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ABSTRACT

Discussions on supernovae (SNe) progenitors have been conducted from various
viewpoints: stellar evolutionary, observational, cosmological, etc. Except for a few
cases, direct observations of progenitors are not available, but we can infer their
properties from observational data after the explosions. The light curves and color
of SNe are important photometric data in determining the chemical compositions of
the progenitors and the hydrodynamic properties of SNe. By investigating the light
curves and color of SNe, this thesis explores circumstellar matter (CSM) around
the progenitors of some peculiar Type Ic SNe and the difference between the pro-
genitors of Type Ib and Type Ic SNe through their color difference. The research
was conducted by constructing SN models using the radiation hydrodynamics code

STELLA and by comparing the observations and the models.

The first study focuses on the unusual SNe Ic that emits bright optical emission
due to shock cooling emission. Since progenitors of SNe Ic are compact stars of which
their hydrogen and helium envelopes are stripped off, they experience a significant
adiabatic cooling after the explosion. Thus in the early days when the heat from
%6Ni radioactive decay has not yet reached the photosphere, the optical brightness
is generally faint. However, three SNe Ic observed so far (LSQl4efd, iPTF15dtg,
SN 2020bvc) show bright optical light curves during early times. This phenomenon
can be explained by the interaction with CSM formed by progenitors before the
explosions. Through the simulations, the effects of CSM parameters and explosion
parameters on the early time light curve brightness, duration, and color evolution are
investigated. The best-fit models are determined for each SN by comparing the light
curves and color evolution of the models with the observations. The progenitors of
the three unusual SNe Ic are expected to have had massive CSM, the mass of which

corresponds to about 0.1M. The corresponding mass-loss rate is M > 1.0 My, yr—



within about one year before the SN explosion, which cannot be explained by the
conventional stellar wind or eruptions, requiring a new mass-loss mechanism.

In the second study, photometric data of SNe Ib/Ic are compiled from the lit-
erature, and their distributions of B — V' color at the V-band peak are compared.
We find that SNe Ib are systematically bluer than SNe Ic. To explain this, three
possibilities are examined: the difference in the chemical structures of SNe Ib and
Ic progenitors, the different degrees of °Ni mixing, and the different ratio of the
%Ni mass to the ejecta mass. Based on the progenitors with and without helium
envelopes, SN models are constructed with various ejecta masses, **Ni masses, *Ni
distributions, and kinetic energies. The dependency of the color distribution on each
parameter is investigated, and it is found that helium-rich progenitors can explain
SNe Ib, and helium-poor progenitors can explain SNe Ic well. In conclusion, it is
expected that SNe Ib and Ic have different chemical structures and different degrees

of 56Ni mixing.
Keywords: supernova: general — stars: massive — methods: numerical simulation
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Chapter 1

Introduction

1.1 Supernovae

Supernovae (SNe) are explosions of stars in their last evolutionary stage. The phe-
nomenon has multifaceted implications in astronomy. It marks the endpoint of stellar
evolution and releases heavy elements, contributing to the chemical evolution of the
universe. SNe inject momentum and energy into the surroundings, thus regulating
star formation in the host galaxy. Some types of SNe can be used as an extra-
galactic distance measure thanks to their standardizable characteristic. Since SNe
entail energetic phenomena such as shock and neutrino emission, SNe have been a
great testing ground for high energy physics. SNe provide one of the most important
constraints for the theory of stellar evolution.

The classification of SN is primarily based on its spectral features (Figure 1.1).
At its optical maximum, Type I SN shows no H I line while Type IT SN shows H I
lines. Type I SN is further divided into Type Ia, the spectrum of which shows strong
Si II 6150A line but no He I line, Type Ib which shows He I lines and no Si II line,
and Type Ic which lacks both He I lines and Si II lines. SN whose spectrum has the

characteristics of Type II at first but transforms into Type Ib is termed as Type IIb
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Figure 1.1 Schematic illustration of supernova classification. Credit: Rick Johnson

SN. Type II is subtyped based on the shape of its light curve; Type II-P shows a

long plateau phase, and Type II-L shows a linearly declining light curve. Type IIn

is used to refer to SNe which show narrow Ha emission lines.

Two mechanisms are responsible for most of the SN explosion: thermonuclear

explosion and core-collapse explosion. Thermonuclear explosion occurs in degenerate

carbon-oxygen white dwarfs, which originate from low- and intermediate-mass stars.

When a white dwarf accretes mass from its companion, and its mass exceeds the

Chandrasekhar mass (approximately 1.4Mg), it undergoes explosive nuclear burn-

ing. The explosion disrupts the whole star, leaving no compact remnant. Type Ia

SNe, known for their standardizable characteristic (Philips relation; Phillips 1993),

belong to this category.

On the other hand, core-collapse explosion occurs in massive stars

(M Z 8Mo).
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When the iron core reaches the Chandrasekhar mass, the core collapses. As the
core reaches nuclear density, the infalling matter encounters a sharp increase in
pressure, and an outward shock wave is created. The shock accumulates energy
through neutrinos created by electron captures and photo-disintegration processes
occurring in the core while undergoing standing accretion shock instability. Then, the
shock expels the matter and finally unbinds the star. There is another possibility of
a rotation-powered explosion that requires magnetar or collapsar as a central engine.
The explosion leaves either a neutron star or a black hole as a remnant. Most SN

subtypes other than Type Ia are caused by this mechanism.

1.1.1 Type Ib and Type Ic supernova

Type Ib and Type Ic supernovae (SNe Ib/Ic) are referred to as stripped-envelope
SNe since they both lack H I lines, which indicates the deprivation of their hydrogen
envelope. Their progenitors are assumed to be Wolf-Rayet stars (Yoon et al. 2017),
in which strong stellar wind causes the loss of hydrogen envelope, or a binary star,
in which binary interactions strip off the hydrogen envelope (Yoon et al. 2010).
The evolutionary paths towards SNe Ib/Ic progenitors involve the intertwined
effects of binarity, rotation, metallicity, mass-loss, etc. By comparing model predic-
tions with SN observations, we can constrain stellar evolution theories. For example,
binary progenitors give final masses of My ~ 1.4 — 6 M which are more compatible
with the ejecta masses estimated from observations (M¢ = 1 — 6M) than Wolf-
Rayet progenitors (Yoon 2015). Rotation and metallicity also play an important role
in a mass-loss history, which determines pre-SN structures, the properties of which
dictate photometric and spectroscopic properties of SNe Ib/Ic. Thus, exploring the
properties of SNe Ib/Ic comprise an important branch of understanding massive star
evolution, and for this, correct inferences of progenitor natures from the observable

parameters should be preceded.
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Figure 1.2 General light curve of Type I supernova. From Bersten M.C., Mazzali
P.A. (2017).

1.2 Light curve and color properties of Type I super-

nova

General features of Type I SN light curves at early days are captured in Figure 1.2.
After the explosion, shock propagates through the ejecta and emerges at the surface
of the star (shock breakout). At the shock cooling phase, shock-heated ejecta emits
radiation while undergoing quasi-adiabatic expansion. At this stage, the main energy
source is the thermal energy deposited by the shock. Then, **Ni radioactive decay
powers the light curve. After the peak, it shows a radioactive tail from the remaining
radioactive material. The optical depth of the ejecta at 0 ~ 40 day is 7 2 1, so the
photosphere can be defined. This phase is usually referred to as the photospheric

phase, used to be distinguished from the subsequent nebular phase, in which the

M etk
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optical depth of the entire ejecta is 7 < 1. Our concern is in the photospheric phase.

The most widely-used semi-analytic light curve model is the Arnett’s model (Ar-
nett 1982). It assumes homologous expansion, constant opacity, central concentra-
tion of 6Ni, and separability of temporal and spatial parts of the thermal structure
to explain the *Ni-powered phase (5 ~ 40 d in Figure 1.2). The maximum bright-

a /4 after the explosion, and its peak luminosity

ness appears at tymax X ﬁl/zMj’jME
reads Lpax o< Mnyj [sNie_tmaX/TNi + SCOe_tmm‘/ﬂ\fi (e_tmaX/Teff — 1)] where x is the con-
stant opacity, M is the ejecta mass, Fj, is the kinetic energy, My; is the mass of
%Ni, snj is the specific energy release of °°Ni, and sc, is the specific energy re-
lease of %Co. In SNe Ib/Ic, typical values of the peak are tp.x ~ 15 — 20 day and
Liax ~ 10*2 —10%3ergs—! (Taddia et al. 2015). Despite the simplifications, the model
is being used as a convenient tool to infer SN properties.

Color and its evolution is a useful probe of SN properties as well. The B—V color
evolution of SNe Ib/Ic in the early days can be used to infer the *°Ni distribution in
the ejecta (Yoon et al. 2019). The early-time color evolution with a strong outward
°°Ni mixing shows monotonic reddening while that with a weak *°Ni mixing shows
initial reddening, blueward evolution, and reddening, in turn. Color can also be used
to estimate the host galaxy reddening. The methods include using homogeneity in
V — R at 10 days after the R-maximum (Drout et al. 2011) and intrinsic color
template between 0 d to +20 d relative to B—band maximum (Stritzinger et al.

2018).

1.3 This Thesis

In this thesis, the nature of SNe Ib/Ic progenitors is probed by investigating the light
curves and color evolution. This was conducted by using the numerical simulation
code, STELLA. STELLA is a multi-group radiation hydrodynamics code for SN

explosion, which can resolve the earliest evolution of the physical properties until
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SN reaches the homologous stage. In the first study (Chapter 2), the effects of
circumstellar matter on SNe Ic light curve and color evolution are explored. We
focus on three SNe Ic, LSQ1l4efd, iPTF15dtg, and SN 2020bvc which show bright
post-breakout emission in the optical bands and present the best-fit models. In
the second study (Chapter 3), the optical color difference between SNe Ib and Ic
is discussed. We construct progenitor models with different chemical structures to

explain the color difference.



Chapter 2

The Effect of Circumstellar
Matter on the Double-peaked
Type Ic Supernovae and
Implications for LSQ14efd,
iPTF15dtg and SN 2020bvc!

Abstract

Double peaked light curves are observed for some Type Ic supernovae (SNe Ic) in-
cluding LSQ14efd, iPTF15dtg and SN 2020bvc. One possible explanation of the first
peak would be shock-cooling emission from massive extended material around the
progenitor, which is produced by mass eruption or rapid expansion of the outer-
most layers of the progenitor shortly before the supernova explosion. We investi-

gate the effects of such circumstellar matter (CSM) on the multi-band optical light

!The contents of this chapter was submitted to the Astrophysical Journal and is under review
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curves of SNe Ic using the radiation hydrodynamics code STELLA. Two different
SNe Ic progenitor masses at the pre-SN stage (3.93 Mg and 8.26 M) are consid-
ered in the SN models. The adopted parameter space consists of the CSM mass of
Mcsy = 0.05 —0.3M), the CSM radius of Rogy = 10 — 10 c¢cm and the explosion
energy of Fpue = (1.0 — 12.0) x 105! erg. We also investigate the effects of the
radioactive nickel distribution on the overall shape of the light curve and the color
evolution. Comparison of our SN models with the double peaked SNe Ic LSQ14efd,
iPTF15dtg and SN 2020bvc indicate that these three SNe Ic had a similar CSM
structure (i.e., Mcsy ~ 0.1 — 0.2Mg and Regy = 102 — 10 c¢m), which might
imply a common mechanism for the CSM formation. The implied mass loss rate of
M >1.0 Mg, yr~! is too high to be explained by the previously suggested scenarios

for pre-SN eruption, which calls for a novel mechanism.

