces of
information: (1) SN IIb rates as a function of metallicity, (2) better constraints on
structural properties of SN IIb progenitors, (3) robust distributions for single- and
binary- star properties, and (4) theoretical models for SN IIb progenitors at solar
metallicity using the ‘correct’ mass-loss prescription. Finally, our work highlights the
importance of self-consistent broad parameter space modeling and statistical inference
methods to constrain SN progenitor channels. Such methods will be especially impor-
tant given the deluge of data expected with the imminent launch of Large Synoptic

Survey Telescope (LSST).
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CHAPTER 1

Introduction

1.1. An Overview of Type IIb SNe

Core-collapse SNe are explosions marking deaths of stars with zero-age main se-
quence (ZAMS) masses 2 8M, (see e.g. Smartt}, 2009, for a recent review). Depending
on the absence or presence of hydrogen lines in supernova spectrum, SNe are clas-
sified into Type I or Type II, respectively. The absence of hydrogen features in a
Type I CC SN spectrum is attributed to a progenitor star that lacks its outer hy-
drogen layers. Type IIb SN progenitors exhibit ‘mild’ stripping of their outer layers,
initially exhibiting prominent hydrogen spectral features that weaken and disappear
in the weeks following the explosion. Type I CC (also known as Type Ibc) and Type
ITb SNe are therefore also referred to as SE SNe. The mechanisms that drive the
stripping and regimes in which they dominate are still open questions. The leading
candidates are close binary interactions (e.g., [Podsiadlowski et al., 1992; Yoon et al.,
2010, [2017)), 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,b)), and nuclear
burning instabilities (e.g., Arnett & Meakin, 2011} [Strotjohann et al., 2015).

Binary interactions were initially the favored channel to strip stars due to the high
observed binarity of Wolf-Rayet stars. However, with spectroscopic UV observations

indicating strong stellar winds that were sufficient to strip stars (Chiosi et al., [1978)),



14

they became the preferred channel. The trend is now appearing to be reversing, with
binary interactions gaining traction as the preferred formation channel. This is due a
variety of pieces of evidence. First, clumping in stellar winds suggest that currently

used mass-loss rates are too high; hot wind mass-loss rates are lower by a factor of

2 — 3 than currently used in stellar evolution calculations (Smith/|2014; but also see

Vink & Grafener|2012)). Second, recent observations indicate that massive stars are

predominantly part of close binary systems (Sana et al., 2012; Moe & Di Stefano,

2017). Other indirect lines of support for the binary interaction channel to SE SNe

include the fact that observed SE SN rates are too high to be explained solely by

single-star evolution (Smith et al [2011) and very high inferred mass-loss rates for

SE SN progenitors from X-ray/radio observations (Wellons et al., [2012; Drout et al.)

2016).
Type IIb SNe are of particular interest in understanding formation channels to
SE SNe because of a few reasons. First, they are the only class within the group that

has several (five) identified progenitorsﬂ Second, there is evidence for the presence of

a binary companion to the progenitor in some cases (Fox et al. |2014; [Folatelli et al.,

2014a; Ryder et al.| 2018al). Finally, Type IIb SNe are quite abundant, accounting

for 10 — 12% of all CCSNe and 30-40% of all SE SNe (Li et al., 2011} Smith et al,,

2011} |Shivvers et al., 2017).

IThe progenitor of Type Ib SN iPTF13bvn was identified by (2013)) and confirmed by its
disappearance by [Folatelli et al.| (2016). There is also a candidate for the progenitor of Type Ic SN

2017ein (Van Dyk et al., 2018).
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1.2. A Brief History of Type IIb SNe

The classification Type IIb began with SN 1987K in NGC 4651 (Filippenko, |1988)).

SN 1993J is the prototypical Type IIb SN. It exploded in the nearby spiral galaxy M81.

Early light curve modeling of SN 1993J indicated that its progenitor was a helium

star having a low-mass and extended residual Hydrogen envelope (Nomoto et al.

11993; [Podsiadlowski et al., 1993} [Filippenko et al. [1993; Woosley et al., [1994). Tts

progenitor star was identified in ground-based pre-explosion images by |Aldering et al.

(1994). They also found that the SED had a blue component which they attributed
to either an OB association or a binary companion. Late-time observations of the

region provide strong direct evidence for the presence of a companion star (Maund

et al., |2004; Fox et al., 2014). SN 1993J is the best-studied Type IIb SN to date, in

part due to its proximity, being the subject of several observational and theoretical
investigations.

Since 1993, progenitors of four more Type IIb SNe have been identified in pre-

explosion images: SN 2008ax (Crockett et al. |2008; [Folatelli et al., [2015), SN 2011dh

(Maund et all [2011} [Van Dyk et all 2011} Benvenuto et all, 2013), SN 2013df

Dyk et al), 2014; Maeda et al), 2015), and SN 2016gkg (Kilpatrick et al., 2017;

Tartaglia et al. 2017; Bersten et al.,|2018). There is also evidence for binary compan-

ions to the progenitors of SN 2001ig and SN 2011dh (Fox et all 2014; Ryder et al.

2018a; [Folatelli et al., [2014al). The Galactic supernova remnant, Cassiopeia A, is

known to be the result of a Type IIb SN from spectra of light echoes (Krause et al.,

2008; Rest et al., 2011). There is no bound companion to the progenitor even at deep

limits (Kochanek, 2018)).
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1.3. Past Efforts Towards Understanding the Progenitors of Type IIb

SNe

Most early theoretical investigations into progenitors of and evolutionary path-
ways to Type IIb focussed on SN 1993J (e.g., Podsiadlowski et al.; [1993; Woosley
et al., [1994; Maund et al., 2004} Stancliffe & Eldridge], 2009). |Chevalier & Soderberg
(2010) studied a sample of Type IIb SNe and suggested that they can further be clas-
sified into two sub-types, compact and extended; compact (extended) Type IIb SNe
have compact (extended) progenitors and exhibit high (low) radio shell velocities.
However, this suggestion was challenged quickly by the discovery of SN 2011dh ex-
hibiting both rapidly expanding radio shells (Soderberg et al., 2012) and an extended
yellow supergiant (YSG) progenitor (Folatelli et al., [2014a)). [Yoon et al. (2010]) and
Dessart et al.| (2011)) studied progenitors of Type Ib/c SNe arising as a result of mass
transfer in close binary systems and found that some of their Type Ib SN progenitors
exploded with small amounts of residual hydrogen. They suggested that these pro-
genitors may be classified as Type IIb SNe if detected soon after explosion. Indeed,
Folatelli et al.| (2014b) found that some Type Ib/c SNe were misclassified and are
actually Type IIb SNe and, more recently, |Liu et al.| (2016]) found significant overlap
and a continuum in the signatures of Type IIb and Ib SNe spectra.

Claeys et al.| (2011)) performed the first parameter space search for single and bi-
nary progenitors of Type IIb SNe and their companions. However, they restricted
their binary parameter search space to initial primary masses 15M), initial secondary
masses 10Mg — 15Mg, initial orbital periods 800 — 2100 days, and solar metallic-

ity. |Groh et al. (2013a)) and (Groh et al. (2013b)) used solar-metallicity single-star
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non-rotating and rotating models and identified their 20 — 25M, rotating models as
potential Type IIb SN progenitors. Recently, [Yoon et al| (2017) undertook a wide
parameter space search for binary Type IIb and Ib SN progenitors, varying the initial
primary-star mass from 10 — 18 M, initial orbital period from 10 — 3000 days, with
initial mass ratio = 0.9 for two different metallicities, Z = 0.007 and 0.02. They

assumed only non-conservative mass transfer with mass transfer efficiency of 0.2.

1.4. Motivations and Goals of Dissertation

The advent of rapid-cadence big-data telescopes like the ZTF (Bellml, |2014; Bellm
& Kulkarni, 2017), ASSA-SN (Kochanek et al. 2017), DLT40 (Valenti et al., [2017)),
KAIT (Filippenko et al.| 2001), and, at the turn of the decade, LSST (Tyson, 2002;
[vezic et al.,|2008) have created an urgency for a comprehensive database of theoretical
models to aid with progenitor characterization and in the case of binary progenitors,
their companions. Large Synoptic Survey Telescope (LSST) will collect 30TB of data
per night and is expected to find 1-10 million new events per night. This is a factor of
100 higher than the largest current survey, the Palomar Transient Factory (PTF). In
turn, the wealth of information that is expected to be available in the future will allow
us to test our models and improve our understanding of the physics governing various
transient phenomena. Motivated by this need, we investigate the progenitors (their
evolutionary pathways and properties) of Type IIb SNe (henceforth referred to as SNe
IIb) using a comprehensive parameter space study. We also conduct a comprehensive
statistical analysis on SN 2016gkg to derive constraints on its progenitor system as a

case study and to test our methods.
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CHAPTER 2

Stellar Models

We use Modules for Experiments in Stellar Astrophysics (MESA Release 9575; |[Pax-
ton et al.| 2011}, 2013} [2015, 2018) to compute a large grid of non-rotating single- and
binary-star models at solar (Z) and 1/4 solar (which we henceforth refer to as ‘low
metallicity’) metallicities. We choose the latter to represent nearby low metallicity

environments, i.e. between the Large and Small Magellanic Cloud metallicities.

2.1. Physics and Numerical Assumptions

We adopt the ValueE] of Zo = 0.02 to allow comparison of our results with earlier
studies. We assume that helium abundance increases linearly from its primordial
value Y = 0.2477 (Peimbert et al., [2007) at Z = 0.0 to Y = 0.28 at Z = 0.02 (Brott
et al., [2011)). In the following, we summarize the properties of our models.

We use the basic.net, co_burn.net, and approx21.net nuclear networks in
MESA. We use radiative opacities tables from the OPAL project (Iglesias & Rogers,
1996)) scaled to the initial abundances of a model. We model convection using the stan-
dard mixing-length theory (MLT; Bohm-Vitense, [1958; |Cox & Giuli, |1968)), adopting
the Ledoux criterion, with the mixing length parameter, anpr, set to 1.5, How-
ever, during late-stages of massive star evolution, regions in convective envelopes can

approach the Eddington limit with convective velocities nearing the sound speed,

IWe note that the exact value of Z is not settled (see e.g., |Asplund et all 2009; Vagnozzi et al.,
2017)).



