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Abstract

Core-collapse supernovae are explosions of massive stars. Massive stars lose their mass
during their evolution in many ways and core-collapse supernovae always occur within cir-
cumstellar media created by their progenitors. We study signatures of circumstellar media
which appear in supernovae due to the interaction between supernova ejecta and circumstel-
lar media. Our study reveals mass loss of supernova progenitors immediately prior to their
explosions. We especially focus on supernovae whose main radiation energy source is kinetic
energy of supernova ejecta. If circumstellar media of supernovae are dense enough, super-
nova ejecta is decelerated by the interaction and the kinetic energy of the supernova ejecta
is eventually released as radiation. The efficient conversion from kinetic energy to radiation
energy can make supernovae bright.

We develop theoretical formalisms to study the light curves of such interacting supernovae
at first. We derive an analytical bolometric light curve model under the assumption that
circumstellar media are optically thin. When circumstellar media are optically thick, we
need to model light curves numerically. However, if the optical depth of a circumstellar
medium is sufficiently high and the shock breakout occurs within the circumstellar medium,
we find that the rising time of the light curve and the shock propagation timescale in the
circumstellar medium can be estimated analytically. These timescales can be used to infer
the properties of circumstellar media in which the shock breakout occurs.

We apply our analytic light curve model to observed Type IIn supernova light curves.
Type IIn supernovae are supernovae which show clear signatures of the interaction in their
spectra and they are presumed to be mainly powered by the interaction. By fitting the
observed light curves by our analytic model, the properties of the circumstellar media of
several Type IIn supernova progenitors are estimated. We find that the density structures of
them are likely to deviate slightly from the density structures expected from the steady mass
loss and Type IIn supernova progenitors generally experience non-steady mass loss shortly
before their explosions. Especially, we find that Type IIn supernova progenitors may tend to
increase their mass-loss rates as they get closer to the time of their explosions. In addition, the
mass-loss rates estimated are found to be more than 0.001 solar mass per year. No supernova
progenitors are predicted to have such high mass-loss rates shortly before thieir explosions
by the current stellar evolution theories and our results clearly challenge our understanding
of mass loss from massive stars.

Superluminous supernovae are a new kind of supernovae whose existence is recently recog-
nized. Their peak luminosities are brighter than -21 magnitude in optical. Most of them are
Type IIn supernovae and they are suggested to become superluminous because of the inter-
action between supernova ejecta and circumstellar media. To explain the huge luminosities
of superluminous supernovae, their circumstellar media need to be very dense and the shock
breakout is presumed to occur within the circumstellar media. By modeling the light curve
numerically, we find that the observed properties of the best observed superluminous super-
nova 2006gy (Type IIn) can be actually explained by the shock breakout model we developed.
Our results indicate that the progenitor of supernova 2006gy underwent non-steady mass loss
with the rate exceeding 0.1 solar mass per year in a few decades before the explosion. No
current stellar evolution models can explain the estimated mass loss. There also exist super-



luminous supernovae whose spectral type is not Type IIn and their huge luminosities are not
necessarily from the interaction. However, we find that the lack of the Type IIn features in
their spectra can be explained by our shock breakout model and they likely get bright due
to the interaction as well. Especially, the existence of the two spectral types (Type IIn and
Type IIL) in hydrogen-rich superluminous supernovae and a short-term luminosity decline
observed between the precursor and the main light curve of hydrogen-poor superluminous
supernova 20060z are naturally expected from the shock breakout model.

So far, we have discussed the mass-loss properties of the observed supernovae which
show the signatures of the interaction and found that their mass-loss rates are much higher
than those predicted by the current stellar evolution theories. However, there do exist some
theoretical supernova progenitor models whose mass-loss rates are enhanced shortly before
their explosions, namely, super-asymptotic-giant-branch stars, massive red supergiants, and
luminous blue variables. We discuss the expected observational signatures of these theo-
retical supernova progenitors with the mass-loss enhancement. We obtain light curves from
the explosions of electron-capture supernovae theoretically suggested to explode within super-
asymptotic-giant-branch winds. Some observed supernovae are suggested to come from super-
asymptotic-giant-branch stars but we find that their light curves are inconsistent with the
light curves obtained by the super-asymptotic-giant-branch star model from the current stellar
evolution theories. Massive red supergiants are suggested to have enhanced mass loss shortly
before their explosions and supernovae from them are found to have a long ultraviolet-bright
phase and possible spectral transition from Type IIn to Type II. Supernovae with these fea-
tures exist (2009kf, 1987C, and 2007pk) and they are likely from massive red supergiants. The
mass-loss rates of recently reported luminous blue variable supernova progenitors are found to
be too low to affect optical supernova light curves but their episodic mass-loss enhancement
due to the bistability can explain episodic modulations observed in some supernova radio
light curves.

Finally, we investigate supernova remnants of supernovae interacting with dense circum-
stellar media. We suggest that recombining supernova remnants whose existence is recently
confirmed are from supernovae interacting with dense circumstellar media. We find that the
progenitors of recombining supernova remnants should be mostly massive red supergiants
and Type IIn supernova progenitors.
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When I had satisfied myself that no star of that kind had
ever shone before, I was led into such perplexity by the
unbelievability of the thing that I began to doubt the faith
of my own eyes.

Tycho Brahe (1546 - 1601)

Introduction

1.1 Supernovae

Supernovae (SNe) are stars which suddenly appear in the sky and fade away gradually. As
is first suggested by Baade & Zwicky 1934, SNe are now known to be dramatic explosions
of stars. In this chapter, we briefly summarize the current knowledge and mysteries of SNe
and introduce the aim of this dissertation. SNe are explosions of stars which happen mainly
at two critical stages of stars: one is core collapse of massive stars (Section 1.3.1) and the
other is thermonuclear runaway of stars (Section 1.3.2). In either case, a SN typically has
the kinetic energy of the order of 10°' erg and emits the radiation energy of the order of
10%? erg in the first ~ 1 year after the explosion. SNe are observationally divided into several
types (Section 1.2) The observational types are related to their progenitor stars and how they
explode (Section 1.3).

SNe are an essential ingredient in understanding the history of the Universe. The stan-
dard big bang nucleosynthesis predicts that H and He are dominant elements created at the
beginning of the Universe. Heavy elements in the Universe, especially the elements heavier
than C, are mainly created in stars. For the heavy elements to spread out in the Universe,
explosions of stars, i.e., SNe, which eject the heavy elements synthesized in stars are re-
quired. In addition, SNe themselves are considered to be important sites for nucleosynthesis
because they make strong shock waves and neutron-rich environments. What is more, SNe
release huge energy into the Universe. They are considered to be an energy source of some
high energetic events in the Universe, like cosmic-ray accelerations. The released energy can
also trigger the next generation star formation. The history of the Universe cannot be de-
scribed without the detailed understanding of SNe. The SN research leads us to the better
understanding of not only SNe and stellar evolution but also the evolution of the Universe.

SNe are also regarded as an important tool to probe the distant Universe because of their
high luminosities. SNe provided an observational evidence for the accelerating expansion
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of the Universe, i.e., the existence of dark energy (Perlmutter et al. 1999, Riess et al. 1998).
It is also a potential probe to reveal the star formation history of the Universe as will be
discussed in Chapter 4. Better understanding of SNe is required when we try to use them as
a tool and get information of the Universe from them.

1.2 Observational Classification of Supernovae

SNe are observationally classified into several types. Figure 1.1 summarizes the current
classification scheme of SNe with major SN types. The classification is mainly based on their
spectra (Figures 1.2 and 1.3; see also Filippenko 1997 for a review). Only Type IIP and Type
IIL are divided based on light curves (LCs) (Figure 1.3). SN types are related to explosion
mechanisms of SNe in the next section.

Yes

Y

in spectra He lines
in spectra
No P

observed_| Hlines No YPelc
SNe in spectra YQ;S Type "b

H lines get weaker
or dissapear soon

No in spectra
No Flatesll Type |IP

narrow H emissions
in spectra

Yes 1YPEIIN Tincer 1YPEIL

Yos Type I

LC evolution

Figure 1.1: Observational classification scheme of SNe. The classification is basically done by
spectra of SNe. SNe Ia (orange) are thermonuclear explosions of white dwarfs and SNe of the
other types (green) are explosions of massive stars (see Section 1.3). 'Linear’ LC evolution
used in Type IIL means the linear evolution in time-magnitude plane (Figure 1.3).
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Figure 1.3:  Left: Spectra of SN IIn 1995G (Barbon et al. 1999) and SN IIP 2005cs
(Pastorello et al. 2006). Right: LCs of SN IIP 1999em (Hamuy et al. 2001) and SN IIL 2009kr
(Elias-Rosa et al. 2010).
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1.3 Explosion Mechanisms of Supernovae

1.3.1 Core-Collapse Supernovae

SNe Ib, Ic, IIb, IIn, ITP and IIL are related to deaths of massive stars. They are called
core-collapse SNe because the explosions are triggered by the gravitational collapses of the
cores of massive stars.

1.3.1.1 From Collapse to Explosion

When a star is formed, the entire star is basically made of materials of the same composition.
After H at the center of the star is ignited, H at the center is converted to He, then He to C
and O, and so on. Hence, as the star evolves, its chemical structure gets stratified as is shown
in Figure 1.4. Whether nuclear burning of the core can synthesize Fe is determined by the
stellar mass. If the mass is small, the core can be supported only by the electron degeneracy
pressure. In other words, the core no longer need to release energy by nuclear burning to
support itself and the nuclear burning stops at that point. The cores of the stars below the
zero-age main-sequence (ZAMS) mass Myzams ~ 8 Mg are thought to end their lives as the
degenerated cores and become white dwarfs. White dwarfs usually just cool down and do
not explode. However, if one is in a binary system, it can explode as a SN Ia (Section 1.3.2).

The stars with ZAMS mass between ~ 8 My and ~ 10 M, are still not massive enough
to make an Fe core at the center. However, at this mass range, it is suggested that the
O+Ne+Mg core becomes so dense that the electron capture reactions occur in the degen-
erated core. Due to the electron capture reactions, the electron degeneracy pressure which
supports the core from inside is suddenly reduced and the core collapses. SNe induced by this
mechanism is called electron-capture SNe (ECSNe, e.g., Miyaji et al. 1980). The stars with
Mzanms 2 10 Mg are massive enough to continue the nuclear burning up to Fe. As Fe is the
most stable nuclei, Fe cannot produce energy to support the core by nuclear burning. Thus,
the Fe core continues to contract and eventually becomes so hot that the photodisintegration
of Fe which absorbs, not releases, energy starts. As the internal energy of the Fe core is sud-
denly reduced, the core suddenly loses the pressure support and collapses catastrophically.
These collapses lead to core-collapse SNe.

How a collapse of a core ends up with a SN explosion? Nobody knows. However, there
is a rough picture for the answer. If the center of the collapsing core becomes as dense as
the density of nuclei (~ 10'* g cm™3), the strong force becomes the major force to unite the
center of the core and it suddenly gets stiff. This central part eventually becomes a neutron
star or a black hole and is called a proto-neutron star. Even after the sudden stiffening of
the central part, materials continue to fall onto the proto-neutron star. The falling materials
bounce at the surface of the proto-neutron star, start to go outward, and make a shock wave.
The energy gained by the shock wave is mostly used for the nuclear reactions. Hence, the
ram pressure of the shock wave cannot overcome that of the falling materials and the shock
wave eventually stalls before going out of the surface of the star. The shock wave must be
revived for the collapsing star to explode but we still do not have a decisive picture of the
shock wave revival. Somehow, the shock wave is revived and goes out of the star and we can
observe a SN.
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There are several suggested mechanisms to revive the shock wave and make a collapsing
star explode:

e Neutrino explosion mechanism
(e.g., Colgate & White 1966; discussed below)

e Magnetic explosion mechanism
(e.g., Bisnovatyi-Kogan et al. 1976, Akiyama et al. 2003; see also Kotake et al. 2006)

e Acoustic explosion mechanism
(e.g., Burrows et al. 2006)

e Phase transition induced explosion mechanism
(e.g., Takahara & Sato 1986, Fischer et al. 2010)

Here, we briefly look into the neutrino explosion mechanism which is the most studied mech-
anism among all. When a core collapses, protons in the proto-neutron stars are neutronized
and neutrinos appear. This is confirmed by the observation of neutrinos from SN 1987A
(Hirata et al. 1987). If 1% of the total energy of the neutrinos emerged from the proto-
neutron star (~ 3 x 103 erg) can be transferred to the stalled shock wave, the shock wave
gains enough energy to explain the kinetic energy of observed SNe (~ 10°! erg). However,
despite of the great efforts by a bunch of scientists, the computer simulations of this neu-
trino mechanism still have not succeeded in reproducing observed SNe. For a long time, the
neutrino mechanism is simulated in one dimension, i.e., assuming the spherical symmetry,
but, except for ECSNe (e.g., Kitaura et al. 2006), the neutrino mechanism is turned out to
fail in reviving the shock wave in the spherical symmetry (e.g., Liebendorfer et al. 2005).
Recently, after the emergence of multidimensional codes for SN simulations, it is found that
multidimensional motions of materials during the core collapse are important to revive the
shock wave (e.g., Herant et al. 1994). This is because convection can efficiently transfer
materials heated by neutrinos and materials are easily heated up in multidimensional sim-
ulations. Thus, it is suggested that the shock revival should be easier as the dimension
increases (e.g., Nordhaus et al. 2010). What is more, the stalled shock wave is unstable in
multidimension and an instability called Standing Accretion Shock Instability (SASI) evolves
(Blondin et al. 2003). The existence of SASI is confirmed by an experiment with water flow
(Foglizzo et al. 2012) and SASI is not an artificial instability caused numerically. Because
of SASI, materials move back and forth and get more chance to interact with neutrinos.
However, the evolution of SASI which was found in two-dimensional simulations may not
be so efficient in three dimensions as in two dimensions so the importance of the effect is
still under discussion (e.g., Iwakami et al. 2008, Hanke et al. 2013). Nonetheless, several ef-
forts have succeeded in obtaining SN explosions in multidimensional simulations but they
still do not have enough explosion energy to explain observed SNe (e.g., Janka et al. 2012,
Janka et al. 2007, Bruenn et al. 2013, Suwa et al. 2010, Takiwaki et al. 2012).

1.3.1.2 Difference in Observed Core-Collapse Supernovae

The difference in several observational types of core-collapse SNe comes from the difference
in the stellar structures at the time of their explosions. SNe IIP and IIL which show H
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H-rich
He He
Cc+0 Cc+0 c+0
O+Ne+Mg O+Ne+Mg O+Ne+Mg
Fe Fe Fe

Typell Typelb Type Ic

Figure 1.4: Presumed structures of progenitors of SNe II, Ib, and Ic at the time of their
explosions.

lines are explosions of stars with a H-rich layer (Figure 1.4). The difference between SNe
ITP and IIL are generally presumed to be the remaining amount of H but there is still no
clear picture about what makes the two H-rich SN classes (e.g., Blinnikov & Bartunov 1993,
Swartz et al. 1991). SNe Ib are explosions of He stars which do not have a H-rich layer
and SNe Ic are explosions of stars without both H-rich and He layers (Figure 1.4). SNe
ITb are considered to be between Type IIL and Type Ib. Roughly speaking, as the ZAMS
mass of a star increases, the luminosity of the star becomes larger and the star undergoes
more mass loss. Thus, if we only take a single star evolution into account, the types of
SNe are expected to change as IIP — IIL — IIb — Ib — Ic as the ZAMS mass increases.
Binary evolution also plays an important role in the determination of the structure of the
pre-SN stage of massive stars. For example, it is suggested that the majority of SNe Ib may
come from binary systems (e.g., Yoon et al. 2010, see also Benvenuto et al. 2013). Spiral-
in of stars may also cause mass loss and makes less massive stars explode as SNe Ib or Ic
(e.g., Nomoto et al. 1995). In addition, about 70% of nearby massive stars are observationally
suggested to be in a close binary system in which they are affected by their companion during
their evolution (Sana et al. 2012).

Type Iln is a relatively new type of SNe which is first suggested by Schlegel 1990. SNe IIn
show narrow H emission lines in their spectra and 'n’ in ’IIn’ stands for narrow. The narrow
emission lines are considered to be emitted due to the existence of circumstellar media (CSM)
around SNe. SNe IIn are one of the main subject of this dissertation and discussed in detail
in Section 1.4.1.

1.3.2 Thermonuclear Supernovae

Nuclear burning inside stars is usually stable and the energy released by nuclear burning
is balanced with the gravitational potential of stars. However, there exist some conditions
in which the nuclear burning occurs explosively and the nuclear energy enough to unbind a
whole star is released. Two representative SNe of this kind are SNe la and pair-instability
SNe.
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SNe Ia are explosions of C+O white dwarfs (Nugent et al. 2011).  White dwarfs
are supported by the degeneracy pressure of electrons. There are the maximum mass
which can be supported by the electron degeneracy and it is called the Chandrasekhar
mass limit (Chandrasekhar 1931). Typical mass of white dwarfs is about 0.6 My (e.g.,
Kepler et al. 2007) while the Chandrasekhar mass limit for them is about 1.4 M. If the
mass of a white dwarf somehow approaches to the Chandrasekhar mass limit, the white
dwarf collapses and the center of the white dwarf gets dense and hot enough to ignite the
explosive C and O burning. This ignition ends up with an explosion of the white dwarf.
Because of the large amount of Si produced by the nuclear burning, the deep Si lines appear
in the spectra and thus it is categorized as a SN Ia.

How a white dwarf grows its mass to the Chandrasekhar mass limit is still under discus-
sion. If a white dwarf is in a close binary system and the companion star is a main-sequence
star, materials from the companion star can accrete the white dwarf and it can reach the limit
under a certain condition (e.g., Nomoto 1982, Nomoto et al. 1984). This scenario is called
the single-degenerate (SD) model. Some SNe Ia are observed with dense CSM and support
the SD model (e.g., SN 2002ic in Hamuy et al. 2003, PTF11kx in Dilday et al. 2012). How-
ever, there are many observational properties of SNe Ia which seem in contradict with the SD
scenario. For example, no companion stars are observed in many SNe Ia and their remnants
(e.g., Li et al. 2011a, Schaefer & Pagnotta 2012, but see also Hachisu et al. 2012).

Another way to make a Chandrasekhar mass white dwarf is to make two white dwarfs
collide. If two white dwarfs are in a binary system, they will eventually collide because of
the energy loss by the gravitational wave. This scenario is called the double-degenerate (DD)
model (e.g., Iben & Tutukov 1984). This scenario can explain the lack of the companion
stars in observed SNe la. Moreover, the delay-time distribution, the time difference between
the formation of SN Ia progenitors and their actual explosions as SNe Ia, matches what is
predicted from the energy loss by the gravitational waves (Totani et al. 2008). Currently,
SD and DD models have both ’'pros and cons’. It is also probable that SNe la are com-
ing from the two formation channels. We finally note that there are also suggestions that
SNe Ia may not come from the Chandrasekhar mass white dwarf in the DD scenario (e.g.,
Woosley & Weaver 1994, Kromer et al. 2010).

Pair-instability SNe (PISNe) are SNe whose existence is theoretically predicted in 1960s
(Rakavy et al. 1967; Barkat et al. 1967). If a star is as massive as Myzams ~ 140 — 300 M),
the O-rich core becomes dynamically unstable owing to the electron-positron pair cre-
ation. As the internal energy is spent by the pair creation, the core loses the stability
and starts to collapse. When the central temperature exceeds ~ 5 x 10° K, the core
gets stable again but the temperature is so high that O burning becomes explosive and
releases enough energy to unbind the entire star. A large amount of °°Ni can be synthe-
sized by the explosive nucleosynthesis and the subsequent radioactive decays power their LCs
(Heger & Woosley 2002, Umeda & Nomoto 2002, Scannapieco et al. 2005, Kasen et al. 2011,
Dessart et al. 2013). For a massive star to have the pair unstable condition, the star should
not lose much mass during its evolution as the core should be very massive to be pair-unstable
(above ~ 50 Mg). However, massive stars can easily lose mass because of their high lumi-
nosities. Thus, PISNe are considered to be able to exist only in metal-poor environments
(e.g., Heger & Woosley 2002, Langer et al. 2007).
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PISNe have interesting features from the nucleosynthesis point of view. As little neutron
excess is expected, there are strong contrast in the amount of odd elements and even elements
produced (Heger & Woosley 2002, Umeda & Nomoto 2002). In addition, a large amount of
®Ni which can be produced by PISNe can make them very bright. As will be discussed in
Section 1.5, some very bright SNe are suggested to be PISNe.

1.4 Supernovae in Circumstellar Media

Massive stars lose their mass during their evolution. Accreting materials may exist around the
progenitors of SNe Ia. SNe always explode within some surrounding materials, i.e., CSM. Our
focus in this dissertation is on the effect of the CSM on core-collapse SNe. Massive stars can
easily lose their mass thanks to their large luminosities which make the radiation pressure in
their envelope high. This means that there must be the CSM originated from the evolution of
their progenitors around core-collapse SNe. CSM are usually so thin that they do not affect
LCs and spectra of SNe so much (e.g., Chevalier et al. 2006, Chevalier & Fransson 2006).
However, in some cases, CSM are expected to be dense enough to affect LCs and spectra of
SNe much and there are actually some SNe which show the features which are considered
to come from the dense CSM around the SN progenitors. Such kind of SNe showing the
features of the dense CSM is one of the main subjects of this dissertation. In this section, we
introduce SNe IIn which show the features of the surrounding dense CSM in their spectra.

1.4.1 Type IIn Supernovae
1.4.1.1 Properties

SNe IIn have narrow H emission lines in their spectra. They are considered to be emitted
from the dense CSM surrounding their progenitors. The dense CSM are presumed to be
ejected from the progenitors during their evolution'. If there is a dense CSM surrounding
SN ejecta, SN ejecta collides to the dense CSM, making a shock wave in between (Figure
1.5). At the shock wave, kinetic energy of the SN ejecta is converted to thermal energy.
The thermal energy is released as radiation, making the SN bright. In other words, kinetic
energy of SN ejecta which is usually converted to thermal energy in a timescale of ~ 10°
years (a typical lifetime of supernova remnants) is efficiently converted to thermal energy
in the timescale of years to decades because of the dense CSM. This efficient conversion
makes the SN bright when it is very young. The main energy source powering SNe IIn is
considered to be this interaction between SN ejecta and dense CSM. Actually, SNe IIn are
known to have diversities in their peak luminosities and LC shapes (e.g., Kiewe et al. 2012,
Taddia et al. 2013, Li et al. 2011b). The observed heterogeneousness of their LCs is what is
naturally expected from the diversities in the dense CSM which are linked to the diversities
in stellar mass loss. In addition, thanks to the additional energy source, SNe IIn are likely
to be brighter than other types of SNe on average (Richardson et al. 2002, but see also
Li et al. 2011b). The mass-loss rates of SN IIn progenitors have been roughly estimated

! There is also a suggestion that a relic of the proto-stellar disk may remain at the time of the explosion
and make SNe IIn (Metzger 2010).
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dense
CSM

Figure 1.5: Schematic illustration of a SN in a dense CSM.

from Ha luminosities and known to range from ~ 10™* Mg yr~! to ~ 1072 My yr~!, which
are much higher than those of typical SN progenitors (Kiewe et al. 2012, Taddia et al. 2013).

Thanks to the fact that some SNe IIn can be very bright and their color tends to be blue
(Figure 1.6), they can be observed even if they appear at very high redshifts. A SN IIn at
z = 2.36 is currently confirmed (Cooke et al. 2009). SNe IIn may also be able to be used as
a distance ladder (Blinnikov et al. 2012, Potashov et al. 2013).

1.4.1.2 Progenitors of Type IIn Supernovae

The estimated mass-loss rates of SN IIn progenitors are much higher than those of usual
massive stars (< 1075 Mg yr~!) and SN IIn progenitors must have enhanced mass loss
shortly before their explosions. There are several possible ZAMS mass ranges in which stars
are suggested to experience such enhanced mass loss shortly before their explosions (Figure
1.7). The first range is in Mzams ~ 8 — 10 Mg where ECSNe occur in the dense CSM
created by super-asymptotic-giant-branch (AGB) stars (e.g., Poelarends et al. 2008). Indeed,
the progenitor of SN IIn 2008S, which is discovered in the archival near-infrared (NIR) image
of Spitzer telescope but the corresponding star is not found in Hubble Space Telescope (HST)
optical image (Prieto et al. 2008), is consistent with a super-AGB star (Botticella et al. 2009,
Pumo et al. 2009, Thompson et al. 2009). The statistical study of the association between
SN IIn sites and Ha emitting regions in their host galaxies prefers this relatively low mass
progenitors as the main channel for SNe IIn (Anderson et al. 2012).

The second possible ZAMS mass range of SN IIn progenitors is between the maximum
ZAMS mass of SN IIP progenitors (M;}) and the lowest ZAMS mass for SN IIL progenitors.
Recent SN progenitor searches in archival images of SN sites reveal that there is a signif-
icant discrepancy between the predicted SN progenitor ZAMS rage from stellar evolution
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Figure 1.6: Spectra of SN IIn 1998S compared with those of SN Ia 1992A and SN ITP 1999em
(Riess et al. 2004).

theories and the mass actually observed (see Smartt 2009 for a review). Especially, M
estimated from observation is >~ 17 My (Smartt et al. 2009) while stellar evolution modeling
predicts much higher mass which is ~ 25 Mg (e.g., Heger et al. 2003, Georgy et al. 2009).
There are several suggested reasons to account for this discrepancy. One of them is the
enhancement of mass loss in massive red supergiants (RSGs). The progenitors of SNe
IIP are RSGs and M} corresponds to the maximum RSG mass. Recently, the ob-
servations of RSGs are revealing the very high mass-loss rates of massive RSGs (e.g.,
Smith et al. 2009a, Boyer et al. 2010). In addition, massive RSGs are theoretically suggested
to be unstable because their radii are so large that the temperature of the outer H-rich
layers reaches the H ionization temperature and the x-mechanism can be activated (e.g.,
Li & Gong 1994, Heger et al. 1997, Yoon & Cantiello 2010, Paxton et al. 2013). The g-mode
oscillations of the core (Quataert & Shiode 2012, see also Arnett & Meakin 2011) and dust
formation in the RSG surface (van Loon et al. 2005) may also enhance the mass-loss rates of

massive RSGs. If the mass-loss enhancement occurs shortly before their explosions, massive
RSGs can be SNe IIn.

The third possible mass range is in very massive ZAMS mass in which stars can become
luminous blue variables (LBVs) during their evolution (see Humphreys & Davidson 1994 for
a review of LBVs). LBVs are known to experience extensive mass loss. The most famous
example of LBVs is n Carinae whose ZAMS mass is estimated to be more than 120 Mg
(Figure 1.8). It has a dense CSM whose mass is ~ 10 Mg (Smith 2006). The progenitor of
SN IIn 2005gl in the HST archival image is found to be very luminous (My ~ —10 mag)
and consistent with a LBV (Gal-Yam & Leonard 2009, Gal-Yam et al. 2007). SN 2009ip
provides another example of the LBV explosions. SN 2009ip was given a SN name in 2009
because of its sudden brightening but it was found to be caused by the surface eruption of a
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Figure 1.8: HST image of n Carinae. It is classified as a LBV and known to
have experienced extensive mass loss in the 19th century during the Great Eruption
(Davidson & Humphreys 1997).

LBV and it was not a SN (Foley et al. 2011, Smith et al. 2010b). A LBV with Mpr ~ —10
mag remained at the position. However, in 2012, the star got suddenly bright again. The
luminosity in 2012 was much brighter than in 2009 and the spectra were those of SNe IIn. The
star is likely to have exploded as a SN this time (Mauerhan et al. 2013, Prieto et al. 2013),
although other interpretations also exist (Pastorello et al. 2013, Fraser et al. 2013). Another
SN IIn 2010j1 whose explosion site is found in the HST archive image is suggested to have
a very massive progenitor, possibly a LBV (Smith et al. 2011). Also, some features of LBVs
are suggested to be discovered in LCs and spectra of some SNe with other spectral types
(e.g., Kotak & Vink 2006, Trundle et al. 2008).

However, despite many evidences suggesting the explosions of LBVs, LBVs are theoreti-
cally not considered to be the final stage of massive stars (e.g., Maeder & Meynet 2000b, but
see also Langer 2012). LBVs are considered to evolve to Wolf-Rayet (WR) stars as is shown
in Figure 1.9. Groh et al. 2013 found for the first time that rotating 20 My and 25 Mg
pre-SN models of Ekstrém et al. 2012 are actually LBVs at the time of their core collapse
but their luminosities are not as high as those of the stars observed in the archival images of
SNe IIn.

So far, we assume that a SN explodes in a dense CSM to explain SNe IIn. However,
what is colliding from inside to the dense CSM does not have to be SN ejecta. Even if
ejecta whose kinetic energy is much lower than that of SN ejecta, the system can be very
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Figure 1.9: Hertzsprung-Russell (HR) diagram from the STARS stellar evolution code
(Eldridge & Tout 2004) presented in Smartt 2009. Typical temperatures and luminosities
of RSGs, WR stars, and LBVs are shaded.

bright because of the efficient conversion from kinetic energy to radiation energy at the shock
wave. Several studies show that such a collision can explain the high luminosities of SNe
IIn and their spectra (e.g., Woosley et al. 2007, Dessart et al. 2009). There are transients
called SN impostors which get bright and show spectra which are similar to those of SNe
IIn (see Davidson & Humphreys 2012 for reviews). They are suggested to be caused by the
continuous eruptions of LBVs, as was observed for SN 2009ip in 2009.

We finally note that some SNe IIn may even come from SNe Ia and may not be related to
massive stars at all. As SNe Ia explode within the accretiong materials from their companion
stars in the SD scenario, it predicts that some SNe la show features coming from the CSM
(e.g., Hachisu et al. 2008, Hachisu et al. 1999). There are some SNe la which show narrow
Ho profiles coming from their CSM (Silverman et al. 2013 and references therein). PTF11kx
(Dilday et al. 2012) and SN 2002ic (Hamuy et al. 2003) are the typical SNe Ia of this kind.

1.5 Superluminous Supernovae

Superluminous supernovae (SLSNe) are a new class of SNe with huge luminosities whose
existence is revealed by the recent untargeted transient surveys (see Gal-Yam 2012 for a
review). SNe which are brighter than ~ —21 mag are canonically called SLSNe (Figure
1.10). This means that their luminosities are more than 10 times larger than typical SNe Ia
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Figure 1.10:  Optical LCs of SLSNe. LCs are from Smith et al. 2007 (SN 2006gy),
Rest et al. 2011 (SN 2003ma), Gal-Yam et al. 2009 (SN 2007bi), and Pastorello et al. 2010
(SN 2010gx). The LC of SN Ia 2005cf (Wang et al. 2009) and the 56Co decay timescale are
also plotted for comparison.

which have been used for cosmology. Total radiation energies emitted in ~ 1 years after their
explosions exceed 10°! erg while a typical SN emit 10%° erg by radiation (Gal-Yam 2012).
10°! erg is a typical kinetic energy of core-collapse SNe and SLSNe have this amount of energy
just by the form of radiation.

SLSNe are a very rare kind of SNe whose nearby rate at z >~ 0.2 is similar to that of
gamma-ray bursts (~ 0.1% of all core-collapse SNe, Quimby et al. 2013b) and traditional SN
surveys performed by following the nearby galaxies missed these very rare objects. The first
observed SN of this kind was SN 1999as (Knop et al. 1999) but its nature had been unclear.
After the discovery of SN 2006gy by Quimby 2006, many SLSNe have been discovered and
information about them has been accumulated. However, the reasons for the huge luminosities
of SLSNe and their progenitors are not understood well. If they are revealed, SLSNe can
be used as a probe of the early Universe as their huge luminosities allow us to observe
them at very high redshifts. The most distant SLSN currently discovered is at z = 3.90
(Cooke et al. 2012). They are also able to be used as a light source to probe the interstellar
media of distant galaxies (Berger et al. 2012).

1.5.1 Observational Diversities of Superluminous Supernovae

SLSNe are known to have some diversities in their spectra and LC evolution. Gal-Yam 2012
classified SLSNe into three types and called them SLSN II, SLSN I, and SLSN R. We follow
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this nomenclature in this dissertation. Here, we summarize the observational features of the
three types of SLSNe.

SLSN II is the most common kind of SLSNe (Quimby et al. 2013b). They show H lines
in their spectra. All of them, expect for SN 2008es, show narrow H lines in their spectra and
they are SNe IIn. They have a wide range of the peak luminosities, reaching to My ~ —23
mag in the most luminous case (CSS100217:102913-+404220, Drake et al. 2011). Their LCs
typically have long durations but there are several exceptions (e.g., SN 2003ma in Figure
1.10, Rest et al. 2011). From the fact that they are SNe IIn, they are likely to become
SLSNe because of the existence of the dense CSM around the progenitors. SN IIL 2008es
(Miller et al. 2009, Gezari et al. 2009) is the only SLSN II without narrow H components and
we cannot directly attribute its huge luminosity to the existence of the dense CSM. SLSN
IT typically appears in metal-poor galaxies but the best observed SLSN, i.e., SN 2006gy,
appeared in a metal-rich galaxy (Neill et al. 2011).

SLSN R and SLSN I do not show H in their spectra. The two types are divided based
on their LC evolution. SLSN R, in which R stands for the Radioactive decay, has LCs
whose decline rates are consistent with the radioactive decay time of °Co (Figure 1.10,
Gal-Yam et al. 2009). The natural interpretation is that their huge luminosities are due to
the huge amount of *Ni produced at the time of their explosions. The required amount of
%Ni to explain their luminosities are more than 5 M.

SLSN I is, in a sense, the most mysterious SLSN among the three types. It does not show
any signatures of their power source. It does not show any signatures of dense CSM in their
spectra. Its LCs decline very quickly and they are inconsistent with the 5Ni heating scenario
(Quimby et al. 2011). The upper °Ni mass limit constrained from its LCs is ~ 0.1 Mg
(Chen et al. 2013). The spectra of SLSN T 2010gx are followed for a long time and their
spectra are found to get similar to those of energetic core-collapse SNe which are often
associated with gamma-ray bursts (Pastorello et al. 2010). Leloudas et al. 2012 reported the
observation of the precursor before the main LC of SLSN I 20060z. Both SLSN R and SLSN
I are known to appear in metal-poor galaxies (Neill et al. 2011, Quimby et al. 2011). The
nearby rate of SLSN I is about 10% of SLSN II (Quimby et al. 2013b).