2.1 Introduction

Mass loss from stars can occur through multiple channels like standard radiation-
driven steady winds, pulsation-driven winds, episodic eruptions and binary inter-
actions. Mass-loss has a great influence on the evolution of massive stars and the
resultant core-collapse supernova (SN) types (e.g., Smith 2014). While the progen-
itors of Type II SNe (SNe II) have a considerable amount of hydrogen in their
envelopes, the progenitors of Type Ib and Ic SNe (SNe Ib/Ic) are supposed to be
Wolf-Rayet (WR) stars or naked helium stars of which the hydrogen envelopes have
been stripped off via mass loss (e.g., Yoon 2015).

If strong mass loss occurred shortly before a SN explosion, it would create a thick
layer of circumstellar matter (CSM) around the SN progenitor. The interaction of
such a CSM layer and the SN ejecta would have a significant impact on the SN light
curve and spectra. The most notable examples are the interacting supernovae like

SNe IIn and SNe Ibn (e.g., Blinnikov 2017; Smith 2017; Moriya et al. 2018). Many
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recent studies on ordinary SNe IIP also report evidence for the presence of massive
CSM around the progenitors (e.g., Gonzédlez-Gaitan et al. 2015; Khazov et al. 2016;
Forster et al. 2018). This implies that a large fraction of SN IIP progenitors would
undergo strong enhancement of mass loss at the pre-SN stage, for which various
mechanisms have been proposed in the literature (e.g., Yoon et al. 2010; Quataert
& Shiode 2012; Woosley & Heger 2015; Fuller 2017).

Compared to the case of SN IIP progenitors that are mostly red supergiants,
SNe Ib/Ic progenitors are compact and would need more energy for mass ejection.
However, some recent theoretical studies predict a significant mass loss enhancement
at the pre-SN stage from helium star progenitors by wave heating (Fuller & Ro 2018),
rapid rotation (Aguilera-Dena et al. 2018) or silicon flashes (Woosley 2019)2. This
would be related to the narrow emission lines of SNe Ibn and the unusually bright
early-time emission of some SNe Ib including SN 2008D and LSQ13abf.

The presence of massive CSM might also be responsible for the first peak of
several double-peaked superluminous SNe Ic (e.g., LSQ14bdq; Nicholl et al. 2015;
Nicholl & Smartt 2016) and peculiar SNe Ic like SN 2006aj (e.g., Modjaz et al. 2006),
iPTF15dtg (Taddia et al. 2016, 2019) and SN 2020bvc (Ho et al. 2020; Rho et al.
2020). The magnetar scenario is often invoked to explain such an unusual SN Ic.
Given that rapid rotation is a necessary condition for the production of a magnetar,
rotationally-driven rapid mass loss during the final evolutionary stage might com-
monly occur for magnetar progenitors (Aguilera-Dena et al. 2018). Alternatively,
the double peak feature could be explained by the magnetar model where the shock
driven by the magnetar energy breaks out the already expanding SN ejecta (Kasen

et al. 2016).

2The pulsational pair-instability from very massive helium stars (34 < Mue < 62 Mg; Woosley
2017) is another possibility for strong mass ejection at the pre-SN stage. But in the present study,
our discussion only focuses on relatively low-mass helium star progenitors that would undergo core-

collapse having a final mass less than about 10 Mg.
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On the other hand, no double-peaked light curve has been found for most of the
ordinary SNe Ic that are powered by radioactive *°Ni. To our knowledge, the SN
Ic LSQ14efd is the only ordinary SN Ic (in terms of energy, ejecta and nickel mass;
see below) that shows a signature of the double peaked light curve (i.e., bright post-
breakout emission; Barbarino et al. 2017). Given that strong pre-SN mass loss would
be a likely reason for this double peak feature and that the mass loss mechanism
might be different from the case of the magnetar-powered SNe, it would be worth
investigating the effect of CSM on the early-time light curves of SNe Ic to infer the
physical properties of the CSM around the LSQ14efd progenitor and to provide a
theoretical constraint for future observations of SNe Ic. For this purpose, we present
multi-color SN Ic light curve models calculated with the radiation hydrodynmics
code STELLA considering a thick CSM environment around the progenitor and
apply the results to LSQ14efd, of which the photometric data are given by Barbarino
et al. (2017).

Although our original motivation is to explain the optical light curve of LSQ14efd,
we also apply our results to two other double peaked SNe Ic: iPTF15dtg and SN
2020bvc. Intriguingly, we find that these double-peaked SNe Ic of our sample had
similar CSM properties in terms of CSM mass and radius, which might imply a

common mechanism of pre-SN mass ejection.

In Section 2, we describe the SN Ic progenitor models, the considered parame-
ter space and the numerical method. In Section 3, we show the effects of different
parameters of CSM on the light curves and color evolution of SNe Ic. In Section
4, we apply our result to LSQ14efd, iPTF15dtg, and SN 2020bvc, and discuss its

implications for the mass loss mechanism. In Section 5, we present our conclusions.
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Table 2.1 Progenitor model properties
Model M R MHe,env Y5 Mg Ebind

(Ma]  [Re]  [Meg] [Mo]  10°! erg

4P 3.93 0.77 0.06 0.49 1.44 0.3
8P 8.26 0.25 0.08 0.15 1.85 1.5

Note. — M: total mass of the progenitor model; R: Radius; mue,env: integrated helium mass for
the region above the iron core; Ys: surface helium abundance; Mre: iron core mass that corresponds

to the adopted mass cut; Epinga: binding energy.

2.2 Modeling

Our progenitor models for the SN simulations are helium poor stars with final masses
of 3.93 M (4P model) and 8.26 M (8P model) and their properties are given in Ta-
ble 2.1. These models are obtained by evolving helium stars of 7.0 My and 15 Mg
at the initial metallicity Ziix = 0.02, respectively, with the MESA code (Paxton
et al. 2011, 2013, 2015, 2018). Here we adopt step-overshooting with an overshoot-
ing parameter of 0.1Hp where Hp is the local pressure scale height at the outer
boundary of the helium burning convective core. We use the Wolf-Rayet mass-loss
rate prescription by Nugis & Lamers (2000) until core helium exhaustion and a
fixed mass-loss rate of 10~* M, yr~! during the later evolutionary stages. The total
amounts of helium retained in the outer region above the iron core are only 0.06 M,
and 0.08 My in 4P and 8P models respectively, and therefore these models are suit-
able for SNe Ic rather than SNe Ib. See also Figure 2.1 for the chemical composition

of the progenitor models.

To calculate the SN models, we use the one-dimensional multi-group radiation

hydrodynamics code STELLA (Blinnikov et al. 1998, 2000, 2006; Blinnikov & Tol-
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stov 2011). It solves a set of time-dependent radiative transfer equations coupled
with the hydrodynamics equations. The covered wavelength range in the calcula-
tions is 5 x 10* — 1073 A, for which 109 wavelength bins are used. The ionization
levels and excitation levels are obtained with the assumption of local thermody-
namic equilibrium. Both scattering and absorption are considered in the opacity
treatment (Blinnikov et al. 1998; Kozyreva et al. 2020). The effects of fluorescence
and non-LTE that are not included in STELLA would affect the light curve espe-
cially when the radioactive *Ni is present near the photosphere (see Blinnikov et
al. 1998, for a detailed discussion). For example, fluorescence would possibly make
the SN color bluer than our model prediction when the light curve is dominated by
%Ni heating. However, these effects only play a minor role in the early-time light
curve dominated by the shock cooling emission from the interaction between CSM
and SN ejecta, which is the main concern of this study. Multi-dimensional effects
might also affect the precise determination of SN parameters. The full description
of fluorescence, non-LTE effects as well as multi-dimensional effects will be available
in a future version of STELLA (Potashov et al. 2017; Panov et al. 2018).

The SN explosion is treated as a thermal bomb at the mass cut, which corre-
sponds to the iron core mass in this study (see Table 2.1). Our progenitor models are
mapped into the STELLA code and 250 mass zones including 80 zones in the CSM
are used for SN simulations. Readers are referred to Blinnikov & Tolstov (2011) and
references therein for details of the STELLA code and to Yoon et al. (2019) for a
recent example of the use of STELLA for modeling SNe Ib/Ic.

2.2.1 Nickel distribution

We do not calculate the explosive nucleosyntheis, which is not the subject of this
work, and instead put a certain amount of radioactive *°Ni in the input progenitor

models. We assume a nickel distribution which follows a Gaussian profile as in Yoon
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the same nickel distribution parameter, f,,= 0.15. For comparison, nickel profiles
with different f, are also shown on the figure. Density profiles of a representative
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et al. (2019):

fm(Mtot - MFe

Here, A is the normalization factor, M, the mass coordinate, Mg, the iron core mass,

Xni(M,) = Aexp <— [ M, = Mr. )] 2) . (2.1)

Mot the total mass of the progenitor, and fu, the *°Ni distribution parameter. For
our fiducial models, we fix the total ®Ni mass to 0.25 M, which is the inferred value
for LSQ14efd (Barbarino et al. 2017). This amount of 5Ni is within the typical range
of the ®*Ni mass distribution of ordinary SNe Ic (Anderson 2019). We calculate SN
models using different values of f.,, which determines the degree of Ni mixing in
the SN ejecta: the 5SNi distribution becomes flatter for a larger f,, and vice versa

as shown in Figure ?7fig:ini.

2.2.2 CSM structure

We assume that the CSM has the density profile of pcsy = M /4mvgingr2, with the
standard -law wind velocity profile: vyind (1) = v9 + (Voo — v0) (1 — %)B. Here M is
the mass-loss rate of the progenitor, v is the wind velocity at the progenitor surface,
Voo 18 the terminal velocity, Ry is the radius of the progenitor, and r is the distance
from the center of the progenitor. The density profile would follow r~2 after the wind
is accelerated in a transition layer. According to Fuller & Ro (2018), hydrogen-poor
stars are predicted to emit wave-driven outbursts with terminal velocities of a few
100 km s~!. We fix the terminal velocity to 200 km s~! in this study. Note that
there exists degeneracy between M and veo: a larger vo, would imply a larger M for
a given CSM mass, which should be kept in mind when we discuss our result.

For the wind velocity parameter 3, we assume 8 = 3.0. Although this value can
affect the early-time light curves of Type IIP supernovae significantly (Moriya et al.
2018), our SN Ic models depend on 8 very weakly because of the small radii of the
progenitors. The CSM mass can vary by a factor of 5 to 500 for 3 =1---5 for red
supergiant SN progenitors (Moriya et al. 2018) but only by 3% for our models.
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Besides, we assume that the chemical composition of the CSM follows that of
the outermost part of the progenitor. It would be possible that the CSM is more
helium-rich than the progenitor surface. However, our test calculations indicate that
the early-time light curves are not meaningfully affected for our considered parameter
space even if a helium-rich composition is adopted, although it might be important

for the details of early-time spectra.