19

which is inconsistent with the assumptions of standard MLT. Since the treatment of
the physics in these regimes is a subject of active research, we currently employ a
different treatment of convection in MESA, known as MLT++ (Section 7.2, Paxton
et al., |2013), that artificially reduces the super-adiabacity in these regions, implying
unspecified additional energy transport. We model overshooting by extending the
hydrogen-burning convective core boundary determined by the Ledoux criterion by
0.335 of H, (Brott et all [2011). We assume negligible overshooting for all other con-
vective regions. Semi-convection occurs when a region that is unstable according to
the Ledoux criterion is stabilized by a composition gradient. It has an important, yet
ill-constrained, effect on the evolution of massive stars (Langer, [1991)). MESA uses the
formulation of Langer et al.| (1983) to model semi-convection. We adopt the value of
the dimensionless free-parameter a . to be 1.0 (Yoon et al., |2006). Similarly, thermo-
haline mixing can also cause additional mixing by rendering a region that is stable
according to the Ledoux criterion unstable due to a negative composition gradient.
This phenomenon has an important effect on the evolution of accretors in close bi-
nary systems (e.g., Stancliffe et al., 2007). MESA uses the formulation of Kippenhahn
et al.| (1980) to model thermohaline mixing. We adopt the value of the dimensionless
free-parameter a4y, to be 1.0.

We use luminosity, effective temperature (Tog), surface hydrogen mass fraction
(Xsut), and metallicity dependent stellar winds. When T > 1.1 % 10* K we adopt the
prescription of Vink et al.| (2001)) when Xg,,r > 0.4 and that of Nugis & Lamers| (2000)
otherwise. When T.g¢ < 10* K we adopt the prescription of|de Jager et al.| (1988)) scaled

by (Z/Z)"®, to match the metallicity scaling of [Vink et al.| (2001)), where Z is the
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initial metallicity of a model. Note that the prescription of Nugis & Lamers| (2000)
scales as the square-root of surface metallicity. When 10*K < T,g < 1.1 x 10*K we
interpolate between the results for T, > 1.1 x 10*K and Tps < 10* K.

We use the binary module of MESA to model binary stars. We adopt the ‘implicit’
mass transfer scheme (Paxton et al. 2015) and the prescription of Kolb & Ritter
(1990) to compute the mass transfer rate due to Roche-lobe overflow (RLO). The
mass lost from the primary due to RLO is transferred to the secondary with an
efficiency (ratio of mass accreted by the secondary to the mass transferred via RLO
by the primary), €, that we assume to be constant during the entire evolution. We
assume that the remaining mass is lost from the vicinity of the accretor as its stellar
winds. Stellar winds are assumed to carry away the specific angular momentum of
the mass losing stars. We require that primaries transfer at least 1% of their initial
mass in RLO to qualify as ‘binary’ progenitors. This is to exclude effectively non-
interacting binary-star models that largely resemble their single star analogs. We
show in Section [o| that the exact criterion for selecting ‘binaries’ does not effect our
inferences for progenitor channels and derived rates significantly. Finally, we assume
all initial orbits to be circular.

We start the evolution of every star at the zero-age main sequence (ZAMS). We
terminate the evolution if any one of these conditions are met: (1) the central car-
bon mass fraction drops below 107¢ for solar-metallicity models and 10™3 for low-
metallicity models, in which case we assume the star has reached C(fL (2) if the
2After modeling our solar-metallicity models we found we could stop the evolution of our models

earlier and used it in our low-metallicity models. See the Appendix where we evolve representative
solar- and low-metallicity models to advanced nuclear burning stages.
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Table 2.1. Initial properties of solar- and low-metallicity models

Solar Metallicity Low Metallicity

Type Property min max  interval min max interval

Single Stars loglO(MZAMs/M@) 1.3445 1.4090 0.0005 1.7 — —

log,o(Mzams1/Me)  1.00  1.40 0.02  1.00 140  0.02

. qzAMS 0.225 0.975 0.05 0.225 0.975 0.05
Binary Stars
1.0 2.6 0.1
log,o(Porb/d) 2.5 3.8 0.02 +

2.7 3.7 0.02

! Mzawms,1: Initial primary mass

2gzams = Mzams,2/Mzawms,1: Initial mass ratio

3P,wp: Initial orbital period
hydrogen-envelope mass drops below 0.01M, in which case we assume the star is
stripped and will explode as a Type Ibc SN, or (3), in binaries, the accretor overfills
its Roche-lobe, in which case we assume a common-envelope (CE) ensues. We assume
the surface properties of the star at this stage match the pre-SN state. While this is
plausible, recent work suggests that waves can efficiently transport energy outwards
during core neon and oxygen burning stages. This could result in outbursts and large
fluctuations in surface properties of the star in the years or months leading to CC

(Quataert & Shiodel 2012; Shiode & Quataert|, 2014} Fuller, 2017)).

2.2. Parameter Space

In the following subsections and Table we summarize the parameter space
for our single- and binary-star models at solar and low metallicities. All neces-
sary MESA input files to reproduce our models are available at https://github.

com/niharika-sravan/IIb_progenitors.


https://github.com/niharika-sravan/IIb_progenitors
https://github.com/niharika-sravan/IIb_progenitors
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2.2.1. Solar-Metallicity Models

We compute solar-metallicity single-star models with initial mass, log,o(Mzams/Ms)
= 1.3445 — 1.409 (Mzams/Me ~ 22 — 26) in intervals of 0.0005 dex. The model with
logyo(Mzams/Mg) = 1.409 is the most massive solar-metallicity single-star model that
is not stripped before reaching CC (see above for our definitions of stripping and CC).

We compute solar-metallicity binary-star models with initial primary mass,
logo(Mzams1/Me) = 1.0 — 1.4 (Mzams /Mo =~ 10 — 25) in intervals of 0.02 dex,
initial mass ratio, qzams = Mzams2/Mzams1 = 0.225 — 0.975 in intervals of 0.05,
and initial orbital period, logo(Porb zams/d) = 2.5 — 3.8 (Pobzams/d=>~ 316 — 6310)
in intervals of 0.02 dex. We only consider case B or later mass transfer (i.e. mass
transfer after core hydrogen exhaustion) in this work; a systematic investigation of
case A mass transfer (i.e. mass transfer before core hydrogen exhaustion) towards
SNe IIb is beyond the scope of this work and would be an interesting line of fu-
ture investigation. Thus the upper limit on the initial primary mass is set to the
mass of the most massive single-star model that is stripped by its own stellar winds
(Mzans = 25.6M,), since case B or later mass transfer will only result in additional
mass loss as the core is already established. We compute the models for e = 1.0 (fully
conservative mass transfer), 0.5, 0.1 and 0.01. Models with e = 0.5 and 0.1 are the

same as those analyzed in |Sravan et al. (2018).

2.2.2. Low-Metallicity Models

We compute a low-metallicity single-star model with initial mass, log;,(Mzams/Ms) =

1.7 (Mzams /Mg ~ 50). Models with log,o(Mzams/Me) > 1.7 take prohibitively long
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to compute. However, we show in Sections [4.1], [£.2] and [f] that we are still able to
draw meaningful conclusions regarding progenitor channels towards SNe IIb at low
metallicity.

We compute low-metallicity binary-star models with the same initial primary
masses and initial mass ratios as at solar. However, we use coarse (0.1 dex) and fine
(0.02 dex) intervals for initial orbital periods below and above log;y(Pob zams/d) = 2.7
(Porbzams = 501 days), respectively, to reduce computational demand at short periods
while adequately resolving progenitors experiencing late case B and case C (mass
transfer after core helium exhaustion) mass transfer at long periods. Once again, our
coverage of the range in orbital periods does not capture case A mass transfer. We
limit the initial primary mass to Mzams 1 =~ 25Mg, even though our single-star models
at low metallicity retain large envelopes at this mass, due to computational reasons.
However, we show in Section [5| that potential SN IIb progenitors with Myzams1 2
25M, are relatively very few and do not affect our inference for progenitor channels
significantly. We compute all the aforementioned low-metallicity models for e = 0.5
and 0.1. We do not use € = 1.0 and 0.01, because, as we show in Section [4.1], the
parameter spaces at € = 0.01 and 0.1 are quite similar and the parameter space at
€ = 1.0 is quite small at solar metallicity. In addition, mass transfer is expected to
be non-conservative due to rapid spin-up of the secondary to critical rotation during
mass transfer (Packet, |1981}; |Petrovic et al. 2005; Ritchie et al., 2012, also see Popham

& Narayan (1991)) for a counter argument).
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CHAPTER 3

Method to Investigate Type IIb SN Progenitors

3.1. Defining Type IIb SN Progenitors

Models described in Section 2] with primaries that reach CC with residual hydrogen
envelope massﬁ 0.01Me < My env,presn(1) < 1M are defined as SN IIb progenitors.
This is our fiducial definition. The upper limit on the residual hydrogen envelope mass

is a generous one since inferred values for it for SNe IIb with detected progenitors are

< 0.5M (Woosley et al., |1994; [Houck & Fransson, |1996; Bersten et al., [2012; Morales-|

\Garoffolo et al., 2014} |Arcavi et al., [2017; Bersten et al.,[2018). SNe IIb with detected

progenitors have the most massive and thus most extended envelopes (Yoon et al.|
2017) among all SN IIb progenitors, as more compact progenitors would be harder
to detect. Further, the cooling envelope feature in the SN IIb light curve would

be harder to detect for more compact progenitors as it decreases with decreasing

envelope radius/mass (Moriya et all 2016). However, we also apply cuts on the

residual hydrogen envelope mass (0.01Mg < My enypresn(1) < 0.5Mg) and helium

core mass (2Mo < Mue core,presn(,1) < 6Mg;[Nomoto et al., [1993; [Woosley et al.,|1994;

[Morales-Garoffolo et al., 2014} [Ergon et al., 2014; Folatelli et al., 2015; [Ergon et al.|

2015) motivated by values derived for them for SNe IIb with detected progenitors.

IThe hydrogen envelope-helium core boundary is defined as the outermost point where the hydrogen
mass fraction < 0.01 and the helium mass fraction > 0.1.
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3.2. Statistical Methods

We assume the following fiducial distributions of binary fraction, ZAMS mass,
initial mass ratio, and initial orbital period. We assume the distribution of the fraction
of binary systems, fui,, is flat with respect to ZAMS mass, initial mass ratio, and
initial orbital period. The distribution of initial mass, Mzans, of all stars is assumed

to be the Salpeter IMF (Salpeter, |1955)

(3.1) f(Mzams) = (Mzams) ™.