Finally, Chornock et al. 2013 reported the discovery of a SLSN (PS1-10afx) whose prop-
erties, especially colors, are completely different from currently known SLSNe. However, it
turned out to be a SN Ia whose luminosity is 30 times amplified by the gravitational lens
because of its striking similarity to SNe Ia except for its luminosity (Quimby et al. 2013a).

1.5.2 Suggested Origins and Progenitors of Superluminous Supernovae

There are several suggested models to explain SLSNe’s huge luminosities and their progenitors
but they are still far from being matured. The mechanism to power SLSN II is likely to be
the deceleration of SN ejecta due to dense CSM because of their spectral type (Type IIn).
However, the required amount of the dense CSM should be very large to account for the huge
luminosities. Even if we can explain their luminosities by the interaction, we are still not sure
if such dense CSM are expected from the stellar evolution and stellar mass loss points of view
as we discussed with SNe IIn in the previous section. In addition, it is not clear whether we
can explain SN IIL 2008es in the context of the interaction.
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The very large required mass of %Ni to explain the LCs of SLSN R is naturally expected
from PISNe. However, whether PISNe can appear in the local Universe is unclear. In addition,
there are other suggested mechanisms to explain the LCs declining with the *°Co decay
timescale. For example, if a magnetar is born at the core collapse, the rotational energy can be
released in a short timescale, depending on its rotational period and magnetic field, and they
can reproduce the SLSN R LCs as well (e.g., Kasen & Bildsten 2010, Dessart et al. 2012).

Finally, SLSN I has many possible mechanisms to explain its properties because of
little observational constraint. A natural extension of the idea of SLSN II is that the
interaction between SN ejecta and C+O dense CSM makes them superluminous (e.g.,
Blinnikov & Sorokina 2010). Actually, WR stars seem to have a path to experience a LBV-
like mass eruption shortly before their explosions. An evidence is provided by SN Ib 2006jc
whose progenitor is found to have had a LBV-like eruption two years before its explosion
(Nakano et al. 2006, Pastorello et al. 2007, Foley et al. 2007) and its progenitor is found to
be a WR star of Mzams ~ 40 Mg (Tominaga et al. 2008). Although SN 2006jc was not
a SLSN, similar mechanisms may play a role to make an explosion of a WR star superlu-
minous. As is suggested for SLSN R, magnetars can also explain the LCs of SLSN I (e.g.,
Kasen & Bildsten 2010, Inserra et al. 2013). Other exotic mechanisms, like the heating by
the latent heat which is released when the central neutron star makes a phase transition to
a quark star (e.g., Ouyed & Leahy 2012), are also suggested.

To summarize, although we are starting to catch hints for the nature of SLSNe, there
remain many unanswered questions which require theoretical interpretations. In addition,
little is know about their progenitors and we need to connect the observational information
to their progenitors.

1.6 Goals and Structures of this Dissertation

We have seen that there are a class of SNe, namely, SNe IIn and SLSNe, which are influenced
by the CSM created by their progenitors shortly before their explosions. To understand the
SNe interacting with CSM and reveal their progenitors and related mass-loss mechanisms,
we need to approach this problem from both observational side and theoretical side. From
the observational side, we need to interpret the observed SN properties like LCs to estimate
the state of the CSM involved in the SNe ((i) in Figure 1.11). For this purpose, we need a
theoretical framework to interpret the observations. Given the CSM properties obtained by
interpreting the observations, we can connect the CSM properties to the predictions of the
stellar evolution and the mass-loss theories (ii). We can also follow this path starting from
the opposite side. There are theoretical progenitor models which are predicted to have large
mass-loss rates. We can construct the CSM properties form the models (iii) and see what
happens if a SN explode within the CSM (iv). The whole processes (i)-(iv) are required to
reveal the mysteries involved in these SNe and progenitors. In this dissertation, by following
the both ways from (i) to (ii) and from (iii) to (iv) in Figure 1.11, we will revise the current
understanding of SNe interacting with CSM and show what is missing there and what should
be considered.

From the observational side, we first develop an analytic LC model which can be used
for interpret SN IIn LCs (Chapter 2). We will show that CSM properties of SNe IIn which
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Figure 1.11: We study SNe interacting with CSM starting from both observations and
theories in this dissertation. From observations, we need to interpret the observed quantities
to obtain the CSM properties involved (i). Then, we need to see if there are theories which
predicts the obtained CSM properties (ii). Theories predict that some SNe can have large
mass-loss rates shortly before their explosions. We need to construct CSM properties from
the model (iii) and predict the observational properties of them (iv). To bridge the CSM
properties and the observational properties ((i) and (iv)), radiation hydrodynamics is a must
because the main radiation energy source of the system we are interested in is the kinetic
energy of SN ejecta.

are currently estimated by using crude spectral interpretations can be obtained by using our
analytic LC model ((i), Chapter 3). The obtained CSM properties should be compared to
the current theoretical models to see such mass loss can be achieved by SN progenitor models
(ii).

The analytic model we developed for modeling some SNe IIn cannot be applied for every
SN IIn, especially for SLSNe. As kinetic energy of SN ejecta is the main power source of radi-
ation in the system we are interested in, we essentially need to treat radiation hydrodynamics
to model LCs of such SNe (in (i) and (iv)). In Chapter 2, we also summarize the essence
of radiation hydrodynamics and a way to treat it numerically. We focus on a numerical
one-dimensional radiation hydrodynamics code STELLA which we use in this dissertation.

SLSNe are a typical system in which we cannot use the analytic approach to model LCs.
However, we will show that we can crudely estimate the CSM properties of them analytically
from observed properties and show that the analytic way works well by numerically modeling
their LCs (Chapter 4). Combining both analytic and numerical approaches to interpret the
observational properties of SLSNe, we try to reveal the nature of SLSNe and their progenitors
in Chapter 4.

Next, we follow the opposite way (from (iii) to (iv)) in Chapter 5. We start from the
SN progenitors which are theoretically suggested to have extensive mass loss shortly before
their explosions. We construct the predicted CSM properties form the models and obtain the
LC evolution assuming a SN exploded inside. We find that no current theoretical models of
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the stellar evolution can explain the LC properties of SNe IIn and SLSNe. However, some
observational properties of peculiar SNe are found to be explained by current theoretical
stellar evolutionary models.

Finally, in Chapter 6, we consider possible signatures of the interaction between SN
ejecta and CSM remaining in their remnants. SNe showing the clear signatures of the CSM
interaction are rare. If there are SN remnants (SNRs) showing such signatures, they will also
add valuable information about the progenitors of such SNe.



Light can be gentle, dangerous, dreamlike, bare, living,
dead, misty, clear, hot, dark, violet, springlike, falling,
straight, sensual, limited, poisonous, calm and soft.

Sven Nykvist (1922 - 2006)

Emission from Supernovae Interacting with
Circumstellar Media

2.1 Overview

Almost all the observational signatures we obtain from SNe are in the form of electromagnetic
waves. We need to interpret radiation observed to understand properties of SNe. We need to
show expected radiative signatures from a theory and compare them to observations to prove
it. Hence, understanding the radiative processes of SNe is the first step for the SN research.

SNe interacting with CSM have some special emission mechanisms which are usually not
taken into account when we model emission from SNe. Especially, kinetic energy of SN
ejecta can be the major source of radiation energy due to the deceleration of SN ejecta by
CSM. Thus, we need to treat radiational and hydrodynamical variables at the same time to
model the emission from the SNe we are interested in. Radiation hydrodynamics, therefore,
is essential in this dissertation.

In this chapter, we briefly summarize the emission mechanism from SNe interacting with
CSM. Our special focus is on the system in which kinetic energy of SN ejecta is the main
radiation source. As we will find, we can develop an analytic bolometric LC model for
SNe interacting with CSM in some cases. However, in general, we need to treat radiation
hydrodynamics numerically. We are going to use a numerical one-dimensional radiation
hydrodynamics code STELLA in this dissertation and we will review how the code treats
radiation hydrodynamics numerically.
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2.2 Emission from SNe with Normal CSM

2.2.1 Synchrotron

Synchrotron emission is typical emission caused by the interaction between SN ejecta and
CSM. Electrons are accelerated by the so-called Fermi mechanism at the forward shock where
the weak magnetic field in the CSM is amplified and gets strong. These accelerated electrons
are presumed to be the cause of the synchrotron emission observed from SNe, especially in
radio wavelengths, and the radio observations are extensively used to estimate the CSM prop-
erties shortly before the explosions. However, the detailed processes of the electron accelera-
tion and the magnetic field amplification are not known well (e.g., Maeda 2012, Maeda 2013).
To estimate the CSM properties, we usually assume a fraction g of the SN kinetic energy is
converted to the magnetic energy and a fraction e, is used for the electron acceleration. In
other words,

32 B
87 = 7pcsm7)52h7 (2.1)
mecC Vnrel(ﬁ}’)d’y = 5pcsmvsh; (22)
Ymin

where B is the magnetic field strength, m. is the electron mass, v is the Lorentz factor of a
electron, Ymax and Ymin are the maximum and the minimum Lorentz factors of the accelerated
electrons, respectively, and n. () is the accelerated electron number density. In the electron
acceleration at the SN forward shock, ymin ~ 1 is usually assumed. The number density of
the accelerated electrons is assumed to follow the power-law distribution

dnrol —p
= . 2.3
& " (2.3)
The canonical values in SN studies are eg = 0.1, &¢¢ = 0.1, and p = 3 (eg,

Chevalier et al. 2006, Chevalier & Fransson 2006). We assume Ymin < Ymax in the following
discussion. Fransson & Bjornsson 1998, Bjornsson & Fransson 2004 derive a simple formal-
ism for the synchrotron emission luminosity L, from SNe,

1-p
v t t
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is the Lorentz factor of electrons emitting at the characteristic frequency v and e is the
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2
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where

electron charge. tsync is the synchrotron cooling timescale

6mrmec N 6mmec
or(y — 1/'71/)32 oY, B2

ZL/sync(V) = (’YV > 1)7 (26)

where o7 is the Thomson scattering cross section. tother () is the cooling timescale for other
cooling mechanisms. Other possible cooling mechanisms include, for instance, the inverse
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Compton cooling

3712 mec? 3712 mec?
tio(v) = sh ~ —sh > 1), 2.7
¥) or(vw — 1/%)Lvot 077 Lol > 1) 27)
where Lyo is the bolometric luminosity of the SN inside. The cooling due to

the Coulomb interaction can also be important when the CSM density is very high
(Fransson & Bjornsson 1998).

2.2.1.1 Absorption Processes

The synchrotron radiation from the forward shock is not directly observed. There are ab-
sorption mechanisms involved. The important absorption mechanisms in the synchrotron
radiation from the SN forward shock are the synchrotron self-absorption (SSA) at the emit-
ting region and the free-free absorption in the unshocked CSM. For typical SNe, the CSM
density is not high enough for the free-free absorption to be significant and we can usually
consider the effect of the SSA only. However, when the CSM density is high, the free-free
absorption becomes the dominant absorption process. Here, we review the two absorption
processes.

Synchrotron Self-Absorption

The synchrotron emission from relativistic electrons can be absorbed by the relativistic elec-
trons themselves. This absorption by the electrons which are emitting the synchrotron ra-
diation is called the SSA. The SSA coefficient agga(v) for the power-law distribution of
relativistic electrons is

p+2

2
noe 3eB 2 3p+ 2 3p + 22 _p+4
~ r r 2.8
assa () 4/3mec <27rmeC> < 12 2 )Y 7 (2:8)
_ Pelp - 2B ( 3e )pf . (3p+ 2) r <3p+ 22) S (2.0)
32v3mm2c3ep 2mmec 12 12 B

I'(z) is the Gamma function. We have assumed Ymin < Ymax and p # 2 in Equation 2.9. We
refer Rybicki & Lightman 1986, Shu 1991 for the detailed derivation of the SSA coefficient.
Assuming that the emitting region is ~ 2ry, /3 (Chevalier 1998), the SSA frequency vsga is

2 p+2 2
e2(p—2) 3p+2 3p+22\ |7 [ 3e \rti (g \PHt -2, pic 22
~ r T — P Brtay P
vesa [48¢§7rm2c3 ( 12 ) ( 12 )] <2wmec> <EB> fsh B in

(2.10)
From Equations 2.4 and 2.10, we can easily find that the spectral energy distributions

(SEDs) of the synchrotron emission have two power-law components when the synchrotron
cooling is the dominant cooling process,

5
Loocd V7 (v < vssa), (2.11)
Vo2 (v > vgsa)-
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Free-Free Absorption

When the CSM density is sufficiently high, the free-free absorption above the emitting region
becomes more effective than the SSA. In the case of the SSA, the SEDs at the frequencies
below the SED peak are strictly proportional to #?% while the SEDs affected by the free-free
absorption can have steeper spectral declines. As a result, the SN radio LC rise can be faster
than that affected by the SSA if it is affected by the free-free absorption (e.g., Chevalier 1998).
In a CSM with the blackbody temperature of T', the free-free absorption coefficient ag(v) is

1
45 2 2 1
ag(v) = T8 2 e (1= M5 ) go (T, 2.12
1) = g () o WTy). @1)
where h is the Planck constant, Z is an atomic number, n. is electron number density,
n; is ion number density, and gg(7,v) is a velocity averaged Gaunt factor. With typical
radio frequencies and CSM temperatures, hv < kT and the free-free absorption coefficient
becomes

1
46 2 2 3
= T~ 22%neniv 2g5(T,v). 2.13
an(v) 3mekpe (3k3m6> neniv"ga(T,v) (213)

2.2.2 X-Ray

X-rays from SNe are mainly emitted from the shocked regions. Both CSM and SN ejecta
are shocked by the forward shock and the reverse shock, respectively, and the electron
temperatures of the shocked regions becomes ~ 10° K and ~ 107 K, respectively (e.g.,
Chevalier & Fransson 1994, Fransson et al. 1996, Chevalier et al. 2006, Nymark et al. 2006).
The shocked hot gas is cooled mainly by the free-free radiation which can be observed
in X-ray wavelengths. As the free-free cooling timescale is short in the high density
region which is typically the SN ejecta shocked by the reverse shock, most of the X-
rays observed from SNe at early epochs are presumed to come from the reverse shocked
region. If the CSM is very dense, the shocked dense CSM can also be a strong X-
ray emitter (e.g., Pan et al. 2013, Levan et al. 2013). The inverse Compton scattering of
the optical and the synchrotron radiation can also be a cause of X-rays from SNe (e.g.,
Bjornsson & Fransson 2004, Maeda 2012).

2.3 Emission from SNe Interacting with Optically Thin Dense
CSM

In this section, we develop an analytic SN bolometric LC model under the assumption that
its main power source is kinetic energy of SN ejecta colliding with a dense CSM. At first, we
analytically investigate the evolution of the dense shell created by the interaction in Section
2.3.1. The analytic solution for the evolution of the dense shell before time ¢; (see below)
is essentially the same as obtained in previous works (e.g., Chevalier 1982b, Chevalier 1990,
Chevalier & Fransson 1994, Chevalier & Fransson 2003) but our solution does not assume
steady mass loss (see also Fransson et al. 1996).

After deriving the evolution of the dense shell, we provide an analytic expression
for bolometric LCs. This method was introduced by Chugai & Danziger 1994 (see also
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Wood-Vasey et al. 2004) to explain the luminoisity due to the interaction but their model
assumes a CSM from steady mass loss. We generalize this method for the cases of non-steady
mass loss and apply our model to entire bolometric LCs. Chatzopoulos et al. 2012 also follow
a similar approach to obtain an analytic LC model from the interaction but they consider
the case where the unshocked CSM is optically thick. Here, we consider the cases in which
the unshocked CSM does not affect the bolometric LC so much or the dense CSM is optically
thin. High energy photons like X-rays are expected to be emitted when the CSM is optically
thin (e.g., Chevalier & Fransson 1994) but they can be absorbed by the CSM because of their
high column density and re-emitted as optical photons (e.g., Wilms et al. 2000). Some SNe
IIn are suggested to have very optically thick CSM to explain their huge luminosities (e.g.,
Chapter 4, Chevalier & Irwin 2011, Ginzburg & Balberg 2012). They are beyond the scope
of this section and will be discussed in the next section.

2.3.1 Evolution of the Shocked Dense Shell
2.3.1.1 General Case

The shocked dense CSM and SN ejecta form a thin dense shell because of the efficient radiative
cooling. We assume that the thickness of the shocked shell is much smaller than its radius
and it can be denoted by a radius 7, (t). The conservation of momentum requires

dvugp
Mdt
where Mgy, is the total mass of the shocked SN ejecta and CSM, vgy, is the velocity of the shell,
pej is the SN ejecta density, vej is the SN ejecta velocity, pesm is the CSM density, and vy is
the CSM velocity. We derive the evolution of rg, based on this equation. We do not use the
equation for the conservation of energy which is necessary to derive the self-similar solution
including the reverse shock and the forward shock (Chevalier 1982a, Nadyozhin 1985). This
is because of the radiative energy loss from the dense shell. When the radiative cooling is
efficient, the shocked region does not extend as wide as the width expected from the self-
similar solution due to the loss of the thermal pressure caused by the radiative energy loss.
Thus, our approximation to neglect the shell width is presumed to be a good approximation
to the shell evolution.
We further assume that the CSM density follows pesm = Dr~° and that the CSM velocity
Uy is constant. We adopt a double power-law profile for the density of homologously (vej =
r/t) expanding SN ejecta (pe; o 7" outside and pe; o 7% inside) based on numerical
simulations of SN explosions (e.g., Matzner & McKee 1999). With SN kinetic energy Fe; and
SN ejecta mass Mo, the SN density structure is expressed as

M = 47rr82h [pej (Uej — Ush)z _ pcsm(vSh — UW)Q] , (2.14)

1 [26=8)(n=5)Eq]"=/2, _3 _p
4 (n—38) [(3—8)(n—3)Mg;|(»—5)/2 vy (Ve > vy),
pei (Vey ) = 1 [[2((5—§§(n_§)gjj]]<673>/2 - ° (2.15)

) [=p) ez L Ve (Vej < 0t),

where v; is obtained from the density continuity condition at the interface of the two density
structures as well as E¢j and Mg as follows,

N

2(5 — 8)(n — 5)Es
(3 —=19)(n — 3) M,

UV =

(2.16)
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The outer density slope n depends on the SN progenitor and n ~ 7 (n = 6.67 ex-
actly) is the lowest allowed n expected from the self-similar solution of Sakurai 1960 (e.g.,
Chevalier 1990). A value of n ~ 10 is expected for SN Ib/Ic and SN Ia progenitors
(Matzner & McKee 1999, Kasen 2010) and n ~ 12 is expected for explosions of RSGs
(Matzner & McKee 1999). The inner density slope 6 is § ~ 0 — 1.

At first, the outer SN ejecta with pej oc r™" starts to interact with the CSM. In this phase,
My, becomes

Tsh Ve, ,max/t
My, = / 4772 pesmdr + / J 47r7"2pejdr, (2.17)
Ry vej/t
AnD 5, =3 2(5 — 8)(n — 5)Eg)("3)/2

35 T (B o)n Mg 31
where R}, is the radius of the progenitor, vej max is the velocity of the outermost layer of the
SN ejecta before the interaction. In deriving Equation 2.18 from Equation 2.17, we have
assumed 7 > Ry, Vejmax > Vej, and s < 3.

With the above equations and vej = 74, /t (homologous expansion of the SN ejecta), the
equation for the conservation of momentum becomes

AnD - $n—3 [2(5 )(n_5)E ](n 3)/2 d27“sh B
35 T o) -8y (3 0)(n— )Myl I | a2
1 26 =08)(n=5)Ee]"=/% =3 (rg  drgy\? Lo ((dran )’
(n—8) [(3 = 8)(n — 3) Myy] ("=5)/2471=2 (t_ dt > —AnDr, < dt ) (2.19)

Here, we assume that the CSM velocity is much smaller than the shell velocity (vgy > vy ).

Solving the differential equation, we get a power-law solution

—s)(4—s 5B 92] T
r(t) = B-9)d=s)  [2(5-0)(n—5)E 32] t

[47rD(n —4)(n—3)(n —9) [(3 —8)(n — 3)M;](n=5)/2 n=s, (2.20)

Note that rg,(¢) obtained with this approach has the same time dependence as the self-
similar solution [t(*~3)/("=9)] (Chevalier 1982b, Chevalier 1982a, Chevalier & Fransson 2003,
Nadyozhin 1985).

Equation 2.20 holds until the time #; when the interacting region reaches down to the
inner ejecta, namely when the vej entering the shell becomes v, or 74, (t:) = vit; is satisfied,
ie.,

h:[ (3=s)(4—s) Ksamme“ﬂwlgs (2.21)

4rD(n —4)(n —3)(n —0) [2(5 — 6)(n — 5) Ee;)(3—5)/2

After t;, the density structure of the SN ejecta entering the shell starts to follow pej o 70

and the equation of the momentum conservation becomes

(5—8)(n —5)Bej] 0372 | d®rgy _
(n—20)(3—0)t59 [(3— 5)(n—3)M~](5—5)/2 dt?
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The solution of Equation 2.22 is expected to asymptotically approach the solution of the
differential equations

d*r
MshT;h = 4772 (= pesmv), (2.23)
ArD 4 d2rg, oo [dran\?
<3 T Me') iz~ S\ ) (224
The asymptotic solution from Equation 2.24 satisfies the equation
1
47D _ 2Fq \ 2
. Srsh(t)4 S 4 (3 — 8)Mejrsn(t) — (3 — 8) M (ME_J> t=0. (2.25)
€
The boundary conditions
rsu(t=0) = 0, (2.26)
1
d?“sh 2Eej 2
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are applied in deriving Equation 2.25. As the asymptotic solution is derived by assuming
that most of the SN ejecta is in the dense shell, the dependence of 74, (t) on the SN ejecta
structure (n and ) disappears.

2.3.1.2 Case of Steady Mass Loss (s=2)

Here, we write down rg,(¢) derived in the previous section for the special case of steady mass
loss (s =2). The CSM density structure becomes

M = 4772 pesm Uy (2.28)

where M is the mass-loss rate and D can be expressed as

D= 45:1. (2.29)
Then, 74, (t) before t = t; is
B 2 2(5—0)(n— 5)Ee-](”_3)/2 vy | M7 n=3
0 = =000 30— 9) (3= 5)(n — B M] e <t (230)
and
. 2 [(3—6)(n — 3)My]3/2 Uy (2.31)
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The asymptotic solution after ¢; becomes

1
w 2F M \°
ren(t) = ”ﬂMej ~1+ (1 +2, /55 t) . (2.32)

€j Vw

As noted in Section 2.3.1.1, the asymptotic solution is independent of the SN density structure
(n and 9).



26 2. Emission from Supernovae Interacting with Circumstellar Media

2.3.2 Bolometric Light Curve
2.3.2.1 General Case

We construct an analytic bolometric LC based on 74, (t) obtained in the previous section.
We assume that kinetic energy of the SN ejecta is the dominant source of the SN luminosity.
The available kinetic energy is

1
dFyin = 47rrs2h§pcsm7)52hdrsh7 (233)
and thus the bolometric luminosity will be

dEkin

e 2775kpcsmrs2hv§’h, (2.34)

LZEk

where ¢ is the conversion efficiency from kinetic energy to radiation. Especially, the bolo-
metric luminosity before ¢; can be expressed as a power-law function

L= Lit°, (2.35)

where

5—s
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n—s
In Figure 2.1, « is plotted as a function of s for n = 12,10, 7.
After t;, the asymptotic bolometric LC can be obtained based on the asymptotic radius
evolution from Equation 2.25.

L = 2775kpcsmT52hvs3ha (2.38)

1
2Fq; \ 2
(3 — )M, (ME;)
ATDr375 4 (3 — 8) M

= 2mepDri " (2.39)

2.3.2.2 Case of Steady Mass Loss (s=2)

In the case of steady mass loss (s = 2), we can use 47D = ]\‘4/1)W and express L before t; as

e (M = n—3\° 2 2(5 — &) (n — 5) B ("3)/2 "EQt_ngQ
2\ <n—2> (n—4)(n—3)(n—20) [(3—9)(n — 3)Me](n=5)/2 '

This equation is basically the same as the equations obtained in previous studies (e.g.,
Chugai & Danziger 1994, Wood-Vasey et al. 2004).

(2.40)

(2.41)
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Figure 2.1: «a (L o t* before t;) as a function of s for some n. n =~ 12 represents RSG
explosions and n ~ 10 is for SN Ib/Ic and SN Ia progenitors. n ~ 7 is the minimum possible
n.

We can also express the asymptotic bolometric LC after ¢; using Equation 2.32.

3
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we can express L in a simple way. Namely,
3n-7) 3\ 2(5 — 8)(n — 5)) 25
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before t; and
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long after t;. Here, t; is expressed as

t = 4[B = d)(n—3)]* _ (2.47)
(n=4)(n=3)(n=9)[(6-0)(n—-5)]20b

The physical parameters of CSM and SN ejecta have the relations

2a
Ee = —, 2.48
A Ekb ( )
. 1
M _ 3 1 [epb?) 2
—M.2 = (= . 2.4
Uy 3 4 ( a > (2:49)

In addition, for instance, if we express the shell velocity evolution at ¢ > ¢; which can be
estimated from spectral observations as

ven = d(1 +bt)"2, (2.50)
where Mo
ej0 Uw
d=—=5 (2.51)

we can obtain Me; and M separately as

4a
My = —— 2.52
a0 = o (2.52)
. 200y
M = ——-. 2.
e (2.53)

We will use the analytic bolometric LC model developed in this section in Chapter 3 to
fit observed bolometric LCs. We will show that SN ejecta and CSM properties of SNe IIn
can be constrained by the fitting.

2.4 Emission from SNe Interacting with Optically Thick Dense
CSM

In the previous section, we consider the case in which the CSM is optically thin and the
emission from the shocked shell is directly observed. This assumption breaks when the CSM
is optically thick and photons emitted from the shocked region can be scattered and absorbed
in the CSM. In principle, we need to treat the system numerically in such cases. However,
when the CSM is so optically thick that the shock breakout occurs in it, we can analytically
estimate some timescales which can be constrained observationally.

2.4.1 Shock Breakout

Shock breakout is a phenomenon which is predicted to be observed when a shock wave
emerges from the surface of an exploding star. Before the shock wave approaches the
surface of the star, the diffusion timescale of photons is much longer than the dynamical
timescale of the shock wave because of the high optical depth of the stellar interior and
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photons cannot go out of the shock wave. At the stellar surface, the optical depth above
the shock wave suddenly becomes low enough for photons to diffuse out from the shock
wave and photons start to travel away from the star. This sudden release of photons is
predicted to be observed as a flash of X-rays or ultraviolet (UV) photons (e.g., Ohyama 1963,
Colgate 1974, Klein & Chevalier 1978, Ensman & Burrows 1992, Blinnikov et al. 1998,
Blinnikov et al. 2000, Matzner & McKee 1999, Calzavara & Matzner 2004,
Nakar & Sari 2010, Tominaga et al. 2011) and it is actually observed for several
times, e.g., XRO 080109/SN 2008D (e.g., Soderberg et al. 2008) and SNLS-04D2dc
(Schawinski et al. 2008, Gezari et al. 2009).

2.4.1.1 Shock Breakout Condition in Dense CSM

If a CSM around a SN progenitor is dense and optically thick, the shock breakout signal is
altered by the CSM. If the CSM is much denser, the shock breakout itself can take place in
the CSM. In this section, we investigate the shock breakout in the dense CSM. As we will find,
to explain the huge luminosities of SLSNe by the interaction between SN ejecta and dense
CSM, the CSM must be so dense that we cannot neglect the effect of the shock breakout,
as is first suggested by Chevalier & Irwin 2011. Also, the shock breakout in the dense CSM
is related to many other astrophysical phenomena, e.g., PTF 09uj (Ofek et al. 2010), XRO
080109 (Balberg & Loeb 2011), and production of high energy particles (Murase et al. 2011,
Katz et al. 2011).

Let us consider a spherically symmetric dense CSM extending from r = R; to r = R,.
The CSM density pesm is assumed to follow pesm(r) = Dr~*® with a constant D. The opacity
Kesm Of the CSM is assumed to be constant and we only consider H-rich CSM in this section.
Let us set the radius of the forward shock at the time of the shock breakout r = xR,. We also
introduce a radius yr,, [?, where the optical depth evaluated from the CSM surface becomes

Tesmy 1-€.,

Ro
Tesm :/ chsmpcsmdr- (2.54)
chstO
The shock breakout occurs when the diffusion timescale in the CSM and the timescale
for the shock propagation get similar

Cc

~ vg, (2.55)
Tesm

(see, e.g., Weaver 1976, Nakar & Sari 2010 for the details of the shock breakout condition).

In previous works, the shock breakout condition in a CSM had been simply defined to occur

when the diffusion timescale of the entire CSM is comparable to the shock propagation

timescale of the entire CSM, i.e.,

R,

c

/ KesmPesmdr >~ —. (2.56)
R, Vs

However, the CSM can contain a large optically thin region even if the entire CSM is optically
thick. Figure 2.2 is a simplified illustration of the effect of s in the dense CSM. Two dense
CSM with the different s but the same R, and xR, are compared in the figure: (a) a CSM
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Figure 2.2: Illustration of the density and the optical depth distributions for the CSM
with different density slopes: (a) a flat density slope and (b) a steep density slope. The
corresponding (1) density structures and (2) optical depth distributions are shown. The
shock breakout is assumed to occur at the same r = xR, with x < 1 where the opacity 7Tegm
from R, becomes 72,,. All the opacities shown in the figure is evaluated from R,. Large
Tesm < 1 region appears in the outer part of the CSM in (b).
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with a constant density and (b) a CSM with a steep density gradient. In both cases, the
shock breakout is assumed to occur in the CSM at the same radius 7 = R, (z < 1) with the
same forward shock velocity vs and thus the optical depth between xR, and R, is exactly
the same in both cases (72,,). One of the important differences in the two CSM are in the
radius of the last scattering surface y; R,, where 7esm = 1 (see Figure 2.3 in the following for
the value of y1). Even if the entire CSM is optically thick in both cases, the region where
Tesm becomes larger than 1 (r < y1R,) is more concentrated to the central region and the
CSM contains larger optically thin outside region whose size is AR = R, — y1 R, in the case
of large s.

If the CSM contains an extended optically thin region, Equation 2.56 is no longer an
appropriate condition for the shock breakout because it postulates that the entire CSM at
r < R, is optically thick enough for photons to be diffusive. The shock breakout condition
should be evaluated only at the optically thick region where photons are diffusive. Hence,
the shock breakout condition should be

leo c
Tcmsm = / KesmPesmdl ~ —, (257)
zR, Us

=72 —1. In Equation 2.57, we presume that photons diffuse in the region where

x
where T, e

csm
the optical depth evaluated from the CSM surface exceeds 1 for simplicity. In other words,
photons are assumed to diffuse at R; < r < y1 R, and freely stream at y1 R, < r < R,. In
this sense, Equation 2.57 may also be interpreted as Equation 2.56 combined with a kind of
flux limited diffusion approximation. For the case of the shock breakout at the surface of the
CSM (z ~ 1), the conditions of Equations 2.56 and 2.57 are similar.
In the following discussion, we assume that vg is constant for simplicity. This assumption
can be inappropriate if the shocked CSM mass becomes comparable to the SN ejecta mass.

Equations 2.54 and 2.57 lead us to

chn{(‘fl(jii/;;gfs (s # 1),
D ~ (2.58)
F:}j(i/ o (s =1).

In addition, using Equation 2.58, we can express Y, as

1
s+ Tcsm A ]
(Lmme)™ 6#D,
chsm = (259)
Qjc/"/:cirfcsm (8 = ]_)
Figure 2.3 shows a plot of y; as a function of x for several s. Larger s leads to smaller y; for
a given z, as is discussed qualitatively above.

2.4.1.2 Timescales of Photon Diffusion and Shock Propagation in Dense CSM

Based on the shock breakout condition derived above, we estimate the timescale of photon
diffusion (¢4) in the dense CSM after the shock breakout and the timescale of the shock
propagation (ts). tq corresponds to the timescale for a SN LC to reach the peak after the shock
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Figure 2.3: Location of the last scattering surface in CSM within which the shock breakout
occurs. The region r > y1 R, is optically thin and photons do not diffuse in the region.

breakout (e.g., Arnett 1980, Arnett 1982) and ¢s represents the timescale for the forward
shock to go through the entire CSM after the shock breakout. t4 can be expressed as
TE (Ro — xR, — AR)

b~ Tém 2.60
d c ) ( )

7—cmsm(leo - mRo)
C
1
Ro c/vs+xl™\ 1—s .
Vg [( C/'Us—‘rl ) :L‘:| (8 % 1)’ ( )
= 2.62
R, (xﬁ =) (s=1).

Vs

: (2.61)

ts is defined as the time required for the forward shock to go through the entire CSM including
the optically thin region after the shock breakout,

R, — xR,

Us

te = (2.63)

Hence, we can derive the ratio of the two timescales as
fogtal=) T
1 c/vstx” "%\ 1=s
¢ - |:< c/vs+1 ) - IL’:| (S 7& 1)7
Moo (2.64)
ts L
L (xﬁ —ac) (s =1).
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Figure 2.4: Ratio of the diffusion timescale (t4) and the shock propagation timescale () as
a function of the location of the shock breakout (z).

Figure 2.4 shows the ratio as a function of x for several s, in which v, is set to a typical
value for SNe (10,000 km s~!). Every line reaches t4/ts ~ ¢/ (vs + ¢) = 0.97 at # =~ 1. In this
case, the shock breakout occurs at the surface of the CSM. When the shock breakout occurs
inside the CSM (z < 1), the ratio t4/ts varies depending on the density slope of the CSM.
For a given x, ty/ts gets smaller as the density slope of the CSM gets steeper (i.e., larger s).
This is because the last scattering surface of the CSM locates farther away from the surface
as the density slope gets steeper, i.e., y1 gets smaller as s gets larger for a given x (see Figure
2.3 for values of y1). In other words, the optically thin region in the CSM is spatially larger
for the CSM with steeper density gradient. Note that when the shock breakout occurs in
the CSM, the forward shock reaches the last scattering surface (r = y1 R,) with the diffusion
timescale tq4, i.e., the shock locates at r ~ y; R, at the LC peak.

The difference in the ratio of the two timescales which is determined by the CSM density
slope can explain the existence of the two spectral types in SLSN II. We discuss this in
Chapter 4 in detail.