In the bottom panel of Figure 2.1, the density profile of the 4P progenitor is
presented with the blue dashed line. The density decreases very steeply near the
surface of the progenitor. The SN shock is rapidly accelerated in this region, making
the time step very small. To avoid this numerical difficulty, we take off 4 x 107> M,
of the outermost layer of the progenitor when we attach CSM in our models. As dis-
cussed below (Section 2.3.2), the choice of the CSM inner boundary is not important

for the conclusions of this study.

Note also CSM in our models can also be considered as an extended outward
moving envelope created by an energy injection during the final evolutionary stage.
The difference between an outward moving envelope and wind matter would be just
that an envelope is gravitationally bound to the progenitor while the wind matter
is not. As long as the CSM velocity is much lower than the SN shock velocity, wind
matter and an extended envelope would not lead to a difference in the resulting light

curve as long as the density profile is not very much different (see Section 2.3.2).

We also calculate some models with a very small amount of CSM (0.001% of
the progenitor mass) with R = 10'* cm for comparison. In this case, the CSM
would correspond to the wind material from an ordinary line-driven Wolf-Rayet
wind having M ~ 1075 Mg yr~!. For convenience, these models are denoted by
‘no-CSM’ as the effect of CSM on the light curve is practically negligible in this

case.
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2.2.3 Considered parameter space

We focus on the effects of four parameters for a given progenitor mass: CSM mass
(Mcsm ), CSM radius (Rcsm ), nickel distribution (fy, ), and explosion energy (FEhupst)-
In our fiducial models, we consider Mcgy = 0.05---0.3M, Rosy = 1013 ...10'% cm,
fm = 0.15, 0.3, and 0.6. We consider the explosion energy of Epyet = (1--:3) X
10°! erg. for 4P models and Epgue = (5---12) x 10°' erg for 8P models. The
%Ni mass is set to 0.25 Mg and 0.40 Mg for reproducing the main peaks of
LSQ14efd/iPTF15dtg and SN 2020bvc, respectively.

For simplicity, each model is referred to as xP_f-Fhurst- Mcsm-logRosm in the
figures. For example, 4P _fm0.15 _E2_0.15M_R13 denotes the SN model with the 4P
progenitor, f,=0.15, Fhyst=2.0B, Mcgm=0.15Mg, and logRcgm [cm] = 13.

2.3 Results

2.3.1 General characteristics

In STELLA, SN shock is initiated by a thermal bomb and begins to propagate
outward from the assumed mass cut. The density profile is steeper than r—3 at the
outermost layers of the progenitor (Figure 2.1) thus the shock moving forward in
these layers is accelerated until it reaches the surface of the progenitor (Nadezhin &
Frank-Kamenetskii 1965; Grasberg 1981; Blinnikov & Tolstov 2011). As the forward
shock enters CSM, in which the density profile follows 2, it decelerates and an
inward-moving reverse shock is created. These shocks convert a significant fraction
of SN kinetic energy into internal energy, leading to a bright shock-cooling emission.

As an example, we present bolometric light curves of our 4P models with f,, =
0.15, Eyuwst = 2.0B, and Rcgy = 10 cm for various CSM masses in Figure 2.2
and the corresponding multi-color light curves (i.e., in U, B, V, R and I bands) in

Figure 2.3.
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Figure 2.2 Bolometric light curves of 4P models with f,, = 0.15, Rcsy = 10 cm,
and Fhyuse = 2B for different CSM masses: no-CSM (blue), 0.05 Mg (orange),

0.15 Mg (green), and 0.30 M (red brown).
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Figure 2.3 Multicolor light curves of models with and without CSM. Each panel
shows models with different CSM masses. Different bands are presented using dif-
ferent colors as indicated by the legend in the bottom-right panel. The explosion
date is chosen by mathcing the V-band light curve around the main peak with the

model.
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Figure 2.4 Luminosity contour maps of SN models with different CSM masses, 4P_no-
CSM (left) and 4P_fm0.15_E2_0.3M_R14 (right). The points in each epoch denote
the photospheres defined as the location where the Rosseland optical depth being
2/3. The dashed line represents the surface of the progenitor, which corresponds to

the inner boundary of the CSM in the lower panel.
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Figure 2.5 Density contour maps of SN models with different CSM masses, 4P_no-
CSM (left) and 4P_fm0.15_E2_.0.3M_R14 (right). The points in each epoch denote
the photospheres defined as the location where the Rosseland optical depth being
2/3. The dashed line represents the surface of the progenitor, which corresponds to

the inner boundary of the CSM in the lower panel.
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Figure 2.6 Temperature contour maps of SN models with different CSM masses,

4P no-CSM (left) and 4P_fm0.15_.E2_.0.3M_R14 (right). The points in each epoch

denote the photospheres defined as the location where the Rosseland optical depth

being 2/3. The dashed line represents the surface of the progenitor, which corre-

sponds to the inner boundary of the CSM in the lower panel.
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Figure 2.7 Velocity contour maps of SN models with different CSM masses, 4P _no-

CSM (left) and 4P_fm0.15_E2_0.3M_R14 (right). The points in each epoch denote

the photospheres defined as the location where the Rosseland optical depth being

2/3. The dashed line represents the surface of the progenitor, which corresponds to

the inner boundary of the CSM in the lower panel.
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Figure 2.8 V-band light curves of 4P models. Each panel shows models with different
CSM masses (upper-left), different CSM radii (upper-right), different f,, (lower-left),
and different Ep,s (lower-right). To see the effects of each parameter, three models
were chosen respectively and drawn in solid lines as indicated by the legends in each
panel. Black downward arrows indicate the pre-explosion limit. The explosion date
is chosen by matching the observed V-band light curve around the main peak with

our fiducial model 4P _fm0.15_E2_0.15M_R14.
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Figure 2.9 Evolution of the B —V color of the 4P SN models presented in Figure 2.8.
Each panel shows the models with different CSM masses (upper-left), different CSM
radii (upper-right), different fy, (lower-left), and different Ejs (lower-right). To
see the effects of each parameter, three models were chosen respectively and drawn

in solid lines as indicated by the legends in each panel.
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After the shock breakout, the bolometric luminosity of the no-CSM model drops
very rapidly until the post-breakout plateau phase is reached (See Dessart et al.
2011, for a detailed discussion on this short-lived plateau phase of SNe Ib/Ic). By
contrast, for the models with CSM, it remains brighter and decreases more slowly for
several days (e.g., ~ 10 days for Mcsm = 0.15M¢)). The main power source during
this period is the interaction of the SN shock and the CSM. We refer to this period
as the ‘interaction-powered phase (IPP)’ following Moriya et al. (2011). After the
IPP, the light curve is dominated by the energy due to the radioactive decay of *Ni,

and we refer to this phase as the ‘*Ni-powered phase (NPP)’.

To better understand the role of CSM in the IPP, we compare the evolution
of the local luminosity (L), density (p,), temperature (7,) and velocity (v,) of
the 4P model having Mcsmy = 0.3Mg to those of the no-CSM 4P model in Fig-
ures 2.4, 2.5, 2.6 and 2.7. In the CSM model, the propagation of the forward and
reverse shocks can be traced by the positive and negative luminosity peaks in the
bottom panel of Figure 2.4. No aftereffect of the shocks is seen for the no-CSM

model since there is barely an interplay of the shock and the wind matter.

The location of the photosphere is also greatly affected by the presence of CSM.
As seen in Figure 2.5, in the CSM model the photosphere (defined by the Rosseland
mean opacity) initially moves upward in the CSM in the mass coordinate until
t ~ 1.0 d. The photosphere gradually moves downward thereafter along with the SN

ejecta expansion.

The shocked layers are heated up and the outermost layers in the CSM model
remain much hotter than in the no-CSM model from ¢t = 0.6 d when the forward
shock breaks out the CSM (Figure 2.6). These shocked layers in the CSM model have
a significantly lower velocity compared to the no-CSM model (Figure 2.7). Note also
that a dense shell is formed at M, = 3.2 — 3.9M, as the reverse shock sweeps up

this region.
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These effects of the shock become more prominent for a larger CSM mass; a
larger amount of the kinetic energy is transformed into the internal energy as more
layers are shock-heated and decelerated. Furthermore the lower expansion velocity
makes the expansion cooling less efficient and the photon diffusion time longer. These
factors make the IPP longer and the bolometric and optical luminosities during the

IPP brighter for a larger CSM mass as seen in Figures 2.2 and 2.8.

The CSM also has a great impact on the SN color. Given that the photosphere
during the IPP is hotter for a larger CSM mass, the color of the SN during the IPP

becomes bluer as seen in Figure 2.9 (see the upper left panel).

Yoon et al. (2019) showed that, without CSM, the early-time color evolution of
a SN Ib/Ic sensitively depends on the SNi distribution in the SN ejecta. Stronger
mixing of 56Ni into the outermost layers would lead to a bluer color in the earliest
days followed by a monotonic reddening during the photospheric phase, while fairly
weak mixing leads to three distinct phases of initial reddening, blueward evolution,
and reddening again. In addition, a strong Ni mixing tends to suppress the post-
breakout emission that would otherwise appear during early times (Dessart et al.
2012; Piro & Nakar 2013; Yoon et al. 2019). Our CSM models in Figures 2.9 indicate,
however, that a monotonic reddening can also be realised with a sufficient amount of
CSM (e.g., for the cases of 4P_fm0.15_E2_0.3M_R14 and 4P _fm0.15_E2_0.15M_R15

in Figure 2.9), even if the °Ni mixing is weak (i.e., fm = 0.15).

On the other hand, the heat due to °°Ni in the inner region diffuses outward
while the photosphere moves down toward the %Ni-heated region as can be seen in
Figure 2.4. Once the luminosity is dominated by this °°Ni heating, the IPP ends and
the NPP begins. The light curve during the NPP is determined by the total °Ni
mass and its distribution and becomes almost independent of the CSM structure

(Figures 2.2 and 2.8).
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Figure 2.10 Density profiles of models with different Mripped (i-e., different choices
of the boundary between the progenitor star and the CSM; see the text for details)
and density profile laws (left) and the corresponding V-band light curves (right).
All other parameters are same with our fiducial 4P_fm0.15_E2_0.15M_R14 model.
Solid lines correspond to models with different Mrippea With p oc r~2 while the blue
dashed line corresponds to the model with p oc 7~ and Mtrippea = 4 X 107° My, as
indicated by the legends in the left panel. In the left panel, the original progenitor

density profile is given by the black dashed line for comparison.

2.3.2 The effects of various parameters
Density profile

The CSM density profile is uncertain. If the CSM was created by a radiation-driven
steady wind, it would follow the standard wind density profile which converges to
r~2 at sufficiently large r. If the mass ejection were driven by energy injection from
an inner region of the star, the outermost layers where the binding energy is lowest
would be lifted up to make an outward-moving envelope-like structure. Here we

discuss the effect of CSM density profile on the result.

As explained above, in our fiducial model we remove a tiny amount of mass (i.e.,
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Mirippea=4 X 1075 M) from the outermost layers of the progenitor star and attach
the CSM of p(r) o< r~2. We have tested how this choice affects the light curve by
adopting different Mipped and p(r) as shown in the left panel of Figure 2.10. The
total amount of the CSM mass is same for all different cases (i.e., Mcsm = 0.15 Mg).