We assume that the minimum ZAMS mass to undergo CC is 8 M (Woosley et al.|
2002; [Smartt, 2009). We adopt a power-law distribution for the initial mass ratio,

q7ZAMS;

(3.2) f(gzams) = (qzams)”

We assume that it is valid between 0.2 < gzams < 1.0 (Kobulnicky et al., 2014). Fi-

nally, we assume a power-law distribution for the initial orbital period, log,q Porb,zaMs,

(3~3) f(loglo POrb,ZAMs) = (10g10 Porb,ZAMS)W-

We assume that it is valid 0.15 < logyo(Porbzams/d) < 3.80 (the upper limit on the
initial orbital period modeled in this work). Note that while massive binary properties
are observed to be relatively insensitive to metallicity only between solar and Large
Magellanic Cloud metallicities (and initial orbital periods from 1-1000 days; Almeida

et al., [2017)), we assume that they are preserved down to a fourth-solar.
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We use several values of fui,, «, 8, and 7. For fi;, we use 0.25, 0.5, 0.65, and
0.8. The first two are to allow comparison of our results against those of |Claeys et al.
(2011]), while the last two are the upper and lower limits on fi;, found by Kobulnicky
et al.| (2014)). For o we use 1.6, 2.3, 3.0 to capture the range in alpha (Kroupal 2001;
Schneider et al.,|[2018). For 8 we use -1.0 (negative values of 5 favor binaries with low
gzawms or unequal binary component masses) and 0.0. § = 0.0 is according Kobulnicky
et al. (2014) and 5 = —1.0 is to allow comparison of our results against those of Claeys
et al| (2011). For v we use 0.0 and -0.22. The first is Opik’s law (Opik, [1924), while
the second is according [Kobulnicky et al.| (2014). Note that, though the distribution
of Kobulnicky et al.| (2014)) is only valid up to Py zams = 2000 days, we assume that
it holds up to ~ 6310 days. However, we note that we find good agreement with
SN IIb rates computed using the distributions of Moe & Di Stefano (2017, discussed
next) that are valid for larger values of Py, zams. We adopt frim = 0.5, o = 2.3, f =
-1, and v = —0.22 as our fiducial values.

In addition to the simple distributions discussed above, we also consider recent
distributions derived by Moe & Di Stefano (2017) to calculate SN IIb rates. We
simulate a large population (10° samples) of single and binary stars with initial (in
binary systems, primary) mass Mzams > 8Mg using a Monte Carlo technique and
use the simulated population to compute rates. For this assume the Salpeter IMF
and a = 1.6, 2.3, and 3.0.

Finally, we assume that each model with initial parameters, gmod (i.e. Mzams
and, in binaries, gzams and Pobzams), are representative of all models with initial

parameters € [5m0d — Abod /2, Oumod + Abmod /2], where AG,,.q is vector of parameter
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spacing. If the parameter space spacing changes at a given initial parameter, 0,0q
(which is the case for log;o(Porb zams/d)=2.7 in low-metallicity models), we assume
that these models are representative of all models with initial parameters € [émod —

Aémod’< /2, 0. 0q+ Aémod,> /2] where Aémod,< and Aémod7> are the parameter spacings

below and above Gpod, respectively.
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CHAPTER 4

Evolutionary Pathways Towards Type IIb SNe

4.1. Parameter Space of Type IIb SNe

We use models described in Section [2|, method described in Section |3} and fiducial
values of fuin (0.5), a (2.3), 5 (-1.0), and v (-0.22) to examine the parameter space
for single- and binary-star SN IIb progenitors at solar and low metallicities.

All solar- and low-metallicity single-star models described in Sections and
and listed in Table are SN IIb progenitors using our fiducial definition.
However, because Mye core presn(,1) = 26 M, for our least massive low-metallicity model
(Mzams/Ms ~ 50), we do not expect that these and more massive models won't
explode as SNe and instead collapse directly into black holes (Fryer} [1999)). Using the
tighter cut 0.01My < My env presn(1) < 0.5Mg models with Mzanmg ~ 23 — 25.5 M
at solar metallicity are SN IIb progenitors. However, because we only compute low-
metallicity single-star models up to Mzams =~ 50 M (which is the least massive SN
ITb progenitor using our fiducial definition; see Section , we are unable to delineate
corresponding parameter space at low metallicity using this cut. On the other hand,
applying the 2My < Mue corepresn() < 6Mg cut qualifies no single stars, either
at solar or low metallicity, as SN IIb progenitors: Mpye corepresn(1) = 9.5 (26) M,
for the least massive SN IIb progenitor (using our fiducial definition) at solar (low)

metallicity.
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Figure 4.1 Parameter space for binary SN IIb progenitors at solar metallicity. Hor-
izontal panels show models with representative gzams = Mzawms2/Mzanms1 (noted
to the bottom-left in the left-most panels) demonstrating how the parameter space
changes with gzams. Vertical panels from left to right show models with mass transfer
efficiency, € = 1.0 (fully conservative mass transfer), 0.5, 0.1 and 0.01. The color scale
shows the probability density using our fiducial distributions for initial properties
of binary stars (see Section . The dotted regions show the parameter sub-space
using the criterion 0.01My < My env presn(1) < 0.5M to define SN IIb progenitors.
The parameter space decreases with gzams and decreases more with decreasing € as
discussed in Section [£.2]

Figures and show the parameter space for binary SN IIb progenitors (using

our fiducial definition) at solar and low metallicity, respectively. The parameter space
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Figure 4.2 Parameter space for binary SN IIb progenitors at low metallicity. Hor-
izontal panels show models with representative gzans (noted to the top-left in the
left-most panels) demonstrating how the parameter space changes with gzams. Left
and right vertical panels show models with mass transfer efficiency, ¢ = 0.5 and 0.1,
respectively. The color scale and dotted regions have the same meaning as in Figure
[£.1] The gap in the parameter space between logy(Porb,zams/d) ~ 1.5(2) — 3 when €
= 0.5 is due to occurrence of contact in the binaries (described in Section [4.2)). The
presence of SN IIb progenitors with short initial orbital periods and gzams = 0.975
when e = 0.5 is due to rejuvenation in secondaries (see Section [£.2).

increases dramatically with decreasing metallicity. This is because of difference in
models that initiate mass transfer on the Hertzsprung Gap (HG). After the mass

transfer phase, primary stars at both metallicities detach with small amounts of



31

residual hydrogen envelopes, with those at lower metallicities retaining more massive
envelopes (Gotberg et al., 2017)). During the core helium burning phase, strong winds
at solar metallicity successfully strip the primary. However, at low metallicities, winds
are too weak to complete the stripping and the primary stars explode as SNe IIb.
This was also shown by [Yoon et al.| (2017) who found that decreasing mass-loss rates
gives roughly analogous results to those from decreasing metallicity. Because of the
large change in primary radius that occurs when crossing the HG, the range of initial
orbital periods that permit mass transfer during this phase is very broad.

The parameter space decreases with increasing € at both metallicities. This is
because of increasing likelihood of contact in the binaries when the secondary is
unable to thermally relax with its acquired mass at higher ¢ (Braun & Langer} |1995)).
The parameter space at solar metallicity and when ¢ = 0.1 and 0.01 is quite similar.

The parameter space generally decreases with gzams due to increasing liklihood
of contact in the binaries. By extension, the parameter space decreases more with
qzams at lower €, as more material leaving the system carrying its orbital momentum
causes the orbit to shrink faster, promoting conditions for the development of contact
or unstable mass transfer (see Section and Figure for details).

The parameter space with gzamg <

~Y

0.4 is almost entirely progenitors with
My env presn(,1) < 0.5M; at both metallicities. Applying the cut
2My < Mpue corepresn(l) < 6Mg, effectively excludes the parameter space above
Myzamsy ~ 16 Mg at both metallicities. This is because the core is already es-

tablished before the onset of interaction in the binary-star models considered in this

work (see Section [2.2.1)).
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Figure 4.3 Hertzsprung-Russell (H-R) diagrams showing typical evolutionary path-
ways to binary (red: primary and blue: secondary) SN IIb progenitors at solar (top
panels) and low (bottom panels) metallicities. Mass transfer (shown using thicker
lines) is defined to be taking place when mass transfer rate due to RLO is > 107-5M,
yr~1. Circles, triangles, and squares denote points when H1, He4, and C12 (according
to definitions in Sections [2)) is exhausted in the center of the corresponding binary
component, respectively. Left panels show typical evolution via case B mass transfer
(mass transfer after core hydrogen exhaustion but before core helium exhaustion).
Right panels show typical evolution via case C mass transfer (mass transfer after core

helium exhaustion).

4.2. Evolutionary Channels

4.2.1. Solar Metallicity

Top panels of Figure 4.3| show typical evolutionary pathways via case B and C mass

transfer to SNe IIb at solar metallicity. Case C mass transfer for SNe IIb is important
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Figure 4.4 Left: H-R diagrams showing evolution of solar-metallicity binary-star mod-
els that avoid (top) or enter (bottom) contact due to difference in gzays. Line colors,
line weights, and symbols have the same meaning as in Figure 4.3, Right: Evolution
of mass ratio ¢ = My/M; (solid line) and fraction of Roche-lobe to primary radius
(dashed line) as a function of binary age for the corresponding models on the left. Af-
ter the onset of mass transfer at ~ 12 Myr, change in ¢ in the model with higher gzams
is enough to cause the orbit to expand (increasing Roche-lobe radius) in response to
further mass transfer, slowing it down.

for lower primary masses as these expand significantly after core helium exhaustion.
However, this channel is only possible for a narrow range in initial orbital periods
that shrinks with increasing primary mass.

The viability of both channels mentioned above depends on the initial mass ratio

and the efficiency of mass transfer in the binary. If after initiating mass transfer

the mass ratio remains low enough that the orbit continues to shrink as a response
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Figure 4.5 H-R diagrams showing evolution of low-metallicity binary-star models that
initiate mass transfer early (left) or late (right) on the HG. Line colors, line weights,
and symbols have the same meaning as in Figure[4.3] Only the model on the top-right
enters contact.

to further mass transfer, contact will ensue. This is more likely for binaries with
lower initial mass ratios and e (more material leaving the system carries its orbital
momentum, shrinking the orbit). This is demonstrated in Figure As pointed out
in Section [4.1] this phenomenon results in the SN IIb parameter space decreasing with
gzams and decreasing more at lower e. Similarly, binary-star models with high e (but
similar gzanms) are more likely to end up in contact when the secondary is unable to
thermally relax as it acquires mass. As pointed out in Section this phenomenon

results in the SN IIb parameter space decreasing with e (at similar gzams)-
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Figure 4.6 Mass accretion rate (solid line) and radius (dashed line) as a function of
age of the secondary for the corresponding models in Figure [4.5] In these models,
mass transfer occurs on the thermal timescale of the primary (and proportional to the
primary radius). When higher mass transfer rates (for larger primary radii later on
the HG) are compounded by higher accretion efficiencies, the secondary approaches
a limit, acquiring mass significantly faster than its thermal timescale. This results in
its radius increasing dramatically, as in the top-right model, and the binary entering
contact.