2.5 Radiation Hydrodynamics

In the previous section, we only considered the special case that the dense CSM is optically
thick enough to cause the shock breakout. We find that we can derive two timescales analyt-
ically in this case. However, for the detail modeling of SN LCs powered by the interaction,
especially in the case of the optically thick CSM for which we cannot use the analytic solution
derived in Section 2.3, we need to rely on the numerical apporach. We need to take account
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of not only hydrodynamical variables but also radiation numerically at the same time because
the source of photons is kinetic energy in the system we consider. Radiation hydrodynamics,
therefore, is essential for modeling SN LCs powered by the interaction. In this section, we
briefly summarize the basics of radiation hydrodynamics and how to treat it numerically.
We focus on a numerical one-dimensional multigroup radiation hydrodynamics code STELLA
which is mainly used in this dissertation.

2.5.1 Basic Equations
2.5.1.1 Equations of Hydrodynamics

First of all, we briefly summarize the equations of hydrodynamics. As is shown below,
the equations of hydrodynamics, i.e., the Euler equations, are derived from the Boltzmann
transport equation by taking the velocity moments of a distribution function. Ideally, the
evolution of hydrodynamical quantities are better to be obtained by solving the Boltzmann
equation but, practically, it takes literally forever with the current available computational
resources and we need to treat it in a simplified way, i.e., by using the Euler equations. The
Boltzmann transport equation

(.6.1) +§ a,f(w €.0)+ 0 Filw. £.0)f(z.£.1) = C(f) (2.65)

0
3
describes the evolution of the non-relativistic particle distribution function in the phase space.
Here, x is a position of a particle, & is its velocity, f(x,&,t) is a distribution function of
particles (number density in the phase space), F(x, &, 1) is a specific external force, and C(f)

0
ot

is a collision integral. Multiplying the Boltzmann transport equation by an arbitrary function
Y(x, €, t) and taking the integral of the velocity component & lead us to the following equation

/d}fzfdé /[ +§z zgz] deZ/deﬁ. (2.66)

8t

Let m the mass of a particle. The zeroth, the first, and the second & moments of
mf(x,&,t) correspond to macroscopic thermodynamical variables we are interested in, i.e.,
mass density p(x,t), momentum density pv;(x,t), and energy density pu(ax,t), respectively:

pat) = [mi.& 0 (2.67
puat) = [m&f(e.g e, (2.68)
pulat) = 5 [ me (g e (2.69)
We also introduce the moments of mf(z, £, ) taken by a peculiar velocity E; = & — v;:
pilet) = [ mEEfe.g0dE = gp(, 05 (2.70)
pe(,t) = ;/mEZf(m,g,t)dg, (2.71)
G(@t) = + [ mEEf( e e, (2.72)
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where p(x,t) is gas pressure and d;; is the Kronecker’s delta. p;j(x,t) and g;(x,t) are called
a pressure tensor and a heat flux, respectively. pe(x,t) is internal energy density. We assume
that g;(«,t) is known in the system. Note that the zeroth E moment of mf(x, &,t) is p(x,t)
and the first moment is 0.

The Euler equations are obtained by setting ¢ (x, &,t) in Equation 2.66 as m, m¢&;, and

me?/2,

0 0

ap + %pvi = 0, (273)
8tpvz 8.I'j PUVj T Pij = pPJ, .
0 0 9q;
P + oz, (puv; + pijv;) = pFv; — oz, (2.75)

Note that the total energy of the gas pu is the sum of its kinetic energy density pv?/2 and
its internal energy density pe,

1
pu = §pv2 + pe. (2.76)

The Euler equations (Equations 2.73, 2.74, and 2.75) are still not closed. However, in
the case of hydrodynamics, we have an equation which relates the second peculiar velocity
moments of f(x,&,t) (i.e., e(x,t) and p(zx,t)) and the zeroth peculiar velocity moments of
f(x,&,t) (ie., p(x,t)) which is called an equation of state,

p(x;t) = p(e, p)- (2.77)

Given an equation of state, the equations of hydrodynamics are closed and become able to
be solved with a certain initial condition.

2.5.1.2 Equations of Radiation

The equations followed by radiation can be derived by using a similar way as we used to
derive the Euler equations. The equation for radiation which corresponds to the Boltzmann
transport equation in the case of hydrodynamics is the radiative transfer equation

10 . ~ 0 - . - -

——I,(x, k,t) + ki—1I,(x, k,t) = j,(x, k,t) — k,(x,t)],(x, k, 1), (2.78)
c ot ox;
where c is the speed of light, k is a normalized wave vector k, v is a frequency, I, (x, Igz,t)
is an intensiy of radiation, j,(x,k,t) is an emissivity, and s, (z,¢) is total opacity. Just
looking at the radiative transfer equation, it seems that the equation is for I, not for a
number distribution function g(,p,t)! of photons in the phase space (where p = hk/27 is
a momentum of a photon) and that the radiative transfer equation does not correspond to
the Boltzmann transport equation. However, as an intensity I, can be expressed as

N 2h*3
L(z. k,t) = —5—g(@,p.1), (2.79)

Lg(x,p,t) is a number distribution function for one spin state. We assume that every spin state is equally
occupied and the exact number density of photons is 2g(x, p,t) as a photon have two spin states.
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I, can be regarded as a number distribution function and the radiative transfer equation
actually corresponds to the Boltzmann transport equation. This means that conservation
laws for radiation which correspond to the Euler equations of hydrodynamics can be found
by using the k moments of the intensity I,,. We also define a photon occupation number
N, (x, k,t) which is used in the following section,

Ny (z, k,t) = h3g(x,p,t). (2.80)

The zeroth, the first, and the second k moments of I, are

1 R
E,(xz,t) = C/L,(:c,k,t)dQ, (2.81)
F,i(m,t) = / kil (x, k, t)dS, (2.82)
1 A N
Pugla,t) = / Falis T, (0, o, )2, (2.83)

respectively. Following the similar way to hydrodynamics, we get the conservation laws for
radiation,

0 0

2B +-2F,; = 4rj, —rycE,, 2.84
ot + 8:@ o’ ™ fe ( )
10 0

EaFy’i + C%jpl@ij = _/il/FV,i‘ (285)

As was the case for hydrodynamics, the conservation equations (Equations 2.84 and 2.85)
are not closed. The Euler equations are closed by introducing an equation of state but there
is no corresponding equation for radiation. There are several ways to close the equations for
radiation. The simplest way is to treat radiation always diffusive and introduce a flux limiter
so that photons do not exceed the speed of light. The equations can also be closed in the first
moment equation by introducing the so-called M; closer condition. A more precise scheme is
to close the equations by introducing the variable Eddington tensor. This method is called
the variable Eddington factor method. To close the conservation equations, we assume that
there is a relation held by the zeroth and the second k moments (B, and P, ;;), as was the
case for hydrodynamics,

P,i; = fvij B, (2.86)

where f(x, t) is the Eddington tensor. Equation 2.86 corresponds to an equation of state in the
case of hydrodynamics®. Thus, introducing the Eddington tensor for radiation is equivalent
to introduce an equation of state for radiation. Now, the conservation equations for radiation
are closed and the evolution of radiational variables can be evaluated.

2.5.1.3 Equations of Radiation Hydrodynamics

Radiation hydrodynamics treats hydrodynamics and radiation at the same time. The con-
servation equations for hydrodynamics and radiation are solved at the same time. Taking

2An equation of state does not include tensors because gas pressure is assumed to be homogenious.
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account of the source terms due to the interaction of hydrodynamical particles and radia-
tion, the conservation equations and the equation of state for hydrodynamical variables are
expressed as follows.

0 0

5Pt o = 0, (2.87)
0 it 2 (oo tpi) = pFirt [ wFud (2.88)
atpvz 81‘]' pUV; T Pig) = pPI c Ry L'y QV, .
0 0 0qi .
apu + 87.2121 (puvz +pl]vj) = pFv; — oz, + / (_477]11 + K:I/CEI/) dv, (289)

p(a,',t) = p(e,p). (2'90)

To solve the conservation equations of radiation in a moving fluid, there are two different
ways to treat them. One is to stay in a fixed frame of reference to describe the radiational
variables and the other is to use a comoving frame. We choose the latter frame, a comoving
frame, to treat radiation. This approach makes the equations rather complicated but we
do not need to introduce complicated absorption and emission coefficients. Here, we omit
the derivation of the conservation equations of radiation in a comoving frame. The detailed
derivation of them can be found in, e.g., Castor 2004, Mihalas & Mihalas 1999. Following
the work of Buchler 1983, we use the approximated conservation equations of radiation in a
comoving frame which is valid up to O(v/c),

0 0 0 0 0v; .

aEu + %’UZ’EV + aig;iFy’i + <Py7ij — 8yypy’ij> aig;‘z = 471'.71, - KVCEV, (291)
10 1 0F, ; 0v; 0
st (g Bl ) Feg By = w20

We close the equations by using the Eddington tensor f defined as

foij = —E"VJ (2.93)

which is estimated by using the radiative transfer equation.

2.5.2 One-Dimensional Numerical Radiation Hydrodynamics

In this section, we discuss how to numerically treat the equations of radiation hydro-
dynamics introduced in Section 2.5.1 in one dimension using the spherical coordinates.
We focus on a one-dimensional multigroup radiation hydrodynamics code STELLA which
is used in this dissertation. STELLA has been used in modeling SNe and details can also
be found in, e.g., Blinnikov & Bartunov 1993, Blinnikov et al. 1998, Blinnikov et al. 2000,
Blinnikov et al. 2006, Blinnikov & Tolstov 2011.

2.5.2.1 Equations of Radiation Hydrodynamics in One Dimension

When we assume the spherical symmetry in a system and take only the r coordinate in
space, each photon moves in two dimensions in the phase space. We define y = cos 6, which
expresses the direction of the photon transport as is shown in Figure 2.5, to describe photons
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T

Figure 2.5: (r, u = cos#) coordinate used in one-dimensional radiation hydrodynamics.

in the phase space. Lagrangian coordinates are adopted in STELLA. The intensity I, (r, u,t)

is expressed as
4,3 3

2h*v 2hv
L,(?“,,U,,t) - 2 g (r,p, t) = 2 NV(Tv Mat)' (294)

In STELLA, we use the angular moments of N, instead of I, to describe the conservation
laws for radiation,

1
Jv(r) = ;/_lNydu, (2.95)
1 1
H, (r) = 2/_1uNydu, (2.96)
1,
K0 = g / Ny (2.97)

The derivations of the conservation equations for 7, H,, I, in the comoving frame which
corresponds to Equations 2.91 and 2.92 can be found in, e.g., Castor 1972. The results are

0 c 0

e - _ - 2 s _.a
atj” 72 arr HV + C(KVPBV K’z/pjl/)
v 10 ;5
+; (BKV - \71/) - 7“725 [T v (jy ‘I’ }Cl/)]
1o [vh vt o,
—;5 |:7”‘ (3](:1/ - \71/) - ﬁar UKV ) (298)
0 0 c
EHV = —CEICV - ; (3’CV — jy)
v Ov .
-2 - a_ v " ; v vdiff .
<r+8r>H c(k) 4+ k) pHy + Hudise (2.99)
where 1
B, (T) (2.100)

" exp (hv/kgT)—1’
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T is a material temperature, kp is the Boltzmann constant, k% is an absorptive opacity, x;
is a scattering opacity, and Hyai is an artificial diffusion to stabilize the equation which is
described in Blinnikov et al. 1998. Note that B, is a photon occupation number for the black
body radiation B, (T) and the same as that of the Bose-Einstein distribution;

= B,(T). (2.101)

ZZ —, (2.102)

g: = —%ﬂ% (p+a) - %n * 4% / (s + 55) 2i§3H”d'/ i (2109
(% _ 47;%, (2.104)

(68;;>p887t—1 :¢5+47T/I€Z2Z/3 (ju—Bu)dV—47Taa:j:} T(gg)p+q ; (2.105)

where m is the mass coordinate, G is the gravitational constant, ¢ is standard von Neumann
artificial viscous pressure (von Neumann & Richtmyer 1950), ¢ is the local specific heating
(¢ > 0) or cooling (¢ < 0), and amix is a term used to smear thin dense layers whose definition
is provided in Blinnikov et al. 1998. We discuss the smearing in Section 2.5.2.3 as well.

In addition to the equations listed above, we add the equation of state p = p(p,T)
and ¢ = ¢(p,T) and the Eddington factor® fr(r,v) = K,/J,. Although we assume the
equation of state based on the properties of fluid we consider, the Eddington factor is derived
by solving the time-independent radiative transfer equation (the variable Eddington factor
method, Section 2.5.2.2). In STELLA, both hydrodynamics and radiation are solved implicitly.

2.5.2.2 Solving the Radiative Transfer Equation

The Eddington factor fr which is required to close the equations of radiation hydrodynamics
with the variable Eddington factor method is estimated by solving the time-independent
radiative transfer equation. There are several ways to treat the radiative transfer equation.
In STELLA, we introduce impact parameters and apply the Feautrier’s method (Feautrier 1964)
to solve the radiative transfer equation at every ray marked by the impact parameters.
Information we need to derive the Eddington factor fr(r) = K, (r)/J,(r) is the angular
behavior of the radiation field at each r. In one-dimensional radiation hydrodynamics, we set a
new coordinate system (p, z) to solve the radiative transfer equation, instead of (r, u). Figure
2.6 shows the relation between (r, 1) and (p, z). p;, traditionally called impact parameters,
are chosen to be tangent to every radial shell r;. z;; are taken at all the intersection of p
and r. We also add some p; under the inner most radial mesh where we call a core. This is
because the resolution for € in (p,z) mesh become cruder at smaller 7, since the number of
intersections between r and p become smaller with smaller r (Figure 2.7). To get a sufficient
angular resolution at the small r, we need to add some extra impact parameters in the core.

3The Eddington tensor is a factor in one dimension.
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Figure 2.6: Relation between (p, z) and (r,6). The number of the impact parameters in the
core is defined as c¢. This figure is from Mihalas 1978.

There are one-to-one correspondence between (p, z) and (r, p), i.e.,

i = DPites (2.106)
/r2 — p?
J it+c Zitc §
pij = w(pierj) = = == (2.107)
J J

where ¢ is the number of the impact parameters in the core. Hence, once we get I, (p;, 2ij),
it can be converted to I, (r;, pi;) which is required to obtain the Eddington factor.

I,,(pi, zij) can be obtained by adopting the Feautrier’s method at each ray labeled by
the impact parameters. Note that the reason why we can use this approach is exactly in
our assumption of the spherical symmetry. The solution obtained by tracing the ray cannot
easily be converted to the angular information without the spherical symmetry. At each ray
specified by p;, the time-independent radiative transfer equations along the ray are

0

5.1 i zg) = Gu(r) = ko (r) 1) (pis 235), (2.108)
0 . _ . -
— gty i zig) = Gu(r) = k()1 (pi 245), (2.109)

where I\ (pi,zij) and I, (p;,2i;) are the radiation toward and away from the observer at
z = 00, respectively. Note that j, is assumed to be isotropic and k, = K% + K.
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Figure 2.7: (p,z) mesh used to solve the radiative transfer equation in one-dimensional ra-
diation hydrodynamics. For some radii, the number of the intersection between p and r
are shown. Without the impact parameters in the core, we cannot get a sufficient angular
resolution at small 7.

Now, we define ¥, and ¢, as
U, (pi,zij) = = [Lf (piszi) + 1, (9, 2i5)] (2.110)

Dy (pirzij) = = [LF(pi,zi) — 1, (pis 2i5)] - (2.111)

N — DN —

We also define the optical depth along the ray as dr,(ps, 2ij) = —Ku(pi, 2ij)dz. Then, the
time-independent radiative transfer equations (Equations 2.108 and 2.109) become

v,
ar, — v (2.112)
9,

o, — Y% (2.113)

where Sy, (pi, zij) = ju(1)/ku(r) is a source function. Equations 2.112 and 2.113 lead

9%,

52 =Sy (2.114)

which can be solved numerically at each ray. Given the solution, we can calculate the Edding-
ton factor fg. In STELLA, the Eddington factor is evaluated every 50 time steps, assuming
that there is no dramatic change in radiation field in 50 time steps. This assumption is found
to be valid based on our experiences.



42 2. Emission from Supernovae Interacting with Circumstellar Media

2.5.2.3 Smearing

The interaction of SN ejecta and dense CSM results in a dense cool shell between the SN
ejecta and the dense CSM. This is because of the radiative cooling of the shocked region.
The shocked region becomes very dense and cools down efficiently by radiation. The cooling
prevents the pressure from growing sufficiently enough to sustain the shell. Hence, the shell
becomes thinner and denser and the cooling becomes more efficient. Thus, this cooling process
is catastrophic. However, in reality, such a shell is unstable because of several instabilities
like the Rayleigh-Taylor instability which require multidimensional calculations to treat (e.g.,
Chevalier & Blondin 1995). The multidimensional effect smears the shell and less kinetic
energy is converted to radiation energy. In other words, the cooling by radiation is less efficient
in three dimensions than in one dimension. In STELLA code, we take such multidimensional
effects into account by introducing a smearing term in the equation of motion (Equation
2.103) so that the conversion efficiency from kinetic energy to radiation energy can be reduced
(Blinnikov et al. 1998). This term is similar to artificial viscosity, although the smearing term
has the opposite effect.

As is shown in Blinnikov et al. 1998, the smearing term is defined such that the total
energy is manifestly conserved. Only the neighbouring zones are affected by the smearing
term. The overall normalization factor Rey:(7) of the smearing is expressed as

Rewt (1) = By f (7). (2.115)

See Blinnikov et al. 1998 for the definitions of Rcut(7) and the smearing term. f(7) is in-
troduced so that the artificial smearing is reduced at optically thick regions where the effect
of cooling is less efficient and the multidimensional instabilities due to the cooling grow less
(e.g., Jiang et al. 2013). In STELLA code, f(7) is an empirically obtained monotonically de-
creasing function which satisfies f(7 — 0) = 1. B, determines the overall strength of the
smearing effect. B, is a parameter similar to € we introduced in Section 2.3 during the
analytical LC modeling. Ideally, B, should be calibrated by comparing results obtained by
our one-dimensional calculations to those of multidimensional calculations in which the effect
of multidimensional instabilities in the shell is taken into account. However, such a multi-
dimensional radiation hydrodynamical code with which we can compare our results is not
available yet. We use B; = 1 as our standard value. We also show the effect of B, on model
LCs (Section 4.3.3.2). The results of LC calculations of the interacting SNe strongly depend
on By, as the smearing term directly affects the conversion efficiency from kinetic energy to
radiation. We need a multidimensional radiation hydrodynamics code for the calibration of
the parameter B,.

2.5.2.4 Input Physics

Equation of State

The equation of state used in STELLA takes into account of ideal gas, electrons, degeneracy
of electrons, and pressure ionization. The ionization level is derived by solving the Saha
equation assuming the local thermodynamic equilibrium. The most abundant 15 elements
are included in the equation of state, namely, H, He, C, O, Ne, Mg, Si, S, Ar, Ca, Ti, Cr, Fe,
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Figure 2.8: An example of opacity. The condition is 10715 g em™3 and 5000 K. The local
thermodynamic equilibrium is assumed. The wavelengths from 1 A to 5 x 10* A are divided
into 100 bins.

Co, and Ni. The Saha equation is treated by the fast Newton iteration technique introduced
in Karp 1980. The degeneracy of electrons is treated with the method of Basko 1985 and the
pressure ionization is included in an approximate way but they are not dominant source of
pressure in our work.

Opacity

Opacity used in STELLA includes the contributions from photoionization, bremsstrahlung,
lines, and electron scattering. We use 100 bins between 1 A and 5 x 10* A. An example
of opacity used in the code is shown in Figure 2.8. The bound-free photoionization cross
sections we adopt is the analytic fit obtained by Verner & Yakovlev 1995. Approximately
110,000 lines in the list of Kurucz 1991 is taken into account for line opacity and the line
contribution to the total opacity is computed by using the approximation introduced in
FEastman & Pinto 1993.

Heating from Radioactive Decay

The radioactive heating by the decay of 5Ni — °°Co — °6Fe, which is one of the major
energy source to power SNe, is taken into account. y-rays emitted by the decay of *°Ni —
%Co and *°Co — 5YFe and positrons emitted by the decay of ®*®Co — 5Fe are absorbed
by SN ejecta and heat them. The radiative transfer equations for ~-rays are solved by using
one-group approximation (Swartz et al. 1995) with the effective opacity x, = 0.05Y, cm? g=*
where Y, is the total electron number density over baryon density. All positrons are assumed
to be absorbed in situ.






The timing of death, like the ending of a story, gives a
changed meaning to what preceded it.

Mary Catherine Bateson (1939 - )

Type IIn Supernovae

3.1 Overview

SNe IIn show signatures of the interaction between SN ejecta and dense CSM. The main power
source of SNe IIn is the kinetic energy of the SN ejecta as is indicated by the large variations
in their LCs (e.g., Kiewe et al. 2012, Taddia et al. 2013). The dense CSM decelerate the SN
ejecta and the kinetic energy is converted to radiation. The large variations in the LCs are
likely from the variations in the dense CSM. To unveil the nature of the mysterious SN IIn
progenitors and mass loss related to them, we need to know the properties of the SN ejecta
and dense CSM related to them. In this chapter, we apply our analytic bolometric LC model
developed in Section 2.3 to observed SN IIn LCs. The SN ejecta and dense CSM properties
of SNe IIn are estimated based on the analytic model. This information can be eventually
used to constrain the SN IIn progenitors and their mass-loss mechanisms.

In Section 3.2, we demonstrate example ways to apply our analytic LC model developed
in Section 2.3 to observed bolometric LCs of SNe IIn. In Section 3.3, we apply our model to
the three best observed SNe IIn, namely, SN 2005ip, SN 2006jd, and SN 2010jl. After giving
caveat about the applicability of our analytic model in Section 3.4, we apply our model to
larger SNe IIn samples provided by Taddia et al. 2013 to see statistical properties of the dense
CSM around SNe IIn in Section 3.5. We discuss some issues in Section 3.6 and summarize
this chapter in Section 3.7.

3.2 Example Procedures

We show examples of procedures to fit our analytic bolometric LC presented in Section 2.3 to
bolometric LCs constructed from observations. The actual processes for the comparison de-
pend on the available information from observations but the basic concepts will be essentially
the same as the examples presented here.
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Our bolometric LC model consists of two components. Before t;, the model LC has a
power-law dependence on time (L = Lit®). Thus, we can first use the function Lit* to fit
an early LC and obtain L; and a. Assuming n, the CSM density slope s can be constrained
just by « through Equation 2.37 (Figure 2.1).

If there are spectral observations at these epochs and the shell velocity evolution can be
estimated by them, we can use

Ve (1) d;;h , (3.1)
3 G969 RE-Hm-5EJOIR]T e
 n—s |4rD(n—4)(n—3)(n—34) [(3 —0)(n — 3)My](n—5)/2 32
=yt ns, (3.3)

to fit the velocity evolution and obtain vy. Just from the three values, L, «, and v;, we can
obtain the CSM density structure for given € and n,

1 o 2—s
D= (” 3) Lyvs ™. (3.4)

© 2mep \n—s

This means that we can estimate the mass-loss rate without assuming Me; and Fe;. As the
time dependence of vgy is small, the velocity information of just a single epoch can constrain
D. So far, M and Eej are degenerated and we have to assume either Mej or Egj to constrain
the other parameter.

The formulae L = L1t® and vg, = vit~G=)/(=) can only be applied before t;. After
obtaining the physical values, we have to check whether ¢; is larger than the epochs used for
the fitting. If there is an available bolometric LC after t;, we can fit Equation 2.39 to the LC
and obtain further constraints to break the degeneracy between F; and M,;.

We show how this procedure works in the next section by using actual bolometric LCs
from observations.

3.3 Application to Some Observed Bolometric LCs

Here we compare our analytic bolometric LCs to observed LCs of SNe IIn 2005ip, 2006jd,
and 2010jl, and estimate CSM and SN ejecta properties of them. We assume ¢, = 0.1 in
this section. ¢y is affected by SN ejecta mass and CSM mass but it is typically of the order
of 0.1 (Section 4.3.4.1). All the fitting procedures in this section are performed by using
the least-squares method unless otherwise mentioned. Table 3.1 is a summary of the SN IIn
properties derived in this section.

3.3.1 SN 2005ip

SN 2005ip was intensively observed by Stritzinger et al. 2012 from UV to NIR wavelengths.
They derived a bolometric LC that we use for the comparison to our bolometric LC model.
Optical photometric and spectroscopic observations are also reported by Smith et al. 2009b,
whereas Fox et al. 2009, Fox et al. 2010, Fox et al. 2011, Fox et al. 2013 summarize the NIR
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Table 3.1: SN IIn properties estimated in Section 3.3
SN S (Pesm X 779) (M)® By
n=10 n=12 (Mg yr—1) (10%! erg)
2005ip  2.28 236 1.2—-14x107°  13-15°
2006jd  1.40 162 13-1.7x10"%  12-13°
2010j1 2.2 0.039° 230

“ Average rate derived by the CSM mass within 10'® ¢m and the
CSM velocity 100 km s~ *.
*Derived assuming Me; = 10 Mg.
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e SN 2005ip bolometric LC (Stritzinger et al. 2012)
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Figure 3.1: Bolometric LC of SN 2005ip (Stritzinger et al. 2012) and some LC models. The
solid line is the best fit to L = L1t® up to 220 days. The dot-dashed line is the available
energy from the radioactive decay of 0.18 Mg, *°Ni. The luminosity inputs from the two power
souces resemble each other up to about 100 days and the later LC is required to distinguish
between them.

observations of SN 2005ip. We assume that the explosion date of SN 2005ip was 9 days before
its discovery and all the following dates are since the explosion.

At first, we fit the obtained bolometric LC up to 220 days by L = L1t“ and we get

erg s 1. (3.5)

—0.536£0.013
L = (1.44 +0.08) x 10% ( ! )

1 day

The errors are the statistical error here and hereafter. In Figure 3.1 we show the result.
a = —0.536 £ 0.013 corresponds to s = 2.28 £ 0.03 and s = 2.36 &+ 0.02 for n = 10 and
n = 12, respectively. Thus, the CSM around the progenitor of SN 2005ip likely had slightly
steeper density structure than the expected density structure from steady mass loss.

One interesting feature in Figure 3.1 is the similarity of the analytic LC from the SN
ejecta-CSM interaction to the available energy from the radioactive decay of 0.18 Mg ®°Ni
before around 100 days. The available energy from the radioactive decay *°Ni —?6Co —Fe
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is (Nadyozhin 1994)

M56Ni 1

6.45 x 10137/ (88 days) 11 45 5 1043t/ (111:3 days) erg s, (3.6)

O]
where Mseoy; is the initial 5Ni mass. We cannot distinguish between the two power sources
only from the bolometric LC before about 100 days. The two energy sources can only be
distinguished by LCs at later epochs. The similarity, especially at around 50 days, is because
of the decay time of *°Co. At around 50 days, the radioactive energy from °°Co is dominant

1113 days) The values and the decline

and the available energy from the decay follows oc e~/
rates (the first derivatives) of the functions following oc e~#/(111:3 days) anq oc =™ (m is a
constant) can get similar at ¢ = 111.3m days. Looking at Figure 2.1, m ~ 0.5 at around
s =~ 2, so the two functions can be similar at around ¢ ~ 50 days. For a LC from the
interaction to have a similar decline rate to that from the **Co radioactive decay after ~ 100
days, m should be close to unity and the CSM density slope should be steep (s ~ 3).

The shell velocity of SN 2005ip around 100 days since the explosion is likely =~

17,500 km s~! (Stritzinger et al. 2012). Then, based on Equation 3.4, we get

8.4 x 10716 (o gem™ (n=10)
r) — 1015 cm _ ’
Pesm(T) { 1.0 x 107 (:—) 7% gem™3  (n=12).

1015 cm

)—2.28

(3.7)

The Thomson optical depth 7, of the solar-metallicity unshocked CSM when the shock is at
10' cm (the blackbody radii of SNe IIn are usually above 10 cm) is

(022 (n=10),
Tsh = { 0.25 (n=12), (3.8)

and our assumption that the unshocked CSM does not affect the LC is justified. We estimate
an average mass-loss rate <M ) by using the CSM mass within 10'® cm. Assuming vy, =
100 km s~!, the CSM mass within 10'6 cm is lost from the progenitor in 32 years before the
explosion. The average mass-loss rate in this period is

1.2 x 1073 Mg yr=t  (n = 10),

(M) = { 1.4 x 1073 My yrt  (n = 12). (3.9)

The bolometric luminosity of SN 2005ip after 300 days is almost constant (~ 8.2 x
10*! erg s7!). The asymptotic solution (Equation 2.39) can have a constant luminosity at
a certain condition. For example, the asymptotic solution for s = 2 (Equation 2.46) can
be constant if bt < 1. However, for the case of SN 2005ip, we could not find a constant
asymptotic solution which is consistent with the early LC before 300 days. The constant
luminosity may be due to, e.g., another CSM component or light echos.

To constrain the SN properties, we assume M = 10 My. Then, from L; above, we
obtain

1.3 x 10”2 erg s™!  (n = 10)
E. = ’ 1
‘ { 1.5 x 1072 erg s~ (n = 12). (3.10)
t; becomes
[ 42x10° days (n = 10),
b= { 5.0 x 103 days (n = 12), (3.11)
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Figure 3.2: Bolometric LC of SN 2006jd (Stritzinger et al. 2012) and the best fit L = Lit“
model up to 250 days. The second rise starting around 400 days cannot be explained by our
model and may be due to, e.g., another CSM component.

so the epochs we used for the fitting (¢ < 220 days) are justified.

The average mass-loss rate we obtained (1072 Mg yr~!) is consistent with the rate es-
timated by Fox et al. 2011 (1.8 x 1073 Mg yr~!) but larger than the rate suggested by
Smith et al. 2009b (2 x 107* M, yr~!). Based on these mass-loss rates, Smith et al. 2009b
conclude that the progenitor of SN 2005ip is a massive RSG like VY CMa (e.g.,
Smith et al. 2009b), while Fox et al. 2011 prefer a more massive progenitor like a LBV. Our
results seem to support the latter scenario but depend on the value of € assumed in deriving
D so we cannot constrain the progenitor strongly. In principle, we may be able to distinguish
between the two progenitors with n, but our results are found not to depend much on n.
Binary evolution may also be related to the large mass-loss rate (e.g., Chevalier 2012).

3.3.2 SN 2006jd

SN 2006jd was also observed in a wide spectral range by Stritzinger et al. 2012 and they
obtained a bolometric LC. We use their bolometric LC for our modeling. We assume that
the date of the explosion is 9 days before its discovery and the following dates are since
the explosion. Chandra et al. 2012a estimate CSM properties of SN 2006jd based on the
X-ray and radio observations after about 400 days since the explosion. They conclude that
the CSM density profile is rather flat (s ~ 1.5 — 1.6) and the CSM density is ~ 10° cm™3
at ~ 2 x 10'® cm. Fox et al. 2011 estimate the mass-loss rate based on NIR observations
(2.8 x 1073 Mg yr—1).
By fitting the LC before 250 days with L = Lit® (Figure 3.2), we obtain

erg s 1. (3.12)

—0.0708+0.0064
L=(3.940.1) x 10* ( ! >

1 day

From o = —0.0708 obtained by the bolometric LC fitting, we obtain s = 1.40 £ 0.01 and
s =1.62 £ 0.01 for n = 10 and n = 12, respectively. The shell velocity of SN 2006jd around
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100 days since the explosion is likely ~ 15,000 km s~! (Stritzinger et al. 2012). Then, based
on Equation 3.4, we get

2.6 x 10710 (orf )71'40 gem™3  (n=10)

r)= 10%° em/ ’ 3.13

pesm () { 48x 10716 ()% gem™ (0 =12). (3.13)

The Thomson optical depth of the solar-metallicity unshocked CSM when the shock is at
10" cm is

0.22 (n =10),
= 14
Tsh { 0.26 (n=12). (3.14)

016

We estimate an average mass-loss rate by using the CSM mass within 1 cm and vy =

100 km s~ ! as we did for SN 2005ip. The average mass-loss rate is

(M) =

-3 -1 —_
{ 1.3 x107° Mg yr (n = 10), (3.15)

1.7x 1073 Mg yr=t  (n=12).

The estimated average mass-loss rate is consistent with the rate derived by Fox et al. 2011

from dust emission (2.8 x 1073 My yr~!). Interestingly, the mass-loss rate is very close to

those of SN 2005ip estimated in the previous section, although the density slopes are quite
different (s = 2.3 — 2.4 for SN 2005ip and s = 1.4 — 1.6 for SN 2006jd).

The late phase LC of SN 2006jd shows an increase which is not expected in our model

so we do not use the late time LC in the fit. This luminosity increase may be due to, e.g.,

another CSM component. Since we can only fit the early phases, we cannot constrain Me;

and Ej independently. Here, we assume M = 10 M to estimate Eej. The estimated Fg; is

. { 1.2 x 102 erg  (n = 10), (3.16)

D 1.3x 102 erg (n=12). '

Note again that we assume e, = 0.1 and FE; is inversely proportional to €. The time ¢,
obtained by these values are

2 _
. { 4.1 x 10% days (n = 10), (3.17)

1.8 x 10? days (n = 12).

The epochs we used to fit L = L1t (t < 250 days) are justified for the n = 10 case. For
the n = 12 case, t; is smaller than 250 days. However, there are only two observational data
points beyond 178 days and we find that the results of fitting by using ¢ < 178 days are
almost the same as the results we obtained with ¢ < 250 days.

The CSM properties we derived are consistent with s ~ 1.5 — 1.6 and the CSM density
~ 10% em™3 at ~ 2 x 10'® cm as obtained by Chandra et al. 2012a from X-ray and radio
observations. However, the X-ray and radio observations were performed after the epochs
when the bolometric LC starts to rise (after about 400 days since the explosion). Our model
is not applicable at these epochs as is discussed above and this correspondence can be a
coincidence.
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Figure 3.3: Bolometric LC of SN 2010jl (Zhang et al. 2012) and some model fits to it. The
dashed line represents the best fit for L = L1t“. However, t; expected from the result of the fit
is too small to apply this model to the entire LC. Thus, we need to apply the asymptotic LC
formula which is applicable after t;. We get a good fit with s = 2.2 (green line). The orange
line is the best fit from the s = 2 model. The dot-dashed line is the radioactive decay energy
available from 3.4 My 59Ni. The radioactive decay model is suggested by Zhang et al. 2012
to explain the early bolometric LC but our interaction model can explain the entire LC with
a single component.

3.3.3 SN 2010jl

SN 2010jl has been extensively observed in a wide range of wavelengths (Smith et al. 2011,
Smith et al. 2012, Stoll et al. 2011, Andrews et al. 2011, Chandra et al. 2012b).
Zhang et al. 2012 obtained a bolometric LC of SN 2010jl based on their optical ob-
servations and we use it for our model comparison. Note that they do not have NIR
observations and the bolometric LC is constructed without them. The date of the explosion
is set to 12 days before the V-band LC peak reported by Stoll et al. 2011. We apply our
spherically symmetric bolometric LC model but the observation of polarization indicates an
asymmetric nature of the CSM around SN 2010jl (Patat et al. 2011).