As shown in the right panel of Figure 2.10, the difference in M ippea by several
orders of magnitude only leads to a ~0.2 mag difference in the V-band light curve
during the IPP. A test model with CSM density profile of p oc r~! also gives the
practically same light curve as the fiducial case of p oc r~2. The differences are
negligible compared to the effect of different CSM mass and radius in our parameter
space. Therefore, the details of a steady-wind-like structure having p oc 7=" with
1 <n <2 play a less important role in the light curve compared to the CSM mass
and radius. It should be kept in mind, however, that a very different density structure
(e.g., a shell-like structure) might yield a significantly different result during the IPP
and that our calculations would not give a unique solution for the CSM mass and

radius.

CSM radius

We present V-band light curves and B — V' color evolution of 4P models with f, =
0.15 and Epyst = 2B in the upper panels of Figures 2.8 and 2.9, respectively, for
different combinations of Mcgm and Rgoswm. It is seen that a larger CSM radius
leads to a brighter emission and a bluer color during the IPP for a given set of
Mcsm, fm and Epyst. For Mogy = 0.15M, the IPP peak magnitudes of My =
—16.9,—17.5,—18.4 are achieved for log Rcsm[em] = 13, 14, and 15, respectively.
This is because a less amount of the kinetic energy is consumed for the expansion
work for a more extended CSM.

It seems that there exists a certain degree of degeneracy between Mcsy and

log Rcsm with regard to the IPP brightness: a different set of these parameters
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could result in a similar IPP peak magnitude. For example, in Figure 2.8, the V-
band IPP peak of the 4P models with Mcgy = 0.05 and log Resyv[em] = 14 looks
fairly comparable to the case with Mcgy = 0.15 and log Rogm[em] = 13 (i.e.,
My ~ —16.8). However, the rise time to the IPP peak becomes longer for a larger
Mecsnv mass: trise = 3.0 d for Mcogy = 0.15 and log Resm[em] = 13 and tise = 1.9
d for Mcgm = 0.05 and log Rogm[ecm] = 14. Therefore, in principle, the degeneracy

between Mcsyv and log Resy could be broken, as discussed below in Section 2.4.1.

Distribution of *°Ni

The IPP and the NPP in the light curve can be clearly distinguished if there exists
a sufficient time gap between the two phases. This time gap becomes shorter as
%Ni is more mixed out to the outer layers of the ejecta, which makes the 5°Ni
heating important at an earlier time and the luminosity at the local minimum of
the light curve between the two phases higher (the bottom-left panel of Figure 2.8).
For example, in the models of the figure, the NPP starts 5 d and 2 d after the IPP
peak and the magnitude difference between the IPP peak and the local minimum is
0.6 mag and 0.1 mag for f,, = 0.15 and 0.6, respectively. Therefore, the *’Ni mixing
is also an important parameter that can significantly interfere the IPP in the light
curve.

In addition, the overall properties of the NPP are greatly influenced by the 56Ni
mixing (e.g., see Yoon et al. 2019, for a more detailed discussion). For example,
the NPP peak is reached earlier with a larger fy,. In the 4P models presented in
Figure 2.8, it peaks at t = 18 d for f,, = 0.6, and at ¢t = 22 d for f,, = 0.15.

In the color evolution, the effect of 5Ni mixing on models with CSM is qual-
itatively same with the case of no-CSM, which is discussed in detail by Yoon et
al. (2019). As mentioned above, a very strong *Ni mixing results in a monotonic

reddening (e.g., the case for f,, = 0.6 in the bottom-left panel of Figure 2.9). A
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monotonic reddening is also observed with a sufficiently large CSM mass (e.g., the
case for Mcsm = 0.3Mg, in the top-left panel of Figure 2.9), even when the 55Ni
mixing is weak (i.e., f,y = 0.15). However, the color during the NPP is mostly much
redder in the former case, for which the Ni abundance and the resultant opacity

at the photosphere are higher.

Explosion energy

As the explosion energy increases for a given progenitor, the rise time and the
duration of the IPP become shorter (the bottom-right panel of Figure 2.8). The
time spans between two points at +0.5 mag from the IPP peak are 6.4 d, 6.2 d,
6.0 d, respectively for E1.5, E2, E2.5 model shown in the figure. This is because
the expansion velocity of the SN ejecta is faster, making thermal diffusion more
efficient. Also, the luminosity gets higher during the IPP since a stronger shock
creates a hotter and denser shocked shell. On the other hand, the higher velocity
of the SN ejecta with a higher explosion energy makes the opacity decrease more
quickly, which in turn makes the recession of the photosphere to the *Ni heated
reagion faster. This results in the earlier appearance of the 5Ni peak for a larger
explosion energy as 27.3 d, 26.2 d, 23.7 d for the same above models, followed by a
steeper decline as 0.032 mag/d, 0.043 mag/d, 0.047 mag/d during 30 days from the
NPP peak.

In terms of color, no significant difference during the IPP is found for different
explosion energies in the 4P models (the bottom-right panel of Figure 2.9). Although
the local peak of B — V' at the transition between the IPP and the NPP (~ 10 d)
are similar, the blueward evolution, which marks the beginning of the NPP, begins
somewhat earlier for a higher explosion energy. Besides color tends to redden more

quickly after the NPP peak because of the faster ejecta cooling.
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Progenitor mass

To explain the light curve width around the NPP peak of the LSQ14efd, we need
Epust ~ 1.5 — 2.0B and Epyet ~ 5.0 — 8.0B for the 4P and 8P models (Figures 2.8
and 2.11). The corresponding kinetic energies are Fx ~ 1.2 — 1.7B and Fx =
3.5 —6.5B, respectively. The higher explosion energies of the 8P models than the 4P
models result in a steeper rise to the IPP peak as well as a steeper decrease from
it. For our fiducial model, 4P model with Mcgy = 0.15Mg, fin = 0.15, Fpuet = 2B
and log Rcsm[ecm] = 14, the slope of the V-band light curve towards the IPP peak
(from +0.5 mag before the peak to the peak) and the slope beyond the peak (from
the peak to the +0.5 mag after the peak) is -0.25 mag/d and 0.11 mag/d. For the
corresponding 8P model with Fy..«t = 8B, the slopes towards the peak and beyond
the peak are -0.43 mag/d and 0.14 mag/d, respectively. The IPP peaks in the V-
band of all 8P models are brighter by ~ 0.5 mag than the 4P models for a given set

of the parameters.

The higher explosion energies make all B —V colors of 8P models redden faster
during the IPP and hence the local peak of B —V at the transition between the IPP
and the NPP larger than in the corresponding cases of 4P models. For the 8P models
presented in Figure 2.12, the local B — V peak at the IPP to NPP transition (~ 13

d) is larger by about 0.7 mag than for the corresponding 4P models (see Figure 2.9).

On the other hand, the color during the NPP is significantly affected by 5°Ni
heating. The adopted °Ni mass is the same for 4P and 8P models (hence the same
amount of *Ni heating energy) but the ejecta mass of the 8P models is 2.6 times
higher than the 4P models (see Table 2.1). As a result, the 8P models are significantly
redder during the NPP than the corresponding 4P models. At the NPP peak, for
example, the B — V values of the 8P models are larger by about 0.5 mag than the

corresponding 4P models.
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Figure 2.11 Same as in Figure 2.8 but for the 8P SN models. The explosion date

is chosen by matching the observed V-band light curve around the main peak with

the model 8P_fm0.15_E8_0.15M_R14.
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Figure 2.12 Same as in Figure 2.9 but for the 8P SN models presented in Figure 2.11.

2.4 Applications to double peaked SNe Ic

2.4.1 LSQl4efd

In this section, we apply our results to the SN Ic LSQ14efd, which motivated this
work. The comparison of our SN models with the observation is done with eyes.
The observed data are taken from Barbarino et al. (2017). Although a quantitative
fitting procedure (Morozova et al. 2018; Ergon et al. 2015) is also possible with our
grid of models, eye inspection is more than enough because our grid resolution is
rather coarse, as can be seen in Figures 2.8 and 2.11.

For the comparison of the models with the observation, the distance modulus of
37.1 is adopted for LSQ1l4efd. Given that we have only one data point of the IPP
of this SN, the explosion date cannot be easily determined from the observation. In
Figures 2.8 and 2.11, the explosion date is chosen from the model that can best

reproduce the V-band light around the NPP peak. The corresponding explosion
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Figure 2.13 Upper left: V-band light curves of some SN models with different CSM

structures (see the labels in the figure) compared to the observed V-band light curve

of LSQ14efd. Lower left: the corresponding B — V' color evolution. Upper right: U-

band and bolometric light curves of the models. Lower right: Photospheric velocity

of the models compared with the Fell and Sill line velocities of LSQ14efd.
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dates are MJD 56875.5 d and 56874.0 d for 4P and 8P models, respectively. However,
when we make eye inspection to find the best fit model, we freely shift the explosion
date such that the light curve around the V-band NPP peak of each model may

match the observation.

As can be seen in Figures 2.3 and 2.8, non-detection with the upper magnitude
limit of my = 20.6 £ 0.2 at 22 d before the V-band maximum is reported for this
SN (Barbarino et al. 2017). The information about the IPP peak and its rise time
is missing and only one data point before the end of the IPP is available in the
V-band (i.e., my = 20.03 at t = 56882.48 MJD; the first observed point). The local
minimum in the V-band at the trasition between IPP and NPP (¢ = 56884.44 MJD;
the second observed point) is my = 20.15. The data in the other optical bands are
available only after the IPP.

To find the model parameters that can give a consistent fit to LSQ14efd, we take
the following steps. First, the amount of *°Ni is fixed to 0.25 M, which is inferred
from the NPP peak brightness (Barbarino et al. 2017), as explained above. Second,
we only use the models with f,,, = 0.15 because the color evolution of these models
is qualitatively same as that of LSQ14efd where the signature of relatively weak 56Ni

mixing is found (see the discussion in Section 2.3.2).

For the remaining sets, we search for the CSM parameters (i.e., log Rcsm and
Mcsnm) that can best explain the three data points of the observed IPP (i.e, the
non-detection limit, the first observed point, and the second observe point which is
the local minimum at the IPP to NPP transition; see Figure 2.8) as well as Fp st

that can give a reasonable V-band light curve width compared to LSQ14efd.

We find that no 8P model can satisfy the non-detection limit: given the very high
energies (i.e,. Epyst = 6.0B and 8.0B), too bright emission is predicted at the point
of non-detection for the models that can match the second and third data points of

the IPP (see Figure 2.11). Note also that the color predicted by the 8P models is
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much redder than the observation (i.e., by more than 0.6 mag at the NPP peak in
terms of B — V; Figure 2.12).

Within the grid of our fiducial 4P models with f,, = 0.15, we find that the IPP
brightness can be best reproduced by the model with Mcgy = 0.15Mg, Rosm =
10" cm and Byt = 2.0B. This best fit model is presented in Figure 2.13 (the
green line). The model with Rcgy = 10'® ¢cm which can well reproduce the first
observed point is also shown in the figure for comparison (the dashed line). This
model predicts too faint emission at the second point of the observed IPP, and can

be ruled out.