4.2.2. Low Metallicity

Bottom panels of Figures and show typical evolutionary pathways via case B
and C mass transfer to SNe IIb at low metallicity. Properties of case C mass transfer
are similar to those at solar metallicity. However, there is a drastic difference in the
channels available via case B mass transfer. While the pathways via mass transfer

starting when the primary is ascending on the giant branch remains similar at both
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Figure 4.7 Left: H-R diagrams showing evolution of low-metallicity binary-star models
with high mass ratios and ¢ = 0.5 (top) and ¢ = 0.1 (bottom). Line colors, line
weights, and symbols have the same meaning as in Figure 4.3l Right: Evolution of
central hydrogen mass fraction in the secondary as a function of binary age for the
corresponding models on the left. The secondary in the model with € = 0.1 acquires
very little mass during mass transfer, exhausts hydrogen in its center, expands as it
leaves the main-sequence and enters contact. However, the secondary in the model
with € = 0.5 acquires enough mass to rejuvenate, allowing the primary to evolve to

CC.

solar and low metallicites, there are additional pathways available at low metallicity
when the primary initiates mass transfer when crossing the HG. This is discussed in
detail in Section [4.1) and is primarily a consequence of the scaling in wind mass-loss

rates with metallicity.
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As is for solar metallicity, the viability of all above mentioned channels depends
on the initial mass ratio and the efficiency of mass transfer in the binary, decreasing
with decreasing gzans and increasing € as described above. However, the latter has a
much more dramatic effect at low metallicity for binary-star models that initiate mass
transfer when the primary is crossing the HG. Figures and show the difference
in evolution when mass transfer begins late on the HG for different e. When the
primary initiates mass transfer on the HG it transfers mass on its thermal timescale
, which is shorter later on the HG or for larger radii (Wellstein et al.; 2001). If the
mass transfer efficiency is high enough that accretion occurs significantly faster than
the thermal timescale of the secondary then the binary will enter contact.

At very high initial mass ratio (gzams = 0.975) at low metallicity there are a
couple of interesting deviations from the standard channels described above. First,
as can be seen from Figures and [4.2] majority of case B and C SN IIb progenitors
with high initial mass ratios and ¢ = 0.5 expected at low metallicity from solar-
metallicity models enter contact. Second, there is an absence of SN IIb progenitors
with short orbital periods and gzams = 0.975 at € = 0.1. Figure [4.7] shows the
evolution of two binary-star models with gzams = 0.975 and different e. Initially, both
secondaries have similar evolutionary timescales to their primaries. In the model with
e = 0.1, the secondary accretes relatively small amounts of mass (keeping it essentially
undisturbed) and quickly follows the primary in its evolution: exhausting hydrogen in
its center, expanding as it leaves the main-sequence, and entering contact. However,
in the model with € = 0.5, the secondary accretes enough mass to rejuvenate, allowing

the primary to evolve to CC before the secondary leaves the main-sequence.
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4.3. Key Takeaways

We find that the parameter space for single-star SN IIb progenitors decreases and
that for binary-star SN IIb progenitors increases with decreasing metallicity. This
difference is a consequence of the scaling in stellar winds with metallicity. We also
find that the parameter space of SNe IIb increases with decreasing efficiency of mass

transfer.
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CHAPTER 5

Rates of Type IIb SNe

We use models described in Section 2] and method described in Section [ to com-
pute SN IIb rates at solar and low metallicities. We assume that all secondaries
explode as SNe and that none of them are of Type IIb. These assumptions are likely
true for majority of the secondaries considered in this work. Possible exceptions in-
clude (1) secondaries with ZAMS masses < 8 M, that do not accrete much mass, (2)
solar-metallicity secondaries with ZAMS masses ~ 23 — 26 M, that are mostly undis-
turbed (see Section , i.e. accrete or lose very little mass due to binary interactions
(even after the primary star explodes as a SN), and (3) secondaries with ZAMS masses
~ 8 — 23M,, that undergo significant mass loss due to binary interactions after the
primary star explodes. The assumptions yield a lower limit on the estimate for SN IIb
rates. Conversely, the upper limit, assuming that none of the secondaries explode as
SNe, can be obtained by multiplying the lower limit by (1 + fii,). Since we only have
a lower limit on the single-star ZAMS mass at low metallicity that is a SN IIb using
our fiducial definition, we assume that the mass range for single-star low-metallicity
SN IIb progenitors is the same as that at solar (0.0645 dex). For the same reason we
are unable to delineate the parameter space for single-star SNe IIb at low metallicity

using only the cut 0.01Mg < My enypresn(1) < 0.5M,.
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5.1. Rates

Tables and list single- and binary-star (with e = 0.5 and 0.1) SN IIb rates
at solar and low metallicity, respectively, for all values for fii,, a, 8, and v and all
four definitions for SN IIb progenitors outlined in Section [3] Similarly, Table lists
single- and binary-star (with e = 0.5 and 0.1) SN IIb rates at solar and low metallicity,
computed using the distributions of Moe & Di Stefano| (2017) and method described
in Section (3], for all values for o and all four definitions for SN IIb progenitors. For
these we provide the lower and upper limits on the rates, assuming that all or none of
the secondaries explode as SNe, respectively. The rates are typically 2-5 times lower
than those from our fiducial priors (applying fuim = 0.88; value for the simulated
population using the distributions of Moe & Di Stefano| (2017))).

Our SN IIb rates are consistent with the results of |Claeys et al. (2011)): for €
= 0.5, fpin = 0.5, 8 = 0.0, and v = 0.0, we compute a binary-star SN IIb rate of
0.35—0.55%, while Claeys et al.| (2011)) estimated 0.7%. The rates increase by < 0.01%
when we require that primary stars transfer at least 0.1% (instead of 1% in our
fiducial assumption) of their initial mass in RLO. The low-metallicity rates are more
strongly robust to this definition; there are relatively few mildly interacting binaries
at low metallicity. As mentioned in Section [2.2.2] we limit the initial primary mass
to Myzams, =~ 25M in our low-metallicity models even though the corresponding
single-star models retain large envelopes. We find that ‘potential’ low-metallicity SN
IIb progenitors with Mzams1 2 25M (gzams = 0.4 — 1.0 and logo(Pobzams/d) =

3.0 — 3.7) contribute at most < 1% in rates.
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Table 5.1. Theoretical versus observationally inferred SN IIb rates

Theoretical (this work) Observational

metallicity  single binary  single+binary

high (Zo) 0-35 0-2 0-45 10 — 12 *be
low (Zo/4) 0—15 05— 14 0515 20

Note. — SN IIb rate is defined as fraction of SNe IIb vs all CC
SNe percent.

References. — @ |Li et al| (2011); ® |Smith et al.| (2011); © |Graur
et al| (2017); ¢ |Arcavi et al.|(2010)

Table summarizes our results for SNe IIb rates. The upper limit on the single
(binary) SN IIb rate corresponds to those from favorable priors [fui, = 0.25 (0.8), «
= 2.3], assuming that none of the secondaries explode as SNe, and, at low metallicity,
adding ‘potential’ progenitors with Myzams1 2 25Mg. The upper limit on the total
solar (low) metallicity SN IIb rate corresponds to those from favorable priors [fpm =
0.25 (0.8), a = 2.3], assuming that none of the secondaries explode as SNe, and, at
low metallicity, adding ‘potential’ progenitors with Mzams 1 2 25M. We note that
our binary SN IIb rates at low metallicity represent lower limits as we do not compute
progenitors arising via case A mass transfer. We do not expect SN IIb progenitors
arising via case A mass transfer at solar metallicity because the residual hydrogen
envelope after the mass transfer phase will be roughly as massive as that for binary
stars that initiate mass transfer on the HG (Gotberg et al., |2017) and will therefore
also be stripped before CC.

Overall, our model (single and binary) SNe IIb contribute to 0—4.5% and 0.5—15%

of all CC SNe at solar and low metallicity, respectively. SN IIb rates from observations
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is 10—12% (Li et al., 2011} Smith et al., 2011; Shivvers et al., 2017)) at high metallicity.
Therefore, our models can account for less than half the observationally inferred rate
at high metallicity. On the other hand, there is evidence that SN IIb rates may be
higher in lower than LMC-mass galaxies (Arcavi et al., 2010; Graur et al., 2017). Note
that observationally inferred rates as a function of galaxy mass/metallicity should be
interpreted with caution as they are affected by small sample sizes. However, if
this trend holds up in future investigations using large sample sizes, our models can
account for most of the implied SNe IIb rates at low metallicity (~ 20%, Arcavi et al.,

2010; Graur et al., 2017).

5.2. Implications

Binary interactions and their high incidence are generally cited to resolve the high
observed fraction of SNe IIb. However, we find that single and binary stars contribute
roughly the same (singles slightly more) to SNe IIb at solar metallicity. Binary stars
only dominate as SN IIb progenitors at low metallicity. In addition, at high metallic-
ity, neither single nor binary stars nor both can account for the observed fraction of
SNe IIb. Our models are only able to account for SNe IIb rates currently indicated
by observations at low metallicity. We note that the above issues are exacerbated
when we apply more restrictive definitions for SNe IIb progenitors as indicated from
analysis of individual events (e.g. residual hydrogen envelope and helium core mass).

These results have the following implications for progenitor channels to SNe IIb:

(1) At solar metallicity, the wind mass-loss rate needs to be lower than those

used in our models.
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(2) We require low mass transfer efficiencies to explain observed SN IIb rates:
solar (low) metallicity binary-star SNe IIb with e = 0.5 contribute to <1%

(5%) of CC SNe.
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CHAPTER 6

Observable Properties of Type IIb SN Progenitors

We use models described in Section 2l and method described in Section Bl to derive
distributions of single and binary SN IIb progenitor properties of our models at solar
and low metallicities that can also be constrained observationally using LCs, direct
detection of progenitors, and observations in X-rays and radio wavelengths. The
goal is to compare theoretically predicted to observationally constrained properties
of SNe IIb to identify channels that are represented in observations and also identify
additional or missing channels indicated by theory or observations, respectively. In
this work, whenever observationally derived values have associated uncertainties and
we aim to compare to a ‘range’ in observationally constrained values, we use the 3 —o

range to be conservative.

6.1. Properties from Light Curves

Figure [6.1) shows distributions of single and binary SN IIb 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 and radius
of binary SN IIb progenitors at solar metallicity is bimodal.