At first, we use L = L1t® to fit the bolometric L.C and get

erg s} (3.18)

—0.48640.001
L=(2.040.7) x 10* < ! )

1 day

a = —0.4861+0.001 corresponds to s = 2.20+£0.02 and s = 2.29+0.01 for n = 10 and n = 12,
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respectively. However, t; become

[ 9.5days (n =10),
b = { 3.8 days (n=12), (3.19)
for Eej = 10°2 erg or
[ 57 days (n =10),
f = { 23 days (n =12), (3:20)

for Eej = 2.5 X 1052 erg with the obtained L;. This means that the L = L;t® formula we
used for the fitting is not applicable for most of the epochs we used for the fitting. Thus, we
need to use the asymptotic formula (Equation 2.39) to fit the LC.

In Figure 3.3, we show some asymptotic LC models from Equation 2.39. We have searched
for a good fit by changing s, D, and E¢j. We assume My = 10 Mg. The best model we
found is shown in Figure 3.3 and it has

_ T 2.2 _
Pesm () = 2.5 X 10 14 (1015 cm) g cm 3, (3.21)
and
Eej = 2.3 x 10°? erg. (3.22)

The Thomson optical depth of the solar-metallicity unshocked CSM when the shock is at
10'% ¢m is 7y, = 7.1. Ty, becomes ~ 1 at ~ 5 x 10'® cm and the shock is above ~ 5 x 10!® ¢m
at the epochs we apply our model (after ~ 30 days since the explosion). The average mass-loss
rate estimated by the CSM mass within 10'® cm for v, = 100 km s~ is

(M) =0.039 M yr— L. (3.23)

t; = 29 days for n =10 and § = 1 and ¢; = 15 days for n = 12 and § = 1. Thus the usage of
the asymptotic formula is justified.

Since s obtained above is close to the case of the steady mass loss (s = 2), we also try
to fit the bolometric LC by the asymptotic formula L = a(1 4 bt)~%/2 for s = 2 (Equation
2.46). We obtain a = 4.38 x 10% erg s~! and b = 6.44 x 1078 s~1 with ¢; = 22 days (n = 10
and = 1) or t; = 13 days (n =12 and § = 1). By using a, b, and ¢ = 0.1, we get

Eo = 1.4 x 10°% erg, (3.24)
from Equation 2.48. Assuming Mg = 10 My and vy, = 100 km s™1, we obtain
M = 0.087 My yr~ !, (3.25)

from Equation 2.49. The rate is similar to the average rate from the s = 2.2 model derived
above. We assign the statistical error of 0.05 for s when we use the asymptotic formula in
this section.

Comparing the s = 2.2 and s = 2 models, we find that the s = 2 model has flatter LC
than the s = 2.2 model. As we make s smaller, the model LC gets flatter and it gets harder
to explain the bolometric LC of SN 2010jl. Thus, we presume that the CSM around the
progenitor of SN 2010jl may be a bit steeper than the CSM expected from steady mass loss.
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This conclusion contradicts that obtained by Chandra et al. 2012b from X-ray observations.
Chandra et al. 2012b suggest s = 1.6 for SN 2010jl based on X-ray observations. However,
their estimate is obtained by assuming rgp o< t(n=3)/(n=$) which is not likely applicable at the
epochs when they obtained X-ray data (~ 60 days and ~ 360 days since the explosion). This
is because of the small ¢; mainly due to the high CSM density as is shown above.

So far, we fit the entire bolometric LC up to about 200 days by a single component.
On the contrary, Zhang et al. 2012 suggested a two-componet model for the bolometric LC.
They suggested that the LC before around 100 days is mainly powered by 3.4 Mg, of *Ni
whose available radioactive energy is shown in Figure 3.3. They suggested that the SN
ejecta-CSM interaction started playing a role at later epochs by using a model LC of the
interaction developed by Wood-Vasey et al. 2004. However, the required °°Ni mass is very
large (3.4 M) and this amount of 5°Ni is rather difficult to be produced in a core-collapse
SN explosion (e.g., Umeda & Nomoto 2008). In addition, no signatures of Fe elements are
observed in the late phase spectra of SN 2010j1 which are expected if there is large amount
of ®°Ni production (e.g., Dessart et al. 2013). As noted in Section 3.3.1, the bolometric LC
powered by the interaction resembles to the LC powered by the radioactive decay of *°Ni at
early epochs and we need to use additional late-phase LCs to distinguish between the two
power sources. We have shown here that we need only one component from the interaction
model to explain the whole LC of SN 2010jl.

3.4 Applicability

In deriving the evolution of the shocked-shell radius rg,(t), we have assumed that s is
smaller than 3. This condition is also required to derive a physical self-similar solution
(e.g., Nadyozhin 1985). The allowed range of a for s < 3 is @ > —1 because « — —1 (s — 3)
and « is a monotonically-decreasing function at » > 5. Thus, if we obtain @ < —1 by fitting
L = L1t%, this is beyond the applicability of our model and we need to consider other ways
to explain the LC.

First, we need to check t;. If ¢; is smaller than the time used for the fitting, we need to
use the asymptotic formula for the fitting. The asymptotic formula can have a rapid decline
in the bolometric LC depending on parameters.

Another possibility is a CSM with s > 3. Most of the mass in the CSM with s > 3 exists
near the inner edge of the CSM. In other words, for the case of s > 3,

Tsh
Mesry, = /R 4772 pesmdr (3.26)
4D s s
= (B ) (3.27)
47D
~ 371 3R1?;_8 = constant (rgn > R)). (3.28)

Thus, most of the CSM is shocked soon after the explosion. If the CSM density is relatively
low, the LCs will decline quickly soon after the explosion when most of the CSM compo-
nent is swept up. If the shocked shell becomes optically thick, the LCs may resemble the
"shell-shocked diffusion” model LC suggested by Smith & McCray 2007 as a model for super-
luminous SNe based on the formalisms by Arnett 1980 (but see also Section 4.3.4.5). This is
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Figure 3.4: Two SNe IIn with the LC declines faster than L oc t~! from the Taddia et al. 2013
SN IIn LC samples. We cannot apply the analytic SN IIn LC model developed in Section
2.3. However, the LCs can be well fitted by the so-called ’shell-shocked’ diffusion model
(Equation 3.29). The explosion dates of SN 2005kj and SN 2006aa are set to be 8 days before
the discoveries.

a LC model for the declining part of the bolometric LC after the shock wave passes through
a dense CSM. According to this model, the declining part of the bolometric LCs follows

t t
L= Lpexp |— 1+ , (3.29)
Tdiff 27—cxp

where t is the time since the maximum luminosity, 74;g is the characteristic diffusion timescale

in the shocked shell and 7.y, is the expansion timescale of the shocked shell.

Bolometric LCs can also follow Equation 3.29 even if s < 3. This is the case when the
high-density CSM is small in radius and the entire high-density CSM is shocked soon after
the beginning of the interaction. Then, there is no continuous interaction and the bolometric
LC should decline quickly, possibly following the shell-shocked diffusion model. However, in
this case, there may be little remaining CSM to emit narrow emission lines in spectra and
the SN may not continue to be of Type IIn.

So far, we have only considered possible ways to understand rapidly declining LCs in
the context of SN ejecta-dense CSM interaction. For the case of SNe Iln, it is natural to
consider in the context of the interaction model. However, it is possible that CSM around
some SNe IIn are dense enough only to affect their spectra while their LCs are not much
affected by the dense CSM. Then, rapidly declining LCs may be powered by other mechanisms
like ®Ni, magnetars (Maeda et al. 2007, Kasen & Bildsten 2010, Woosley 2010), or fallback
(Dexter & Kasen 2012).

3.4.1 SN 2005kj and SN 2006aa

Taddia et al. 2013 recently published large SN IIn samples with bolometric LCs. We analyze
the new samples in the next section. Here, we focus on the two SNe IIn, SN 2005kj and SN
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2006aa, whose bolometric LCs are found to decline faster than o = —1. As shown in Figure
3.4, the two bolometric LCs can be well fitted by the diffusion model (Equation 3.29). This
result indicates that the CSM around the progenitors of these SNe may have had the density
structure with s > 3.

The best fit model for SN 2005kj is 7qi¢ = 221 days and Texp, = 45 days. SN 2005kj
follows the diffusion model soon after the explosion and it is quite likely that the progenitor
had a s > 3 CSM. For SN 2006aa, we fit the diffusion model after the LC peak and obtain
Taif = 133 days and Texp = 27 days. In the case of SN 2006aa in which the rising time of the
LC is relatively long, the CSM can be optically thick from the beginning and the photons
from the shocked region may have been diffused in the CSM. Then, when the forward shock
have gone through the dense CSM, the LC may have started to follow the diffusion model.
This indicate that the CSM around SN 2006aa have large optically thick region. This fact
is difficult to be explained by s > 3 CSM because of the steepness and the CSM around SN
2006aa seems to be explained better by the flatter CSM with extended optically thick region.

3.5 Statistical Properties of Dense CSM around SNe IIn

To apply the analytic bolometric LC model we developed in Section 2.3, bolometric LCs of
SNe IIn are required. However, there are not many SN IIn bolometric LCs available. This
is partly because SNe IIn are intrinsically rare type of SNe (e.g., Li et al. 2011b) and there
are not many observations so far. In addition, to obtain bolometric LCs, observations with
wide spectral range, from UV to infrared, are required and there are not many SNe IIn with
such intensive observations. The largest SN IIn bolometric LC samples currently reported
are those of Taddia et al. 2013. In addition to the bolometric LC analysis we have done in
Section 3.3, we apply our bolometric LC model to the Taddia et al. 2013 samples and discuss
the statistical properties of the CSM around SNe IIn.

In addition to the detailed SN IIn bolometric LCs we have discussed in Section 3.3,
Taddia et al. 2013 report five additional SN IIn bolometric LCs. Two of them (SN 2005kj
and SN 2006aa) have LCs which decline faster than L o t~1 (see Section 3.4) and our analytic
model cannot be applied. We have shown in Section 3.4 that the two SNe can be explained
by the diffusion model. They may come from the dense CSM s > 3 (Section 3.4.1). At first,
we show the results of the fitting of the analytic model to the remaining three, namely, SN
2006bo, SN 2006qq, and SN 2008fq.

Figure 3.5 shows the results of the fitting. The bolometric LC of SN 2006bo below 100
days can be fitted by the formula L = Lt® self-consistently and we find

—0.62740.014
L = (1.03 £ 0.06) x 10"3 ( ! )

-1
I day erg s . (3.30)

From the obtained o, we find that s = 2.44+0.03 (n = 10) and s = 2.49+0.03 (n = 12). With
the velocity evolution estimated by Taddia et al. 2013, the CSM density structure becomes

2.8 x 1071 (gr— (n = 10),
pCSm(T) - { 32 % 10715 ( r )72.49 (n — 12)7

1015 cm

—2.44
) (3.31)




56 3. Type IIn Supernovae

N
o

e SN 2006bo bolometric LC (Taddia et al. 2013)

—— best fit analytic interaction model

=
19,

o
n

bolometric luminosity (10*?erg s™')
=
o

L L L [ ]
50 100 150 200
days since the explosion

o
o
o

7 T T T 14 T T T T
s e SN 2006qq bolometric LC (Taddia et al. 2013) s e SN 2008fg bolometric LC (Taddia et al. 2013)
7 best fit analytic interaction model 7 best fit analytic interaction model
n 6f w 12r o
o o @
@ @ o N\
% 5f 3 10 o
2 2
2 af 2 8
w w
<] e}
£ £ o
£ 3+ £ 6 °e
3 E e
L y 2
52 5 4 2
9] Q
5 5
5 I s 7
o o
0 L L L 0 L L L L
0 50 100 150 200 0 20 40 60 80 100
days since the explosion days since the explosion

Figure 3.5: Bolometric LCs of SN 2006bo, SN 2006qq, and SN 2008fq from Taddia et al. 2013
and the results of the model fitting to them. The explosion dates of SN 2006bo, SN 2006qq,
and SN 2008fq are set to 20 days, 16 days, and 5 days before the discovery, respectively.

with the Thomson optical depth

{066 (n=10),
Tsh = { 0.72 (n=12), (3:32)

and the average mass-loss rate is

(1) = { 3.6 x1073 Mg yr~' (n=10), (3.33)

| 40x1073 Mg yrt (n=12).

For SN 2006qq and SN 2008fq, ¢; becomes too small to fit the L = Lit* formula. We
find that their bolometric LCs can be fitted well by the L = a(1 4 bt)~3/2 formula (Equation
2.46) which is expected from the s = 2 CSM (Figure 3.5). The best fit parameters for SN
2006qq are

a = 6.73x 10 erg 571, (3.34)
b = 0.0109 day~'. (3.35)
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Table 3.2: CSM properties estimated in Chapter 3
SN S (Pesm X 779) (M)*

n=10 n=12 (Myyr™)
2005ip  2.28 2.36  1.2x1073
2005k §>37 -
2006aa s>37 -
2006bo  2.44 249 3.6x1073
2006jd  1.40 1.62 1.3x1073

2006qq 2.0 0.021
2008fq 2.0° 0.13
201051 2.2 0.039°

“Average rate derived by the CSM mass
within 10*® cm and the CSM velocity 100 km s™*
for n = 10.

*Derived assuming Me; = 10 M.

With Equation 2.48 and €5 = 0.1, we can estimate
Eej = 1.1 x 10°! erg. (3.36)

We can use the velocity information to additionally constrain the CSM and SN ejecta prop-
erties. From the spectral observation, the parameter d (Equation 2.51) can be constrained
as

d ~ 10,000 km s~ 1. (3.37)

Assuming vy, = 100 km s™!, we find

My = 1.1 Mg, (3.38)
M = 0.021 Mg yr 1, (3.39)

from Equations 2.52 and 2.53. ; is 12 days (n = 10 and § = 1) or 7.1 days (n = 12 and § = 1)
and our fitting is self-consistent. The Thomson optical depth above 10! c¢m is 74, = 3.6 and
it gets near unity at around 3 x 10 cm. This does not contradict with our fitting.

SN 2008fq can be fitted by L = a(1+ bt)~3/2 after 20 days since the explosion. Before 20

days, the LC rises and we discuss the rising part in the next section. From the fitting, we get

a = 209 x10% erg s71, (3.40)
b = 0.0324 day . (3.41)

With e, = 0.1, we find
Ee = 1.1 x 10°! erg. (3.42)

From spectral information, we estimate

d~ 8,000 km s~ (3.43)
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Figure 3.6: Distribution of the CSM density slope s (pesm o< 7~ *) for n = 10. The distribution
does not change so much even if we use n = 12. Two SNe IIn which are not shown in this
plot may have s > 3. The red line is at s = 2.

Given a, b, d, and vy, = 100 km s~!, we obtain

My = 1.7 My, (3.44)
M = 013 My yr !, (3.45)

from Equations 2.52 and 2.53. t; becomes 3.7 days (n = 10 and 6 = 1) or 2.1 days (n = 12 and
§ = 1) and our fitting is, again, self-consistent. The Thomson optical depth above 10! cm is
Tsh = 22. This is consistent with the existence of the early long rising time when the photons
emitted from the shock is supposed to be scattered in the optically thick CSM. We applied
our LC model after the peak when the optical depth of the CSM gets less. The optical depth
becomes unity at around 2 x 10'® ¢cm. Interestingly, both SN 2006qq and SN 2008fq have
low M, and the standard FE; for SNe (~ 10°1 erg). Both M, and FEgj are close to those of
SNe Ia but the estimated mass-loss rates are far beyond what is expected from the SN Ia
progenitor system.

Figure 3.6 and Table 3.2 summarize s obtained in this chapter. The results of SN 2005kj
and SN 2006aa are not included but they can be from the CSM with s > 3 (Section 3.4). s in
the figure is derived by assuming n = 10 but the distribution does not change much even if
we adopt n = 12. Most of s are close to 2 and the mass loss of SN IIn progenitors is not likely
to deviate much from what is expected from the steady mass loss. However, many s seem
to slightly deviate from s = 2. The possible deviation from the steady mass loss in SN IIn
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Figure 3.7: Distribution of the mass-loss rate as a function of s for n = 10. The distribution
does not change so much even if we use n = 12. The red dashed line is at s = 2. Note that
some assumptions, like €, = 0.1, are adopted to estimate the mass-loss rates (see text).

progenitors are also indicated by X-ray observations of SNe IIn (Dwarkadas & Gruszko 2012)
and the deviation is likely to exist. In particular, what we newly discovered in this dissertation
is that there is a possible preference to s > 2. If it is true, this means that the mass-loss
rates of SN IIn progenitors increase as they get closer to the time of the core collapse,
assuming the constant CSM velocity. This indicates that mass loss of SN IIn progenitors
which occurs at the surface of them may be connected to the core growth of them. The
surface behavior and the core growth are usually separated at the late stages of the stellar
evolution and our results may support mass-loss mechanisms which somehow connect the two
different parts of the progenitors shortly before their explosions. Some mass-loss mechanisms
(e.g., Quataert & Shiode 2012) predict this possible connection but the number of samples
in Figure 3.6 is small and we cannot make any strong statements at this time. There is one
SN IIn, SN 2006jd, which clearly has a much flatter CSM structure than that expected from
the steady mass loss.

The distribution of the estimated average mass-loss rates of SN IIn progenitors is presented
in Figure 3.7. Again, the distribution is for the case of n = 10 but n does not affect the results
much. The estimated mass-loss rates do not have clear trend in the figure. The mass-loss rates
of SN IIn progenitors have been estimated from He line luminosities (~ 1072 —10"% Mg yr—!,

c.f. Taddia et al. 2013, Kiewe et al. 2012) and our results derived from the bolometric LCs
are consistent with them.
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3.6 Discussion

3.6.1 Imnitial Luminosity Increase

The analytic bolometric LC model applied in this section does not have a rising part at the
beginning while the rising part is observed in some SNe IIn we fitted. There are several
mechanisms to make the initial luminosity increase in LCs which are not taken into account
in our model.

We have assumed that the radiation emitted from the dense shell is not affected by
the unshocked CSM. However, especially at the early phases just after the explosion, the
unshocked CSM surrounding the dense shell can be optically thick and the radiation from
the shell can be scattered within the CSM. In this case, the diffusion timescale in the optically
thick region determines the evolution of the initial luminosity increase and subsequent decline.
Our model should only be applied to the epochs when the unshocked CSM surrounding the
dense shell is optically thin and should not be applied at the epochs when the luminosity
increases. When the CSM is optically thick, some signatures can be seen in spectra as well
(e.g., Chugai 2001).

If the CSM is optically thin, the timescale of the initial luminosity increase is expected to
be very small. Two mechanisms can affect the initial luminosity increase. One is the shock
breakout at the surface of the progenitor and the other is the on-set of the SN ejecta-CSM
interaction. Both are presumed to have a short timescale. If the dense part of the CSM and
the progenitor are detached, we may see two luminosity peaks in the early phases: one from
the shock breakout and the other from the on-set of the interaction.

3.6.2 Comparison with Numerical Bolometric Light Curves

To show the reliability of our analytic LC model, we also performed numerical LC calculations
using a one-dimensional radiation hydrodynamics code STELLA (Section 2.5). We set the
initial conditions following the physical parameters obtained in Section 3.3. The density
structure of the homologously expanding SN ejecta has two power-law components as is
assumed in the analytic model. The SN ejecta and CSM are initially connected at 10'* cm.
The CSM outer radius of all the models is set to 10'7 cm. The parameter B, which controls
the conversion efficiency from kinetic energy to radiation in the code (see Section 4.3.4.1 for
the details) is adjusted to make €5 ~ 0.1. Both SN ejecta and CSM in the calculations have
solar composition.

Figure 3.8 presents the results of our LC calculations. We performed the LC calculations
of three models in Section 3.3, namely, SN 2005ip (s = 2.28, n =10, § = 1, E¢j = 1.2 x 10
erg, and Mg = 10 Mg), SN 2006jd (s = 1.40, n = 10, 6 = 1, Eq; = 1.3 x 1052 erg,
and Mg = 10 M), and SN 2010jl (s = 2.2, n = 10, § = 1, Eq; = 2.3 x 10°? erg, and
Me; = 10 My). The overall features of the analytic LCs are well reproduced by the numerical
LCs and the analytic model used in this section is shown to provide a good prediction to the
numerical results.
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Figure 3.9: Multicolor LCs of SN 2005ip and SN 2006jd and the results of the fits to L o t*.
« obtained by multicolor L.Cs are not consistent with a obtained from the bolometric LC.
We need bolometric LCs to infer the CSM and SN ejecta properties from LCs properly.

3.6.3 Non-Bolometric Light Curves

As our LC model takes only the sum of the available energy into account, the LC we obtain
from the model is bolometric and we have applied our analytic bolometric LC model to
bolometric LCs constructed from observations. Here we try to fit the L = L1t® formula to
optical and NIR LCs of SN 2005ip and SN 2006jd obtained by Stritzinger et al. 2012. We
focus on the parameter o which is directly affected by the CSM density slope s for a given n.

Figure 3.9 and Table 3.3 show the results of the LC fits. As we can see, a obtained with
different photometric bands have different values. This means that we need to construct
bolometric LCs from observations to obtain accurate information. This can be clearly seen
in Figure 7 of Stritzinger et al. 2012. The spectra evolve significantly with time and no
single band can represent the entire evolution of the bolometric LC. We thus clearly need to
construct a bolometric LC to apply our model to obtain CSM and SN properties of SNe IIn.

3.7 Summary

We have applied the analytic bolometric LC model for SNe powered by the interaction be-
tween SN ejecta and dense CSM developed in Section 2.3 to SN IIn bolometric LCs con-
structed from observations. By fitting the analytic model to the observed LC, the CSM and
SN ejecta properties of SNe IIn are estimated.

To demonstrate the capability of the analytic model, we have applied our bolometric
LC model to three well-observed SNe IIn, i.e., SN 2005ip, SN 2006jd, and SN 2010jl. The
results show that their CSM density slopes are close to what is expected from the steady
mass loss (s = 2 where pesm o r~°) but slightly deviate from it (s ~ 2.3 — 2.4 for SN
2005ip, s ~ 1.4 — 1.6 for SN 2006jd, and s ~ 2.2 for SN 2010jl). The derived mass-loss
rates are consistent with LBVs (SN 2005ip: (M) = 0.0012 — 0.0014 Mg, yr—!, SN 2006;jd:

(M) = 0.0013 — 0.0017 My yr~! and SN 2010jl: (M) = 0.039 My yr~!). We could not
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Table 3.3: List of a from optical and NIR LCs

Band o
SN 2005ip SN 2006jd
bolometric -0.536 -0.0708
U -1.01 -0.300
B -0.923 -0.374
g -0.934 -0.387
\%4 -0.995 -0.451
r -0.854 -0.557
i -1.00 -0.592
Y -0.706 -0.414
J -0.630 -0.137
H -0.171 0.0950

constrain SN ejecta properties strongly but F; of all three SNe likely exceeded 10°? erg if we
assume that Mej = 10 M, and that the conversion efficiency from kinetic energy to radiation
is 10% (g = 0.1).

We have also found that the energy inputs from the interaction and the radioactive decay
of 55Ni can be similar to each other up to about 100 days since the explosion. We need to
have LCs at later phases to distinguish between the two luminosity sources from LCs alone.

Our bolometric LC model can only be applied for s < 3. For s > 3, we suggest that the
shell-shocked diffusion model proposed by Smith & McCray 2007 (see also Section 4.3.4.5)
may be applied for some cases. The new SN IIn sample from Taddia et al. 2013 includes SNe
IIn with very fast decline and may be related to the s > 3 CSM.

In addition to the three SNe IIn we studied intensively, we analysed five additional SNe IIn
recently reported by Taddia et al. 2013 in order to statistically discuss the CSM properties
of SNe IIn. There is still not enough number of SNe IIn to have meaningful statistical
arguments, we find that the CSM around SNe IIn are more or less consistent with what is
expected from the steady mass loss but prefers a bit steeper density profile. This means that
the mass-loss rates of SN IIn progenitors may typically increase as the progenitors get close
to the time of the core collapse.

We have also compared our analytic LCs to synthetic ones calculated with a one-
dimensional radiation hydrodynamics code STELLA. Our analytic LCs are well-reproduced
by the numerical modeling.

We have applied our model to only six observed SNe IIn. We suggest to systematically
study the SN ejecta and CSM properties of SNe IIn by applying our LC model to many other
SNe IIn. Such a systematic study will lead to a comprehensive understanding of SNe IIn,
i.e., their progenitors and the mass-loss mechanisms related to them.

This chapter is based on
T.J. Moriya, K. Maeda, F. Taddia, J. Sollerman, S.I. Blinnikov, E.I. Sorokina,
Monthly Notices of the Royal Astronomical Society, accepted (arXiv:1307.2644)






If you always put limit on everything you do, physical or
anything else, it will spread into your work and into your
life. There are no limits. There are only plateaus, and
you must not stay there, you must go beyond them.

Bruce Lee (1940 - 1973)

Superluminous Supernovae

4.1 Overview

Superluminous supernovae (SLSNe) are a new class of SNe whose existence is recognized
recently. Currently, SNe whose peak luminosities are brighter than ~ —21 mag are observa-
tionally defined as SLSNe. As we introduced in Chapter 1, SLSNe show diversities and they
are sub-divided into several types. In this chapter, we investigate the nature and origins of
SLSNe and their diversities through the theoretical LC modeling of them.

First, in Section 4.2, we focus on the existence of two types in SLSN II. All of currently
know SLSN II, except for SN 2008es, are classified as Type IIn. The only one exception, SN
2008es, was Type IIL without any signatures of narrow lines. We will show that the existence
of the two types in SLSN II can be explained by the diversity in the density structures of the
dense CSM. The shock breakout plays a key role here. Then, in Section 4.3, we study the LC
of Type IIn SLSN 2006gy in detail based on the shock breakout model developed in Section
4.2.

SLSN R is SLSNe without any hydrogen features. Their LCs have a characteristic decline
rate which is consistent with the decay timescale of 5Co. Thus, their luminosities are pre-
sumed to be powered by the large amount of %Ni produced at the time of their explosions.
However, the required °Ni to explain their luminosities are more than ~ 5 My. We discuss
what kind of explosions can produce such amount of 5Ni and possible progenitors of SLSN
R in Section 4.4.

Finally, we discuss SLSN I in Section 4.5. SLSN I is the most puzzling kind of SLSNe.
They do not show any hydrogen features nor LC declines which are consistent with the 3Co
decay. Currently, there seems no clue about their power sources from the observations of
SLSN I. However, we argue that the ’dip’ in the LC of SLSN I 20060z between the precursor
and the main LC can appear if there are dense CSM. Thus, we suggest that SLSN I is powered
by the interaction between SN ejecta and dense C+O-rich CSM.
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4.2 Type IIn and Type IIL SLSNe from Shock Breakout

As we introduced in Section 1.5, one SLSN II, SN 2008es, did not show the narrow lines which
are expected to be observed if SLSN II is powered by the interaction between SN ejecta and
dense CSM. Here, we show that even if a SLSN is powered by the interaction between SN
ejecta and dense CSM, it may not show the narrow lines especially after the peak luminosity.
This is a natural consequence of the shock breakout in dense CSM.

We discussed the shock breakout in dense CSM in Section 2.4.1. We found that, if the
shock breakout occurs in the dense CSM, the ratio of the diffusion timescale t; and the shock
propagation timescale ts after the shock breakout can vary depending on the CSM density
slope s (pesm o 7). The diffusion timescale t; corresponds to the rising time of the observed
LC and the shock propagation timescale t5; corresponds to the period when we can observe
the narrow spectral components which come form the unshocked CSM.

Let us first recall what happens if the ratio of the two timescales is different. If t4/ts ~ 1,
the shock wave reaches the surface of the dense CSM soon after the LC has reached the peak
with the timescale t4. Since the entire CSM is shocked just after the LC peak, no signature
in spectra from the CSM is observable after the LC peak. On the other hand, if ¢4/ts < 1,
the shock wave continues to propagate in the optically thin region of the CSM even after
the LC peak. As there remain unshocked materials in the CSM even after the LC peak, we
expect to see the spectral components from the unshocked CSM even after the LC peak.

In other words, Type ITL SLSNe can result from the dense CSM with t4/ts ~ 1 while Type
IIn SLSNe can result from the dense CSM with t4/t; < 1. The ratio of the two timescales is
determined by the density slope s as we found in Section 2.4.1.

However, even if we do not observe the narrow components after the peak due to the den-
sity slope, the narrow Lorentzian line profiles which are suggested to be caused by the dense
CSM (e.g., Chugai 2001, Dessart et al. 2009) can still appear before the LC peak depending
on the optical depth of the CSM. If we apply the model of Chugai 2001, the ratio U of the
unscattered Ha line flux to the total Ha line flux of the Lorentzian profile is

1 — e Tesm

U= Tesm . (41)
For the case of flat density slopes, Tcgm remains too high until the forward shock reaches
the surface (Figure 2.2) and U is expected to be very small for a long time before the LC
peak. On the other hand, if the density decline is steep, the optical depth decreases gradually
with time and the suitable optical depth for the appearance of Lorentzian profiles would be
realized for a long while. Therefore, Lorentzian lines are expected to be observed well before
the LC peak for Type IIn SLSNe.

The LC evolution of SLSN II is also consistent with our models. In our models for
both Type IIn and Type IIL SLSNe, the forward shock stays in the dense CSM until the
LC peak. As the CSM with 7eg > 1 is shocked with the timescale of tg4, the dense CSM
adiabatically cools down after the LC peak. Thus, the LCs of SLSN II are supposed to
follow the shell-shocked diffusion model presented by Smith & McCray 2007 after the peak.
The shell-shocked diffusion model is based on the adiabatic cooling of the shocked dense
CSM, which is basically the same as the LC model suggested for SNe II by Arnett 1980.
The model had been already shown to be consistent with the declining phase of the LC of
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SN 2006gy (Smith & McCray 2007). It should be noted, however, that the model is too
simplified and many effects which cannot be treated by the formulation of Arnett 1980 are
ignored in Smith & McCray 2007 (see Section 4.3.4.5). For example, the model assumes a
constant opacity and it ignores the presence of a recombination wave which is supposed to be
created in the diffusing shocked shell. Thus, we cannot confirm that our model is consistent
with the LCs of SLSN II just by the comparison with the shell-shocked diffusion model and
numerical LC modeling is required to see if our models are consistent with SLSN II LCs. We
show the results of numerical LC modeling in Section 4.3.

4.2.1 Comparison with Observations

So far, we have shown that, if the shock breakout occurs inside a dense CSM (z < 1), the
ratio of the timescale of the photon diffusion to that of the shock propagation in the CSM
depends on the CSM density slope and thus the different density slope can result in two kinds
of SLSN II, i.e., Type IIn and Type IIL. As an example, we apply our model to two SLSNe:
Type IIn SLSN 2006gy and Type IIL SLSN 2008es. If we look into Type IIn SLSN 2006gy
and Type IIL SLSN 2008es, one important difference is the existence of narrow P-Cygni
profiles in the spectra of SN 2006gy after the LC peak. Based on the observational feature,
we can guess that Type IIL SLSN 2008es came from the dense CSM with t4/ts ~ 1 while
Type IIn SLSN 2006gy resulted from the dense CSM with t;/ts < 1. We apply those models
to the two SLSNe. Kegm is set to 0.34 cm? g—! in this section.

4.2.1.1 Type IIn SLSNe (SN 2006gy)

The observations of SN 2006gy are briefly summarized in Section 4.3.1. It is classified as SNe
[In and the luminosity reached ~ —22 mag in the R band. The detailed spectral evolution
is summarized in Smith et al. 2010a. The narrow P-Cygni Ha lines with the absorption
minimum of ~ 100 km s~! are considered to come from the CSM. As SN 2006gy shows
narrow P-Cygni profiles after the maximum luminosity, an unshocked CSM is supposed to
remain after the maximum. Thus, models with ¢;/ts < 1 and y; < 1 are preferred. Based on
the observations of Smith et al. 2010a, we adopt the following parameters in this section:

vy ~ 5,200 km s~} (4.2)
70 days.

12

ta

vg is constrained by the evolution of the blackbody radius and ¢4 is obtained from the rising
time of the LC. As the narrow Ha P-Cygni profile is detected at 179 days' and disappears
at 209 days (Smith et al. 2010a), we presume that the forward shock has gone through the
entire CSM between 179 days and 209 days. We simply take the central date (194 days) as
the time when the forward shock has gone through the entire CSM, i.e., t; ~ 194 days. With
tq, ts, and vs, we can estimate z and R, for a given s from Equations 2.62 and 2.63.

If we adopt the model with s = 2, for example, x and R, are estimated to be 0.0095 and
8.8x 10'® cm, respectively. In this case, the shock breakout occurs at R, ~ 3.2x 10" c¢m and
the last scattering surface is y1 R, >~ 3.2 X 10'5 cm. The total CSM mass is Mcgy ~ 0.81 Mg

'"Days since the explosion. The explosion date is set to be the same as in Smith et al. 2010a.
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(R; < R,) and is much smaller than the value estimated from the shell-shocked diffusion
LC model (~ 10 Mg; Smith & McCray 2007). The shell-shocked diffusion model is a too
simplified model and we cannot exclude this model just because of the inconsistency with it,
as is noted in the previous section. However, we will find in the next section that the numerical
modeling of the s = 2 model cannot reproduce the observational properties of SN 2006gy.
Alternatively, if we adopt a steeper density gradient s = 5, x and R, are estimated to be 0.17
and 1.05 x 10'% cm, respectively, and thus 2R, ~ 1.8 x 10'% cm and y1 R, ~ 4.9 x 10'° cm.
y1 R, is consistent with the blackbody radius at the LC peak estimated from the observations
(6 x 10*® cm). If we assume that R; ~ 10'® cm, the mass contained in the optically thick
region (R; <r < y1R,) is 22 Mg in our s = 5 model. The mass of the entire CSM becomes
Mcsm ~ 23 M. The top panel of Figure 4.1 is the optical depth and the enclosed mass
distributions.

The spectral evolution of SN 2006gy is also consistent with our model. For example, for
the case s = 5, Tesm become ~ 10 at around 3 x 10'® cm (Figure 4.1). This is consistent
with 7esm =~ 15 at 36 days which is estimated from the observed ratio U derived from Hao
(Smith et al. 2010a). In our model, the Lorentzian line profiles are expected to be observed
before the forward shock wave goes through the optically thick region of the CSM, i.e.,
before t;, and thus, the Lorentzian spectra should disappear after the LC peak. This is also
consistent with the spectra of SN 2006gy (Smith et al. 2010a).