As discussed in Section 2.3.2, different combinations of Mcgy and Rogy can yield
a similar IPP peak. To investigate this uncertainty, in Figure 2.13, we also present
two test models for which we adopt Mcsm = 2.0Mg and Reosm = 10'? cm (the
red line) and Mcsy = 0.5Mp and Rosy = 1013 em (the blue line). These models
and our best fit model have a similar IPP peak in V-band. However, the evolution
after the IPP peak is different for each case. The model with Mcgm = 2.0My and
Rcsy = 102 cm have a very long term effect of CSM and predicts brighter emission
at the second and third observed points. The B — V' color evolution of this model
after the NPP peak is also distinctively different from the observation. The model
with Mcsm = 0.5Mg and Rcosm = 10" cm has a longer decline rate from the
IPP peak than our best fit model and predict too bright emission compared to the

observation at the first observed point.

We find that the degeneracy between Mgy and Rcosm could be more easily
broken in the U band as seen in the upper right panel of Figure 2.13. The compared
tree models have a similar IPP peak in the V band but the U band IPP peak is
systematically brighter for a larger Rcgwy, for which the adiabatic cooling is less
efficient. Therefore, U-band observations during early times would be most useful in

future observational studies on the CSM properties.
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In principle, the degeneracy between M,; and Ex which exists when inferring SN
parameters with a NPP light curve can be broken by comparing the photospheric
velocity and the model prediction. As seen in Figure 2.13, the photospheric velocity
evolution of our best fit model is consistent with the observed vg;j;. Barbarino et al.
(2017) use vperr, which is higher than wvgiyr, to infer SN parameters and as a result
obtain higher M and Fx (i.e., 6.3 Mg and 5.6B) than our fiducial values. However,
as discussed above, such a high SN energy of 5.6B is not favored when the observed
IPP is compared with the models. In our models, the photosphere is defined by the
Rosseland mean opacity and it would be an interesting subject of future work to
investigate which absorption line better traces the Rosseland mean photosphere.

We conclude that the early-time light curve of LSQ14efd is consistent with the
SN model prediction with a massive CSM of about Mcgm ~ 0.15Mg extending up
to about Regym ~ 10' cm. This corresponds to a mass loss rate of M =~ 1.0Mg yrt
during ~ 0.2 yr before the SN explosion if we assume the terminal wind velocity
as 200 km s~!. We discuss its implications for the mass loss mechanism below in

Section 2.4.3.

2.4.2 iPTF15dtg and SN 2020bvc

We also compare our models with two other double peaked SNe Ic SN iPTF15dtg
and SN 2020bvc. iPTF15dtg is a peculiar SN Ic which is suspected to be powered by
a magnetar (Taddia et al. 2019) and its optical light curves around the main peak
cannot be easily explained by our grid of models. Given that our main interest is
to infer the properties of CSM, here we do not attempt to make a model that can
reproduce the NPP (see instead Taddia et al. 2016, who inferred SN parameters from
the light curve around the main peak). As discussed above, the IPP light curve is
largely determined by Mcsm, Rosy and Eyyst, which can be fairly well determined

independently of the detailed properties of the NPP if the early time data of the
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Figure 2.14 Light curves and color evolution of iPTF15dtg and SN2020bvc over-

lapped with the best-fit models. In the upper panels, solid lines and dashed lines

represent R14 models and R13 models, respectively. Bottom panels show g —r color

evolution of the same models. g — r of each SN is obtained from linear interpolation

of each band magnitude. Photometric data and extinction correction of iPTF15dtg

were imported from The Open Supernova Catalog and Taddia et al. (2016), and

SN2020bve from Ho et al. (2020). For iPTF15dtg, the explosion date is chosen to

be MJD 57332.9 d, the last non-detection date. For SN 2020bvc, it is chosen by

matching the observed V-band light curve around the main peak with our best fit

model. Grey downward arrows indicate the pre-explosion limit in g-band.
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IPP are good enough.
Comparison of our model grid with the IPP light curve of this SN indicates that
the early-time light curve (0 ~ 15 d after the explosion) of iPTF15dtg is fairly consis-

tent with two of our 4P models: 4P _fm0.4_E3_0.05M_R14 and 4P_fm0.4_E3_0.15M_R13,

as seen in Figure 2.14. Here, the last non-detection date is chosen for the explo-
sion date since we cannot fit the main peak with our grid of models. This im-
plies that the progenitor of iPTF15dtg had CSM with Rcgm = 10 — 10em and
Mcsm = 0.05 — 0.15M,.

For SN 2020bvc, we already presented a result of our model comparison with the
observation in another paper (Rho et al. 2020). For this particular SN, we use the 8P
progenitor and assume that °°Ni is uniformly distributed in the inner 90% of the SN
ejecta. The ®°Ni mass required to explain the NPP peak is found to be 0.4 M. As
in the case of LSQ14efd, the explosion date is determined by matching the observed
V-band light curve around the main peak with the models. For the properties of
these models made for the comparison with SN 2020bvc, see Table A.3. Within our
grid, we find that the overall light curve properties including the IPP of SN 2020bvc
are most consistent with the following two sets of parameters: Mcsy = 0.1Mo,
Resmv = 10" em & Eyyst = 12 B, and Mcsy = 0.2Me, Rosm = 103 em &
FEyust = 15 B. The early-time color of this SN is very blue as predicted by the
model, which is due to the SN interaction with CSM.

2.4.3 Implications for the CSM formation mechanism

Our result indicates that the inferred CSM properties of the double peaked SNe Ic
considered in this study (LSQl4efd, iPTF15dtg and SN 2020bvc) are intriguingly
similar: Mcsy ~ 0.1 — 0.2My, and Rcogy ~ 1013 — 10 cm.

The implied mass loss rate is M ~ 0.6 — 13.0 (vy/200 km s~!) Mg, yr—'. The

mass eruption should have occurred within about 0.2 yr from the explosion if we
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adopt vy = 200 km s~ 1.

This high mass loss rate inferred in our study cannot be explained by the conven-
tional line-driven wind of Wolf-Rayet stars. Fuller & Ro (2018) explore the possibility
of pre-supernova outbursts via wave heating during core neon and oxygen burning
in a 5 My hydrogen-free helium star. The predicted mass loss rate is ~0.01M yr—!
with a wind terminal velocity of a 450 km s~!. This is smaller by two or three orders
of magnitude than our inferred value. Note also that helium-poor SN Ic progenitor
stars are supposed to be more compact by several factors than helium-rich SN Ib
progenitors which are considered by Fuller et al. (e.g., Yoon et al. 2019). Therefore,
it seems that the inferred CSM property of the double peaked SNe Ic cannot be

easily explained by the wave heating model.

Aguilera-Dena et al. (2018) find that the surface layers of helium stars could be
spun-up to the critical rotation during the final evolutionary stages if the helium
stars retained sufficiently high angular momenta. The predicted mass loss rate is
about M < 0.01M yr—! during the last years of the evolution, which is also much

lower than our inferred mass loss rate.

Woosley (2019) find that very massive CSM of 0.02---0.74 Mg can be created
by silicon flash for helium stars having initial helium star masses of 2.5 - 3.2 M.
However, all these He star models with silicon flash have a fairly massive helium
envelope (> 0.7Mg) and the resulting SN would be a SN Ib rather than SN Ic.
In addition, the silicon flash only occurs for a relatively small progenitor mass (i.e,
Mgnar < 2.6 M), which could not easily explain the light curves of the double peaked

SNe Ic of our sample.

One scenario that could explain the CSM of the double peaked SNe Ic of our
sample would be the possibility that the mass loss from the progenitor was induced
by the combined effects of wave heating and rotation. If the progenitor were rotating

at the critical rotation during the core neon and oxygen burning stages, the binding
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energy of the outermost layers would be lower than the non-rotating case and the
mass loss due to the wave heating would be easier.

This scenario is in line with the fact that iPTF15dtg and SN 2020bvc belong
to peculiar SNe Ic (ie., magnetar-powered/broad-lined SNe Ic), for which a rapid
rotating progenitor is often invoked. This might also imply that the LSQ14efd pro-
genitor was a rapid rotator even though the inferred properties of LSQ14efd do not
look peculiar except for the IPP signature. It is possible that LSQ14efd was in part
powered by a mangetar, in which case the actual Ni would be smaller than the
inferred value of 0.25 M.

Another possibility is that the progenitors did not really undergo a mass eruption,
but simply an expansion of the outer layers due to an energy injection during the
pre-SN stage. Althernatively, the IPP observed in our sample might not be related
to CSM, but to interactions with a companion star (Kasen 2010) or to high velocity
%Ni due to an asymmetric explosion (e.g., Folatelli et al. 2006; Bersten et al. 2013).

An elaboration of these scenarios would be a subject of future work.

2.5 Conclusions

We have discussed the effects of CSM on the early-time SNIc light curve and color
evolution. SN models with different CSM mass, CSM radius, fm, and Eburst are
investigated in a systematic fashion to understand the IPP properties. In Table A.1,
we present the IPP properties of the investigated SN models for f,,=0.15, which can

be summarized as follows.

1. Models with more massive CSM have brighter IPP peaks in the optical bands
for a given initial condition. For example, for all 4P models given in Table A.1,
the V-band peak during the IPP gets higher by -0.32mag when CSM mass

increases by 0.1M (values obtained by linear regression) due to efficient con-
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version of kinetic energy into thermal energy (Section 2.3.1). At the same time,
the rising time (¢ge) and the light curve width (At4¢3) get extended by 1.61

d and 1.19 d due to a longer diffusion time scale.

. The CSM radius has the same qualitative effect on IPP properties as the

CSM mass. Models with a larger CSM radius consume less energy due to the
expansion work thus making the IPP brighter (Section 2.3.2). For example, 4P
model in Table A.1 gets brighter by -0.13 mag when its CSM radius increases
by 10 c¢m. It also makes the rising time and the width of the IPP longer, by
0.20 d and 0.16 d.

. A higher explosion energy makes the IPP brighter and its time scale shorter

(Section 2.3.2). For our 4P models, the IPP peaks higher by -0.63 mag, the ris-
ing time and the IPP duration are shortened by -1.28 d and -0.96 d when their
explosion energy is increased by 1B, respectively. However, it has a negligible
effect on the color evolution during the IPP for a given explosion condition

within our considered parameter space.

. The IPP can be significantly interfered by *°Ni heating if 5°Ni mixing is suf-

ficiently strong (Section 2.3.2). In particular, the local brightness minimum
between IPP and NPP becomes larger and the time span between the IPP

and NPP peaks shorter with a stronger °°Ni mixing.

. The early-time color becomes significantly bluer with CSM compared to the

case without CSM.