The high (low) helium core mass peak is due to progenitors with Mzams: 2

(<)20M. The high core mass group consists of mildly interacting binaries whose

evolution is largely similar to their single-star counterparts. Observations constrain
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Figure 6.1 Distributions of pre-SN progenitor hydrogen envelope mass
(M¥ env.presn(1), left), helium core mass (Mpue corepresn(1), middle), and radius
(Rpresn(,1), right) for single (black) and binary (e = 0.1 (red) and 0.5 (blue)) SN IIb
progenitors at solar (top) and low metallicity (bottom). Dark shaded regions indicate
the range of values derived for SNe IIb with detected progenitors (Mg eny presn(1)
from |Arcavi et a1.| (|201 7|); Bersten et al.| (2018), Me core,presn(1) from Woosley et al.
1994)); Nomoto et al| (1993)), Rpwesn(1) from [Woosley et al.| (1994); Folatelli et al.
2015). Light shaded regions indicate range of SNe IIb progenitor masses calculated
by adding ~ 1.5M, for a neutron star remnant to ejecta masses derived by
. Binary SN IIb progenitors at low metallicity have smaller hydrogen
envelope masses and radii than at solar metallicity.

helium core masses of SNe IIb to be between ~ 2 and 9M. This excludes single
stars and the binary high core mass group at solar metallicity as SNe IIb progenitors.
This result has been underscored extensively in the literature and has been used as
one of the key pieces of evidence to support binaries as predominant progenitors of

SNe IIb. Interestingly, the low helium core mass peak is similar at both metallicities.
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The low (high) radius peak is due to progenitors with T.g > (<)10*K. Binary
SN IIb progenitors at low metallicity have smaller hydrogen envelope masses and
radii than at solar metallicity (a peak in progenitor envelope mass translates to a
peak in radius, and vice versa; see Section . This is because of progenitors with
logy( Porbzams/d) < 2.8 that initiate MT on the Hertzsprung Gap (HG). This chan-
nel towards SNe IIb is only viable at low metallicity, where weak winds permit the
progenitor to retain its hydrogen envelope left over after the MT phase. As these
progenitors experience MT earlier than those with larger initial orbital periods, wind
mass loss during their longer remaining lifetime leaves them with a small hydrogen
envelope. Since these binaries are favored due to the prior on initial orbital period,
this group produces a large peak in the distribution of hydrogen envelope mass.

Observations indicate a broad range for SN IIb progenitor radii and as such do not
provide strong constraints. However, the range of radii allowed at solar metallicity is
larger. While compact progenitors are excluded by observations, this could be a result
of observation bias. 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 supported theoretically

and, if present, would favor the presence of weak stellar winds as discussed above.

6.2. Properties from Detection of Progenitors and their Companions

Figure shows distributions in the Hertzsprung-Russell (H-R) diagram of single

and binary SN IIb progenitors at solar and low metallicity.
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Figure 6.2 Distributions of H-R locations of single and binary (¢ = 0.1 (right) and
0.5 (left)) SN IIb progenitors at solar (top) and low metallicity (bottom). Red (blue)
color scales show normalized probability of binary SN IIb progenitor and companion
(secondary) H-R locations. The black hatched region shows the region spanned by
single SN IIb progenitors with normalized posterior probabilities > 0.01. Red cross-
hairs show H-R locations of progenitors of SNe 1993J (Maund et al., 2004), SN 2008ax
(Folatelli et al.| 2015]), 2011dh (Maund et al.;2011)), 2013df (Van Dyk et al., 2014)), and
2016gkg (Bersten et al., [2018)). Blue cross-hairs show H-R locations of the companions
of SNe 1993J and 2008ax (Maund et al. 2004; Ryder et al., 2018b). Cross-hairs
without caps indicate 1 — o ranges whereas those with caps indicate hard limits. The
two groups in the progenitor H-R space at low metallicity arise due to difference: the
top-right (bottom-left) branch arises from binaries with log,o(Porpzams/d) 2 (S)2.8
that initiate mass transfer when the primary is on the HG (GB). H-R locations of
detected progenitors for SNe IIb are favored at solar metallicity and low mass transfer
efficiency (e = 0.1) at low metallicity.

At low metallicity, blue SN IIb progenitors are more likely. This is a result of
more compact progenitors at low metallicity (see discussions in Sections and @
Red (evolved) companions are less likely in binaries with ¢ = 0.5 at low metallicity

because majority of case B and C progenitors with high initial mass ratios, that would
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result in such companions, enter contact. Also, the range in companion luminosities
for binary SN IIb with ¢ = 0.5 at low metallicity is restricted.

There are two branches in the progenitor H-R space at low metallicity. The top-
right branch is similar to the progenitors at solar metallicity. The bottom-left branch,
spanning across the H-R diagram, is found almost exclusively at low metallicity. This
branch arises from binaries with that initiate mass transfer when the primary is on
the HG. As discussed in the previous section, this channel is only permitted at low
metallicity and results in compact progenitors with a small hydrogen envelope. As
these progenitors are highly stripped they lie along the helium MS (Kohler et al.,
2015)). Although, the H-R locations of these progenitors are not represented in obser-
vations, it may be due to observational bias towards detecting redder stars. However,
their existence is supported theoretically, and if detected, would indicate weak stellar
winds. Moreover, since they lie along the helium MS, their luminosities can be used
to place constraints on their effective temperatures.

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. There is a gap in H-R
locations of low metallicity SN IIb progenitors with e = 0.5 between the two branches
mentioned earlier. This is because progenitors with € = 0.5 that initiate MT late
on the HG enter contact. Overall, our binary SN IIb models are able to explain the
H-R properties of SN IIb progenitors and companions detected to date. Single SN
ITb progenitor H-R properties are excluded within 1 — ¢ of observed constraints. Our
models support the existence of blue (Tog presn(1y) S 10°K) with ~ 10%° — 10°° L

progenitors. If present, they would favor weak stellar winds. Our models also indicate
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Figure 6.3 Distributions of CSM properties of single and binary (¢ = 0.1 (right) and 0.5
(left)) SNe IIb at solar (top) and low metallicity (bottom), shaped by the progenitor
system at the fiducial evolutionary stopping condition (0.1-100 years before progenitor
CC) used in our models. The black diagonally-hatched region shows analogous results
for single SNe IIb with normalized posterior probabilities > 0.01. Purple horizontally-
hatched region shows the range inferred for SNe IIb (Krauss et al., [2012; |Kamble
et al., [2016]) from X-ray/radio observations. CSM for binary SNe IIb are less dense
at low metallicity due to smaller progenitor radii resulting in higher wind velocities
(mass loss rates are similar at low and high metallicities). Binary SNe IIb with
logo(Porbzams/d) 2 2.8 and single stars at solar metallicity match observational
constraints for CSM properties (though only on the lower end) for SNe IIb; also see
Figure for the distribution of properties of these systems only at low metallicity.

the existence of blue (MS) companions with ~ 10*7 — 102 L., and red and yellow

at high metallicity and MT efficiency) companions with ~ 10** — 1054 L.
g Yy Yy p o

6.3. Properties of Circumstellar Mediums

Figure |6.3| shows the distributions of CSM properties of single and binary SNe

ITb at solar and low metallicity, shaped by the progenitor system at the fiducial
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Figure 6.4 Similar to Figure but only showing binary SNe IIb with
logo(Porbzams/d) 2 2.8 at low metallicity.

evolutionary stopping condition (0.1-100 years before progenitor CC) used in our
models. Assuming that the SN shock is much faster than the CSM wind velocity,
this corresponds to a range in CSM radii ~ 10'* — 5 x 107 cm. To estimate the
evolutionary state of our models at a certain number of years before CC (which is
different from the fiducial evolutionary stopping condition used in our models), we
run toy single star models with no stellar winds until the central silicon mass fraction
drops below 107¢ and estimate (linear fits) the time to ‘true’ CC as a function of their
helium/carbon core mass. We then use this relation to interpolate or extrapolate the
progenitor properties in their past or future (since models have converged by the
fiducial evolutionary stopping criterion to that at CC), respectively. We note that,
our toy models with helium core masses < 4M, ignite neon off-center and do not
reach silicon core exhaustion. We ignore these models when computing the relation
between helium core mass and time until CC. As a result, estimates of CSM properties

for SNe IIb with helium core masses < 4M, should be interpreted with caution.
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We assume that the wind velocity is equal to the escape velocity at the region
being probed. Therefore, our computed wind velocities should be to be considered
upper limits.

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 (see Section
and therefore have higher wind velocities; mass loss rates at both metallicities are
similar. Observationally constrained CSM properties for SNe IIb are consistent with
(though only on the low side) single SN IIb progenitors at low metallicity and binary
SN IIb progenitors with log,y(Pobzams/d) 2 2.8 at both metallicities (see Figure
for a CSM properties at low metallicity for this group only). Note that since there
is a bias towards detecting brighter events in X-rays/radio, the non-representation of
CSM properties of SNe IIb progenitors with log,y(Pobzams/d) < 2.8 in observations
cannot be used to rule this channel out. Alternately, it could also indicate eruptive
mass loss in the progenitors (Quataert & Shiode, |2012; [Shiode & Quataert), 2014;

Strotjohann et al., |2015; |Fuller, |2017)).



52

CHAPTER 7

Relationships Between Progenitor Properties and Channels

Figure [7.1] shows the distribution of progenitor radius and effective temperature
as a function of hydrogen envelope mass for binary SNe IIb at solar metallicity. This
relation also exists at low metallicity but we don’t show it here because the distribu-
tion is dominated by the group of compact progenitors (see Section showing a
large spread in effective temperature due to the helium main sequence (see below).
Progenitors with smaller (larger) envelope masses are more compact (extended) and
blue (red). This is because progenitors that experience progressively severe stripping
begin resembling hydrogen-deficient Wolf-Rayet stars, which are hot and blue.

Figure shows the distribution of progenitor helium core mass as a function
of effective temperature for binary SNe IIb at solar and low metallicity. The distri-
butions of the group of compact progenitors at low metallicity follows that on the
H-R diagram. This is because SN IIb progenitor luminosities are determined by the
helium core (which is formed during the MS). Since these progenitors only have a
tenth of a solar mass of hydrogen envelope, their effective temperature distribution
follows the helium ZAMS.

Finally, Figure [7.3| shows the distribution of initial orbital period as a function of
progenitor hydrogen envelope mass for binary SNe IIb at solar and low metallicity.
This figure shows that the group of compact progenitors are low metallicity arise from

binaries that initiate MT on the HG. On the other hand, binary SNe IIb that initiate
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Figure 7.1 Distributions of progenitor radius (RpreSN(,l), top) and effective tempera-
ture (Teg,preSN(,l), bottom) as a function of hydrogen envelope mass My env,preSN(,1)1
left) for binary SNe IIb with ¢ = 0.1 (right) and 0.5 (left) at solar metallicity.