Narrow Ha P-Cygni profiles can be created at the optically thin CSM above the last
scattering surface of the continuum photons (y1R, < r < R,) because of the larger line
opacities. Whether the narrow Ha P-Cygni profiles can be formed or not depends also on
the ionization level of the CSM and thus the spectral modeling must be performed to see
whether the narrow Ha profiles are actually synthesized in the unshocked CSM in our model.

We adopted v, ~ 5,200 km s~! based on the observed photospheric radius evolution.
However, we will find through the numerical LC modeling that the model obtained by as-
suming v, ~ 5,200 km s~! is inconsistent with the huge luminosity of SN 2006gy in Section
4.3. We will show that the model with vy ~ 10,000 km s~! becomes consistent with both
the LC and the photospheric LC evolution in Section 4.3.

4.2.1.2 Type IIL SLSNe (SN 2008es)

Now, we apply our model to Type IIL SLSN 2008es (Miller et al. 2009, Gezari et al. 2009).
In our model, the lack of the CSM features after the LC peak can be explained by the small
difference in t4 and ts because the entire dense CSM is shocked by the forward shock just
after the LC peak. In other words, y; should be close to 1. This can be achieved by the CSM
slope with s < 1 for the case of z < 1 (Figure 2.3).

The following parameters are estimated from the observations of SN 2008es:

vy =~ 10,000 km s~ !, (4.4)
tg~ts =~ 23 days.

If we adopt the model of s = 0, 3 is close to 1 and R, ~ vsts ~ 11 R, ~ 2 x 10'° cm.
y1 R, is consistent with the blackbody radius at the LC peak estimated from the observations
(3 x 10'% cm). Assuming x = 0.1 and R; < R,, the CSM mass is Mcsy ~ 0.85 Mg, Mcsym
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does not vary so much on x unless it is close to 1. The model with s = 1 also gives y; ~ 1
with Mcgym =~ 0.50 Mg. The bottom panel of Figure 4.1 shows the optical depth and mass
distributions. Miller et al. 2009 estimated Mcgn ~ 5 M based on the shell-shocked diffusion
LC model. Gezari et al. 2009 obtained Mcsy ~ 0.2 Mg based on the peak luminosity. Mcsm
of both s =0 and s = 1 models are almost consistent with those estimates.

Lack of the Lorentzian H Balmer lines before the LC peak is another important difference
between Type IIL SLSN 2008es and Type IIn SLSN 2006gy. For the case of the flat density
slope, the CSM optical depth remains to be very large until the forward shock reaches the
CSM surface (Figure 4.1). Hence, narrow H lines, even if they are emitted from the dense
region of the CSM, are scattered by the dense CSM with a large optical depth for a long
while. Then, U (Equation 4.1) will be very small until the forward shock reaches the CSM
surface and the Lorentzian H lines will be very weak. Thus, it is likely that the Lorentzian H
lines are missed. Detailed spectral modeling is required to see the actual spectral evolution
expected from the density profile of our model.

4.2.2 Discussion

We have shown that the difference in the density slopes of the dense CSM can make a variety
of SLSN II after the shock breakout in the dense CSM. Flat density slopes result in Type
IIL SLSNe and steep density slopes result in Type IIn SLSNe. A model with the shock
breakout in the dense CSM is first applied to SLSNe by Chevalier & Irwin 2011. Their idea
for SN 2006gy is basically the same as our suggestion for Type IIn SLSNe: the shock breakout
inside the dense CSM (z < 1). However, as they only consider the case s = 2, non-Type
IIn SLSNe are related to the shock breakout at the surface (z ~ 1) of the dense CSM. Here,
we show that the shock breakout does not necessarily occur at the surface to explain non-
Type IIn SLSNe, especially Type IIL SLSNe, if the progenitor stars experience non-steady
mass loss. Currently, both models can explain Type IIL SLSNe. For the case of the shock
breakout inside the dense CSM (z < 1), the Lorentzian spectral lines might be able to be
observed just before the LC peak when a suitable optical depth is realized. The detailed
spectral observations near the LC peak can distinguish the two scenarios. Note that we do
not exclude the possibility that steep density slopes can become Type IIL SLSNe. If the
density is high enough up to the surface, the steep dense CSM can end up with Type IIL
SLSNe, i.e., y1 becomes close to 1 at z = 1 no matter what the density decline is. This
configuration corresponds to the shock breakout at the surface and exactly the same as what
is suggested by Chevalier & Irwin 2011.

An important difference between our treatment of the shock breakout in a dense CSM
from those of the previous works is that we adopt Equation 2.57 for the shock breakout
condition instead of Equation 2.56. If we use Equation 2.56, the differences caused by the
different density slopes are missed. For example, with Equation 2.56, we do not expect to
see narrow spectral lines from the dense CSM after the LC peak of all SLSNe with the shock
breakout in the dense CSM and they are all expected to be observed as Type IIL SLSNe.
This is because the forward shock is regarded to go through the entire CSM at the LC peak
in Equation 2.56.

The different density slope in the dense CSM is naturally expected to be caused by
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the non-steady mass loss of the progenitor just before the explosion?. If Type IIL SLSNe
are actually caused by the shock breakout in the CSM with t4/t; ~ 1, it indicates that
non-steady mass loss producing the flat dense CSM (s < 1) may take place just before the
explosions of some massive stars. In addition, our model for Type IIn SLSN 2006gy prefers
s # 2 because Mcgy of the s = 2 model may be too small to account for the LC of SN
2006gy after the peak. This will be confirmed in Section 4.3 by numerical modeling. This
also supports the existence of the non-steady mass loss at the pre-SN stage of the massive
stars (see also Chapter 3). Although the CSM densities of SNe treated in Chapter 3 are not
high enough to be SLSNe, it is highly possible that the dense CSM from higher mass-loss
rates also result in flat or steep density slopes. The presence of the two kinds of slopes can
end up with two different kinds of SLSN II.

So far, we just consider a single slope in the dense CSM. The essential difference between
Type IIn and Type IIL SLSNe is the existence of the spatially-large optically-thin region in
the CSM of Type IIn SLSNe which can make narrow P-Cygni profiles. Although we show
that large s can make such spatially-large optically-thin region with the optically thick region
inside, the similar condition can also be achieved by assuming the two components in the
CSM, i.e., optically thick (inside) and thin (outside) regions with any density slopes. The
two-component CSM configuration is suggested for, e.g., SN IIn 1998S (Chugai 2001). Both
models can explain Type IIn SLSNe. In either case, the P-Cygni profiles can be observed
not only after but also before the LLC peak. Currently, there are no spectral observations of
Type IIn SLSNe before the LC peak with resolutions sufficient to resolve the narrow P-Cygni
profile and the high resolution spectroscopic observations before the LC peak are important
to reveal the CSM around SLSN II.

While we focus on the origin of Type IIL SLSNe in this section, the understanding of
other SNe IIL, i.e., less-luminous SNe IIL, is also lacking. Currently, there are many mod-
els for SNe IIn but only a few models exist for SNe IIL (e.g., Blinnikov & Bartunov 1993,
Swartz et al. 1991). Although the diversity in the CSM condition may be related to other
SNe IIL, there can be other important, but currently ignored, ingredients for the full under-
standing of SNe IIL.

4.2.3 Summary

We have investigated the effect of the non-steady mass loss on the shock breakout in the
dense CSM in this section. The non-steady mass loss varies the density slope of the CSM
(pesm o< r~*) and the density slope alters the ratio of the diffusion timescale in the optically
thick CSM (t4) and the shock propagation timescale of the entire CSM () after the shock
breakout in the CSM. Both timescales are comparable (t4/ts ~ 1) for s < 1 and t4/ts becomes
smaller as s gets larger (Section 2.4.1.2). The difference can only be obtained by the careful
treatment of the shock breakout condition in the dense CSM (Section 2.4.1.1, Equation 2.57).

If the two timescales are comparable (¢4/ts ~ 1), the forward shock goes through the entire
CSM just after the LC reaches the peak with the timescale ¢4. In this case, no signature on

% Note that the flat density distribution of the CSM can also be caused by the steady mass loss of two
different evolutionary stages (e.g., Dwarkadas 2011). Although the model shown in Dwarkadas 2011 is not
dense enough to result in SLSNe, the flat density slope might result in Type IIL SLSNe if sufficiently high
density is achieved.
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the spectra from the CSM is expected to be observed especially after the LC peak because the
entire CSM is already shocked after the LC peak. On the other hand, if the two timescales
are different (t;/ts < 1), the shock continues to propagate in the CSM after the LC peak
and the unshocked CSM remains after the LC peak. Thus, narrow P-Cygni profiles from the
CSM are expected to be observed even after the LC peak. The former case corresponds to
Type I1L SLSNe and the latter to Type IIn SLSNe. The difference in the density slope can
also account for the lack of the Lorentzian emission profiles in Type IIL SLSNe.

Our results imply that the luminosity of Type IIL SLSNe can be explained in the context
of the interaction between SN ejecta and the dense CSM even if they do not show the signature
of the CSM in their spectra. We propose that the difference between Type IIn and Type IIL
SLSNe can stem from the density slope of the dense CSM which results from the non-steady
mass loss of their progenitors.

4.3 Type IIn SLSN 2006gy

SN 2006gy is the best observed SLSN ever. It is SLSN IT and had very narrow H lines
(Type IIn). Here in this section, we model SN 2006gy in detail to know the nature and the
progenitor of SN 2006gy. Through this modeling, we aim at having a better understanding of
SLSN II. As we will see, we constrain the initial conditions by using the analytical timescale
estimates of the previous sections and show numerically that the simple analytic estimates
can constrain the CSM properties of SLSN II well.

4.3.1 Brief Summary of Observations

We briefly summarize the observational properties of SN 2006gy. SN 2006gy was discovered
by Texas Supernova Search on September 18, 2006 (UT) near the nucleus of an early-type
galaxy NGC 1260 (Quimby 2006). There are several suggested values for the extinction
by the host galaxy (Ofek et al. 2007, Smith et al. 2007, Agnoletto et al. 2009). We adopt
E(B — V)host = 0.40 mag following Agnoletto et al. 2009 with the Milky Way extinction
E(B—V)uw = 0.16 mag (Schlegel et al. 1998). Thus, the total extinction is F(B—V) = 0.56
mag or Ar = 1.3 mag with Ry = 3.1 (Cardelli et al. 1989). The distance modulus p of the
host galaxy is also taken from Agnoletto et al. 2009 (x = 34.53 mag).

Follow-up spectral observations classified SN 2006gy as Type IIn because of the narrow
H emission lines presented in the spectra. The luminosity of SN 2006gy kept rising until
October 25, 2006 (UT) and the peak R band luminosity got close to ~ —22 mag. The rising
time is estimated as about 70 days (hereafter, days are in the rest frame). After reaching the
peak luminosity, the LC declined slowly (~ 0.02 mag day~!) for ~ 120 days and then the
LC stayed almost constant for ~ 20 days until SN 2006gy hid behind the Sun. NIR LCs in
these early epochs are consistent with the blackbody temperature obtained from the optical
spectra and no significant excess was detected (Miller et al. 2010). No X-ray was detected
when the LC was rising (Ofek et al. 2007) but weak X-rays may have been detected dur-
ing the declining phase (Smith et al. 2007). No radio emission is detected at any observed
epochs (Ofek et al. 2007, Chandra et al. 2007, Argo et al. 2007, Bietenholz & Bartel 2007,
Bietenholz & Bartel 2008a, Bietenholz & Bartel 2008b).
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Optical spectra of the early epochs are also taken intensively (e.g., Smith et al. 2010a,
Agnoletto et al. 2009). Spectra taken before the LC peak are characterized by Lorentzian
Ho emission lines (Smith et al. 2010a). The origin of the Lorentzian profile is related to
the existence of optically thick CSM (e.g., Chugai 2001, Dessart et al. 2009). Except for
the narrow H emission lines, the spectra are featureless and characterized by blackbody
with depletion in blue (Smith et al. 2010a, Agnoletto et al. 2009). The reason for the lack
of features may be partly because the spectra before the LC peak were taken only with
low resolutions. After the LC peak, overall Ha line profiles can be fitted by two Gaussian
components with full widths at half-maximum of 1,800 km s~! and 5,200 km s~! and they
are presumed to come from the interacting region between the ejecta and dense CSM (e.g.,
Smith et al. 2010a). There also exists a broad absorption in the blue part of the Ha profile
which is suggested to originate from the ejecta inside. In addition, the spectra of SN 2006gy
show narrow P-Cygni profiles from several elements (e.g., H, Fe) with the outflowing velocity
~ 100 km s~!. As the velocity is too slow to attribute it to the ejecta inside, those narrow
lines are presumed to originate from the unshocked CSM. The strengths of these narrow lines
decline with time and they are barely seen in the spectrum taken at ~ 140 days since the LC
peak (Smith et al. 2010a).

About 100 days later, SN 2006gy came out of the Sun and was observed again
(Agnoletto et al. 2009, Kawabata et al. 2009, Miller et al. 2010). The optical luminosity of
SN 2006gy declined dramatically (about 2 mag in the R band) which was almost constant
for ~ 20 days before the SN went behind the Sun. The luminosity declined very slowly
(~ 0.002 mag day~!) since it appeared from the Sun for more than 400 days until the last
reported observation on November 22, 2008 (UT) (Kawabata et al. 2009, Miller et al. 2010).
The decline rate is much slower than that of °*®Co decay (0.01 mag day~!) and the main
source of the luminosity cannot be the *°Co decay. Because of the high NIR luminosities,
Smith et al. 2008, Miller et al. 2010 suggest that the late time luminosity is due to light
echoes. The optical spectra of those epochs are dominated by intermediate width emission
lines (=~ 2,000 km s~!, Kawabata et al. 2009). H emission lines were weaker than those ob-
served in the previous epochs and suggest that the interaction is weaker in those epochs and
it is no longer a main source of the radiation (Agnoletto et al. 2009, Kawabata et al. 2009).
Weakness of Fe lines in those epochs seems inconsistent with the large °Ni production
(Kawabata et al. 2009).

4.3.2 Initial Conditions

In this section, we show how the initial conditions of our LC calculations are constructed.
Two components exist in the initial conditions: SN ejecta inside and a dense CSM outside.
We assume that there is a gap between the progenitor and the dense CSM. Then, it takes
some time for the SN ejecta to reach the dense CSM and start to collide. We assume that
the SN egjecta freely expands in the gap before the collision. We numerically follow the LCs
after the collision. The initial conditions of the two components, SN ejecta and a dense CSM,
are constructed based on the two timescales which are analytically estimated in Section 2.4.1
and observationally constrained in Section 4.2.1.1, i.e., the diffusion timescale t; and the
shock propagation timescale t; in dense CSM. The validity of these initial conditions will
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be confirmed by our numerical LC calculations as we show in the later sections. The initial
density structures of two representative models are shown in Figure 4.2 as examples. Both
SN ejecta and CSM are assumed to have solar metallicity and no °°Ni is included in our
calculations unless it is otherwise mentioned. The summary of the models is given in Table
4.1.

4.3.2.1 Supernova Ejecta

SN ejecta structures are constructed by using the same assumption made in the previous
chapters. We briefly summarize them here. SN ejecta before the collision is assumed to
be freely expanding with a homologous velocity profile. The analytic approximation for the
density structure of SN ejecta provided by, e.g., Chevalier & Soker 1989 is adopted:

[2(5—8)(n—5)Eg](" /2,3 _p
_ 47r(1175) [(3—8)(n—3) M;)(n—5)/2 3Uej (Vej > vt),
pei (Ve ) = 1 [2(6=8)(n—5)E]6=3/2 3 _;5 (4.6)
=8 (38— ezt Vo (Vej <0t),

where vy is defined in Section 2.3. In this section, we adopt 6 = 1 and n = 7, which is assumed
by Chevalier & Irwin 2011. The maximum velocity of the SN ejecta before the interaction is
chosen to be high enough, so that most of the assumed FE; is contained in the SN ejecta. It
is around 20,000 — 50,000 km s~.

M,; is difficult to be constrained only by the observations of the LC of SN 2006gy because
the LC is mainly affected by CSM as is shown in the following sections. In most of the models,
we adopt Mej = 20 Mg, because the progenitors of SNe IIn are presumed to be originated
from relatively massive stars. Effect of M¢;j on LCs is discussed in Sections 4.3.3.2 and 4.3.4.1.

4.3.2.2 Circumstellar Media

Dense CSM in the calculations is assumed to exist from R; to R, from the center and have
a density structure pesm o 7. The outflowing velocity of the CSM is 100 km s~t. It is
estimated from the narrow P-Cygni profile of Ha appeared in the spectra of SN 2006gy (e.g.,
Smith et al. 2010a). The CSM is assumed to be optically thick enough to cause the shock
breakout within it. We estimate the physical conditions of the CSM from the observations
by using the shock breakout condition described in Sections 2.4.1. One main purpose of
this section is to see how well the properties of the dense CSM predicted by this simple
shock breakout model in the CSM can explain the overall LC features of SN 2006gy. We
use following three values which can be estimated from the observations to derive the CSM
properties: the photon diffusion time ¢4 in the CSM, the propagation time ¢4 of the forward
shock through the CSM, and the forward shock velocity vs. As discussed in Section 2.4, t4
corresponds to the rising time of the LC and ¢; corresponds to the time when the narrow
P-Cygni Ha profiles from the CSM disappears. We adopt t; = 70 days and t; = 194 days
(Section 4.2.1). v, can be estimated from the spectral evolution.

With t4, ts, and v, we can estimate the outer radius R, of the CSM and the radius z R,
where the shock breakout occurs (R;/R, < = < 1) for a given s based on the shock breakout
model. The shock breakout condition predicts the following relations for the three values
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(Section 2.4):

s [(//Zl) —x] (s #1),
tq

1

(4.7)
ko (mﬁ — :c) (s=1),

R, — xR,

Us

Ls

12

(4.8)

We try s = 0,2,5. The models with s = 2 corresponds to the case of the steady mass
loss and they are naturally expected structures for CSM. A steep CSM density gradient with
s = b is suggested for SN 2006gy in Section 4.2.1. We also show s = 0 models which are
difficult to be excluded only by the LC modeling.

It turns out in the later sections that it is difficult to estimate vs from observational values
self-consistently. This is partly because v is not an independent parameter and, in principle,
can be derived for a given CSM structure if we specify Fe; and M. However, v, is also
strongly affected by the conversion efficiency from the kinetic energy to radiation through
the interaction and it is unknown at first. Thus, it is difficult to estimate vs from the first
principles. Hence, we set vs as a free parameter in this section. At first, we try to estimate
it from the observations. As the blackbody radius of SN 2006gy expands linearly with the

velocity 5,200 km s™!, one may estimate that v, = 5,200 km s

However, the required
Eqj for the vs = 5,200 km s~! models to explain the peak luminosity of SN 2006gy is found
to be very high and it becomes inconsistent with the relatively low vs. In other words, the
SLSN models obtained by setting v, = 5,200 km s~! are not self-consistent. Thus, we also
try models with higher v,, namely, vs = 10,000 km s~!. The v, = 10,000 km s~! models
are found to work well self-consistently as is shown in the following sections. In addition,
the linear evolution of the blackbody radius with 5,200 km s~! is found to be able to be
explained by the v, = 10,000 km s~! models. With ¢ty = 70 days, t, = 194 days, and the
given vg, we can derive R, and xR, from Equations 4.7 and 4.8 for a specified s. In the rest
of this section, we show the details of the two vs models.

vs = 5,200 km s~! Model

This model corresponds to the SN 2006gy model we adopted in Section 4.2.1. The shock
velocity v, = 5,200 km s™! is estimated from the observed evolution of the blackbody radius
of SN 2006gy (Smith et al. 2010a). For s = 5, we get R, = 1.1x10'® cm and R, = 1.8 x 10%°
cm from Equations 4.7 and 4.8. The inner radius R; of the CSM cannot be constrained by the
above observables and it is a free parameter. Two R; are tried: 10'® cm (A1) and 1.5 x 10%°
cm (A2). With s = 2 (steady mass loss), we get R, = 8.8 x 10 cm and zR, = 9.0 x 10%3
m (B1). We set R; = xR, in the s = 2 models. The results do not depend so much on R;
in this case because most of the mass in the s = 2 CSM is distributed in the outer part of
the CSM. We also calculate LCs from the model (B2) in which the CSM mass is artificially
increased 30 times of the model B1.
In the s = 0 models, t; becomes similar to t4 (ts ~ tq) (Section 2.4). Thus, the entire
CSM is shocked with ¢4 and no unshocked CSM remains after the LC peak. This is against
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Figure 4.2: The density structures of the models D2 (s = 5) and F1 (s = 0) before the
collision. These density structures are set as the initial conditions of the numerical LC
calculations. The structure inside the density jump corresponds to the SN ejecta which is
assumed to be freely expanding before the collision. The dense CSM exists above the density
jump. The initial condition of the dense CSM is obtained based on the shock breakout model
within the CSM.

the observations of SN 2006gy because narrow P-Cygni profiles are observed after the LC
peak. However, this is only true when we only think a single s = 0 CSM component.
If there is another CSM component outside the main CSM which is not dense enough to
affect the LC but the spectra, SN 2006gy-like SNe can appear. Thus, the s = 0 models are
difficult to be excluded only by the LC. From the rising time of the LC, we can presume
y1R, — xR, ~ Ry — R, ~ vsty = 3.1 x 10 cm. y1 R, is the radius where the optical depth
from the surface of the CSM becomes 1 and y1 R, ~ R, when s = 0 (see Section 2.4 for the
details). We set the last scattering surface of the s = 5 model (y; R, = 4.9 x 10! cm) as R,
so that we can compare the results with those of the s = 5 models. Thus, 2R, = 1.8 x 10'°
cm is also the same as the s = 5 model and we adopt R; = 10'° cm (C1).

vs = 10,000 km s~! Model

vs = 10,000 km s~! models are constructed by following the same way as the v, =
5,200 km s~! models. With t; = 70 days, ts = 194 days, and vs = 10,000 km s !,
R, = 2.1 x 10'® cm and zR, = 4.6 x 10" cm are obtained for s = 5. We try two R;:
4.5 x 10 c¢m (D1) and 5 x 10' ¢cm (D2 - D7). Although R; = 5 x 10 cm is slightly
larger than the shock breakout radius zR, = 4.6 x 10'® cm, it turns out that the model gets
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Figure 4.3: Absolute R band LCs of the vs = 5,200 km s~! models. These models are not
self-consistent. The origin of time axis is set to when our numerical calculations start, i.e.,
when the SN ejecta and CSM start to collide, except for B2. The time of the model B2 is
shifted —20 days.

closer to the SN 2006gy LC. Given the approximated way of our estimations, the difference
is within an acceptable range. The steady mass-loss models (s = 2) gives R, = 1.7 x 10'® cm
and zR, = 3.2 x 10 cm (E1, E2). For s = 0, R, — xR, ~ wstqy = 6 x 10" cm
(11Ro >~ Ry). As y1R, = 1.1 X 10'6 ¢m in s = 5 model, we adopted R, = 1.1 x 10 ¢m and
TR, = R; =5 x 10"° em (F1).

4.3.3 Light Curve Models

Starting from the initial conditions obtained in Section 4.3.2, we perform the numerical LC
calculations with STELLA. We show that the v, = 5,200 km s~! models cannot explain the
huge luminosity of SN 2006gy self-consistently. LCs obtained from vy = 10,000 km s1
models are broadly consistent with the observational properties of SN 2006gy.

4.3.3.1 v, =5,200 km s~! Model

Figure 4.3 shows the LCs from the vy = 5,200 km s~ models with the observed R band LC.
Eg; is chosen so that the peak luminosities of the model LCs can be as luminous as that of
SN 2006gy. However, Eqj should be very high (~ 5 x 10°% erg) for the v, = 5,200 km s~*
models to be as luminous as SN 2006gy and assuming the relatively low vs = 5,200 km s~!
is not consistent with the high kinetic energy. This inconsistency can also be seen from the

rising times of the models. Although the models are constructed so that the rising times of
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the LCs become tg = 70 days, the rising times of the numerical results are much shorter than
70 days. If we set smaller E,;j, the rising times can be the same as that of SN 2006gy but then
the luminosities become much smaller than that of SN 2006gy. Shortly, the models derived
by assuming v, = 5,200 km s~! are not compatible with the large luminosity of SN 2006gy.
Given these results, we adopt models with a higher v,, vs = 10,000 km s™!, and they are
found to be able to explain the LC of SN 2006gy self-consistently (Section 4.3.3.2).

One important question of the interaction model is whether the CSM from the steady
mass loss (s = 2) can explain the properties of SLSNe and we look into the s = 2 models
more carefully. If it can, a mechanism to achieve such huge steady mass loss may exist. If
not, it is indicated that explosive non-steady mass loss takes place in their progenitors and
there should exist some mechanisms to cause such mass loss shortly before their explosions.

The s = 2 model B1 reaches only ~ —19.5 mag in the R band at the LC peak. This is
because Mcsm = 0.83 My in the B1 model is much smaller than Mcgy of the models with
the other s. The fraction of the kinetic energy converted to radiation in the model B1 is much
smaller than those in the models A1, A2, and C1, as the amount of energy converted from
kinetic energy to radiation strongly depends on the relative mass of CSM and SN ejecta (see
Section 4.3.4.1). Thus, more kinetic energy is required for the B1 model to be as luminous
as SN 2006gy. However, the rising time of the B1 model is already much less than that of SN
2006gy and it becomes shorter if we increase kinetic energy. Thus, the vy = 5,200 km s~*
model with the steady mass loss (s = 2, B1) is hard to be compatible with SN 2006gy. For
demonstration, we also calculated a model (B2) in which Mcgy is increased 30 times more
than that of the model B1. Then, the amount of energy converted increases because of the
high efficiency for the energy conversion. In addition, the photospheric radius is increased
due to the increased density. As a result, the luminosity of the model becomes as large as
that of SN 2006gy.

4.3.3.2 v, = 10,000 km s~! Model

As vy = 5,200 km s~! models are not able to explain SN 2006gy self-consistently, we inves-
tigate models with higher vs, vs = 10,000 km s~ vy = 5,200 km s~ ! is estimated from the
evolution of the blackbody radius but it is shown that the evolution of the blackbody radius
in the v = 10,000 km s~! models is consistent with that of SN 2006gy.

Light Curve

The R band LCs from the vy = 10,000 km s~! models are shown in Figure 4.4. Multicolor
LCs of the models D2 (s = 5) and F1 (s = 0) are shown in Figure 4.5 and the bolometric LCs
of the two models are shown in Figure 4.6. The color and spectral evolution of the models
D2 and F1 are shown in Figures 4.7 and 4.8, respectively.

The rising parts and the peak luminosities of the LCs of the s = 0,5 models are consistent
with SN 2006gy. Thus, the vs = 10,000 km s~! models are self-consistent with the assumed
E¢j and Mgj. The vy = 10,000 km s~ models only require Ee = 1052 erg to achieve
the peak luminosity of SN 2006gy, instead of Ee ~ 5 x 10°2 erg required for the vy, =
5,200 km s~! models. This is because the blackbody radius in the CSM can be larger in the
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Figure 4.4: Absolute R band LCs of the vy = 10,000 km s~! models. These models can
self-consistently explain the rising time and the peak luminosity of SN 2006gy. The origin of
the time axis is +10 days (D1), +5 days (D2), 0 days (E1, E2, and F1) since the collision.

vy = 10,000 km s~! models and less energy is required to achieve the same luminosity. The
steady mass-loss models (s = 2) are, however, still not consistent with SN 2006gy.

The model LCs with s = 0,5 after the peak start to deviate from the observed LCs, but
the deviations stay less than one magnitude before the plateau in the observed LC at around
200 days. Our model R band LCs take some time after the LCs have reached the peak until
the LCs start to decline, contrary to the observed R band LC of SN 2006gy. This is because
there remains unshocked optically thick CSM even after the LC peak in our numerical models
and the photosphere remains there for a while. The analytic model in Section 2.4 which we
use to estimate the initial conditions assumes a constant vs. However, v actually reduces as
the interaction goes on and the optically thick part of the CSM is not shocked away entirely
at the time t4 when the optically thick CSM is assumed to be swept up by the forward shock
in the model in Section 2.4. This effect is more significant in s = 0 models because s = 0
models suffer more from the deceleration than s = 5 models. A severe failure of our models
is that all of them fail to reproduce the plateau in the LC of SN 2006gy at around 200 days.
We discuss this separately in Section 4.3.4.2.

Looking at the multicolor LCs (Figure 4.5), the s = 0 model (F1) is closer to the observed
LC, especially the B band LC of the rising epochs. This is presumed to be because the initial
density jump between SN ejecta and CSM is smaller in the s = 0 model (Figure 4.2) and
the temperature becomes lower in the s = 0 model. However, the LCs in the B bands can
be affected by many weak absorption lines of Fe group elements which are not taken into
account in our opacity. Those weak absorptions may reduce the luminosity of the B band
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Figure 4.5: Multicolor LCs of the models D2 (s = 5, top) and F1 (s = 0, bottom). The
observational data are from Smith et al. 2007, Agnoletto et al. 2009, Kawabata et al. 2009.
The origin of the time axis in the top (bottom) panel is 5 (0) days since the collision.
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Figure 4.6: Bolometric LCs of the models D2 (s = 5) and F1 (s = 0). The origin of the time
axis in the D2 (F1) model is 5 (0) days since the collision.

LCs and we cannot judge which model is better based just on the blue part of the LCs. In
addition, the difference is >~ 0.5 mag and they are not significant. The color evolution of the
two models (Figure 4.7) roughly follows the observed evolution, although there exist some
deviations especially in R — I and V — R.

Although it is possible to continue LC modeling to get much better fits to the SN 2006gy
LC, it does not necessarily lead us to the better understanding of the properties of the SN
ejecta and the dense CSM involved in the progenitor system of SN 2006gy. This is mainly
because of the simplified physics adopted in STELLA. Especially, STELLA is a one-dimensional
code and multidimensional effects are approximately incorporated by adopting the smearing
parameter. As the uncertainties involved in the parameter are large (see later discussion in
this section), making a perfect fit to the observed LC does not necessarily provide us with
the best parameters. In addition, the differences in the LCs in the declining phases are less
than one magnitude (or a factor ~ 2) and the differences in the rising phases are much less.
Thus, the properties of the SN ejecta and the dense CSM in the D2 and F1 models are
presumed not to be so different from the ’actual’ values. Thus, we conclude that the CSM
parameters predicted by the shock breakout model can explain the overall properties of SN
2006gy. We also note that a systematical study of the effect of the CSM properties on the
LCs powered by the interaction between SN ejecta and dense CSM is summarized in Section
5.3. The durations of the LCs of the models D2 and F1 are a bit longer than that of SN
2006gy. To reduce the durations of the LCs by keeping the peak luminosities of them, we
can, for example, change the radii of the CSM.

Finally, we look into the steady mass loss models to see whether they actually fail to
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Figure 4.7: Color evolution of the models D2 (s = 5, left) and F1 (s = 0, right). Observa-
tional points are from Agnoletto et al. 2009.
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Figure 4.8: SEDs of the models D2 (s = 5, left) and F1 (s = 0, right). Days since the LC
peak are shown in the figure.

reproduce the LC of SN 2006gy. The steady mass-loss model (s = 2, E1) is, again, too faint
to explain SN 2006gy with Eg = 3 x 105 erg. The rising time is already too short and
reaching the peak luminosity of SN 2006gy by increasing FEe; does not work as is discussed
in Section 4.3.3.1. This is because of the too small Mcgy and can be improved if Mggn is
increased (see the models B1 and B2). Another possible way to make s = 2 models work is
to increase the conversion efficiency from E; to radiation energy so that Eg; can be reduced
(see Section 4.3.4.1 for the discussion of the conversion efficiency). In the model E2, M
is set to be comparable to Mcgm so that the conversion efficiency becomes higher (Section
4.3.4.1). The similar peak luminosity to the model E1 is reached with less Ee; (10°2 erg) in
the model E2. However, as the diffusion time of the CSM is not affected so much by this,
the LCs become similar to each other and increasing the efficiency does not revive the s = 2
models. To summarize, the dense CSM from the steady mass loss is still difficult to explain
the LC of SN 2006gy with the shock breakout model.
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Figure 4.9: Physical structures of the model D2 in radius (left) and mass coordinate (right)
at around the LC peak (74 days since the collision). Black lines show the density structure
(left y-axis). Blue dotted lines are the velocity scaled by 10® em s™! (right y-axis), purple
lines are the logarithm of the absolute value of luminosity scaled by 1040 erg s=! (right y-
axis), green lines are the logarithm of the temperature in Kelvin (right y-axis), and red lines
are the Rosseland optical depth measured from the outside (right y-axis).

Dynamical Evolution

Figure 4.9 shows the dynamical structures of the model D2 (s = 5) at around the LC peak.
The left panel shows the structure in the physical coordinate (radius) whereas the right panel
shows the structure in the mass coordinate. The cool dense shell is created between SN ejecta

and CSM in which about 10 M of the shocked CSM and 3 Mg, of the shocked SN ejecta are
contained.

Figure 4.10 shows the evolution of the color temperature (T,.)) and the effective tempera-
ture (Teg) of the model D2. The color temperature is derived by fitting the spectra obtained
by the numerical calculations with the blackbody spectral distribution whereas the effective
temperature is obtained by using the bolometric luminosity (Lyo1) and the radius (R,,—2/3)

of the photosphere which is defined as the radius where the Rosseland mean optical depth 7
1/4

2

TR=2/3

Here, ogp is the Stephan-Boltzmann constant. As radiation mainly comes from the shell

and the Thomson scattering is the dominant opacity source in the CSM above the shell, Tt
roughly traces the temperature of the shell. The photosphere (R,,—s/3) is much above the
shell and Ter becomes very low because of the large R.,_5/3 (see also Figure 4.11). At the
time when T, starts to increase for the second time (from ~ 180 days), the photosphere is
in the SN ejecta whose density structure and composition are expressed in the approximated

from the surface becomes 2/3 in STELLA and is expressed as Tog = (Lbol /Amtosg R

way and the results around these epochs and later should not be taken seriously.
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Figure 4.10: Evolution of the color temperature (7o) and the effective temperature (Teg)
in the model D2. The origin of the time axis is 5 days since the collision.

Figure 4.11 shows the evolution of the blackbody radius Rpp = y/Lpol/4mospT c4ol and

the photosphere R, _,/3. The constant velocity line with 5,200 km s~! is the evolution of
the blackbody radius obtained by Smith et al. 2010a along which Rpp follows until around
125 days. The evolution of Rpp in the models D2 and F1 is consistent with 5,200 km s—1
although the radius is a bit smaller than the observed values. The bolometric correction of
Smith et al. 2010a is based on Tpp and the correction may add extra luminosities because it
ignores the effect of line depletion. Higher Ly, results in higher Rpp for a given T, and this
can be the reason why Rpp of Smith et al. 2010a is higher than ours.