We compare our models with three double-peaked SNe Ic LSQ14efd, iPTF15dtg

and SN 2020bvc. We find that the inferred CSM properties of these SNe Ic are in-

triguingly similar: a CSM mass of Mcgym =~ 0.1Mg and a CSM radius of Resm =

10 — 10 cm. This possibly suggests a common mechanism for the CSM forma-

tion from the progenitors of these SNe Ic. The implied mass loss rate of M e



Double-peaked SNe Ic 41

1.0 My yr=! (v4/200 km/s) seems to be too high to be explained by the existing
theories such as wave heating or rotationally-induced mass shedding (Section 2.4.3).
Future work needs to address if there exists a possible mechanism to explain such
massive extended material around the progenitor star, or if an alternative scenario
such as asymmetric explosion might explain the bright IPP of the double peaked

SNe Ic of our sample.
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Chapter 3

Optical Color of Type Ib/Ic
Supernovae and Implications for

their Progenitors

Abstract

Type Ib and Type Ic supernovae (SNe Ib/Ic) originate from hydrogen-deficient pro-
genitors; however, it is still not in consent whether SN Ic progenitors are helium-rich
like SN Ib progenitors. Using the archived SN data, we investigate optical color of
SNe Ib/Ic and show that SNe Ib are systematically bluer than SNe Ic at the optical
maximum. We construct SN models from helium-rich and helium-poor progenitors
and find that the dichotomy in abundance structures plays an important role in mak-
ing the color difference. We suggest that optical color can provide an unexplored yet
meaningful photometric diagnosis of SNe Ib/Ic and can serve as evidence of their

distinctively different progenitor natures.

43
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3.1 Introduction

How different are the progenitors of Type Ib and Type Ic supernovae (SNe Ib/Ic)?
- This is a long-debated subject in understanding the origin of SNe Ib/Ic. While
both SNe Ib and Ic do not show any noticeable H I lines in their spectra, implying
the hydrogen envelope of their progenitors is stripped off, SNe Ib show He I lines
in contrast to SNe Ic. However, the lack of He I lines does not necessarily mean
the lack of helium envelope in their progenitors as helium requires non-thermal
processes in the line formation (Lucy 1991). This has posited a high uncertainty in
determining the existence and/or amount of helium remaining in the progenitors
of SNe Ic¢ (hidden helium problem), obstructing our full comprehension of different
evolutionary channels of SNe Ib/Ic until core-collapse (Yoon 2015).

Various spectroscopic analyses have been attempted to tackle the different prop-
erties between SNe Ib and Ic. The role of **Ni mixing in SN ejecta for the pres-
ence/absence of He I features was explored through non-LTE radiative transfer sim-
ulations by Dessart et al. (2012), who showed that a large amount of helium can
be hidden without *°Ni mixing. On the contrary, there remains yet another sim-
ple explanation that helium-rich and helium-poor stars are respective progenitors of
SNe Ib and Ic. This was explored by many authors, either by investigating general
features or by case studies, reproducing distinctive spectroscopic properties (Dessart
et al. 2015, 2020; Hachinger et al. 2012; Teffs et al. 2020; Williamson et al. 2020).
Recent statistical analysis of a large set of SNe Ib/Ic spectra seems to be in favor
of the distinct progenitor structures. Stronger and broader O I A7774 absorption
line and broader Fe II A5169 line found in SNe Ic disfavor the existence of a large
amount of helium left in their progenitors (Liu et al. 2016). However, the broader
spectral lines might also stem from higher degrees of *Ni mixing in SNe Ic than
SNe Ib, which are predicted to make the early photospheric velocity faster (Moriya
et al. 2020).
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While SNe Ib/Ic spectra show distinct features, their light curves look compara-
ble. The peak luminosity and the light curve width are related to ejecta mass, 7Ni
mass, and kinetic energies (Arnett 1982), and there have been many studies on light
curve modeling of large samples of SNe Ib/Ic (Richardson et al. 2006; Drout et al.
2011; Cano 2013; Taddia et al. 2015; Lyman et al. 2016; Prentice et al. 2016; Taddia
et al. 2018; Prentice et al. 2019; Barbarino et al. 2020). Each group used different
sets of samples and inferred different average values, thus it has not reached a con-
sensus whether SNe Ib/Ic have systematically different properties in terms of ejecta
mass and *°Ni mass.

A small scatter is observed in the optical color at 10 days after the optical peak
(Drout et al. 2011; Stritzinger et al. 2018). However, different degrees of 5Ni mixing
are required to explain different features of observed SNe Ib/Ic in the early-time
color evolution; SNe Ic require a stronger mixing, in favor of a He-poor star as the
progenitor (Yoon et al. 2019).

In this study, we present another meaningful probe into different natures of SNe
Ib/Ic progenitors: optical color at the V-band peak epoch. We show that SNe Ib are
systematically bluer than SNe Ic by compiling a number of SNe Ib/Ic samples and
argue that the chemical structure difference can yield such a color gap.

The paper is organized as follows. We introduce a set of observational data se-
lected for the analysis and their optical color at the V-band peak in Section 3.2. Then
we present our supernova models newly constructed for this study in Section 3.3. In
Section 3.4, we compare the models with the observation and discuss the possible

origins of the color difference. We conclude the study in Section 3.5.

3.2 Photometric data samples

The majority of photometric data of SNe Ib/Ic were collected from the Open Super-
nova Catalog (OSC) (Guillochon et al. 2017). SNe Ib/Ic which were discovered after
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Table 3.1 List of our selected sample of SN Ib/Ic

Name Type Bpaz Vinaw References E(B —V)yw E(B — V)post References My M
SN 19841 Ib 16.65 15.82 OSC 0.091 0.104 C13 0.15 3.62
SN 1999ex Ib 17.45 16.60 OSC 0.017 0.280 P16 0.16 2.24
SN 2004gq Ib 15.89 15.29 OSC 0.063 0.095 P16 0.11 2.67
SN 2004gv  Ib 17.68 17.25 OSC 0.028 0.053 S18 0.15 7.04
SN 2005hg Ib 18.08 17.51 OSC 0.089 0.580 D11 0.73 3.41
SN 2006ep Ib 18.31 17.40 OSC 0.031 0.233 S18 0.09 1.80
SN 2006gi Ib 17.09 16.18 OSC 0.021 0.098 E11 — -
SN 2006lc Ib 18.92 17.68 OSC 0.056 0.298 S18 0.20 5.12
SN 2007C Ib 17.26 15.98 OSC 0.037 0.730 P16 0.13 3.33
SN 2007kj Ib 18.14 17.64 OSC 0.069 0.000 T18 0.07 2.65
SN 2007Y Ib 15.62 15.30 OSC 0.018 0.090 P16 0.04 2.12
SN 2008D Ib 18.51 17.33 OSC 0.019 0.630 P16 0.09 4.12
SN 2009jf Ib 15.58 15.08 OSC 0.097 0.050 P16 0.23 6.02
SN 2012au Ib 14.02 13.51 OSC 0.041 0.020 M13 - -
SN 2014C Ib 16.04 14.93 OSC 0.078 0.670 M15 - —
SN 2015ah  Ib 17.10 16.50 P19 0.071* 0.020 P19 0.09 2.00
SN 2015ap Ib 15.71 15.20 P19 0.037* 0.000 P19 0.12 1.80
iPTF13bvn Ib 1591 15.21 OSC 0.028 0.044 P16 — —
SN 19941 Ic  13.83 12.87 OSC 0.031 0.300 P16 0.07 0.61
SN 2004aw Ic 18.11 17.12 OSC 0.018 0.350 P16 0.23 4.90
SN 2004dn Ic 18.69 17.32 OSC 0.041 0.520 D11 0.16 3.10
SN 2004fe Ic 17.55 16.88 OSC 0.021 0.000 T18 0.16 1.92
SN 2004gt Ic  16.36 15.40 S18 0.040 0.237 S18 0.16 3.75
SN 2005aw  Ic 17.24 15.99 OSC 0.053 0.496 S18 0.16 3.50
SN 2005mf Ic 18.90 17.96 OSC 0.015 0.380 D11 0.26 2.19
SN 2007gr Ic 13.48 12.88 OSC 0.053 0.030 P16 - -
SN 2007hn Ic 19.17 18.28 OSC 0.071 0.170 S18 0.21 1.65
SN 2011bm Ic 17.11 16.52 OSC 0.029 0.032 P16 0.63 14.43
SN 2013F Ie 19.15 17.13 P19 0.018%* 1.400 P19 0.15 1.40
SN 2013ge Ic 15.64 14.76 OSC 0.020 0.047 P16 — -
SN 2014L Ic  16.20 15.04 OSC 0.034 0.670 718 - —
SN 2016iae  Ic 16.14 14.99 P19 0.014* 0.650 P19 0.13 2.20
SN 2016P Ic 17.41 16.62 P19 0.024* 0.050 P19 0.09 1.50
SN 2017ein  Ic 16.01 15.26 V18 0.019* 0.340 V18 — —
SN 202001 Ic  14.57 13.82 R20 0.023* 0.000 R20 0.07 0.71
LSQ14efd Ic  19.79 18.96 OSC 0.032* 0.000 B17 0.25 2.49

Note. — The first five columns give the name, claimed SN type, B—band magnitude at the
V-band peak, V—band magnitude at the peak, and the references from which photometric data
were extracted. The sixth column gives E(B — V)mw from the OSC. E(B — V)mw values with an
asterisk were extracted from the same reference as for E(B—V )uost. The seventh and eighth columns
give E(B — V)muost and their references. References are abbreviated as follows. D11: Drout et al.
(2011), E11: Elmhamdi et al. (2011), O12: Oates et al. (2012), M13: Milisavljevic et al. (2013), M15:
Milisavljevic et al. (2015), P16: Prentice et al. (2016), B17: Barbarino et al. (2017), S18: Stritzinger
et al. (2018), T18: Taddia et al. (2018), V18: Van Dyk et al. (2018), Z18: Zhang et al. (2018), P19:
Prentice et al. (2019), R20: Rho et al. (2020), J20: Jin et al. (2020) submitted to ApJ. Mn; and

R ty 1
Me; are obtained from averaging over all the available values from Richardson et al. (QQ'DGD; Droutf] i | '©
f 1 - I

et al. (2011); Cano (2013); Taddia et al. (2015); Prentice et al. (2016); Lyman et al./(2016); Taddia
et al. (2018) except for SN 20200i from R20, and LSQ14efd from J20.
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Jan. 1. 2000. and have photometric data more than 30 points were chosen from the
OSC. We excluded superluminous SNe Ic, broad-lined SNe Ic, and Ca-rich SNe Ib to
focus on the ordinary SNe Ib/Ic. Then SNe with a V-band light curve with a main
peak are filtered, and then again with a criterion of having at least three B-band
points and three V-band points within 4+5 days with respect to the V-band peak
epoch for the purpose of obtaining a reasonably good color estimate at the V-band

peak. Table 3.1 shows our SNe Ib/Ic sample.

The host galaxy extinction of stripped-envelope SNe is mostly non-negligible due
to their dusty environments. We extract the host extinction E(B — V)post from the
literature for each SN. A traditional way for determining the host extinction is to
use the equivalent width of Na I D absorption lines (Poznanski et al. 2012). Another
method is using a photometric property; the V' — R color at 10 days after the V-band
peak, by taking advantage of its small scatter (Drout et al. 2011). Both methods are
used in inferring F(B — V)post of SNe. See Table 3.1 for references for each SN for
more details about the host extinction estimates. In the top panel of Figure 3.1, a
cumulative distribution of E(B — V')t is presented for each SN type. The overall
host extinction is larger for SNe Ic (E(B —V )Host=0.31) than for SNe Ib (0.22). This
might imply different progenitor environments for SNe Ib and Ic. SNe Ic seem to
originate from a more dusty environment, i.e., in which more active star formation

is expected than SNe Ib.