MT on the GB or later have a wide range in progenitor hydrogen envelope masses

that also tend to be more massive.
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Figure 7.2 Distributions of progenitor helium core mass (Me corepresn(,1)) as a func-
tion of effective temperature (Teq presn(1y) for binary SNe ITb with € = 0.1 (right) and
0.5 (left) at solar (top) and low metallicity (bottom).
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CHAPTER 8

Constraints on the Progenitor System of SN 2016gkg: A
Case Study
8.1. Introduction

The mechanisms driving the stripping of the progenitor stars of stripped-envelope
(SE) supernovae (SNe) remain an open research question. Currently, close binary

interactions, stellar winds, and nuclear burning instabilities are leading candidates to

explain the mass loss (e.g., Claeys et al., 2011} Arnett & Meakin| 2011; |Groh et al.

2013b; [Smith} [2014; Soker, [2017). Among SE SNe, Type IIb SNe explode with a

low-mass residual hydrogen-envelope (e.g., Podsiadlowski et al., [1992; [Woosley et al.,

1994) and initially exhibit prominent hydrogen spectral features that weaken and

disappear in the weeks following the explosion. The progenitors of five Type IIb SNe

have been identified in pre-explosion images: 1993J (Aldering et al., 1994)), 2008ax

(Folatelli et al., 2015), 2011dh (Maund et al., 2011; Van Dyk et al. 2011)), 2013df

(Van Dyk et all 2014), and 2016gkg (Kilpatrick et al. 2017). Furthermore, there

is evidence for the presence of binary companions to the progenitors of SNe 1993J

and 2011dh (Fox et al., 2014; [Folatelli et al., 2014a)). This makes Type IIb SNe ideal

candidates to test theories of binary evolution.
SN 2016gkg was discovered on 2016 September 20.18 UT in NGC 613.

(2017) identified a source in pre-explosion Hubble Space Telescope (HST) images
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Table 8.1. Properties of Detected SN 2016gkg Progenitor

logyo(L/Le) T /K R/Rg Meny /Mg

51417036« 950013709 @ 40 - 150° 0.02 - 0.4°

References. — ¢ Kilpatrick, C. D., private commu-
nication (uncertainties are one-third of 3o, see Section

8.2.2); ¥ |Arcavi et al. (2017).

as its progenitor and inferred its luminosity and effective temperature. Tartaglia et al.
(2017) found an additional source and concluded they could not favor either source
as the progenitor star. They also found different magnitudes for the common source.
The properties for this source inferred by Tartaglia et al.| (2017)) are consistent (within
1 and 30 in luminosity and effective temperature, respectively) with those inferred
by Kilpatrick et al.| (2017)). Therefore, for simplicity, we adopt the constraints of
Kilpatrick et al.| (2017). |Arcavi et al| (2017) fit analytic models to the light curve
of SN 2016gkg and derived a radius and residual hydrogen-envelope mass for the
progenitor star (see Table [8.1).

In this paper, given observational constraints on its progenitor properties, we use
Bayesian inference to derive the distribution of properties of potential progenitor sys-
tems (both singles and binaries) of SN 2016gkg. We also calculate the probability
that the progenitor was a binary. We assume that the constraints derived by Kil-
patrick et al. (2017) corresponds to the progenitor. We discuss the effect of using the
pre-SN progenitor hydrogen-envelope and helium-core mass constraints to distinguish

between single and binary progenitor channels.
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This paper is organized as follows. In Section [8.2] we briefly describe our models
and method. In Section [8.3| we discuss results for the distribution of potential pro-
genitor systems (both singles and binaries) of SN 2016gkg. We summarize our results

and conclude in Section [8.4]

8.2. Method
8.2.1. Single and Binary Star Models

We compute a large grid of non-rotating solar-metallicity{] single and binary star
models with Modules for Experiments in Stellar Astrophysics (MESAEL Paxton et al.,
2011} 2013, |2015). We briefly summarize the models in what follows.

We start the evolution of the star(s) at the zero-age main sequence (ZAMS). We
stop the evolution if any of the following conditions are met: the carbon mass fraction
at (any) star’s center is lower than 107¢, the hydrogen-envelope mass of any star drops
below 0.01M (in which case we assume the system is a completely stripped Type
Ibc progenitor), or, in binaries, the accretor overfills its Roche-lobe. We assume the
surface properties of the star at carbon depletion match those of the pre-supernova
progenitor star. This is because the thermal timescale of the envelope is large com-
pared to the time between carbon depletion and iron core-collapse. We note however
that it has recently been proposed that waves could efficiently transport energy out-
wards during core neon and oxygen burning, potentially producing outbursts and
large changes in the progenitor surface luminosity and effective temperature months
1We choose the value of solar metallicity (Zo) to be 0.02. The metallicity of the host galaxy of SN
2016gkg is 0.012 =+ 0.004 (Kilpatrick et all, 2017). See Conclusions for a discussion on the effect of

metallicity.
2Release 9575.
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or years prior to the explosion (Quataert & Shiode, 2012; |Shiode & Quataert, 2014;
Fuller}, 2017)).

We use the basic.net, approx21.net, and co_burn .net nuclear networks in
MESA. We adopt the standard mixing-length theory and the Ledoux criterion to model
convection, with aypr set to 1.5. When convective regions approach the Eddington
limit, the efficiency of convection is enhancedﬂ (Paxton et al., 2013). To account for
the nonzero momentum of a convective element at the Hydrogen burning convective
core boundary, we extend this region by 0.335 of the pressure scale height (Brott et al.,
2011)). We adopt the value of dimensionless free parameter for semi-convection, a,
to be 1.0 (Yoon et al., 2006). We use radiative opacity tables from the OPAL project
(Iglesias & Rogers, 1996)). We adopt surface effective temperature and abundance
dependent stellar wind prescriptions. When Tog > 10* K, we adopt the prescription
of |[Vink et al.| (2001) if the surface hydrogen mass fraction > 0.4 and Nugis & Lamers
(2000) otherwise. If T,z < 10* K we adopt the prescription of de Jager et al.| (1988).

We use the model of Kolb & Ritter| (1990) to calculate the mass transfer rate
due to Roche-lobe overflow (RLO) in our binary star models. The efficiency of mass
transfer (the ratio of mass accreted by the secondary to the mass transferred via
RLO by the primary), €, is assumed to be constant during the evolution. The mass
not accreted is assumed to be lost as stellar winds. Stellar winds carry away with
them the specific angular momentum of the corresponding component. All orbits are

assumed to be circular.

3The treatment of these regions is a subject of debate and stellar evolution calculations during these
phases are uncertain.
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We compute single-star models with initial mass, log,q(Mzams/Ms) = 1.28 —
1.40 (Mzams/Me ~ 19 — 25) in intervals of 0.0005 dex and binary star models with
initial primary mass, log,o(Mzams1/Me) = 1.0 — 1.4 (Mzamsa/Me ~ 10 — 25) in
intervals of 0.02 dex, initial mass ratio, gzams = Mzamsa2/Mzams1 = 0.225 — 0.975
in intervals of 0.05, and initial orbital period, log,,(Pon/d) = 2.5 — 3.8 (P, /d~
316 — 6310) in intervals of 0.02 dexﬁ. We choose this parameter space based on a
broader scan. We compute the models for ¢ = 0.5 and 0.1. Models that reach core
carbon exhaustion (Ceepter < 107%) with less than 1M, (but greater than 0.01My)
of residual hydrogen-envelope are defined as Type IIb SN progenitors. This criterion
is a conservative choice as residual hydrogen envelope masses of Type IIb SNe with
detected progenitors are less than 0.5M (Woosley et al., [1994). Type IIb SNe with
detected progenitors represent those with the most massive envelopes: progenitors
with smaller envelopes are compact (Yoon et al., 2017) and thus harder to detect.
Moreover, the cooling envelope feature in Type IIb SN light curves decrease with
decreasing radius (Moriya et al 2016)) and envelope mass making compact Type IIb

SNe harder to detect.

8.2.2. Statistical Method

We use Bayesian inference to derive the distribution of the potential progenitors (and
their binary companions) of SN 2016gkg. We adopt 30 (see below for reasoning)
luminosity and effective temperature constraints on the progenitor as derived from
observations of the progenitor system before explosion (Kilpatrick, C. D., private

4MESA inlists used for these can be found at https://github.com/orlox/mesa_input_data/tree/
master/2017_IIb


https://github.com/orlox/mesa_input_data/tree/master/2017_IIb
https://github.com/orlox/mesa_input_data/tree/master/2017_IIb
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communication). We assume that luminosity and effective temperature are indepen-
dent variables for simplicity, though this assumption is not accurate. We do not apply
the progenitor hydrogen-envelope mass and radius constraints derived from the SN
light-curves as these are model-dependent. However, we discuss the implications of
applying them later.

For each Type IIb SN progenitor model (see above for definition) we compute a

posterior probability (P):

— —

(81) P<8mod|X0bs) = £<Xobs’§mod)P<§mod>a

modulo the standard normalization constant in Bayes’ theorem. The model param-

oters, 0,04, are the initial single (initial mass) or binary (initial primary mass, mass
ratio, and orbital period) star progenitor properties and eventually determine the
pre-SN progenitor properties, )Zmod, ie., Xmod(gmod). For each individual observable

quantity Xops; (the i-th component of vector Xobs) with mean, u;, and uncertainties,

o4/, we adopt the split normal distribution for the likelihood

2 1
L(pi, 045, 0 i Ximoa,i) = ;ﬁx
_’i +,1

Xmo i i2
exp(——( d, u))

20?2

1

(8.2)

where 0y = o_; when Xy,0q; < i and 0 = o4 ; when X045 > . For each individual

observable quantity X,us; with a range of values, we adopt a flat distribution for the
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likelihood. Thus,
(8.3) L(XobslOmod) = [ [ £tt1, 04,0 il Xinod)

Observational uncertainties are not necessarily distributed as a normal distribu-
tion and this form of the likelihood function is just an approximation. In particular,
the 1o range for luminosity and effective temperature from |Kilpatrick et al. (2017) is
much wider than one-third of their 30 range (Kilpatrick, C. D., private communica-
tion). To avoid artificially extending the range of uncertainty in the observations, we
adopt o and o_ to be one-third of the respective 30, and 30_ values instead of the
1o /- values in Kilpatrick et al.| (2017).