Rpp obtained by our calculations tends to be smaller than the shell radius where the
radiation is coming from. For example, Rpp of the model D2 shown in Figure 4.11 stays
lower than the radius at which the interaction starts (R; = 5 x 10'® cm). The reason is
presumed to be similar to that of the discrepancy in Rpp obtained from observations and
numerical calculations. T¢ is obtained from the spectral fitting but actual spectra suffer
from the line depletion especially in blue. Since T¢o is reduced from the temperature at the
photon production site, Ly is the value affected by such depletion and is less than the value

expected from the blackbody with Tt.). Thus, with the smaller Ly, Reg = \/ Lyoi/ 47['0'SBTC401
becomes smaller than the actual emitting region.

As most of hydrogen in CSM remains to be ionized, R.,_5/3 continues to be at the radius
where the Rosseland mean opacity from the surface of the CSM is 2/3 and remains to be
constant until the shock wave comes close to the radius. Then, R, _5/3 evolves roughly
following the forward shock.
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Figure 4.11: Evolution of the blackbody radius (Rpg, solid line) and the photospheric radius
(R;—2/3, dashed line) of the models D2 (s = 5) and F'1 (s = 0). The origin of the time axis is 5
days since the collision. The monotonically increasing linear line at the middle is the evolution
of the blackbody radius obtained by Smith et al. 2010a, a constant velocity evolution with
5,200 km s~!. The observational blackbody radius follows the line until around 125 days and
starts to decline (see Smith et al. 2010a for details).

Mej and Eej

The properties of SN ejecta (M.j and E.j) determine many aspects of SNe powered by the
interaction (e.g., luminosities) because E,j determines the available energy and M,; affects
the efficiency to convert the available kinetic energy to the radiation energy. We discuss the
effect of M,; and Eej in Section 4.3.4.1 including the results of the vs = 5,200 km s~ models
and here we just show the results of LC calculations with different M and Eg; (Figure 4.12).
LCs are similar to each others and we can see that it is difficult to constrain Me;j and E; only
by the LC. This can also be seen by comparing the models E1 and E2 in Figure 4.4. The
two models have different M; and E¢; with the same CSM but the resulting LCs are similar
(see discussion in Section 4.3.4.1).

In the best LC model of the pulsational pair-instability model presented by
Woosley et al. 2007, the ejecta with 5.1 Mg, and 2.9 x10%! erg collides the CSM with 24.5 M.
Our canonical models (D2 and F1) have much higher Eg (1052 erg). One of the reasons is
presumed to be the smaller photospheric radius (y1 R, = 1.1 x 106 c¢m) in our models. The
dense CSM in the pulsational pair-instability model extends to about 3 x 10'6 cm and the
photosphere can be larger than our models. This effect of the locations of the photosphere
can also be seen in comparison to the vy = 5,200 km s~! models. The photospheric radii of
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Figure 4.12: R band LCs from the same CSM but different Me; and Eej. The models D2,
D3, D4 have the same Fj but different M, i.e., 10 My, (D3), 20 M (D2), and 30 M, (D3).
The model D5 has less Eej (5 x 105! erg) than other models (1052 erg) and My = 10 Mg,
The calculation of the LC of the model D3 stopped at around 175 days since the collision
and we show the LC until around 175 days.

them are only 71 R, ~ 5 x 10*® cm at most and the required energy to achieve the maximum
luminosity of SN 2006gy is 5 x 10% erg which is even larger than 10°? erg required for the
vs = 10,000 km s~! models (1R, = 1.1 x 1016 cm). This shows the difficulties to constrain
Eej only by the LC.

In addition, the efficiency to convert the kinetic energy to radiation is mainly determined
by the relative mass of the ejecta and the collided CSM. It does not depend strongly on the
ejecta mass if the CSM mass is much larger than the ejecta mass. To get high conversion
efficiencies of the kinetic energy to the radiation energy, Me; is better to be comparable or
less than Mcsy and we can at least get some constraint on M from the LC based on the
view point of the conversion efficiency (Section 4.3.4.3).

Smearing

The dense shell which appears between SN ejecta and CSM is unstable in multidimension.
As a result of the instabilities, less kinetic energy is expected to be converted to radiation
because there would be the extra multidimensional motions caused by the instabilities. To
take into account such multidimensional effects in one-dimensional code STELLA, we include
a smearing term in the equation of motion (the parameter By, Section 2.5.2.3).

Figure 4.13 shows the LCs with different values of the smearing parameter B,. With
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Figure 4.13: R band LCs with different By, i.e., D2 (B, = 1), D6 (B, = 0.3), and D7
(By = 3). The smearing parameter B, changes the conversion efficiency from kinetic energy
to radiation. With larger By, more kinetic energy remains and less radiation energy is emitted.
The origin of the time axis is 5 days since the collision.

larger By, the effect of the smearing becomes larger and less kinetic energy is converted to
radiation. In other words, radiative cooling becomes less efficient. The model D2 is calculated
with our standard B, = 1. The model D6 has B, = 0.33 and the model D7 has B, = 3.
The shape of the LC is different even if we only change B, with a factor 3. We discuss the
efficiency in detail in Section 4.3.4.1.

The uncertainty in the smearing parameter adds one difficulty in our estimations of phys-
ical parameters of the progenitor system. This is one reason why we think that making the
perfect fitting now does not lead us to the exact parameters of the progenitor system. The
calibrations for the smearing parameter should be done at least. However, the rising time
and the peak luminosity is not so sensitive to the smearing parameter and the parameters of
SN ejecta and dense CSM we obtain with the current uncertainty are presumed to be close
to the ’real’ ones.

Effect of “5Ni

We have also examined the effect of 5Ni decay on the LCs. Figure 4.14 shows the results.
We include %Ni at the center of the model D2. If we include °°Ni, the length of the peak
is extended due to the extra heat source. The significant effect can only be seen when we
include ~ 10 Mg, of ®°Ni. However, the amount of °Ni is observationally constrained to be
less than 2.5 My (Miller et al. 2010) and the effect of 55Ni is negligible.
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Figure 4.14: R band LCs with %Ni. 0.1 My, 1 My, and 10 Mg, of °Ni is included at the
center of the model D2. Only 10 M, of 5Ni makes significant effect on the LC.

4.3.4 Discussion
4.3.4.1 Conversion Efficiency

The source of radiation in our LC models is the kinetic energy of SN ejecta. The amount
of energy converted from kinetic energy to radiation can be estimated by the conservation
laws of energy and momentum. If we assume that the radiation pressure does not change the
dynamics of the materials so much, the conservation of momentum requires

Mcolejvcolej = (Mcolej + MSCSM) Ush, (49)

where Mqlej is the mass of the collided SN ejecta, veolej is the mean velocity of the collided
SN ejecta, Mycsm is the mass of the shocked CSM, and vy, is the velocity of the dense shell
between SN ejecta and CSM. Radiation energy FEl,q emitted as a result of the interaction
can be derived from the conservation of energy

1
5 (Mcolej + MSCSM) Uszh ) (410)

2
Eaga = « 7M001€jvcolej - 2

2

where « is the fraction of kinetic energy converted to radiation. From Equations 4.9 and
4.10,

E M,
: md2 _ QVIsCSM ) (411)
§Mcolej'l)c01ej Meole; + Mscsm
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Table 4.2: Conversion efficiency from kinetic energy to radiation energy

Name  End  Ewd/Eq w50y
10°! erg
Al 13 0.25 052 048
A2 12 0.24 033  0.72
Bl 0.46 0.046 0.040 1.1
B2 8.7 0.29 057  0.50
Cl 14 0.28 041  0.68
D1 2.7 0.27 052 051
D2 2.2 0.22 047 047
El 2.6 0.086 014 063
E2 3.0 0.30 062 048
Fl 2.9 0.29 064 046
D4 1.7 0.17 0.38 046
D5 1.6 0.32 064 050
D6 3.4 0.34 047  0.72
D7 0.89 0.089 047 019

If most of the SN ejecta and CSM are shocked, i.e., Mcolej =~ Mej and Mgcsm ~ Mcosm, we
get the rough estimate for the radiation energy emitted

aMcsm

Frog~——7"—F,..
ad Me; + Mcsm

(4.12)
a is expected to be close to 1 without the smearing parameter B, because most of thermal
energy gained by the shock is eventually emitted as radiation. Since the parameter B, adds
additional acceleration to reduce the amount of energy converted to thermal energy, « is
expected to become lower as B; becomes larger. The rest of energy is mostly in the form
of kinetic energy. We may also express the effect as the reduction of the radiative cooling
efficiency because less radiation energy is emitted with the smearing term.

Table 4.2 is the list of radiation energy which is obtained by adding up the bolometric
luminosity from the time of collision to around 300 days since the collision. The model D3
is excluded because we do not have the entire numerical LC. We also show the parameter
a which is derived by using Equation 4.12. The efficiency Eyaq/Ee to convert SN kinetic
energy to radiation is plotted in Figure 4.15 as a function of Mcsm/ (Mej + Mcswm) with the
results obtained by van Marle et al. 2010.

At the high Mcsm/ (Mej + Mcsm) region, our standard B, = 1 results follow the line of
a = 0.5. This means that the efficiency to convert the kinetic energy to radiation is reduced
by 50%. On the other hand, the results of van Marle et al. 2010 follow the v = 1 line and the
effect of multidimensional instabilities is not significant. Although van Marle et al. 2010 use
a three-dimensional code and multidimensional instabilities are included in principle, their
approximated way to treat the radiation and limited spatial resolution may have prevented
multidimensional instabilities from growing.

As Mosm/ (Mej + Mcsm) becomes lower, the results start to deviate from the constant
a line. This is because Mcsm gets very small and most of the ejecta is not affected by the
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Figure 4.15: Efficiency of the conversion of kinetic energy to radiation. Most of the results
from van Marle et al. 2010, including aspherical models, are also shown. « is a measure for
the effect of the smearing parameter B,. a = 1 means no smearing effect and the smearing
effect increases as o gets small.

interaction, i.e., the assumption Mcolej = Mej is no longer valid and Equation 4.12 should
not be used. We should use Equation 4.10 instead. As Mclej < Mgy in this regime, the
efficiencies tend to be higher than the values obtained from Equation 4.12.

The combinations of FE; and Me; which give a similar
[Mscsm/ (Meolej + Mscsm)] %Mcolejvgj are expected to result in similar LCs and they
are degenerated. Thus, it is difficult to constrain the exact value for M and Fe; from
LCs. This is clearly seen in the models E1 and E2 in Figure 4.4. Both the models have
similar LCs. The CSM of the two models is exactly the same but M and Eg; are different.
Although Mcaej < Mej in the model E1 and Mcgej ~ Mej in the model E2, Mcej and
%Mcolejvgj are happened to be similar in the two models with the similar Mgcsm >~ Meswm.
Thus, the two models have similar [Mscsm/ (Mcolej + Mscsm)] %Mcolejvgj and result in the
similar LCs.

4.3.4.2 Origin of the Plateau Phase

There exists a plateau in the LC of SN 2006gy at around 200 days. None of our models are
succeeded in producing the plateau. This is because the remaining CSM at these epochs is
too thin to affect the LC. Note that the LC observations at later epochs reject the possibility
to explain this plateau by 5°Ni heating (see also Section 4.3.3.2). There are several other
possible ways to explain the plateau. One possibility is the recombination in the SN ejecta.
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Because we use the simplified SN ejecta structures, our results of LC calculations after the
photosphere gets inside of the SN ejecta are beyond the applicability of our simple models.
Increasing the SN ejecta mass may also help because a plateau phase can be longer with
larger hydrogen mass, although the conversion efficiency from kinetic energy to radiation is
also affected at the same time (Section 4.3.4.1). By putting more realistic SN ejecta with
realistic hydrogen-rich envelopes or more massive SN ejecta, the recombination wave may
stay the envelope for a while and may end up with the plateau phase, as is the case in SNe
ITP (see, e.g., Kasen & Woosley 2009). We note that the blackbody temperatures of these
epochs are ~ 6,000 K and they are consistent with this scenario. Recombination may also
occur in the shocked CSM or the dense cool shell.

Light echoes from the remaining CSM may also play a role. The LC after this plateau
phase remains almost constant for more than 200 days, although the luminosity is about
10 times smaller (Miller et al. 2010). Thus, it is possible that there existed another CSM
component which caused the echoes at around 200 days and shocked away when SN 2006gy
was behind the Sun.

4.3.4.3 Progenitor of SN 2006gy

It is difficult to get information on the progenitor from the LC of SN 2006gy, as the properties
of the progenitor system which can be obtained from the LLC modeling strongly depends on
CSM. The CSM properties and the SN ejecta properties are degenerated. However, we can get
some indications for it. As the origin of the luminosity is the kinetic energy of SN ejecta, the
kinetic energy should be converted to radiation efficiently. If Mgy < Mej, the conversion
efficiency aMcsm/ (Mej + Mcsm) is so small that the kinetic energy cannot be converted
efficiently enough to explain the LC of SN 2006gy. Thus, the mass of the CSM should be
close to or larger than M,;.

According to our modeling, Mcsy is required to be ~ 10 Mg and this means that
M,; is expected to be ~ 10 Mg or less. This indicates that the total mass of the sys-
tem well exceeds 10 M and the progenitor of SN 2006gy should be a very massive star.
In addition, the progenitor should lose Mcgym within ~ 10 years before the explosion.
Our models for SN 2006gy have Mcsym ~ 18 Mg and it may be difficult for RSGs to
have such mass loss because of the following reason: To have CSM with 18 Mg, the
ZAMS mass of RSGs should be very large but such massive stars suffer more from the
radiation driven wind during their main-sequence phase because of their large luminosi-
ties. Thus, losing most of their mass only just before their explosions might be diffi-
cult. However, extensive mass loss of RSGs is suggested by many authors (e.g., Sec-
tion 5.3, van Loon et al. 2005, Vanbeveren et al. 2007, Smith et al. 2009a, Boyer et al. 2010,
Yoon & Cantiello 2010, Georgy 2012) and it is still possible that very massive RSGs lose
~ 10 Mg, just before their explosions due to, e.g., pulsations (e.g., Yoon & Cantiello 2010,
Heger et al. 1997, Li & Gong 1994), dust (e.g., van Loon et al. 2005), or g-mode oscillations
(Quataert & Shiode 2012, see also Arnett & Meakin 2011).

The large CSM mass rather indicates that the progenitor of SN 2006gy is a very massive
star. Among massive stars, LBVs are only known stars which can have some episodes with
the huge mass-loss rates which are found to be required to explain SN 2006gy. Indeed, some
of them, e.g., n Carinae, are known to have ~ 10 Mg CSM (e.g., Smith & Owocki 2006).
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Their typical CSM velocities are also consistent with the CSM velocities estimated from the
narrow P-Cygni Ha profiles in SN 2006gy (e.g., Smith et al. 2010a). However, as introduced
in Chapter 1, LBVs are theoretically not thought to be a pre-SN stage. Recent stellar
evolution theories are stating to show some possibilities for some LBVs to explode (e.g.,
Groh et al. 2013, Langer 2012) and this problem of LBV explosions is likely to be solved from
the stellar evolution side and some important missing keys in the current stellar evolution
theory can be revealed.

A shell created due to the interaction between the RSG wind and the WR wind is another
possible way to have a massive CSM (e.g., Dwarkadas 2011). Alternatively, a shell created
by pulsational instability can be followed up by the SN ejecta, instead of the ejecta of the
next pulse as suggested by Woosley et al. 2007. Some binary interaction may cause extensive
mass loss (e.g., Hachisu et al. 2008) but binary systems have not been considered deeply as a
possible progenitor of SLSNe yet (see Chevalier 2012, Soker 2013). The collision of massive
stars in a dense stellar cluster can make a massive star surrounded by a massive CSM and it
may also result in SN 2006gy-like SLSNe (Portegies Zwart & van den Heuvel 2007, see also
Pan et al. 2012b).

With the condition that Mg is similar to or less than Mcswm, the conversion efficiency
of kinetic energy to radiation (Equation 4.11) is expected to be ~ 50 % at most (Section
4.3.4.1). As the radiation energy emitted by SN 2006gy exceeds 2 x 10°' erg, the SN
ejecta should have more than ~ 4 x 10°! erg. Thus, the SN explosion inside should be
very energetic. As the energy of our models is comparable to those of energetic broad-
line SNe Ic whose progenitors are suggested to be very massive (e.g., Nomoto et al. 2011),
the estimated high energy may also indicate that the progenitor mass is rather close to
those of LBVs. Note, however, that the host galaxy of SN 2006gy is not metal-poor
(e.g., Ofek et al. 2007) while broad-line SNe Ic appear more preferentially in low metallic-
ity environments (e.g., Arcavi et al. 2010, Modjaz et al. 2011, Sanders et al. 2012). In ad-
dition, the late time spectra of SN 2006gy are not similar to those of broad-line SNe Ic
(Kawabata et al. 2009), although the late time spectra of SLSN I 2010gx show such fea-
tures (Pastorello et al. 2010). The required high explosion energy can also be related to
PISNe. PISNe with the explosion energy of 10°? erg which is required in our models to
reproduce the SN 2006gy LC can be easily achieved by PISNe. PISNe are known to pro-
duce huge amount of °°Ni but Heger & Woosley 2002 show that PISNe with the explo-
sion energy of 10°? erg (He core of about 70 M) only produce about 0.01 Mg of *°Ni.
Thus, combined with some instabilities which induce the extreme mass loss at the surface
of PISN progenitors like that suggested by Woosley et al. 2007, PISNe can be SN 2006gy
in spite of the small amount of *Ni observed. PISNe are suggested to be able to ap-
pear at relatively high metallicity environment due to the effects of, e.g., rotation (e.g.,
Langer & El Eid 1986, Langer et al. 2007, Langer 2012, Yoshida & Umeda 2011). However,
the maximum metallicity for PISNe estimated by these works are still lower than the esti-
mated metallicity of SN 2006gy environment.

4.3.4.4 Comparison with Semi-Analytic Model

Chatzopoulos et al. 2012 proposed a semi-analytic model of LCs powered by the interaction.
The model involves several simplifications but the overall features predicted by the model
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Figure 4.16: Observed R band LC and the bolometric and R band LCs calculated with the
parameters suggested for SN 2006gy in Chatzopoulos et al. 2012. The observational points
are shifted arbitrarily to match the numerical result in the figure.

are shown to match some numerical results. They show a LC model of SN 2006gy and
we perform LC calculations with the same parameters which are obtained by them. The
parameters are 0 = 0, n = 12, s = 0, Fe; = 4.4 x 10°! erg, Mg =40 Mg, R; =5 X 10" cm,
and R, = 2.5 x 10'® cm (corresponds to Mcsm = 5 Mg with a constant CSM density
1.5 x 10713 g em™3). Following the result of Chatzopoulos et al. 2012, we put 2 M of *Ni
at the center of the ejecta but the value is too small to affect the main part of the LC (Section
4.3.3.2). Except for the central region, the composition is set as the solar metallicity. We use
our standard B, = 1.

Figure 4.16 shows the result of the numerical calculation. Overall, the parameters sug-
gested by Chatzopoulos et al. 2012 do not result in a similar LC to that of SN 2006gy. The
peak luminosity of the bolometric LC is close to that of SN 2006gy but the duration is much
shorter that that of SN 2006gy. In addition, the R band peak luminosity is much smaller
than that of SN 2006gy because the photospheric temperature is much higher than that of
SN 2006gy around the peak and the model has much bluer spectra. The duration can be
longer if we use a smaller B, but our results shown in Figure 4.13 imply that it is difficult
to make the duration two times longer than the B, = 1 LC to match the LC of SN 2006gy
by just making the B, small. What is more, changing B, does not improve the color of
the LC and the R band LC is expected to remain much fainter than the observed R band
LC. The plateau phase after the drop in the LC is due to the recombination in 40 Mg SN
ejecta inside. The duration of the plateau phase should actually be much shorter than that in
Figure 4.16, as the entire SN ejecta is composed of the solar metallicity in the model (except
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for the central %Ni) and we use an approximate density structure for the SN ejecta.

There are several possible reasons for the discrepancy. The semi-analytic model assumes
that the thermal energy gained by the forward shock is always released at the center of
the CSM because the assumption is required to treat the transport equations analytically.
However, this assumption keeps the diffusion time of the photons from the forward shock
constant and the diffusion time is fixed with the initial value. In reality, the forward shock
travels outward and the diffusion time decreases with time as the remaining unshocked CSM
decreases. This effect leads to the overestimation of the duration of the LCs in the semi-
analytic model. This is presumed to be the main reason why the duration of the L.C obtained
by the numerical calculation is much shorter than that obtained by the analytical model.
This indicates that the semi-analytic model should not be applied to the system with the
CSM of a large initial diffusion time in which the kinetic energy of shock waves is the main
source of radiation.

Another possible reason is that the energy released by the reverse shock is overesti-
mated in the semi-analytic model. In the semi-analytic model, the self-similar solution of
Chevalier 1982a, Nadyozhin 1985 is used as the evolution of the hydrodynamical structure.
However, in reality, the effect of cooling which is not taken into account in the adiabatic
self-similar solution is so strong in the case of SLSNe powered by the shock interaction that a
thin cool dense shell is created between the SN ejecta and the dense CSM. Thus, the reverse
shock could not travel as fast as expected from the adiabatic self-similar solution and it rather
stays close to the forward shock (see also Section 2.3).

In summary, many important effects which are essential in modeling the LC powered by
the interaction between SN ejecta and a dense CSM with a large photon diffusion time lack
in the semi-analytic model and it may not be appropriate to use it for the modeling of SLSNe
powered by such a strong interaction.

4.3.4.5 Comparison with Shell-Shocked Diffusion Model

Smith & McCray 2007 (SMOT hereafter in this section) investigate a SLSN LC model resulting
from a CSM through which a shock wave has gone through. They consider a dense CSM
from which photons start to emit after the passage of a shock wave and they apply the LC
model of adiabatically cooling SN ejecta formulated by Arnett 1980. By simply comparing
the shape of the model LC to the R band LC of SN 2006gy, SM07 concluded that SN 2006gy
can result from a shocked CSM.

However, there are many simplifications involved in the SM07 model which are not dis-
cussed so far. The existence of the recombination wave in shocked H-rich CSM is presumed
to affect the LC as in the case of SNe IIP (e.g., Grassberg et al. 1971, Falk & Arnett 1977,
Kasen & Woosley 2009, Bersten et al. 2011). In addition, SM(07 compare a bolometric LC
obtained from their model to the R band LC of SN 2006gy. As the shocked CSM should
have temperature close to 10* K at the beginning to explain the observed SN 2006gy prop-
erties (Smith et al. 2010a), a large fraction of emitted photons is not in the R band and the
bolometric correction should be considered.

To see the importance of these neglected effects in the SM07 analytic model, we numer-
ically follow the system suggested to explain SN 2006gy in SMO07 with STELLA. STELLA is a
suitable code to see the effect of the bolometric correction and recombination which are not
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Table 4.3:bList of initial conditions

Name Vo® M, R,¢ Tini® composition
kms™' Mg 10% cm 10 K
MO1 4,000 10 2.4 1 solar
MO02 4,000 10 24 4 solar
MO03 4,000 20 7.2 1.7 solar
Mo04 2,000 20 7.2 1.7 solar
MO05 8,000 20 7.2 1.7 solar
MO06 4,000 20 0.72 13 solar

“velocity of the outermost layer of the shocked CSM
mass of the shocked CSM

‘radius of the shocked CSM

initial temperature of the shocked CSM

taken into account in the SMO07 analytic model. In this section, we apply the same distance
to the host galaxy (73.1 Mpc) and extinctions (Galactic Ag = 0.43 mag + host Agr = 1.25
mag) as in SMO07 to the observed LC of SN 2006gy. These values are slightly different from
those adopted in the previous sections in this chapter.

Models

Initial conditions of the numerical calculations here are constructed based on SMO7 at first.
We do not follow shock propagation in the CSM to make the initial conditions the same as
those of SMO07. The initial conditions are supposed to result from the shock passage in the
dense CSM. Since we do not treat the shock wave, the smearing term does not affect the
results obtained here.

Table 4.3 is the list of our initial conditions. The initial radius of the SM07 model
suggested for SN 2006gy is 2.4 x 10'® cm. The mass of the shocked CSM in the model is
10 Ms. We assume that the system is homologously expanding and the outermost layer
velocity is 4,000 km s~!, as assumed in SM07. The initial temperature is set constant in
the entire CSM. We try two temperatures for the SM07 system, namely, 10* K (Model 01 or
M01) and 4 x 10* K (M02). The composition is solar in these models.

We also investigate several configurations other than those suggested in SM07. M03 has
the same velocity but the initial radius is three times larger than that of the SM07 model. The
temperature is set to 1.7 x 10* K to match the observed luminosity of SN 2006gy. The mass
is increased to 20 Mg in M03 to keep the shocked CSM optically thick. M04 and M05 have
the same density structure as M03 but the velocity is 0.5 and 2 times of M03, respectively.
We also show results of M06, which is more compact than the SM07 model. The composition
is solar in M03-MO06.

Synthetic Light Curves

Figure 4.17a shows the bolometric LCs of M01-M03. At first glance, we find that no LCs
are consistent with that of SN 2006gy. Furthermore, the R band LCs shown in Figure
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4.17b are found to be more different from the R band LC of SN 2006gy. This indicates
the importance of the bolometric correction. We discuss the LC behaviors in this section
but most of our discussion can be found in the previous studies, e.g., Grassberg et al. 1971,
Falk & Arnett 1977.

The bolometric LCs start with the initial peak. The peak bolometric luminosity is
4rR20sp T}, At first, the bolometric luminosity decreases due to the adiabatic expansion of
the shocked CSM. If we assume that the homologously-expanding shocked CSM is radiation-
dominated at early phases, the bolometric luminosity should decrease following oc t=2. This
rapid decrease in the bolometric luminosity appears in our numerical models.

SMO7 suggest that the bolometric LC of the shocked CSM would rise following o ¢2 at first
because shocked materials expand homologously and the shocked CSM is just an expanding
blackbody. However, if we take into account the decrease in the blackbody temperature of the
shocked CSM due to the adiabatic expansion and the lack of any heat sources, the effect of
the temperature decline on the bolometric luminosity (o< ¢~ in radiation-dominated shocked
CSM) is larger than the effect of the radius increase on the bolometric luminosity (o t2). In
fact, our synthetic LCs do not show the luminosity increase and the luminosity just declines.

After the initial rapid luminosity decline, bolometric LCs start to be affected by photons
diffused in the shocked CSM and begin to follow the diffusion model of Arnett 1980. From
this point, the SM07 analytic model starts to work. MO01, whose initial temperature (10* K)
is close to the blackbody temperature of SN 2006gy at the LC peak, is too faint at this epoch
to explain SN 2006gy because of the initial rapid luminosity decline due to the adiabatic
expansion. With the initial configuration suggested by SMO07, the temperature should be
around 4 x 10* K (M02) to explain the luminosity of SN 2006gy but it is inconsistent with
the observed blackbody temperature (Figure 4.18). MO03 has a larger radius than those of
MO1 and M02. Thus, the required temperature to get the same luminosity is small (1.7 x 10*
K) and it is close to the observed values.

Although the bolometric LCs at these epochs seem to follow the observed bolometric LC,
we should be careful because the bolometric LC of SN 2006gy is obtained by the R band LC
without the bolometric correction. We need to compare LCs in the R band (Figure 4.17b).
We find that the numerical R band LCs do not match the observed R band LC even in the
models which give a good fit in Figure 4.17a. This is simply because of the high temperatures
in the shocked CSM and most of the emitted photons are not in the R band. We note that the
strong Ha line observed in SN 2006gy is in the R band and the direct comparison between
our numerical R band LCs and the observed R band LC can be inappropriate. However,
the Ho luminosities of SN 2006gy at the epochs we are interested in is just ~ 10*! erg s™!
(Smith et al. 2010a) and the bolometric correction remains to be important.

Another unavoidable and important consequence of the SM07 model which is not dis-
cussed in SMO7 is the existence of the recombination wave in the shocked CSM. In the SM07
model, there are no energy sources in the shocked CSM because the shock has already passed
the CSM and the shocked CSM just cools down. At one epoch, the temperature should reach
the recombination temperature as is the case for SNe ITP. This is not the case for the contin-
uous ejecta-CSM interaction models because there remains an energy source (shock waves)
which can keep the CSM ionized until the shock wave goes through the dense CSM.

The effect of the recombination can be seen by comparing M03 and M03co in Figure
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Figure 4.18: Evolution of the effective temperatures.

4.17a. MO3 is calculated with our standard opacity table which takes recombination into
account. MO03co (MO03 constant opacity) is calculated by forcing the scattering opacity of
the system to be 0.34 cm? g=!, which corresponds to the fully ionized solar composition
materials. At first, when the CSM is above the recombination temperature, the two LCs
follow almost the same track. Then, two LCs start to deviate when the outermost layer
reaches the recombination temperature at around 40 days since the LC peak (Figure 4.18).
The recombination wave, and thus the photosphere, moves inside (in Lagrangian sense) after
this epoch. They eventually reach the bottom of the CSM and the LC suddenly drops. On
the other hand, the LC with the constant opacity continues to decline monotonically, roughly
following the SMO7 analytic model. Figure 4.19 shows the photospheric radii of the models
and the effect of the recombination is clear.

Another important consequence caused by the existence of the recombination is the strong
dependency of LCs on the CSM velocity. The epoch when the outermost layers reach the
recombination temperature and the recession velocity of the recombination wave in the CSM
are affected by the CSM velocity. This is simply because adiabatic cooling becomes more effi-
cient in faster shocked CSM. M04 and M05 have slower and faster shocked CSM, respectively,
than M03 and their LCs are presented in Figure 4.20. At first, the LCs are expected to differ
when the recombination start to play a role in the shocked CSM. However, the difference at
this epoch is not significant according to our calculations. The time of the drop in the LCs
clearly differs and the faster shocked CSM have earlier drops due to the faster recombination
wave.
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Model with Initial R Band Luminosity Increase

All the models we have presented so far do not have a phase with luminosity increase and the
luminosity just declines. However, it is possible to have a rising phase in optical LCs from
a shocked CSM. Figure 4.21 shows one example of LC obtained from M06. The bolometric
LC and optical LCs as well as the R band LC of SN 2006gy are shown in the same figure
for the illustrative purpose. The evolution of the bolometric LC does not differ so much
from the previous models but optical LCs of M06 have a rising phase. This is because
of the initial small radius and high temperature. The optical luminosities are low at the
beginning due to the initial high temperature. Then, as the adiabatic cooling is efficient
due to the initial small CSM radius, the shocked CSM cools quickly and optical luminosities
increase accordingly. Then, the R band LC can be similar to that of SN 2006gy, although the
photospheric temperature is much higher in M06 and it is inconsistent with the SN 2006gy
observations.

Possible Corresponding Supernovae

LCs of shocked CSM obtained by our numerical calculations have an initial rapid decline
followed by a relatively long plateau. Although these features are not seen in SLSN 2006gy,
SLSN 2003ma (SLSN II) qualitatively shows similar features (Rest et al. 2011, Figure 1.10).
The LC of SN 2003ma is different from other known SLSNe. The LC of SN 2003ma has
a quick rise and quick decline followed by a long plateau phase which lasts for about 100
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Figure 4.20: Bolometric (a) and R band (b) LCs of the models with different initial velocities.

days while other SLSNe evolves more slowly. Then the LC drops by about 1 mag in optical
and the luminosity stays almost constant for about 1000 days after the drop. The initial
rise and decline as well as the plateau phase which lasts for about 100 days can be seen in
some synthetic optical LCs obtained in this study (e.g., Figure 4.17b), but the plateau phase
after the drop which lasts for about 1000 days requires another emission mechanism like a
continuous CSM interaction.

SN 19887 has a similar feature to SN 2003ma, although the luminosity is about 3 magni-
tude smaller (e.g., Turatto et al. 1993, Aretxaga et al. 1999). Because of the LC similarity,
SN 19887 can also be related to shocked CSM (see also Chugai & Danziger 1994). Depending
on, e.g., radii and temperatures of shocked CSM, their luminosities can vary. There can be
many other similar SNe with variety of luminosities and plateau durations, depending on the
CSM properties.

4.3.5 Summary

We have shown that the interaction between SN ejecta and dense CSM is a viable mechanism
to power SLSNe such as SN 2006gy. The interaction in the dense CSM accounts for the huge
luminosity and the long duration of the SN 2006gy LC. Shock breakout within the dense
CSM is a key for the understanding of the interaction-powered SLSNe. Our canonical models
have Mg = 20 Mg, E¢; = 10°2 erg, and Mcgy = 18 My (s = 5) or 15 M, (s = 0) where the
CSM is assumed to have a density profile of pesm o< 77°. The corresponding average mass-loss
rate of the progenitor is about 0.4 My yr~! if we assume that the dense CSM originates from
a 100 km s~! wind. Our steady mass-loss models (s = 2) fail to explain the SN 2006gy LC.
No ?0Ni is required to explain the early LC of SN 2006gy.

It is difficult to break the degeneracy among Mej, Eej, and Mcsm. One can obtain
constraints on the progenitor of SN 2006gy based on the efficiency, as the conversion efficiency
of the SN kinetic energy to radiation becomes high when Mg; is comparable to or less than
Mcsm. The progenitor of SN 2006gy should be a very massive star like LBVs or PISN
progenitors because Mcsm = 18 Mg or 15 M. As the conversion efficiency is ~ 50 % at
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Figure 4.21: Bolometric and multicolor LCs from M06. The R band LC has a rising phase
similar to that of SN 2006gy because of the initial high temperature 1.3 x 10°> K. However,
the high temperature is inconsistent with the SN 2006gy observations.

most and the radiation energy emitted by SN 2006gy is more than 2 x 10°! erg, Eej should
be larger than 4 x 10°! erg.

We have also examined the effect of multidimensional instabilities in the dense cool shell
on the model LCs. Such instabilities are expected to reduce the amount of kinetic energy con-
verted to radiation. Our LC modeling is based on a one-dimensional radiation hydrodynamics
code in which the multidimensional instabilities are implemented only in an approximate way.
We have thus explore the effect qualitatively. Further studies on the multidimensinal effects,
perhaps using three-dimensional radiation hydrodynamics simulations, are needed for better
understanding of SNe powered by the interaction.