Corrected for both the Milky Way extinction and the host galaxy extinction,
the color of B — V' at the V—band peak, (B — V)ymax is obtained and presented in
the middle panel of Figure 3.1. SNe Ib are systematically bluer than SNe Ic; SNe Ib
have (B —V)vmax=0.48, and SNe Ic have 0.63 on average, showing a color difference
of A(B — V)vmax = 0.15. My; and Mg of the same set of SNe are extracted from
the literature, and their ratios are calculated and presented in the bottom panel

of Figure 3.1. SNe Ic have a systematically larger 5Ni mass to ejecta mass ratio



Optical Color Gap of SNe Ib/Ic

He5.3 fm0.5 Mni0.20

i0.20

49

10F

08|

0.6

02

-—=

0.0

1.0

0.8

0.6

0.4

0.2

0.0

C05.3 fm0.5 Mn
H — 0 — Si
He — Ne S
— C Mg — Ar

— Ca
— Fe
— Ni

— *

15 2.0 25 3.0 35 4.0 4.5

M:[Mo]

5.0

5.5

15

L
20 25 30 35 4
M [Mo]

0 4.5

5.0

Figure 3.2 Chemical abundance profiles of the representative He star model and CO

star model.

(MNi/MejZO.OS) than SNe Ib (MNi/Mej:O-05)-

3.3 Supernova models

We consider three possible explanations for the systematic difference of the optical
color in SNe Ib/Ic: difference in the progenitor chemical structures, in degrees of
%Ni mixing, and in the Ni mass over the ejecta mass. We consider helium-rich
and helium-poor progenitors of various Mej. Then we construct SN models with
different degrees of ®*Ni mixing and different amounts of Ni to explore the validity

of each explanation.

3.3.1 Methods and physical assumptions

We consider various final masses of He stars (helium-rich progenitors which contain
more than 0.6Mg of helium) and CO stars (helium-poor progenitors which contain
less than 0.2M, of helium) (See Table 3.2). The final masses span 3.1-5.7M), and the
ejecta masses span 1.7-4.1M,. The explored range of the ejecta mass encompasses

most of the observed Mi[My] values of 2.0 — 5.0 of SNe Ib/Ic (Cano 2013; Lyman

A -2l &
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Table 3.2 Model pre-SN properties

Name M R Mco Yy mpe Mpe Mot

He3.1 173 3166 156 098 143 130 0.018
He3.5 206 4.77 2.02 098 144 1.41 0.022
He3.9 240 6.73 2.17 098 1.66 1.44 0.024
He4.2 276 245 263 098 158 1.45 0.027
He5.3 3.75 087 395 0.82 0.63 150 0.038
He5.6 4.10 1.62 3.64 098 1.62 1.48 0.041

c03.2 177 020 3.18 0.12 0.04 1.39 0.018
Cc0O3.6 205 0.21 361 0.12 0.07r 1.53 0.021
c039 249 077 392 049 0.10 1.41 0.024
CcO4.2 272 022 419 0.08 0.06 1.45 0.027
CO5.3 376 0.59 513 030 022 146 0.038
CO5.7 4.08 0.20 556 030 0.17 1.63 0.041

Note. — Me.;: ejecta mass; R: progenitor radius; Mco: He-deficient core mass which has helium
mass fraction lower than 0.2; Y;: surface helium mass fraction; mpe: total helium mass; Mre: iron

core mass; Mext: CSM mass
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et al. 2016; Taddia et al. 2018). Progenitor models are named to indicate whether it
is He star or CO star and its total mass: He3.1 refers to a He star progenitor with
its total mass of 3.1Mg. We will use the same notation to refer to the SN model

from the respective progenitor model. Refer to the Table 3.2 for more details.

SN models are calculated by using four different *°Ni masses and two kinetic en-
ergies. Since the explosive nucleosynthesis is not implemented in the current version
of STELLA, 5°Ni is artificially introduced with its masses being 0.07Mg, 0.14Mg),
0.20Mg), and 0.25M,. Kinetic energies of 1B and 2B are obtained by controlling the
explosion energy. Again, this set of the ®’Ni mass and the kinetic energy can cover
most of the observed SNe Ib/Ic (Taddia et al. 2018). The distribution of 5Ni is set to

follow a step-function with its non-zero part spanning f;, of its ejecta, and the mass

— Mni
fm(Mtot_Mcut)

for My, < My < fon(Miot — Meut) + Mews and Xni(M,) = 0 elsewhere. Here, M, is

cut is set to correspond to the surface of the iron core, i.e., Xni(M,)

the mass coordinate, M., is the mass cut, M.t is the total mass of the progenitor,
and fy, is the °°Ni distribution parameter; f,=0.15, 0.5, and 1.0 are considered
in the study. f,,=0.15 might correspond to a SN in which weak °’Ni mixing had
occurred, f,=0.5 to moderate mixing, and f,,=1.0 to strong mixing (°°Ni fully-
mixed). The progenitor models are attached with CSM with a mass of 1% of their
ejecta masses and an extent of 10'*cm to avoid relativistic effects which cannot be

handled in the current version of STELLA.

STELLA is a one-dimensional multi-group radiative-hydrodynamics code for cal-
culating SN light curves in multi-bands. SN explosion is treated as a thermal bomb
at the mass cut, right above the iron core, and the code solves time-dependent
radiative transfer equations and hydrodynamics equations simultaneously for 100
wavelengths bins. For more detailed information, see Blinnikov & Tolstov (2011).

(Table for pre-supernova models and explosion properties)
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3.3.2 Model color distribution

Both unweighted and weighted cumulative distribution functions of (B — V' )ymax of
our SN models are compared with the observation in Figure 3.3. To construct the
weighted cumulative distribution function in the lower panel, we derive the distribu-
tions of M, Mni, and FEy from the literature (Richardson et al. 2006; Drout et al.
2011; Cano 2013; Taddia et al. 2015; Prentice et al. 2016; Lyman et al. 2016; Taddia
et al. 2018) and assigned weights to each model parameter. The assigned weights are
(Mej[Me), weight; w): (1.7-1.8, 0.19), (2.0-2.1, 0.20), (2.4-2.5, 0.19), (2.7-2.8, 0.19),
(3.7-3.8, 0.12), (4.0-4.1, 0.10), (Mni[My], w): (0.07, 0.20), (0.14, 0.33), (0.20, 0.29),
(0.25, 0.19), and (Ex([B], w): (1, 0.68), (2, 0.32). In both unweighted and weighted
cases, He star models show bluer color of (B — V)ymax = 0.35 — 0.43, than CO star
models of (B — V)ymax = 0.55 — 0.61 except for the fully mixed case, f,=1.0. The
systematic color difference yield A(B — V)vmax = 0.15 — 0.25, which is compara-
ble to the observed color gap between SNe Ib/Ic. Although using different sets of
weights results in different cumulative distribution functions, qualitative features do

not change.

3.4 Color difference

3.4.1 Chemical structure of the progenitor

The systematic color difference between He star and CO star models in Figure 3.3
indicates that the chemical structure difference in progenitors affects optical color
at the V-band peak.

Figure 3.4 presents the Rosseland-mean opacity and temperature evolution in
the ejecta. The Rosseland-mean opacity, x[g/cm?], is below 0.02 in He4.2 model at
M,[Mg] 2 3.8 at 5 — 28 d while it is in between x = 0.02 — 0.06 in CO4.2 model.
Thus the photosphere retreats inwardly faster in He4.2 model than in CO4.2 model;
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starting from the outermost layer of M,[Mg] ~ 4.2 in both models, the photosphere
is located at M,[Mg] = 3.9 at 6 d and M, [Mg] = 2.8 at 28 d in He4.2 model while it
is located at M,[Mg] = 4.1 and M, [Mg] = 3.4 at the same epochs in CO4.2 model.
The photosphere located at deeper layers allows hotter photons to escape from the
inner %Ni-heated region. The photospheric temperature at 5—28 d is hotter in He4.2
model (3.9 < logT[K] < 4.1) than in CO4.2 model (3.7 < log T[K] < 3.9). This
makes the spectral energy distribution harder and the optical color bluer ((B — V')
smaller) at the V-band peak in He4.2 model than in CO4.2 model.

The result implies that chemical structures in progenitors contribute significantly
to the optical color at the V-band peak. Helium-rich progenitors lead to bluer color
than helium-poor stars, which is in agreement with the notion that SNe Ib stem

from helium-rich progenitors and SNe Ic from helium-poor progenitors.

3.4.2 5Ni mixing

A strong outward ®°Ni mixing can yield redder color at V-band peak. In Figure 3.3,
fully mixed cases (f,=1.0) show much redder color as (B — V)ymax ~ 1.0 than
weakly /moderately mixed cases (f,=0.15, 0.5) of (B — V)ymax =~ 0.4 — 0.6. Fig-
ure 3.5 shows the Rosseland-mean opacity and temperature evolution of models
with different f,,. Compared to f,,=1.0, the photosphere in f;,=0.15 retreats faster
and stays in the hot 56Ni-heated region (log T[K] > 3.9 at 11 - 30 d) during which
the V-band peak appears at 26 d. On the other hand, the photosphere in f,,=1.0
recedes inwardly more slowly and monotonically cools down (log T[K] < 3.9 after 21
d) until the V-band peak appears at 22 d.

It was shown that progenitors of SNe Ic require stronger mixing to explain the
observed monotonic redward evolution while those of SNe Ib require weak/moderate
mixing to explain the early-time blueward evolution (Yoon et al. 2019). This poses

that the combined effects of different abundance structures and different degrees of
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Figure 3.6 The Rosseland-mean opacity evolution and the temperature evolution

of models with different *’Ni mass. Left panels correspond to My;=0.07M, right

panels correspond to My;=0.25M. Vertical dashed line represents the epoch of

V —band peak.

°Ni mixing play a role in the SNe Ib/Ic color difference. A stronger mixing in a

helium-rich progenitor alone is not likely to be responsible for the red color of SNe

Ic since this condition favors the formation of He I lines in helium-rich progenitors.

3.4.3 5°Ni mass over ejecta mass

SN ejecta with more °°Ni has a larger thermal energy due to the extra heating.

Figure 3.6 compares the Rosseland-mean opacity and the temperature evolution

for different My; masses. In the model with My;=0.25M, the ejecta is hotter at

every mass zone for a given epoch compared to the model with My;=0.07Mg. The
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photosphere of the model with My;=0.25M¢ retreats more slowly than that of
Myi=0.07Mg does, and its temperature remains in between logT'[K] = 3.9 — 4.1
at 8 — 29 d. The V-band peak occurs at 27 d. The photospheric temperature of the
smaller My; stays in the same range at 11 — 19 d. The V-band peak is reached at
19 d when the photospheric temperature traverses log T'[K| = 3.9 downward. This
comparison illustrates that a larger My; leads to bluer optical color at the V-band
peak, for a given ejecta mass. In Figure 3.3, the models with a small (large) My;
comprises the red (blue) end of the color distribution.