The prior probability P(gmod) is computed for the range [gmod YN /2, 0 0q +

Agmod/2]. For a single-star with initial mass, log;, Mzawms,
(8.4) P(Brnoa) = (1 — foin)P(log1o Mzaus)

and for a stellar binary with initial primary mass, log,, Mzawms 1, initial mass ratio,

qzams, and initial orbital period, P,

—

P<9mod) = fbinP(10g10 MZAMs,l)P(QZAMS)
(8.5)

P(logg Port)
where, f, is the fraction of stars in binaries.
We assume fi;, to be a constant and independent of M, ¢, and P,;. The dis-

tribution of M is taken to be the Salpeter Initial Mass Function (IMF, [Salpeter,
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1055)

(8.6) J(AL) = M

We assume that the minimum ZAMS mass needed to undergo core-collapse is 8,

(Woosley et all 2002)). We adopt a power-law distribution for the initial mass ratio,

q,

(8.7) flo)=4¢

This distribution is assumed to be followed for ¢ > 0.2 (Kobulnicky et al., [2014)). Fi-

nally, the distribution of initial orbital period, P,,, is chosen according to Kobulnick
@019)

(8'8) f(loglo Porb) = (logw Porb)ﬂY

This distribution is assumed to hol(ﬂ for 0.15 < log;((Pom/d) < 4.

8.3. Results

We compute posterior probabilities for SN 2016gkg using our model Type IIb

SN progenitors (see Section for definition) using the method described above.

Unless otherwise mentioned, we assume fii, = 0.5, a = 2.3 (Salpeter} |1955)), 5 = -1,

and v = —0.22 (Kobulnicky et al., 2014]).

The upper limit for the validity of this distribution is 2000 days (Kobulnicky et al.| 2014). However,
due to poor constraints for wide binaries we assume that this distribution holds up to 10,000 days.
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Some binary star models experience very little interaction, transferring only small
amounts of mass when the primary star’s atmosphere Roche-lobe overflows. There-
fore their evolution largely resembles that of single stars. We therefore require that
primaries transfer at least 1% of their initial mass in RLO to qualify as ‘binary’ pro-
genitors. The exact choice for this number does not affect our results significantly;
lowering it by an order of magnitude adds some 2 22M; mass binaries with net
posterior probabilities <3% more for our fiducial priors.

In figure [8.1] we show the distribution of the parameter space of potential single
and binary star progenitors of SN 2016gkg. There are three peaks in the distribution
of initial primary mass for binary star progenitors. The low mass peak is favored
by the prior on initial primary mass (Eq. , the middle peak is due to the likeli-
hood for T.g, and the high mass peak results from mildly interacting binaries with
relatively undisturbed primaries whose evolution largely resembles their single-star
counterparts. There are fewer binary star progenitors with € = 0.5, gzams > 0.7, and
logo(Porn/d) < 3.1 as they experience unstable mass transfer or evolve into contact,
which lead to a merger.

In figure [8.2] we show the distribution of pre-SN properties of potential single
and binary star progenitors of SN 2016gkg. The three peaks in the distributions of
initial primary mass (Figure of binary star progenitors roughly translate to the
distributions of pre-SN hydrogen-envelope and helium-core mass. Pre-SN hydrogen-
envelope and helium-core mass for potential binary star progenitors are clearly smaller
than for potential single-star progenitors (e.g.,|Podsiadlowski et al., 1992 |[Yoon et al.|

2010; (Claeys et al., 2011) typically by 0.1M, and 2M, respectively. Therefore, these
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can be used to distinguish progenitor scenarios. While progenitor helium-core mass
constraints are currently unavailable for SN 2016gkg, their existence could increase
the likelihood of a binary progenitor of SN 2016gkg significantly by ruling out several
single-star progenitors (see below for a discussion on rates). The distribution of all
binary star properties shown in Figures[8.1|and [8.2] remain roughly the same regardless
of whether or not we apply model-dependent progenitor hydrogen-envelope mass and
radius constraints.

In figure [8.3] we show the distribution of locations on the Hertzsprung-Russell
(H-R) diagram of potential single and binary star progenitors of SN 2016gkg. The
luminosities of binary progenitors are smaller than of single-star progenitors. This is
a consequence of smaller pre-SN helium-core masses for binary progenitors (see Fig-
ure . The secondaries of binary progenitors mostly lie on the main-sequence and

are less luminous than their primaries with My, = —8.5. Some binary progenitors

with initial mass ratios ~ 1 have evolved secondaries that are on the red-giant branch
(RGB). We find that it is unlikely for the secondary to lie between the main sequence
and the RGB, which is the case for the companion of SN 1993J (Maund et al., [2004).
Otherwise, no strong constraints can be placed on binary companions’ location on the
H-R diagram. We also note that in binaries with secondaries of luminosities similar to
that of the primary, flux from the secondary may contaminate flux from the primary,
making our calculations inconsistent with the derivation of observed constraints. We
find that the total posterior probability of progenitors having secondaries with lumi-

nosities within a factor of 2 of the primary (and thus potentially contaminated) is

~ 12% for e = 0.1 and ~ 4% for e = 0.5.
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Table 8.2. Probability of a binary star progenitor of SN 2016gkg

o 6 Y Pbinary|L7Teff Pbinary|L7Teff> MenvaR
e=01 e€e=05 e€=0.1 e=0.5

L, 000 013 008  0.28 0.17
022 011 0.06 0.25 0.15
0.00 021 0.12 0.42 0.26

1.6 -1.0
022 0.18 0.11 0.38 0.23
oy 000 029 017 052 0.34
022 0.25 0.15 0.48 0.30
000 0.16 010  0.34 0.22
022 014  0.08 0.31 0.19
000 025 0.15 0.48 0.32

2.3 -1.0

X-ray/radio observations can be used to infer the CSM density around SN pro-
genitors and thus trace the mass loss history of the progenitor star. We use our
models to infer the CSM density at 10'® cm to compare with the results of Margutti
et al.| (2017) (example Figure 6). Our models have a SN Ibc-like mass loss history:
Vwind ~ 50 — 250 km s7! and Mg ~ 107%® — 107%M, yr~!. This is because all
potential binary progenitors detach before core-collapse. If future measurements in-
dicate that SN 2016gkg also experienced high mass-loss rates (~ 107*M, yr™!), like
those for other Type IIb SNe in the aforementioned study, then it would indicate that

the progenitor experienced a period of enhanced mass loss just before explosion.
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Figure 8.1 Posterior probability distributions of the parameter space of potential single
and binary star progenitors of SN 2016gkg. The top panel shows the distribution of
initial (primary) mass (Mzawms(1), left) and, for binaries, initial mass ratio (gzams =
Myzams.2/Mzams 1, right) of potential single (black) and binary star progenitors with
¢ = 0.1 (red) and 0.5 (blue). The histograms show the total posterior probability in
each bin. The histograms in the top left panel have been rescaled such that areas
under them reflect the probability of a single or binary star progenitor of SN 2016gkg.
The middle and bottoms panels show 2-D distributions of Py, and Mzaws(1) (left)
and Mzams(1) and gzawms (right) of potential binary star progenitors with ¢ = 0.1
(middle) and 0.5 (bottom).
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Figure 8.2 Distributions of pre-SN properties of potential single (black) and binary
(e = 0.1 (red) and 0.5 (blue)) star progenitors of SN 2016gkg: progenitor hydrogen-
envelope mass (My env,preSN(,1)» left), progenitor helium-core mass (Mpye core,preSN(,1)»
middle), and progenitor radius (Rpesn(1), right). The histograms show the total
posterior probability in each bin and have been rescaled such that areas under them
reflect the probability of a single or binary star progenitor of SN 2016gkg. Grey
shaded regions indicate constraints derived from light-curves (see Table . Pre-
SN hydrogen-envelope and helium-core mass for potential binary star progenitors
are smaller than for potential single-star progenitors typically by 0.1M, and 2M),
respectively. Constraints on the progenitor hydrogen-envelope mass and radius from
light-curves increase the likelihood of a binary progenitor of SN 2016gkg from 22%
(13%) to 44% (28%) for e = 0.1 (0.5).
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Figure 8.3 Distributions of H-R locations of potential single and binary (e = 0.1 (top)
and 0.5 (bottom)) star progenitors of SN 2016gkg. The red (blue) color scales show
distributions for the primary (secondary) of binary star progenitors. Red (blue) H-
R tracks are for the primary (secondary) of the binary star model with the highest
posterior probability for the corresponding e: Myanms 1 = 14.45 (17.38) My, gzams =
MZAMS’Q/MZAMSJ = 0.575 (0675), and Porb = 2291 (3311) days for e = 0.1 (05)
Mass transfer (MT) is defined to be taking place when mass transfer rate due to RLO
is > 107°M,, yr~!. The black H-R track is for the single-star model with the highest
posterior probability: Myzans = 23.28 M. The hatched region shows H-R locations
of potential single-star progenitors with normalized posterior probabilities > 0.01.
Black error-hairs show one-third of the 30 constraints on the observed progenitor
for SN 2016gkg (Table 8.1)). If present, the binary companion of SN 2016gkg has
Mo 2 —8.5 and is a main-sequence or red-giant star (for binary star progenitors
with initial mass ratios ~ 1). As such no strong constraints can be placed on the
companion.
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o B Y & binary|L7 Tegr & binary’L: Tefy Meny, R
e=01 e€e=05 e€=0.1 e=10.5
-0.22 0.22 0.13 0.44 0.28
0.0 0.00  0.34 0.21 0.59 0.40
-0.22  0.31 0.18 0.55 0.36
20 0.00  0.20 0.12 0.41 0.27
-0.22  0.17 0.11 0.37 0.24
50 .10 0.00  0.31 0.19 0.56 0.38
-0.22 0.28 0.17 0.52 0.35
0.00  0.41 0.25 0.66 0.47
-0.22 0.37 0.22 0.62 0.43
Note. — fuin = 0.5, and «, 3, and 7 are parameters for

the priors on the initial mass, log,, Mzawms, initial mass ratio,
qzawms, and initial orbital period, Py, respectively (see Egs.

56 5.7 and B3).

Finally, we compute the probability that the progenitor of SN 2016gkg was a
binary: the total posterior probability of all model binary star progenitors divided by
total posterior probability of all model single and binary star progenitors. In Table
we list probabilities of a binary star progenitor of SN 2016gkg not applying and
applying model-dependent progenitor hydrogen-envelope mass and radius constraints,
for fiim = 0.50 and various values of «, 5, and v. We find that the probability

of a binary star progenitor of SN 2016gkg with ¢ = 0.1 and 0.5 not-given (given)
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progenitor hydrogen-envelope mass and radius constraints is 22% (44%) and 13%

(28%, respectively, for our fiducial values of a (2.3), # (-1.0), and v (-0.22).