4.4 SLSN R

We have discussed the origins of SLSN II so far. In this section, we discuss SLSN R which
do not show H lines in their spectra but have the LC decline rates consistent with the
Co— %Fe decay time. The first reported SN of this kind in literature is SN 2007bi
(Gal-Yam et al. 2009). Gal-Yam et al. 2009 compare the LC and spectra of SN 2007bi to
some PISN models of Kasen et al. 2011 and conclude that SN 2007bi is a PISN. PISNe are
known to produce huge amount of %Ni but Umeda & Nomoto 2008 show energetic core-
collapse SNe can also produce the huge amount of 5Ni required to explain the huge luminos-



4.4. SLSN R 103

ity of SN 2007bi. Here, in Section 4.4.1, we show that the LC of SN 2007bi can actually be
explained by an energetic core-collapse explosion and SN 2007bi is not necessarily a PISN.
However, this does not mean that SN 2007bi is not a PISN. We discuss the various possi-
ble origins for SLSN R (PISNe, energetic core-collapse SNe, and magnetars) and ways to
distinguish the different possible origins.

4.4.1 Core-Collapse Supernova Model for SLSN-R 2007bi
4.4.1.1 Progenitor and Explosion Modeling

In this section, we assume that SN 2007bi is powered by the 5Ni heating. The high peak lumi-
nosity and the long rise time of the LC of SN 2007bi (Gal-Yam et al. 2009, Young et al. 2010)
require a large amount of *Ni (> 3 M, Gal-Yam et al. 2009) and a large ejecta mass. These
observations imply that the progenitor of SN 2007bi is massive. We apply a pre-SN model
with Mzams = 100 Mg calculated by Umeda & Nomoto 2008 for our core-collapse SN model.
Umeda & Nomoto 2008 assumed the metallicity of the progenitor models to be Z = Z5, /200,
which is small enough to avoid a large amount of mass loss. Then the pre-SN model remains
as massive as 83 M, whose C+O core is massive enough (43 Mg) to produce a large amount
of P6Ni.

However, the pre-SN model has a massive H-rich envelope, while SN 2007bi does not show
the lines of either H or He. This is also true for PISN models (e.g., Heger & Woosley 2002,
Umeda & Nomoto 2002). Therefore the progenitor must have lost its H-rich envelope (36
M) and He layer (4 Mg) during the pre-SN evolution, thus having only the bare C+0O
core at the explosion. We construct the pre-SN C+O star model of 43 Mg, by remov-
ing the H-rich envelope and He layer from the 83 M star. Note that the metallicity of
the host galaxy of SN 2007bi (Z ~ Z/3, Young et al. 2010) is higher than that of our
adopted progenitor (Z = Zz/200). The mass loss is expected to work more efficiently
and the ZAMS mass of the progenitor which has the C+O core mass of 43 Mg might
be more massive (c.f. Yoshida & Umeda 2011). The rotation of stars can also play a
role in mass loss (e.g., Meynet & Maeder 2003, Hirschi et al. 2004, Meynet & Maeder 2005,
Georgy et al. 2009, Ekstrom et al. 2012). Another possible cause of such envelope stripping
is the formation of a common envelope during a close binary system, where the smaller mass
companion star spirals into the envelope of the more massive star. The outcome depends on
whether the energy available from the spiral-in exceeds the binding energy of the common
envelope, thus being either a merging of the two stars or the formation of two compact stars,
e.g., a C+O star and a He star (e.g., Nomoto et al. 1995).

The explosions of the SN progenitor are induced by a thermal bomb and fol-
lowed by a one-dimensional Lagrangian code with the piecewise parabolic method
(Colella & Woodward 1984). Note that the explosion energy is a free parameter in core-
collapse SN explosion models while it is not in PISN explosion models. Explosive nucleosyn-
thesis is calculated as post-processing for the thermodynamical history obtained by the hy-
drodynamical calculations. The resultant abundance distribution is basically very similar to
those calculated by Umeda & Nomoto 2008 (see Figures 5 and 6 in Umeda & Nomoto 2008).

The dynamics of the ejecta is followed until 1 day after the explosion, when the ex-
pansion already becomes homologous. For simplicity, the bolometric LCs are calculated
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Figure 4.22: Bolometric LCs of the C+O star SN models CC100 (Me; = 40 My, Eej = 3.6 X
10°? erg, and Msey; — 6.1 My). The observed bolometric LC (open circles) is taken from
Young et al. 2010. The bolometric magnitude of the rise part of SN 2007bi (open square) is
estimated from the R band magnitude. All the calculated LC has the same physical structure
but the degrees of mixing are different. The horizontal axis shows the days in the rest frame.

for the homologous ejecta by using a local thermodynamic equilibrium radiation transfer
code (Iwamoto et al. 2000) that includes the radioactive decays of °Ni and °®Co as energy
sources. This code calculates the y-ray transport for a constant y-ray opacity (0.027 cm? g1,
Axelrod 1980) and assumes all the emitted positrons are absorbed in situ®. For the general
radiation transport, the Thomson scattering opacity is obtained by calculating the electron
density from the Saha equation, and the Rosseland mean opacity is estimated from the em-
pirical relation to the Thomson scattering opacity (Deng et al. 2005).

4.4.1.2 Results

We construct several core-collapse SN models and compare them with the observations of the
bolometric LC and the line velocities of SN 2007bi shown in Young et al. 2010. Since the LC
of Young et al. 2010 does not cover the rising part, we estimate the bolometric magnitude
of the rising part from the R band observations (Gal-Yam et al. 2009) assuming the same
bolometric correction (0.45 mag) as in the R band maximum. We also take into account
mixing since it is possible that a jet emerges from the central remnant and causes the mixing
of the ejecta (e.g., Maeda & Nomoto 2003, Tominaga 2009).

3This assumption of the positron absorption does not have much effect on the LCs we show in this section,
because the contribution from the ~-rays are still dominant energy source of them.
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Figure 4.23: Photospheric velocities of the core-collapse SN and PISN models. The hori-
zontal axis shows the days in the rest frame. The line velocities of SN 2007bi observed by
Young et al. 2010 are also shown for comparison. The line velocities of OI A7774 shows the
lower limit. All the photospheric velocities are low enough to be consistent with the observed
line velocities.

The LCs of the successful models (CC100) are shown in Figure 4.22. The kinetic energy
(Eej), ejecta mass (M), and *°Ni mass (Mssy;) in the ejecta are Ee = 3.6 x 10°? erg,
Mg = 40 Mg, and Msey; — 6.1 Mg, which are the same in all the models. The mass cut
between the ejecta and the compact remnant is set at M, = 3 Mg, where M, is the mass
coordinate, so that the ejecta contains 6.1 My of *Ni, which turns out to be consistent
with the bolometric LC of SN 2007bi. The kinetic energy E,j needs to be large to produce
Msen; = 6.1 M. The mass of some elements included in the ejecta are summarized in Table
4.4. The kinetic energy is as large as those of previously observed SNe which were associated
with a gamma-ray burst (SNe 1998bw, 2003dh, 2003lw; e.g., Nomoto et al. 2006).

We adopt two different degrees of mixing to see its effects on the LC. The full-mixing
model assumes that the whole ejecta are uniformly mixed. The half-mixing model assumes
that the inner half of the ejecta (in the mass coordinate) is uniformly mixed. One of the
effects of the mixing is seen in the rise time of the LC. With mixing, 5°Ni is distributed closer
to the surface of the ejecta, so that the diffusion time is shorter and the rise time becomes
shorter. The rise time of the model without mixing is 85 days while the rise times of the
half-mixing model and the full-mixing model are 67 days and 52 days, respectively. As the
rise time of SN 2007bi is not observationally well-determined, all the models are consistent
with the bolometric LC of SN 2007bi. The initial decline part of the calculated LCs before
maximum is formed by the shock heating of the envelope and its subsequent cooling due
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Table 4.4: Amount of elements contained in the SN ejecta (in Mg)
¢ 160 20Ne 20Mg Si 25 BAr MC, ONj
14 187 1.4 1.5 5.1 27 05 0.4 6.1
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Figure 4.24: A PISN model for SN 2007bi (PISN270). The CC100 no-mixing model and
observed bolometric LC of SN 2007bi in Figure 4.22 are also shown. The bolometric LC of
SN 2006gy is taken from Young et al. 2010, Agnoletto et al. 2009 for comparison. The first
point of SN 2006gy is the R band upper limit from Smith et al. 2007. The horizontal axis
shows the days in the rest frame.

to the rapid expansion. Radiation hydrodynamical calculations are required to obtain the
realistic LC at this epoch.

In Figure 4.23, we show the photospheric velocities obtained by the LC calculations. With
the photospheric velocities, we also show the observed line velocities of SN 2007bi taken from
Figure 17 of Young et al. 2010. The photospheric velocities of all the models are consistent
with the observed lowest line velocities, which are thought to trace the photospheric velocity.

4.4.2 SLSN-R Models and their Characteristics

We show in the previous section that energetic core-collapse SN models can be consistent
with SN 2007bi. Here, we discuss the characteristics of other suggested mechanisms and
progenitors of SLSN R and possible ways to distinguish them observationally.

Let us first confirm that a PISN model can also be consistent with the bolometric
LC of SN 2007bi by using the approximate PISN model PISN270 and discuss the dif-
ferences between the two models. The PISN270 model is constructed by scaling the
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physical structure of the homologously expanding model CC100 to the ejecta model with
My = 121 Mg and Eg = 7 X 10°2 erg. The ejecta mass M,; is the same as the C+O
core mass of the PISN model with Mzams = 270 Mo (Umeda & Nomoto 2002), and Eg; is
obtained from the nuclear energy released by explosive nuclear burning of the C+O core
(Umeda & Nomoto 2002). Here the same amount of 5Ni (Mseyn; — 9.8 M) as in the 270
M, model (Umeda & Nomoto 2002) is assumed to be synthesized in the inner layers. Note
that the 270 My model of Umeda & Nomoto 2002 still has the H-rich and He envelopes at
the time of explosion and, here, we assume that the envelopes were stripped off by some
mechanism.

Figure 4.24 shows that the bolometric LC of PISN270 (the red line) is consistent with the
bolometric LC of SN 2007bi (red open circles). The rise time to the LC peak for PISN270
is ~ 150 days, being consistent with the PISN model in Gal-Yam et al. 2009. This rise time
is longer than the core-collapse SN model CC100 (Figure 4.24), because the photon diffusion
takes more time in more massive PISN270. Although Msey; of PISN270 is ~ 1.6 times
larger than that of the core-collapse SN CC100 model, the longer rise time lowers the peak
brightness powered by the radioactive decay. These two effects make the peak magnitude of
PISN270 similar to CC100.

This difference in the rising time of the LC is important to distinguish between core-
collapse SN and PISN models. For example, SN 2006gy was first suggested to be a PISN
(e.g., Smith et al. 2007) but the fast rising time seen in Figure 4.24 as well as its spectral
type (Type IIn) declined this possibility. Although SN 2007bi was not observed early enough,
much earlier observations before the peak could constrain the progenitor from the LC.

Another difference in core-collapse SN models and PISN models is the abundance of the
elements like Si and S. The abundance of our core-collapse SN model is consistent with the
directly estimated abundances of Gal-Yam et al. 2009, i.e., C, O, Na, Mg, Ca, and °Ni. If
SN 2007bi was a PISN, large amounts of Si and S should have been synthesized as shown by
Gal-Yam et al. 2009 while core-collapse SN models predict much less amounts of Si and S. As
Si and S have many emission lines in the infrared range, infrared spectra are also helpful to
distinguish PISNe from core-collapse SNe. Note, however, that, although our core-collapse SN
model is consistent with the estimated abundance of SN 2007bi by Gal-Yam et al. 2009, we
still have not performed the numerical calculations of the nebular spectra based on our model.
Elements whose abundances are not able to be estimated by the spectra could have played
a role in line cooling processes and, to confirm that the abundance of the core-collapse SN
model is consistent with the spectra, we have to perform the spectral synthesis calculations.
We also point out that, if SN 2007bi is confirmed to be a PISN, we could expect that PISNe
played a role in the chemical enrichment in the early Universe and there should be some old
stars with chemical compositions expected from PISNe, although they are still not discovered
(e.g., Cayrel et al. 2004).

We have shown that the LC and photospheric velocity of SN 2007bi are well-reproduced
by the core-collapse SN model CC100. As some gamma-ray bursts are connected to such high
energy SNe Ic, the extremely SLSNe like SN 2007bi could also be connected to gamma-ray
bursts which result from very massive stars. If this is the case, extremely luminous SNe like
SN 2007bi could be connected to gamma-ray bursts of much more massive star origin than
known SNe associated with a gamma-ray burst. Even stars more massive than 300 Mg could
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be the origin of SLSNe (e.g., Ohkubo et al. 2006, Ohkubo et al. 2009).

We have been assuming that SLSN R is powered by the nuclear decay energy from °°Ni
to ®Fe because of the timescale of the LC evolution. However, if a magnetar has a certain
rotation period with an appropriate magnetic field, the LC decline can be similar to those
of SLSN R (Kasen & Bildsten 2010). In addition, Dessart et al. 2012 argue that SLSN R
has spectral temperatures which are higher than those expected from the 5Ni heating. The
progenitor mass of both PISN models and core-collapse SN models need to be large to produce
the required large amount of °Ni (~ 5 My). Dessart et al. 2012 show that the *Ni mass
estimated from the LC is not enough to heat the huge ejecta mass as hot as is observed.
For the case of the magnetar heating, the source of the energy is the rotational energy of
the compact remnant and the ejecta mass does not need to be large and they can be easily
heated up. However, the required magnetar spin period and magnetic field must be adjusted
properly to mimic the 5Ni-59Co-*Fe decay of SLSN R LCs. A natural explanation for having
such magnetars seems to be required because a number of SLSN R are discovered so far and
they always have the LC following the **Ni-?Co-56Fe decay.

4.5 SLSN I

SLSNe we have discussed so far have some hints for their power sources in their observa-
tions. SLSN II has narrow emission lines and SLSN R has LCs which are consistent with
the ®°Co decay timescale. However, SLSN I does not have any clear signatures of their
origin. There are several suggested mechanisms to power SLSN I. One possibility is the
collision between SN ejecta and dense CSM with C and O (Blinnikov & Sorokina 2010).
Others are some extra heating from inside C+O-rich SN ejecta. After the explosion of a WR
star, magnetars inside (Kasen & Bildsten 2010, Woosley 2010, Maeda et al. 2007), fallback
(Dexter & Kasen 2012), or the phase transition of the neutron star inside to a quark star
(Ouyed et al. 2012, Kostka et al. 2012, Benvenuto & Lugones 1999) can heat the expanding
C+O-rich SN ejecta from inside and make it very bright.

Here we focus on the interaction between SN ejecta and C+O-rich dense CSM and the
observational signatures caused by the interaction. We show that this scenario predicts
that the luminosity of SLSNe should decline for a while before the strong interaction that
powers the huge luminosity begins. The ’dip’ is an inevitable consequence of the shock
breakout within the dense CSM (Section 2.4.1, Chevalier & Irwin 2011, Svirski et al. 2012,
see also Ofek et al. 2010, Balberg & Loeb 2011). The possible dip observed in SLSN 20060z
(Leloudas et al. 2012) could be the first example of this and it indicates that the SN-CSM
interaction is the power source of the SLSN I 20060z.

4.5.1 Dense Circumstellar Medium around SN 20060z

We explore a consequence of the SN-dense CSM interaction scenario to power the emission
from SLSNe. Although our arguments apply to any SLSNe powered by interaction, we focus
on SN 20060z to provide our basic idea. This SLSN is the best example of SLSNe so far for
which the early phase behavior was well observed. First, we estimate the physical properties
of the dense CSM around the progenitor of SN 20060z, under the assumption that the main
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LC was powered by the interaction between SN ejecta and dense CSM. Then, with these
constraints, we discuss what is expected to take place in the proposed system before the
main LC.

Figure 4.25a presents the progenitor system required in the interaction scenario. A dense
CSM shell exists between R; and R,. Once the SN ejecta reaches R;, the interaction takes
place until the ejecta reaches R,, and this interaction powers the main LC. An early emission
is created in the phase before the ejecta reaches to R;. Our main arguments below do not
depend on the nature of a power source for the early emission, and thus we proceed without
specifying it (see Section 4.5.3 for possible origins for the early emission). The CSM should be
dense enough to explain the peak luminosity of SN 20060z by the interaction scenario, and the
shock breakout is expected to take place within the CSM at the beginning of the interaction.
The radius where the shock breakout occurs is expressed as zR, (Ri/R, < © < 1). As we
focus on H-poor SLSNe, we assume that the CSM is mainly composed of C and O, and the
progenitor star is a WR star. In the following, we assume that the dense CSM is uniformly
distributed with a constant density. This is just for the sake of simplicity, and the main result
is not sensitive to this assumption. Under these assumptions, we estimate the properties of
the dense CSM by comparing the shock breakout prediction and the observed features of SN
20060z.

The blackbody radius obtained from the spectrum near the main LC peak of SN 20060z
is about 2.5 x 10 cm (Leloudas et al. 2012). Since the last scattering surface of the CSM at
the main LC peak is expected to be at the outermost region of the dense CSM shell when the
density is constant in the dense CSM (Section 2.4.1), we can estimate that R, ~ 2.5 x 10
cm. On the other hand, the blackbody radius at the beginning of the main LC rising phase
(i.e., at the beginning of the strong interaction just after the shock breakout within the CSM)
is ~ 10' cm (Leloudas et al. 2012). Thus, we can estimate that xR, ~ 10! cm.

By assuming that the rising time of the main LC of SN 20060z (~ 30 days) corresponds
to the diffusion time ¢4 of the dense CSM, the electron density n. in the dense CSM can be
estimated from the following equation:

td ~ TT(RO—SCRO)? (4.13)
c
where 7 = opne(R, — R,) is the Thomson scattering optical depth within the dense CSM.

From Equation 4.13,
cty

or (R s 5x 10" cm™3. (4.14)
T\1vo — ]

Ne 2
The last value of Equation 4.14 is estimated by adopting the parameters for SN 20060z, i.e.,
tqy = 30 days, 2R, = 10" cm, and R, = 2.5 x 10'® cm. 7r = 52 in this case and it is
plausible that the shock breakout occurs in the CSM with a typical forward shock velocity
vs == 10,000 km s=! (c/vs = 30).

If the dense CSM is composed of 50 % C and 50 % O and both C and O are singly
ionized in the entire CSM, the CSM density corresponding to n. ~ 5 x 10 cm™3 is
pesm =~ 10712 g em™3. Then, the required CSM mass is ~ 35 M. If we further assume
that the outflowing velocity of the dense CSM was 100 km s~!, the 35 My of C+O-rich
materials must have been lost from the progenitor within 8 years before the explosion at a
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Table 4.5: Model parameters of SN 20060z

R, xR, R, Ne CSM Density CSM Mass
cm  cm cm cm 3 g em ™3 Mg
10 10" 2.5 x 10 5 x 1010 1012 35

rate of ~ 7 Mg yr— L.

Mechanisms by which WR stars experience such a huge mass loss
just before the explosion have not yet been clarified, although there are some suggestions
(e.g., Quataert & Shiode 2012). Alternatively, the dense CSM does not necessarily need to
come from the huge mass ejection from the progenitor. Within a dense cluster, collisions
of WR stars may leave dense C+O-rich envelopes that would persist until the time of the
explosion. This is an alternative way to have a dense C+O-rich CSM around a SN (see also,

e.g., Portegies Zwart & van den Heuvel 2007, Pan et al. 2012b, Chevalier 2012).

4.5.2 A Dip as a Signature of the SN-CSM Interaction

Based on the properties of the dense CSM required by the SN-CSM interaction scenario
to power the main LC of SLSN 20060z discussed above (Table 4.5), we now investigate
a consequence of this scenario in the early phase before the main LC. We suggest that
there must be a brief phase of the decreased luminosity lasting for a few days before the
strong interaction energizes the main LC. This argument is independent of any assumptions
regarding the nature of the early emission which will be discussed in Section 4.5.3. The only
requirement is that there is a detectable, i.e., sufficiently luminous, early emission phase. The
dip phase should then appear as the fading phase between the early emission and the main
LC.

Figure 4.25 summarizes our model for the dip after the early emission. Before the ex-
plosion, most of C and O in the dense CSM is not ionized, and thus the CSM is trans-
parent. This is because of the high CSM density which results in the high recombination
rate (=~ 1072 g cm™3 estimated for SN 20060z). The emission rate of the ionizing photons
from a typical WR star (10°Lg, and 10° K) is ~ 10% s~!. With the recombination coefficient
~ 1071 e¢m3 57!, the number of ionizing photons is too small to keep the dense CSM ionized.

Then, the central star explodes as a SN. Before the ejecta reaches R; (Figure 4.25b), the
SN ejecta expands within the rarefied region below R;. We attribute the early emission in
the LC to the light from the SN ejecta in this phase before the strong collision. The duration
of the early emission in SN 20060z before the main LC is about 10 days. Regardless of the
nature of the early emission, the duration can be interpreted as the time required for the SN
ejecta to reach the dense CSM (i.e., at R;) in our scenario. With vy ~ 10,000 km s~!, it
reaches ~ 10'° c¢m in about 10 days and we can estimate that R; >~ ©R,. This is consistent
with the estimated blackbody radius in this phase (Section 4.5.1).

Regardless of the mechanisms to power the early emission, if the majority of photons
emitted from the SN ejecta is in the optical or near-UV, most of C and O in the dense CSM
will still not be ionized during the early emission phase. For instance, the blackbody radius
and temperature of SN 20060z during the early emission phase are ~ 10'® cm and 15,000
K, respectively, and the emission rate of the ionizing photons (~ 10°* s7!) is too small to
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Figure 4.25: The proposed origin of the dip between the early emission and the main L.C. The
dense CSM, within which the shock breakout occurs, extends from R; to R,. A progenitor
star explodes in this configuration (a). Before the forward shock reaches R; (b), the dense
CSM is transparent to optical photons from the SN ejecta and they can be observed as an
early emission. When the forward shock reaches R; (c), the opacity suddenly increases as
ionization in the dense CSM is enhanced. Thus, even if the energy source of the early emission
is still active, the dense CSM blocks the light, causing a dip in the LC. Then, after the shock
breakout within the dense CSM (d), photons can escape from the shock again. The SN is
now powered by the strong interaction reaching the large luminosity in the main peak. The
LC shown in each inset is the bolometric LC of SN 20060z obtained by Leloudas et al. 2012.
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keep most of the dense CSM ionized. Only the innermost thin layer of the dense CSM (up to
~ 1.2 x 10'® c¢m) can be ionized in this case. The optical depth to the Thomson scattering
in this ionized region becomes ~ 7. However, the ionizing region is confined in the thin
layer, and the diffusion timescale within it is estimated to be less than a day. Thus, the
photosphere can be located in this thin layer of ionized material, but the effect on the LC
evolution is expected to be small. Some recombination lines may be found in spectra at this
phase. Nonetheless, most of the dense CSM is still transparent to optical photons, and thus
we can observe the early emission.

After about 10 days since the explosion, the SN ejecta starts to collide with the dense
CSM. Because of the strong interaction, X-rays and UV photons are now efficiently produced
at the forward shock, and the electron density in the dense CSM suddenly increases. The
CSM gets ionized and the Thomson scattering makes the dense CSM opaque to any photons.
Then, the diffusion velocity of photons can be less than the velocity of the shock wave, and
photons cannot go out of the shock until the shock breakout takes place at 2R, (Figure 4.25c¢).
During this optically thick phase before the shock breakout, the luminosity decreases. This
sudden decline in the luminosity is a naturally-expected observable signature of the strong
SN-CSM interaction scenario.

We suggest that the possible dip observed in SN 20060z could be the first observed example
of this signature. After this discovery, SNe IIn 2009ip (e.g., Prieto et al. 2013) and 2010mc
(Ofek et al. 2013) was found to have similar dip in the precursor. As SNe 2009ip and 2010mc
clearly have dense CSM because of its spectral type, our suggestion that the dip comes from
dense CSM is strongly supported.

The duration of the dip in the LC of SN 20060z was short. The luminosity at the single
observed epoch after the early emission showed the decline, and the luminosity was back
to the previous level by the next epoch (Leloudas et al. 2012, Figure 4.25). Therefore, the
duration of the dip was at most 2 days. From this, we can place a constraint on the shock
breakout: zR, — R; should be less than 2 x 10 c¢m, or zR, should be less than 1.2 x 10'°
cm, if vs = 10,000 km s~'. We note that the duration of the dip can be very short, and thus
high cadence observations are important to capture this signature.

After the shock breakout at zR,, photons are able to escape out of the interaction region.
Then, the SN luminosity is powered by the SN-CSM interaction, and the SN becomes super-
luminous from the ongoing strong interaction (Figure 4.25d, Section 4.5.1).

4.5.3 Summary and Discussion

We have suggested a new way to distinguish proposed power sources of SLSNe in this section.
Among scenarios proposed so far, the interaction scenario, which requires the existence of
dense CSM, is distinguishable by the early phase LC before the rising part to the peak
luminosity. The scenario predicts that a brief dip phase should appear before the main LC
if there is an early emission which is bright enough to be observed, as was the case for the
SLSN I 20060z. SNe IIn 2009ip and 2010mc showed a similar dip in the LC and this fact
supports our suggestion. This argument is irrespective of detailed nature and origin of the
early emission itself. The existence of the dip reflects the change in the ionization condition
in the dense CSM following the SN-CSM interaction which results in the shock breakout
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within the CSM. The possible dip observed in SLSN I 20060z indicates that the main power
source of the huge luminosity for this SLSN is the strong interaction between the SN ejecta
and the dense C+O-rich CSM whose mass is estimated as ~ 35 My . Other proposed power
sources like magnetars may also happen to show a dip for a specific combination of model
parameters and a dip may appear in some SLSNe but not in all SLSNe in these scenarios.
On the other hand, a dip should always appear when the shock breakout occurs. Thus, more
SLSN I samples in the early phase are required to see whether a dip is a common feature of
SLSN I and it is actually due to the shock breakout.

The early emission of SN 20060z itself is bright (~ 10%3 erg s™!), with the total radiation

0% erg within ~ 10 days. There are a few possible mechanisms to power the

energy of ~ 1
early emission. 9Ni produced in the SN inside is one possibility. The color of the early
emission obtained by Leloudas et al. 2012 is similar to that of SNe Ia near the LC peak
(e.g., Wang et al. 2009). The required *°Ni mass to explain the early emission luminosity is
~ 1 Mg. However, a difficulty in this model is that the rising time of the early emission
is constrained to be 5 days at most (Leloudas et al. 2012), which is too short for the 56Ni
heating scenario. Another possibility is the interaction between the SN ejecta and CSM. It
is possible that CSM which is less dense than the dense CSM above R; exists below R;. If
there is additional CSM of ~ 0.1 Mg below R;, this is enough to create the luminosity of
~ 10%3 erg s~! through the SN-CSM interaction (Section 5.3). This small amount of CSM
would not change the overall picture we suggest, since the total amount of the radiation
energy emitted as the early emission (~ 10% erg) is much smaller than the total available
kinetic energy (~ 105! erg or even more) by the SN explosion and the small amount of the
CSM does not affect the dynamics of the shock wave so much.

The existence of ~ 10 Mg C+O-rich CSM around a WR star which is lost just before
its explosion clearly challenges the current understanding of stellar mass loss and stellar
evolution. This drastic mass loss could influence the final progenitor mass at the time of its
explosion and its fate. For example, stars which are currently considered to end up with a
black hole due to fallback may actually become a neutron star because of the extra mass loss
which reduces the mass of the accreting envelope material at the time of the core collapse.
We still do not have a large number of observations to confirm that a WR star can actually
have such mass loss and the dip is a common feature of SLSN I. Future observations of SLSN
I especially in the early phases are essential for understanding the origin of SLSN I and the
final fates of WR stars.

4.6 Superluminous Supernovae as a Probe of the Early Uni-
verse

Thanks to their huge luminosities, SLSNe can be observed even if they appear at very high
redshifts. The current most distant SN reported is a SLSN at z = 3.9 (Cooke et al. 2012).
As SLSNe are likely from very massive stars as we have seen in this chapter, they can be a
probe of the highest end of the initial mass function (IMF) at the early Universe.

The IMF of the local Universe observationally has been suggested to be uniform, regardless
of the variety of the star forming environment (e.g., Kroupa 2002). The IMF of the local
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Universe is empirically known to follow the Salpeter IMF* (Salpeter 1955). However, there
exist several suggestions that the IMF is different from that of the local Universe at high
redshifts. Especially, it is suggested that massive stars are preferably formed in the early
Universe and the IMF is top-heavy at that time. For example, the Lya emitters in the
protocluster SSA22 at z ~ 3 are found to have the EWs of Lya emission lines which can be
explained by a top-heavy IMF (Morimoto 2008, see also Malhotra & Rhoads 2002).

The most strongly suggested possibility for a top-heavy IMF is the IMF of the first
generation stars. The first stars are formed in clouds which are evolved from the pri-
mordial density fluctuations (e.g., Bromm 2013, Yoshida et al. 2008). The subsequent col-
lapses of the clouds end up with the massive protostellar clouds of ~ 10* Mg which
can be massive stars (e.g., Omukai 2001) and hence, result in a top-heavy IMF (see also
Bromm et al. 1999, Abel et al. 2000, Nakamura & Umemura 2001). However, recent works
suggest that the first stars may not be as massive as previously thought because of the
radiative feedback (Hosokawa et al. 2011, McKee & Tan 2008, see also Susa 2013).

If the IMF of the early Universe is really top-heavy, we expect the significant in-
crease of the SLSN rate at high redshifts (see Quimby et al. 2013b for the local rate).
Tanaka et al. 2012 estimated the expected number of SLSN detection with the upcoming
Subaru/Hyper Suprime-Cam (HSC) survey and an idealized NIR SN survey. As we can also
see from Figure 4.26, which show the SN 2006gy model LC obtained in Section 4.3 at high
redshifts observed by the Subaru/HSC i band, SLSNe can be detected up to about z =4—5
by the HSC ultra-deep survey. If the Salpeter IMF is retained at the early Universe, the very
low SLSN rate limits the expected highest redshift detection to z ~ 4 in the ultra-deep survey
and the deep survey can be more efficient to find high-redshift SLSNe because of the larger
survey area (Tanaka et al. 2012, see also Lien & Fields 2009 for the case of Large Synoptic
Survey Telescope (LSST)?). The spectral confirmations, however, are very difficult because of
the faintness (see, e.g., Cooke 2008) and may require 30-m class telescope like Thirty Meter
Telescope (TMT)® for the actual spectral confirmation of very high-redshift SLSNe discovered
by Subaru/HSC. We can use the color information to select them before the age of TMT.

A promising alternative way to detect the explosions of the first stars at very high red-
shifts is going to NIR wavelength. Here, we show some NIR LCs of high-redshift SLSN
LCs obtained based on the SN 2006gy model in Section 4.3 in Figures 4.27 and 4.28. We use
the planned James Webb Space Telescope (JWST)" /NIRCam broad band filters which can be
found at http://www.stsci.edu/jwst/instruments/nircam/instrumentdesign/filters/
index_html for this purpose. Although SLSNe beyond z = 10 can be detected in princi-
ple with JWST (see also Scannapieco et al. 2005, Whalen et al. 2012), the estimated num-
ber of the detection is very small because of the small field of view of JWST (see also
Hummel et al. 2012, Pan et al. 2012a). For the purpose of SLSNe detection at very high
redshifts, it is better to use a wide-field NIR satellite like Wide-field Imaging Surveyor for

“Note that there are arguments that the Salpeter IMF is only valid for massive stars and low-mass stars
do not follow the Salpeter IMF (e.g., Kroupa 2001).
"http://www.lsst.org/
Shttp:// tmt /
p://www.tmt.org
"http://www. just.nasa.gov/
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Figure 4.27: F277W band LCs of the models D2 (s = 5, left) and F1 (s = 0, right) at several

redshifts.

High-redshift (WISH),® Wide-Field Infrared Survey Telescope (WFIRST)?, or Euclid*°.

One last thing worth pointing out is that there is a growing evidence that the absolute
peak luminosities of SLSN I do not have much diversities (Quimby et al. 2013b). If this is
confirmed, SLSN I can be a new distance ladder which can reach redshifts much higher than
those can be reached by SNe Ia and can be a new cosmological probe as well.

®http://www.wishmission.org/en/index.html

“http://wfirst.gsfc.nasa.gov
Yhttp://sci.esa.int/euclid
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Figure 4.28: F277W, F356W, and F444W band LCs from the model F1 (s=0).

4.7 Summary

We have investigated the nature and origin of SLSNe in this chapter. We show that, except
for SLSN R, the currently known observational diversities of SLSNe can be interpreted by the
existence of the diversity in the dense CSM in the interaction between SN ejecta and dense
CSM. Thus, the interaction between SN ejecta and dense CSM is likely to be a main reason
for the huge luminosities of SLSNe.

We show that the shock breakout model naturally predicts that the diversity in SLSN
11, i.e., the difference between Type IIn SLSNe and Type IIL SLSNe, is from the diversity
in the density slope of the dense CSM (Section 4.2). We also show that the simple analytic
shock breakout model can explain the L.C properties of the best observed SLSN IT 2006gy.
Because of the existence of the dip in the precursor of SLSN I 20060z, SLSN I is also likely
to be related to the interaction between SN ejecta and dense C+O CSM.

The CSM mass required to explain the huge luminosities of SLSNe is extremely high and
it is typically ~ 10 Mg. This indicates that the progenitors of SLSNe are very massive stars.
Moreover, they need to eject the dense CSM within several decades before their explosions
with the mass-loss rates exceeding 0.1 My yr—'. No massive stars are known to experience
such mass loss and SLSNe are clearly challenging our understanding of massive star evolution.
Further SLSNe study will reveal what is lacking in the current understanding of the very
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massive stellar evolution.

Finally, we show the expected LCs of SLSNe appeared at high redshifts and they can be
observed with appropriate transient surveys. SLSNe are potential powerful tool to probe the
IMF of the high-redshift Universe. In addition, SLSN I may turn out to be a distance ladder
which can be used to probe the cosmology beyond the Universe that can be reached by SNe
Ta.
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We are all agreed that your theory is crazy. The question
which divides us 1s whether it is crazy enough to have a
chance of being correct. My own feeling is that it is not
crazy enough.

Niels Bohr (1885 - 1962)

Proposed Supernova Progenitors with
Dense Circumstellar Meida

5.1 Overview

We have mainly discussed SNe interacting with dense CSM from the observational point
of view so far. We have developed their LC models and used them to interpret their LCs
and obtain the CSM properties involved. We have shown that the estimated propterties are
inconsistent with the current stellar evolution theory in many cases.