If Myi/M.j was systematically larger in SNe Ib than SNe Ic, this might have led
to bluer color. On the contrary, SNe Ic have larger My;/Me; compared to SNe Ib as
can be seen in Figure 3.1 at least for our SNe sample. Thus this implies that the

optical color difference is not due to larger Myi/M,j in SNe Ib than in SNe Ic.

3.5 Conclusions

We show that the optical colors of SNe Ib and Ic are systematically different at
the V-band peak and argue that progenitors with distinctive chemical structures
can explain the color gap. SNe Ib and Ic have average values of (B — V)ymax =
0.48 and 0.63, respectively, showing ~ 0.15 of difference (Section 3.2). SN models
from helium-rich progenitors (He star models) yield bluer color than those from
helium-poor progenitors (CO star models) as long as “°Ni mixing is not extreme;
He star models have (B — V)ymax=0.35 — 0.40, and CO star models have 0.55 —
0.60, showing a comparable color difference of ~ 0.15 — 0.25 to the observation
(Section 3.3). Given that SNe Ib color evolution is well-explained by weak/moderate
%Ni mixing and SNe Ic by strong mixing (Yoon et al. 2019), it is likely that the
chemical structure difference in progenitors as well as different degrees of mixing play
a key role in bluer/redder color of SNe Ib/Ic (Section 3.4). Inhomogeneity seems to

exist in Myi/Mej of SNe Ib/Ic, but it does not serve to make the color gap of our
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concern since larger Myi/Mj in SNe Ic would make the color bluer as opposed to
the observation.

The results provide further evidence rebutting the existence of hidden helium
in SNe Ic. This is in line with recent spectroscopic studies on the hidden helium
problem (Teffs et al. 2020; Williamson et al. 2020; Dessart et al. 2020), none of
which support massive helium content in SNe Ic progenitors. With regard to stellar
evolution, a recent study by Yoon et al. (2017) predicts that Wolf-Rayet stars at
the pre-SN stage would have a dichotomy in helium mas and surface helium mass
fraction, supporting a distinctively different properties of SNe Ib/Ic progenitors.

This study is subject to a few limitations. First of all, the code used in the study
might not predict color correctly due to some physical simplifications implemented
in the code, e.g., LTE assumption for level distributions, limited number of spectral
lines, lack of fluorescence effect and etc. Detailed spectrum calculation along with
photometry is required for more rigorous qualitative comparison with the observa-
tion. Secondly, only a limited number of SNe Ib/Ic samples (~20 for each subtype)
are used for the analysis due to the lack of either photometric data or extinction
data. Future acquisition of large samples of SNe Ib/Ic will help to confirm the results

and may shed a light on the evolution of massive stars.
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Chapter 4

Concluding Remarks

In this thesis, the physical properties of Type Ib and Type Ic supernovae (SNe Ib/Ic)
progenitors are explored by using numerical simulations. The light curves and color
of SNe are photometric indicators that enable us to infer the progenitor natures
after the explosions. By comparing the observed SNe Ib/Ic light curves and color
with models, we examine circumstellar matter (CSM) structure of unusual SNe Ic
progenitors and different progenitor properties of SNe Ib and Ic, both of which have

not been discussed in depth before.

In the first study (Chapter 2), we investigate three double-peaked SNe Ic (LSQ14efd,

iPTF15dtg, and SN 2020bvc) which showed bright post-breakout emission in the op-
tical bands by considering CSM interaction. The light curves and color during the
interaction-powered phase (IPP) vary according to the CSM structure; SN models
with more massive or larger CSM have brighter IPP peaks, more extended IPP du-
ration, and bluer color during the IPP within our grid. Through comparison, we
find models that are consistent with each SN data, all of which require CSM mass
of Mcsm ~ 0.1Mg and radius of Rogy = 1013 — 104 cm. This CSM structure cor-
responds to an extreme mass-loss rate of M > 1.0 Mg yr—' (vy/200 km/s) within

about one year before the SN explosion.

61



62 Conclusion

In the second study (Chapter 3), it is shown that SNe Ib and Ic show system-
atically different B — V' color at the V-band peak: (B — V)ymax = 0.48 (SNe Ib)
and 0.63 (SNe Ic), on average. We consider three different scenarios to explain the
systematic color difference. Firstly, progenitors with different chemical structures
can make the color different; helium-rich (helium-poor) progenitors result in bluer
(redder) color. Secondly, different degrees of 5Ni mixing can affect the color; SN
models with fully mixed **Ni have redder color than those with weakly /moderately
mixed %9Ni. Thirdly, different ratios of the %Ni mass to the ejecta mass can mat-
ter; a larger Mnyi/Mej make color bluer. Our analysis suggests that progenitors with
different chemical structures (SNe Ib from helium-rich progenitors and SNe Ic from
helium-poor progenitors) along with different degrees of 5Ni mixing (SNe Ic with
stronger mixing than SNe Ib) be the most plausible scenario.

SNe provide a posteriori clues of the stellar evolution prior to the explosions.
Especially, SNe Ib/Ic originate from massive stars of which their hydrogen envelopes
are stripped off. Either stellar wind or binary interaction is a possible mass-loss
channel, but the detailed nature of mass-loss mechanism is still in debate. The
research conducted in this work provide evidence for distinctively different natures
of SNe Ib and Ic, i.e., considerably different mass-loss rates and/or evolutionary
histories between the two SN subtypes. Also, the possibility of extreme mass-loss
from some SNe Ic progenitors is implied in our study. Future works should explore
extensive mass-loss channels for SNe Ib/Ic progenitors which can account for the

dichotomy of SNe Ib and Ic and extreme mass-loss from some SN Ic progenitors.
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Table A.1 IPP properties of 4P models for LSQ14efd with fy,= 0.15

Appendix: IPP properties

FEvurst Mcsm log Rcsm My peak Lrise Atos S3~10d
[B] [Mo) [cm] [mag] [d] [d] [mag/d]
1 0.05 13 -15.79 2.35 1.75 0.29
14 -16.26 2.89 2.76 0.21
15 -17.23 4.05 3.46 0.08
0.15 13 -16.26 3.88 2.84 0.32
14 -16.79 5.39 4.79 0.08
15 -17.82 6.71 6.18 0.04
0.3 13 -16.55 5.71 3.66 0.16
14 -17.16 7.93 6.36 0.04
15 -18.09 9.19 9.15 0.01
1.5 0.05 13 -16.17 1.79 1.55 0.2
14 -16.59 2.13 3.2 0.21
15 -17.7 3.59 2.33 0.14
0.15 13 -16.66 3.42 2.67 0.28
14 -17.18 4.92 4.63 0.1
15 -18.19 5.85 4.08 0.04
0.3 13 -16.95 4.92 3.4 0.19
14 -17.57 6.68 5.4 0.05
15 -18.42 7.87 6.47 0.02
2 0.05 13 -16.39 1.61 1.49 0.15
14 -16.83 1.88 3.18 0.21
15 -17.92 3.14 2.49 0.16
0.15 13 -16.92 2.97 2.53 0.26
14 -17.45 4.14 4.29 0.11
15 -18.42 5.4 3.51 0.05
0.3 13 -17.16 4.44 3.52 0.19
14 -17.87 6.16 4.91 0.06
15 -18.62 7.32 6.35 0.02

Note. — FEpurst: explosion energy; Mcswm: mass of the CSM; logRcsw: radius of the CSM; My, peak:

V-band maximum magnitude during the IPP; t,ise: time from the explosion to the V-band maximum

during the IPP, At4¢.3: time span between two 76% V-mag maximum (+0.3 mag) points during

the IPP, one during its rise to the maximum and the other during its decline from the maximum;

Sz~10d: B — V' color evolution slope at 3~10 day.

2 :
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L
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Table A.2 TPP properties of 8P models for LSQ14efd with fy,= 0.15

73

Ehurst Mcsm log Resm My peak Trise Ato3 $3~10d
[B] [Me)] [cm] [mag] [d] [d] [mag/d]
5 0.05 13 -16.53 1.42 1.35 0.38
14 -17.06 1.67 2.89 0.4
15 -18.26 2.82 1.85 0.31
0.15 13 -17.1 2.66 2.06 0.45
14 -17.68 3.57 3.26 0.17
15 -18.73 4.78 2.38 0.07
0.3 13 -17.33 3.81 2.89 0.32
14 -18.04 5.17 3.84 0.09
15 -18.92 6.24 3.68 0.02
6 0.05 13 -16.68 1.34 1.36 0.31
14 -17.23 1.35 2.83 0.38
15 -18.48 2.88 1.67 0.3
0.15 13 -17.18 2.46 2.09 0.38
14 -17.8 3.31 3.55 0.19
15 -18.92 4.57 2.19 0.07
0.3 13 -17.49 3.61 2.69 0.32
14 -18.18 4.93 3.84 0.09
15 -19.07 6 3.1 0.02
8 0.05 13 -16.88 1.2 1.23 0.22
14 -17.37 2.54 2.94 0.35
15 -18.66 2.75 1.57 0.28
0.15 13 -17.41 2.64 2.03 0.38
14 -18.08 2.89 2.97 0.2
15 -19.1 4.13 1.76 0.07
0.3 13 -17.75 3.16 2.56 0.31
14 -18.41 4.24 3.67 0.11
15 -19.26 5.47 3.47 0.03

Note. — Column names are same as Table A.1
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Appendix: IPP properties

Table A.3 TPP properties of the models for SN2020bve with fi,= 0.9

Erurst Mcsm log Rcsm Mg 1PP peak trise Atios 83~10d
B] Mo]  [em] mag] 0 [mag/d]

6 0.05 13 -16.91 1.37 1.20 0.01
14 -17.38 1.79 2.48 0.06
15 -18.52 2.81 2.23 0.05
0.1 13 -17.20 1.94 1.67 0.04
14 -17.88 2.52 2.28 0.07
15 -18.88 3.84 1.65 0.06
0.2 13 -17.49 2.75 2.40 0.06
14 -18.23 3.85 3.05 0.06
15 -19.14 5.06 2.34 0.04
9 0.05 13 -17.21 1.14 1.09 0.00
14 -17.66 1.74 2.31 0.06
15 -18.83 2.75 2.08 0.07
0.1 13 -17.54 2.13 1.57 0.04
14 -18.19 2.32 2.42 0.08
15 -19.29 3.41 1.30 0.07
0.2 13 -17.88 2.41 1.9 0.06
14 -18.57 3.24 2.85 0.07
15 -19.43 4.42 1.21 0.04
12 0.05 13 -17.39 1.05 1.04 0.02
14 -17.92 2.14 2.02 0.07
15 -19.02 2.50 2.20 0.09
0.1 13 -17.75 1.56 1.43 0.04
14 -18.38 2.17 2.19 0.08
15 -19.50 3.24 1.15 0.07
0.2 13 -18.10 2.48 1.88 0.07
14 -18.81 3.01 2.64 0.07
15 -19.65 3.91 1.35 0.05

Note. — Column names are same as Table A.1 except for My peak: g-band maximum magnitude

during the IPP; tyise: time from the explosion to the g-band maximum during the IPP, Aty 3: time

span between two 76% g-mag maximum (+0.3 mag) points during the IPP, one during its rise to

the maximum and the other during its decline from the maximum; sz~104: g — r color evolution

slope at 3~10 day.
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