8.4. Conclusions

We use Bayesian inference and a large grid of single and binary star models to
derive the distributions of potential progenitors and companions of SN 2016gkg. We
find that potential binary star progenitors have lower initial primary mass and pre-
SN hydrogen-envelope and helium-core mass than single-star progenitors. The prob-
ability that the progenitor of SN 2016gkg was a binary with ¢ = 0.1 (0.5) is 22%
(13%) if we only use luminosity and effective temperature constraints on the pro-
genitor star. Applying model-dependent observational constraints on the progenitor
hydrogen-envelope mass and radius rule out several single-star progenitors, favoring
a binary as the progenitor of SN 2016gkg (44% for e = 0.1 and 28% for ¢ = 0.5). In
either case, there is no clear preference for a binary star progenitor of SN 2016gkg.
This is in contrast to binaries being the currently favored progenitors of Type IIb SNe.

2> —8.5 and is a main-sequence

~Y

We find that, a binary companion, if present, has My,
or red-giant star. As such, we are unable to find strong constraints on the nature of
the companion star. Constraints on the progenitor helium-core mass can help tighten
constraints on the progenitor. Similarly, improved constraints on the progenitor lu-
minosity can significantly narrow the parameter space for progenitors. We would like
to stress that the parameter space for Type IIb SN progenitors is strongly dependent
on the progenitor metallicity. At lower metallicities, the parameter space for binary

progenitors of Type IIb SNe widens significantly (Yoon et al., [2017). We expect that
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the results presented here will differ strongly at low metallicities with the probabil-
ity of a binary progenitor increasing significantly. Nevertheless, the probability of
a binary progenitor derived at solar metallicity represents a lower limit. At lower
metallicities, the binary star channel towards Type IIb SNe dominates for a couple of
reasons. First, the parameter space for binary star Type IIb SN progenitors widens
significantly at lower metallicity (Yoon et al., [2017)). Second, single star Type IIb SN
progenitors are produced at higher masses (due to the scaling in wind mass-loss) and
are thus disfavored by the IMF. A detailed investigation into the effects of metallicity
on the relative importance of single and binary progenitors of Type IIb SNe would

be an interesting line of future investigation.
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CHAPTER 9

Future Work

9.1. Motivation

The physics of massive star evolution, especially those in late-stages, is quite
uncertain. At the same time, the lives and deaths of massive stars are instrumental
in shaping our Universe by injecting matter and energy into their vicinity, influencing
the evolution of galaxies, future generations of stars and planets, and, as a result,
life itself. Massive stars are also progenitors to some of the most exotic objects and
phenomena in our Universe: neutron stars, black holes, and supernovae (SNe) to name
very few. Thus, it is of paramount importance to understand the physics governing
massive star evolution. Using observations to constrain theoretical models is the only
way forward for real progress.

Two dominant uncertainties surrounding massive star evolution relate to wind
mass loss and binary interaction. The progenitors of SNe that lose their outer layers
before exploding (known as stripped-envelope [SE] SNe) are ideal candidates for inves-
tigating the two mechanisms as both are thought to play crucial roles in the evolution
of their progenitor stars (e.g., Podsiadlowski et al. 1992; Yoon et al. 2010). Current
methods of understanding SE SN progenitor channels do not take into account statis-
tical properties of stellar populations and therefore fail to identify dominant channels.

Such analyses however, are imperative given the rise of telescope surveys aimed at
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collecting as much data as possible in order to maximize the science gain from the
data collected. In addition SE SNe are quite abundant, making up ~ 30-37% of all
core-collapse SNe (Smith et al. 2011, Shivvers et al. 2017), making them strongly
conducive to statistical investigations.

For my post-doctoral research, I propose to use a large database of SE SN pro-

genitors modeled self-consistently from birth to the explosion event to:

(1) derive statistically robust constraints on progenitor properties and relevant
physics, given observations and
(2) propose observing strategies for transient telescope surveys to improve such

constraints.

9.2. Methodology

A comprehensive database of complete evolutionary histories of SE SNe progen-
itors covering a broad parameter space is necessary, if one is to match pre-/post-
explosion observed constraints to progenitor physics dominating much before the SN
event. Unfortunately, such a database that properly accounts for theoretical physics
uncertainities does not exist. The first phase of my project is to build this database.
This will be done in two steps. First, I will model the full parameter spacdﬂ of SE
SN progenitors from birth to core-collapse using the full stellar structure and evolu-
tion code, MESA (Modules for Experiments in Stellar Astrophysics). For my thesis I

have already computed a subset of this parent database by modeling SE SNe of Type

lin initial primary mass, mass ratio, orbital period, efficiency of mass transfer and metallicity



75

ITb from birth to core—collapseﬂ. I will also recompute the models for different mass
loss prescriptions as it is a dominant uncertainty in massive star evolution that can
be constrained using SE SNe. I will also test sensitivity to other uncertain physics,
in particular convection. In the second step, I will explode the pre-SN models to
compute their light-curves. As in the earlier step, each model will be recomputed by
varying dominant yet uncertain explosion physics like the Nickel mass and explosion
energy. Once complete, the database will be used to compute predicted rates for SE
SN and their sub-types along with distributions of their progenitor properties as a
test of the models.

Given the full database, I will use all available observations for SE SNe (progenitor
data and light-curves) to set ‘priors’ on the models. The ‘priors’ represent our confi-
dence that the models are progenitors of SE SNe given our knowledge about known
events. As will be discussed next, these ‘priors’ allow the option of taking observed
constraints on known SE SNe (light curves, explosion energy, nickel mass, progenitor
radius, helium core mass, and magnitudes (if detected in pre-SN images), etc.) into
account when drawing inferences on a new event. The mathematical framework for
the computation of ‘priors’ is similar to the one I used in my recent paper on SN
2016gkg (Sravan et al. 2018). The resulting database will capture the full range of
physics we want to understand and all our prior knowledge from observations.

Next, I will use the database to address two problems. First, given observations
for a SE SN, progenitor data and light-curves, derive constraints on its progenitor
2Type IIb SNe are the least severely stripped of SE SNe exploding with a low-mass residual hydrogen-

rich envelope (e.g. Podsiadlowski et al. 1992, Woosley et al. 1994), initially exhibiting prominent
hydrogen spectral features that weaken and disappear in the weeks following the explosion.
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properties and physics. The method for this is similar to the one I used on my
recent paper on SN 2016gkg albeit without light-curve information. The new tool
will accommodate all information on the SN event in addition to information on all
previously known SE SNe. Such a tool will be extremely useful, especially given the
advent of LSST, not only to aid in expediting event characterization but also for
strategizing follow-up, for example to search for binary companions to progenitors.
The second problem is guiding observing strategies in the era of LSST to improve
constraints on SE SN progenitors. The current cadence planned for the LSST is
expected to be too coarse for many types of science shifting the burden of following
up alerts to smaller telescopes. Given the expected demand for follow-up, requests
that maximize the science gain while minimizing resources will be extremely valuable.
To this end, I will develop the following machine-learning tool to propose targeted
follow-up strategies. First, using a framework similar to the one above, I will use the
weighted parent database (using prior knowledge of SE SNe) to predict the probability
that a given evolving light curve belongs to a SE SN. If the probability is greater
than a certain threshold, a gaussian process model will predict ‘future’ light-curves in
various bands. Bands and periods which won’t be observed, given (known) observing
schedules of all transient machines, and for which ‘future’ light curves have large
uncertainties will be flagged as priority for follow-up. This method reduces the burden
of follow-up by soliciting only crucial measurements while maximizing improvements
on constraining the progenitor. I am confident in implementing this tool because of
my training in machine-learning through a special graduate-level training program in

data-science at Northwestern (IDEAS, ideas.ciera.northwestern.edu).


http://www.ideas.ciera.northwestern.edu/

7

9.3. Scientific Impact

My proposal leverages the statistical power of large datasets to answer fundamen-
tal questions about massive star evolution. It is also novel in its usage of a large
database of self-consistently modeled SN progenitors to map pre-/post- explosion ob-
servational constraints to physics dominating earlier in the progenitor’s evolution. In
addition, the tools I will develop will aid rapid characterization of events and propose
strategies to help reduce load for followup in the era of LSST. These tools are also
flexible in that the framework can easily be extended to other SN or event types if

they can be modeled reliably.

9.4. Conclusions

In order to complete our understanding of our Universe, we need to understand
the physics of how massive stars lead and end their lives. The era of time-domain
big-data astronomy provides us an opportunity to investigate the mechanisms driving
massive star evolution using new methods, in particular those of statistical inference
and machine-learning. Our work demonstrates the importance of using statistical
inference on a complete self-consistently computed database of models to properly
constrain SN progenitors and progenitor channels. We also find that uncertainties
in mass-loss have a strong affect on our conclusions. This motivates the possibility
that statistical information on SE SN can, in turn, be used to constrain mass-loss and
other uncertain physics. Such analyses are not just possible but also imperative with
recent major advances time-domain astronomy. The tools I describe here will help us

address important questions about the lives and deaths of massive stars using these
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methods. In addition, my expertise in modeling SE SN progenitors and training in

data-science make me uniquely suited to accomplishing this project.
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APPENDIX A
Appendix

A.1. Numerical Tests

We stop the evolution of our single- and binary-star models close to core carbon
depletion (according to the definitions in Section and assume that their global
characteristics of interest when investigating SN IIb progenitors are roughly the same
until CC. To confirm that this is indeed the case, we run representative binary-star
models at solar (case B mass transfer type) and low (also investigated in Section
and Figures and metallicity until central silicon mass fraction drops below
1079 (at which point the models are a few hours from CC) and check whether the pri-
mary hydrogen envelope and helium core mass and H-R locations of both components
differ significantly at this later evolutionary stage.

Figure shows the result of this test. We find that both models have converged
by the fiducial evolutionary stopping criterion used in this work to that at the more

advanced evolutionary stage for all properties relevant to our investigation.
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Figure A.1 Left: H-R diagrams showing evolution of representative solar- (top) and
low- (bottom) metallicity binary-star models to core silicon exhaustion. Line colors
and weights have the same meaning as in Figure 4.3] Right: Evolution of primary
hydrogen envelope (solid line) and helium core mass (dashed line) as a function of
binary age for the corresponding models on the left. In all panels, crosses (stars)
denote the point carbon (silicon) is exhausted in the core of the corresponding binary
component. The properties of all models have converged to those very near CC by
the fiducial evolutionary stopping criterion used in this work.
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