However, there do exsit some pre-SN models obtained by the stellar evolution theory
which are suggested to explode within dense CSM. They can have extreme mass loss shortly
before their explosions. Here, in this chapter, we look into these theoretical pre-SN models
and show the observational properties expected from the pre-SN models. They may already
be able to explain some SN properties within dense CSM. We calculate LCs within dense
CSM expected from the stellar evolution model and compare the results to observations in
this chapter.

We study three major pre-SN models which are suggested to have extensive mass loss
shortly before their explosions, i.e., super-AGB stars (Section 5.2), massive RSGs (Section
5.3), and LBVs (Section 5.4).

5.2 Super-Asymptotic-Giant-Branch Stars

Core-collapse explosions of massive stars are not necessarily caused by the collapse of Fe
cores. Massive stars with Mzams ~ 8 — 10 Mg whose cores are not composed of Fe but
O+Ne+Mg can cause electron capture reactions in their degenerated cores and the electron
captures can induce the core collapse (e.g., Chapter 1, Miyaji et al. 1980, Nomoto 1984,
Hillebrandt et al. 1984). The detailed numerical explosion modeling by Kitaura et al. 2006
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shows that the core collapse of the O+Ne+Mg core can end up with a low-energy explosion of
the star (~ 1050 erg) by the neutrino explosion mechanism. Many theoretical works have been
performed to investigate the evolution of stars which end up with the electron degenerate
core potentially leading to ECSNe (e.g., Garcia-Berro & Iben 1994, Garcia-Berro et al. 1997,
Siess 2007, Poelarends et al. 2008, Pumo et al. 2009, Takahashi et al. 2013). At the time of
the electron capture, the star is believed to be at super-AGB stage. However, the evolution
of super-AGB stars and thus the mass rage for ECSNe are strongly affected by the ways
how the physical processes involved are numerically treated (e.g., mass loss, semi-convection,
and convective overshooting) and they are not understood well. One remarkable feature of
super-AGB stars is their high mass-loss rates (e.g., Poelarends et al. 2008). Thus, ECSNe,
if they really exist, are quite likely to explode within dense CSM caused by the precedent
super-AGB evolution.

Several observed SNe are also linked to ECSNe as we discussed in Chapter 1. Especially,
SN 2008S is strongly linked to an ECSN because (1) SN 2008S was SN IIn and the absolute
luminosity was very low indicating very low explosion energy (e.g., Thompson et al. 2009,
Botticella et al. 2009) and (2) the progenitor observed in the pre-explosion image was =~
10 Mg (Prieto et al. 2008). There are other suggestive evidences of ECSNe exploding within
dense CSM. Anderson et al. 2012 analysed the association between SN sites and Ha emitting
regions in SN host galaxies. They found that the SN Iln sites are not strongly related to
Ha emitting regions, which indicates that the majority of SNe IIn comes from low-mass
progenitors like super-AGB stars. Wanajo et al. 2009 indicate that ECSNe can be a common
SN from the nucleosynthesis perspective. Crab Nebula has been related to an ECSN and will
be discussed in Section 6.3.2.

Although ECSNe have been suggested to explode within dense CSM, the effect of the
dense CSM on their LCs has little been investigated. van Veelen 2010 did the first study of
this kind and reported the modeling of the interaction between SN ejecta from ECSNe and
dense CSM caused by super-AGB progenitors. van Veelen 2010 calculated the bolometric
LCs of ECSNe within dense CSM with a simple treatment of the radiation energy loss as is
used by van Marle et al. 2010. In this section, we investigate the interaction and its effect on
the LCs in more detail with STELLA.

5.2.1 Dense CSM from Super-AGB Stars and Properties of ECSNe

We calculate the LCs of ECSNe within dense CSM following the same way as adopted by
van Veelen 2010. Although there are many uncertainties in the super-AGB evolution caused
by the ways to treat physical processes, the mass-loss rates of the super-AGB stars leading
ECSNe are typically ~ 107* Mg yr~!. The CSM velocity is set as 20 km s~! following
van Veelen 2010. This value is the 30% of the escape velocity (50 km s~!) of the expected
super-AGB stars with the luminosity 10°Le), the effective temperature 3,000 K, and 8 M
(see van Veelen 2010 for details).

As is assumed in the previous chapters, we assume that the SN ejecta has two density
structure components and homologously expanding (see, e.g., Section 2.3). The explosion
energy of the ECSN inside is set to 10°° erg based on the numerical explosion modeling
(Kitaura et al. 2006). The SN ejecta mass depends strongly on the mass loss experienced
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Figure 5.1: Optical LCs of ECSNe within dense CSM from super-AGB stars. The left panel
shows the M; = 3.15 M model and the right panel shows the Mg = 0.26 M.

during the progenitor’s super-AGB stage (see, e.g., Pumo et al. 2009). We adopt two SN
ejecta mass which is used by van Veelen 2010 as well, i.e., 3.15 Mg and 0.26 M. The actual
progenitor mass at the time of the explosion is 1.4 Mg larger, which is the mass of the
compact remnant. The SN ejecta and the CSM is connected at 104 ¢cm and the CSM is
extended to 10'6 cm.

5.2.2 Synthetic Light Curves from ECSNe within Super-AGB CSM

The results of LC calculations are presented in Figure 5.1. Because of the low explosion
energy, the luminosity does not become high. The model with the higher ejecta mass has
lower luminosity because the specific kinetic energy is less in the model. The evolution of the
LCs is qualitatively similar to those obtained by van Veelen 2010.

Figure 5.2 shows the comparison between our LLCs and LCs of SNe suggested to be related
to ECSNe, namely, SN 2008S (Botticella et al. 2009) and NGC 300-OT (Bond et al. 2009).
Both SN 2008S and NGC 300-OT are SNe IIn and thus they were exploded within dense
CSM. Two SNe have similar LC shapes and only the absolute luminosities are different.
Comparing the model LCs and observed ECSN candidates, we find that they are different
in many aspects. The model LCs show fast declines after the peak while the observed LCs
decline slowly. After the initial LC declines, the model LCs stay rather constant. This is
because of the continuous CSM interaction. The LCs from the interaction can stay constant
for a long time if, for instance, the SN ejecta mass is much smaller than the CSM mass (see
Section 2.3.2). The observed LCs, on the other hand, decline with the rate consistent with
the ®°Co decay timescale after the initial decline (0.0098 mag day~!).

5.2.3 Discussion and Summary

We have shown the numerical LCs of ECSNe exploded within dense CSM created by the
super-AGB progenitors. We found that the observed LCs of low-luminosity SNe IIn which are
suggested to be connected to ECSNe within dense CSM are not reproduced by the standard
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Figure 5.2: R band LCs of ECSNe within super-AGB CSM and the ECSN candidates SN
2008S (Botticella et al. 2009) and NGC 300-OT (Bond et al. 2009).

CSM which are expected from the super-AGB stars obtained by the current stellar evolution
modeling.

Our results indicate that the observed SNe connected to ECSNe are actually from other
progenitors or that there are missing pieces in the current super-AGB models. Especially,
the mass loss of super-AGB stars are not known well and there may be additional mass-loss
mechanisms like Ne flash which are not taken into account currently (see also Section 6.3.2).
Here, we only investigated standard ECSNe and their dense CSM parameters. We need to
investigate a wider parameter rage, especially of the dense CSM, to find out whether there are
some combination of parameters which can explain the LCs of the ECSN candidates and see
whether the required parameters are close to those expected from ECSNe from super-AGB
stars or not.

5.3 Massive Red Supergiants

RSGs are progenitors of SNe IIP. RSGs, especially massive ones, are theoretically sug-
gested to have some mechanisms to enhance mass-loss rates. Especially, the enhancement
of the mass-loss rates by the pulsations of RSGs is likely to occur shortly before their
explosions (Yoon & Cantiello 2010, Heger et al. 1997, Paxton et al. 2013, Li & Gong 1994).
Yoon & Cantiello 2010 show that this mechanism can potentially make the mass-loss rates
of RSGs as high as ~ 1072 My yr~'. What is more, for RSGs with the ZAMS masses
around ~ 17 M, the pulsations get unstable just before their explosions and the CSM can
remain dense until the time of their explosions. Coincidentally, the minimum ZAMS mass to
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Table 5.1: List of LC models without CSM
Name Progenitor Explosion Energy Radiation Energy®

10°! erg 10%9 erg
s13e3 s13 3 3.0
slbel slb 1 1.3
slbed s1b 3 3.2
slbed s15 5} 4.9
s18e3 s18 3 3.7
s20e3 s20 3 4.2

% Radiation energy emitted in 50 days since the explosion.

cause the pulsations obtained by Yoon & Cantiello 2010 is roughly the same as the maximum
ZAMS mass of SN IIP progenitors indicated by observations (17 Mg, Smartt et al. 2009).
Such extensive mass loss in massive SN IIP progenitors may suppress the upper limit on the
ZAMS mass of SN IIP progenitors because such mass loss can take the whole hydrogen layer
out of the progenitors. Mass loss due to nuclear flash may also be a driving force of the
extensive mass loss (Weaver & Woosley 1979, Dessart et al. 2010b).

There are also observed potential SN IIP progenitors (RSGs) which are losing their mass
with very high mass-loss rates. For example, a RSG VY Canis Majoris is estimated to be
losing its mass with the rate 1 — 2 x 1073 My yr~! from the direct observations of CSM
around it (Smith et al. 2009a). Observations of dusts around another RSG IRAS05280-6910
also indicate the extensive mass loss (~ 1072 Mg yr~!) of the RSG (Boyer et al. 2010). Some
IIP SNe are reported to show the possible effect of dense CSM in their LCs and spectra. A
representative example of this kind is UV-bright SN IIP 2009kf (Botticella et al. 2010). SN
2009kf was bright in UV for ~ 10 days during its early epochs as well as in optical. Later,
the LC transformed to that of a SN IIP and the spectra taken at later epochs are classified
as Type IIP. The fact that SN 2009kf was bright in UV and optical at the same time makes
it difficult to explain SN 2009kf without the CSM interaction. This is because usual SNe IIP
cool adiabatically in their early epochs and they become optically bright after UV brightness
gets weaker. Utrobin et al. 2010 show a LC model of SN 2009kf without CSM interaction
but the required explosion energy is found to be very high (2.2 x 10°2 erg). Another SN IIP
20070d (Andrews et al. 2010) had late phase spectra similar to those of SN IIn 1998S, which
are considered to result from CSM interaction (Pozzo et al. 2004). Also, SN 20070d showed
the possibility of the existence of light echos in its LC and it may indicate the existence of
CSM around the progenitor (Andrews et al. 2010).

Here, given the possibilities that RSGs can have enhanced mass-loss rates and that dense
CSM can exist around RSGs at the time of the explosions, we investigate the effect of dense
CSM on LCs from SNe of RSGs with dense CSM. Some works (e.g., Falk & Arnett 1973,
Falk & Arnett 1977) have already done with the similar conditions but, in this section, we
model them more systematically and with better treatments of physics using STELLA.



124 5. Proposed Supernova Progenitors with Dense Circumstellar Meida

absolute bolometric magnitude
(I_s 68) Ausoulwn| a1nawojoq 6oy

-15 I I I I I
0 20 40 60 80 100 120

days since the explosion (rest frame)

Figure 5.3: Bolometric LCs of the SNe from the progenitors without CSM.

5.3.1 Pre-Supernova Models

We construct pre-SN models by attaching CSM to the RSG progenitor models calculated
by Woosley et al. 2002. As the progenitor models of Woosley et al. 2002 do not take into
account of the extensive mass loss we are interested in, we artificially attach the CSM to the
outer most layer of the progenitor models. The composition of the CSM is solar metallicity
and is the same as the surface of the RSG models which we adopt. Compared to the effect of
the CSM parameters, the LCs are less affected by the RSG models adopted inside (Section
5.3.2.2). This justifies our simple way to construct the pre-SN models. Among the pre-SN
models shown in Woosley et al. 2002, we use the solar-metallicity single star models of RSGs:
s13, s15, s18, and s20. The ZAMS masses of the models s13, s15, s18, and s20 are 13 Mg, 15
Mg, 18 Mg, and 20 Mg, respectively. If they are exploded without CSM, their LCs show a
long plateau phase and thus they are SN IIP progenitors (Section 5.3.2.1). Although we do
not follow explosive nucleosynthesis, 5Ni exists in the core of the pre-SN models because of
the nuclear statistical equilibrium established in the core. However, at the early epochs we
are interested in (first ~ 50 days since the explosions), the photons originated from **Ni decay
do not leak from the ejecta so much and contribute little to LCs. According to Figure 2 of
Kasen & Woosley 2009, the effect of °Ni on SN IIP LCs appear after ~ 50 days since the
explosions and thus our LC models are not applicable from around that epoch. The density
structures of the pre-SN models are shown accordingly in the following sections.



5.3. Massive Red Supergiants 125

-21 -20

si5el’ " s15e1 NUV
sl5e3 U
s15e5 — B —
g X & 19 v—
3 o o R ——
£ =X b=l | —
g -19 3 2
g 43 3 S
= [
L & £
@ £ ©
£ 18 3 g
o 3 >
2 8 2
L 17 < E]
5 = B
2 < ®
= 42 o,
-16 -
15 . . . . . 15 . . . . . . )
0 20 40 60 80 100 120 0 20 40 60 80 100 120 140 160
days since the explosion (rest frame) days since the explosion (rest frame)
-20 T T T -20 T T T
s15e3 NUV s15e5 NUV
U—— -
B —— B ——
_ L vV —— | _ L T vV —— |
[ 18 PR R — o 1 R —
3 . —— I 3 I
2 2
5 5
< -18 < -18 |
£ £
o] o]
(= (=
Q (1]
> >
o -17 o -17
=} S
© ©
%2} [}
Qo Q
© ©
-16 -16
15 . . . . . . . 15 . . . . h . .
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
days since the explosion (rest frame) days since the explosion (rest frame)

Figure 5.4: Bolometric (top left) and multicolor (the others) LCs of the SNe from the
progenitor s15 without CSM. Models with several explosion energies are shown.

5.3.2 Light Curves

In this section, we present LCs calculated by STELLA. First, we show LCs of the explosions
of the RSG progenitors without CSM for references (Section 5.3.2.1) and then LCs of the
explosions with CSM (Section 5.3.2.2).

5.3.2.1 Explosions without CSM

In this section, we present the LCs for the RSG progenitors without CSM. The aim of these
calculations is to provide references to be compared with LCs with CSM. Note that, as
mentioned in Section 5.3.1, the LCs shown here are not applicable after ~ 50 days since
the explosions because we do not follow explosive nucleosynthesis. Table 5.1 is the list of
the LCs shown in this section. Previous studies also calculated the multicolor LCs of SNe
ITP from the same progenitor models with different numerical codes (Kasen & Woosley 2009,
Dessart et al. 2010a, Dessart & Hillier 2010) and from different progenitor models with the
same numerical code (Baklanov et al. 2005, Tominaga et al. 2009, Tominaga et al. 2011).

In Figure 5.3, the bolometric LCs with the same explosion energy (3 x 105! erg) are pre-
sented. When a shock emerges from a stellar surface, a bolometric LC is suddenly brightened
due to the shock breakout. Then, the ejecta cools adiabatically. When the outer layer of the
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ejecta reaches the recombination temperature of H, the LC becomes flat until the photosphere
reaches the bottom of the H layer (plateau phase). After the plateau phase, the LC follows
the decay line of *®Co which existed as °°Ni in the core of the pre-SN model even though we
do not calculate the explosive nucleosynthesis (Section 5.3.1). Note that our LC models are
not applicable after the late epochs of the plateau phase.

The bolometric LCs with the same progenitor (s15) but different explosion energies are
shown in the top left panel of Figure 5.4. In the other panel of Figure 5.4, we also show the
multicolor LCs of each model. Optical LCs are obtained by applying the Bessell UBV RI
filters (Bessell 1990) and UV LCs are derived by using the near-UV (NUV) imaging filter of
the Galazy Evolution Explorer (GALEX) satellite whose central wavelength is around 2, 300 A
(Morrissey et al. 2005). After the first brightening due to shock breakout, NUV first become
bright because of the adiabatic cooling of the ejecta. Then, LCs become bright in optical as
NUV become fainter. This is an important feature of usual SNe IIP. They are not bright in
UV and optical at the same time. The behavior of the multicolor LCs of the other progenitors
is qualitatively the same as the multicolor LCs shown in Figure 5.4.

5.3.2.2 Explosions with CSM

In this section, we investigate the effect of CSM around RSGs on SN LCs. After the core
collapse of a progenitor, a shock wave propagates inside the progenitor. At these epochs,
CSM is not ionized and optically thin. Then, after the shock wave has gone through the
surface of the progenitor, a precursor wave appears in the CSM and CSM is ionized. The
precursor wave propagates very fast and soon reaches to the surface of CSM. The optical
depth (7esm) of CSM after the shock wave reached the surface of the progenitor is expressed
as

R, Rion —s

Tesm = /R Hcsm@“)ﬂcsm(r)dr =~ /R Hcsm(r)pcsm(Ri) (r> dr, (51)
where Kesm is the CSM opacity, pesm is the CSM density, R, is the CSM radius, R; is the radius
of the inner edge of CSM where CSM is connected to the progenitor inside, i.e., the radius of
the progenitor inside, and Rjo, is the ionization front in CSM. 7.gy, depends on the thickness
of the ionized layer because kesm above the ionization front is very low (Kesm ~ 1074 cm? g=1).
In order to estimate a condition in which CSM can affect the radiation from inside, we assume
that CSM below Rjon is fully ionized and the Thomson scattering is the predominant source
of opacity (Kesm(r) = 0.34 cm? g~! with solar metallicity). With R; ~ 5 x 10'® ecm (Figure
5.5; Section 5.3.2.2), R; < Rion, and s 2 1, the condition to be Tegm > 1 is

p(R;) 2 6x1071 (s —1) gem™. (5.2)

Thus, when the density of CSM at the radius where CSM is connected to the progenitor model
inside is more than ~ 10713 ¢ cm™2, CSM becomes optically thick and photons from inside are
expected to be affected by the CSM. CSM with mass-loss rates higher than ~ 1074 Mg, yr—!
satisfy this condition, assuming that the CSM velocity is 10 km s~} (Figure 5.5).

In the following sections, we also investigate the dependence of LCs on several physical
parameters of CSM and progenitors. The parameters of CSM adopted are mass-loss rates
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Figure 5.5: Density structures of the pre-SN models with different mass-loss rates and density
slopes. The density structures shown with solid lines have CSM density slope of pegm o< 12
and those shown with dashed lines have CSM density slope of pesm o 715, The pre-SN
models are constructed by attaching CSM to the progenitor model s15.

[1071 —10"*M, yr~1], radii of the outer edge of CSM (CSM radii) [5x 104 —3 x 10'cm], and
density slopes (pesm x 7~°) [s = 2,1.5]. Several progenitor models inside are also adopted
[s13, s15, s18, s20]. The density structures of the pre-SN models with CSM are shown
accordingly in the following sections. The model parameters and results are summarized in
Tables 5.2 and 5.3.

Effect of CSM

Typical bolometric LCs which are affected by the CSM are shown in Figure 5.6 with the
bolometric LC from the model without CSM (s15e3). We focus on the model s15w2r20m3e3
to describe the effect of the CSM in this section. The CSM mainly affects the LCs at the early
epochs, roughly until the sudden drop in the LLCs which can be seen at around 25 days in the
model s15w2r20m3e3 (1072 My yr—1). At first, LCs have round shapes (until ~ 15 days in
s15w2r20m3e3). The round phase is followed by a flat LC which lasts until the sudden drop
(~ 15 — 25 days in s15w2r20m3e3). LCs are mainly powered by the interaction of SN ejecta
and CSM at these epochs. We call these epochs as an interaction-powered phase (IPP) in
this section.

The IPP appears in the LCs of the SNe with the dense CSM. When the temperature
and the CSM density are high enough, the CSM become optically thick and the photosphere
locates in the CSM. The photosphere during the IPP is in the CSM. This can clearly seen
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Figure 5.6: Bolometric LCs of the models with different mass-loss rates. The models
shown are s15w2r20mle3 (1071 Mg yr—1), s15w2r20m2e3 (1072 Mg yr— 1), s15w2r20m3e3
(1073 Mg yr=1), and s15w2r20m4e3 (10~* Mg, yr~!). The bolometric LC of the model s15e3
(no CSM) is also shown for comparison.

in Figure 5.7. Looking into the model s15w2r20m3e3, the photospheric velocity is at first
10 km s~!, which is the initial CSM velocity. This is a characteristic feature of the explosions
within the dense CSM. Then, the photospheric velocity increases due to the acceleration of the
CSM by the precursor wave. At around ~ 15 days in s15w2r20m3e3, the photosphere reaches
the dense shell between the SN ejecta and the CSM (Figure 5.8). Then, the photosphere goes
into the SN ejecta at ~ 25 days.

All the LCs affected by CSM have round shapes at first (Figure 5.6). We briefly discuss
why the round phase appears. As our models have 7.gy > 1, photons cannot escape freely
from the CSM. In addition, our models satisfy the following condition at some moment when
the shock wave is propagating in the CSM:

R,

c

Teh = / Kesm () Pesm (1)dr < —, (5.3)
Rsh Us

where Ry is the radius of the shock wave and vy is the shock velocity. Therefore, photons can
diffuse out from the shock wave and a precursor wave propagates ahead of the shock wave
(see the left panels of Figure 5.8). As the shock velocity is typically ~ 10,000 km s~! when
the shock wave reach R;, c¢/vs is typically ~ 10 at that time. Thus, photons in the models
with

Pesm(Ri) < 6x 1071 g em™3 (5.4)
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Figure 5.7: Evolutions of photospheric velocity of the models s15w2r20m2e3, s15w2r20m3e3,
and sl5e3. The photosphere is defined as the location where the Rosseland optical depth
becomes 2/3. Observed Ha line velocity of SN 2009kf is also plotted in the figure. The
explosion date of SN 2009kf is set as the same as in Figure 5.18.

start to leak photons from the shock wave just after the shock wave reach R;. The other
models satisfy Equation 5.3 when the shock wave propagates in the CSM because the decel-
eration of the shock wave makes ¢/vg higher and the propagation of the shock wave reduces
Tsh- Once Equation 5.3 is satisfied, photons start to leak out from the shock wave and this
phenomenon is usually observed as the shock breakout. However, since there is the remaining
dense CSM above at the time of the shock breakout, photons diffuse out in the CSM and the
shock breakout signal become longer compared with the explosions without the CSM (see
also Falk & Arnett 1973, Falk & Arnett 1977).

In addition, SN ejecta is decelerated by the dense CSM. The dense CSM is massive and
it has the density structure pesm o r~2 if it is from steady mass loss. Thus, the shock wave
between the SN ejecta and the CSM is decelerated and the kinetic energy of the SN ejecta
is converted to thermal energy which is released as radiation energy. As a result, SNe with
the dense CSM emit more photons and become brighter than those without the dense CSM.
For further discussion, see, e.g., Chapter 4. Comparing radiation energy emitted during
early epochs (Tables 5.1 and 5.2), it is clear that the effect of the SN ejecta deceleration is
dominant radiation source during the IPP. In other words, the round phase is not just due
to the elongation of the shock breakout signal seen in the models without the CSM.

The differences in the rising times and the durations of the round LCs during the IPP
come from the difference in the diffusion timescales of the CSM (Figure 5.6). The models
with the higher mass-loss rates have the denser CSM and thus the longer diffusion timescales.
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Figure 5.8: Physical structures of the models s15w2r20m2e3 and s15w2r20m3e3 at two
epochs. The epochs are the days since the explosion. Black lines show the density structure
(left y-axis). Blue lines are the velocity scaled by 10% cm s~! (right y-axis), purple lines
are the logarithm of the absolute value of luminosity scaled by 100 erg s=! (right y-axis),
green lines are the logarithm of the temperature in Kelvin (right y-axis), and red lines are
Rosseland optical depth measured from the outside (right y-axis).
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Figure 5.9: Multicolor LCs of the models with different mass-loss rates (solid lines). The

dashed lines are the multicolor LCs of the model s15e3 for comparison. LCs of the same color

are from the same filter. Note that top left panel has different y-axis range from the other
panels.

This difference due to the diffusion timescales can be clearly seen in Figure 5.8. The upper
panels and the lower panels represent the same epoch of the explosion with the different CSM
densities, i.e., the different CSM diffusion timescales. As is indicated by the temperature
waves in the CSM which are pushed by the photon diffusion, photons in the CSM with
the shorter diffusion timescales diffuse out more quickly into the CSM. Therefore, the rising
times and the durations of the round phase in the IPP are shorter for the models with the
smaller CSM diffusion timescales. Those differences are also discussed in Falk & Arnett 1973,
Falk & Arnett 1977.

The round LC in the IPP is followed by the flat LC which lasts until the sudden drop in
the LC (between around 15 days and 25 days in s15w2r20m3e3). During this flat phase, the
photosphere locates at the dense shell between the SN ejecta and the CSM. The photospheric
velocity does not change so much during the flat phase (Figure 5.7). After the CSM above
the dense shell has become optically thin, the photosphere remains at the dense shell until
the temperature and the density of the shell become low enough to be optically thin.

One of the clear characteristics of the LCs with CSM is the sudden drop in the LCs. The
time of this sudden drop corresponds to the time when the dense shell becomes optically
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Figure 5.10: Density structures of the pre-SN models with the different radii. Models with
the solid lines have the mass-loss rate 1072 My yr~! and those with the dashed lines have
1073 My yr~!. The pre-SN models are constructed by attaching the CSM to the progenitor
model s15.

thin and the photosphere proceeds inward to the SN ejecta. This can also be seen in the
photospheric velocity evolution (Figure 5.7). The brightness can drop as low as the LC
without CSM because now the photons are emitted from the SN ejecta and the physical
conditions are the same as those of SNe without dense CSM. However, the brightness is still
slightly more luminous than the LC without CSM for several days after the sudden drop.
This could be because of the extra-heating due to shock and/or the deceleration of SN ejecta
by CSM which makes the adiabatic cooling of the SN ejecta less efficient.

There are many differences between our models (RSG + CSM) and RSGs with ex-
tended envelopes. First of all, it is difficult to have RSGs extended to ~ 10 cm (e.g.,
Woosley et al. 2002). What is more, the density and the temperature in RSGs are much
higher in RSG envelopes than in the CSM. This does not allow the shock wave in RSGs to
satisfy Equation 5.3 until the shock wave reaches the surface of RSGs. In other words, the
shock wave does not break out until it reaches near the surface. On the contrary, in our
models, Equation 5.3 is satisfied inside the CSM and the precursor wave propagates ahead
of the shock wave. In addition, the kinetic energy of the SN ejecta efficiently converted to
radiation energy because of the deceleration of the SN ejecta by the dense CSM. This pre-
cursor wave due to the shock breakout in the CSM and an additional heating source causes
the IPP phase.



5.3. Massive Red Supergiants 135

Dependence on Mass-Loss Rate

In this section, we show the effect of mass-loss rates on LCs. We adopt the mass-loss rates
of 1071, 1072, 1073, and 10* M yr~! (the corresponding model names are s15w2r20mil,
s15w2r20m2, s15w2r20m3, and s15w2r20m4, respectively). For the case of 107! Mg yr— 1,
CSM mass is 6.5 Mg and the sum of the mass of the RSG inside and the CSM exceeds the
ZAMS mass of the progenitor. This is unrealistic but we show the results just to see the
effect of CSM. Every CSM in the models is optically thick (Equation 5.2, Figure 5.5). These
mass-loss rates are derived by assuming that the CSM velocity is 10 km s~!. However, the
escape velocity of the surface of s15 is 76 km s~!. This means that the CSM velocity can be
higher than 10 km s™! at least at the late stages of the evolution of the progenitors and thus
the actual mass-loss rate for a given CSM density could be higher than the values we show.
The flow from the progenitor may not be even steady. However, we assume that the CSM
result from the steady flow from the progenitors with the velocity 10 km s~! for simplicity
because the CSM velocity has little effect on the LCs. To see the effect of the mass-loss rates
on the LCs, we fix the radius of the CSM to 2 x 10" cm and the density slope t0 pegm o< 72
in this section. Also, the explosion energy and the progenitor of the SNe are fixed to 3 x 10!
erg and s15. The density structures of the progenitors with the CSM are shown in Figure
5.5.

Figure 5.6 shows the bolometric LCs of the SNe with the different mass-loss rates. Since
the diffusion timescale of the CSM becomes larger for the denser CSM, the rising times and
the durations of the round phases in the LCs are longer for the models with the higher mass-
loss rates. The maximum luminosity of the LCs becomes larger as the CSM becomes denser.
This is because the shock wave is more decelerated by the CSM due to the more massive
CSM, i.e., more kinetic energy is converted to thermal energy and thus radiation energy. The
radiation energies of the models are summarized in Table 5.2.

The multicolor LCs of the models in this section are shown in Figure 5.9. Each LC is
plotted with the multicolor LCs of no CSM model s15e3. It is clear that the LCs during the
IPP become bright especially in the short wavelengths because of the high temperatures at
the photosphere.

Dependence on Radius

In this section, the effect of the CSM radius on LCs is investigated. To see the effect of the
CSM radius, we fix the following parameters: the explosion energy (3 x 10°! erg), the density
slope (s = 2), and the progenitor inside (s15). We try two mass-loss rates, 1072 My yr—!
and 1072 Mg, yr~!. We adopt four CSM radii to see the effect, i.e., 5 x 10! cm (s15w2r05m2
and s15w2r05m3), 1 x 10'® cm (s15w2r10m2 and s15w2rl0m3), 2 x 10'% cm (s15w2r20m2
and s15w2r20m3), and 3 x 10 cm (s15w2r30m2 and s15w2r30m3). With the constant CSM
velocity 10 km s™!, the mass loss in the models lasts 16 years, 32 years, 64 years, and 96
years, respectively. The density structures of the pre-SN models are shown in Figure 5.10.
Figure 5.11 shows the bolometric LCs of the models with the different CSM radii. The
durations of the round phases in the IPP are longer for the models with the larger CSM
radius. This is because the diffusion times of the LCs are longer for the models with the
larger CSM radius. On the other hand, the maximum luminosities of the round phases
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Figure 5.11: Bolometric LCs of the models with the different CSM radii. The top panel

shows the LCs from the models with the mass-loss rate 1072 Mg, yr~

1

and the bottom panel

shows those with 1073 My yr~!. The bolometric LC of the model s15e3 is also shown for

comparison.
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Figure 5.12: Multicolor LCs of the models with different radii (solid lines). The dashed lines
are the multicolor LCs of the model s15e3 for comparison. LCs of the same color are from
the same filter. Note that the scale of y-axis in the right bottom panel (s15w2r30m2e3) is
different from those in the other panels.

decrease as the CSM radius increases. As the explosion energy and the density structure are
similar in each model, the radiation energy released by the shock interaction is also close to
each other (see Table 5.2 for the radiation energy emitted in each model). Therefore, the
difference in the maximum luminosities is caused by the difference in the diffusion timescales.
Even if the same energy is released in the same timescale, photons are more scattered and
distribute more uniformly in the CSM for models with the longer diffusion timescales. Thus,
the luminosity, i.e., radiation energy released from the CSM surface in a unit time, becomes
lower for the models with the larger CSM radii. The flat phase of the IPP is also longer for
the models with the larger radius.

The multicolor LCs of the models with 1072 M, yr~! are shown in Figure 5.12. Although
s15w2r05m2e3 has the brightest peak bolometric luminosity among the models, the NUV and
UBV RI band LCs of the model are the faintest. This is because the more compact CSM is,
the hotter CSM becomes. The photosphere of the model s15w2r05m2e3 is too hot during the
IPP to emit the radiation in the NUV and UBV RI bands. The SEDs of the models at the
bolometric peak are shown in Figure 5.13.
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Figure 5.13: SEDs of the models with the different radii at the epoch of the maximum

bolometric luminosity. The mass-loss rate of the models is 1072 Mg, yr— .

Dependence on Density Slope

2 results from the steady flow from the central progenitor.

The CSM density slope of pesm o 7~
However, if mass loss is not steady, the density slope does not necessarily have the density
structure pesm o 72 and can be shallower (s < 2) or steeper (s > 2) (c.f. Chapter 3). We
calculate the LCs with the slope s = 1.5 as an example. As we are fixing the CSM velocity,
the mass-loss rates should change with time to have the density slope s = 1.5. The CSM
radius (2 x 10'® cm), the explosion energy (3 x 10°! erg), and the progenitor inside (s15) are
fixed in this section. To see the effect of density slopes, we calculate the models with the same
CSM masses as the models with the density slope s = 2, i.e., 6.5 Mg (s15wl.5r20m1), 0.65
Mg (s15w1.5r20m2), 0.065 M (s15w1.5r20m3), 0.0065 Mg (s15w1.5r20m4). The density
structures of the pre-SN models are shown in Figure 5.5.

Figure 5.14 shows the bolometric LCs. The dependence on the CSM mass in the case
s = 1.5 is similar to that of the case s = 2. Looking into the bolometric LCs with the same
CSM mass, the LCs with s = 1.5 are fainter until around the bolometric peak and then
become brighter. This is because in the case of s = 1.5, the CSM is denser outside and
thinner inside compared to the case of s = 2 (Figure 5.5). Since the kinetic energy is more
efficiently converted to the radiation energy with the denser CSM, the LCs from shallower
CSM become brighter at later epochs. Although the luminosity of L.Cs is affected by density
slopes, the durations of the round phase and the epochs of the sudden drop in the cases of
s = 1.5 are similar to the cases of s = 2 and are not strongly affected by the density slopes.

The multicolor LCs are similar to those shown in Figure 5.9. The NUV absolute Vega mag-
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Figure 5.14: Bolometric LCs of the models with the different CSM density slopes and the
mass-loss rates. The bolometric LCs shown with the solid lines have the CSM density slope of
Pesm X r~15 and those shown with the dashed lines have the CSM density slope of pesm X r2.
’s15” in the model names are omitted in the figure. The bolometric LC of the model s15e3
(no CSM) is also shown for comparison.

nitudes become as bright as —22.8 mag, —21.7 mag, —20.7 mag, and —20.0 mag for the models
s15wl.5r20mle3, s15wl.5r20m2e3, s15wl.5r20m3e3, and s15wl.5r20m4e3, respectively.

Dependence on Explosion Energy

In this section, we look into the effect of the explosion energy on the LCs. As the higher
explosion energy leads to the higher kinetic energy of the SN ejecta, the luminosities of the
LCs during the IPP are expected to be higher with the higher explosion energies. The fixed
parameters in this section are the mass-loss rate (1072 My, yr~!), the CSM radius (2 x 10*°
cm), the density slope (s = 2), and the progenitor (s15). The explosion energies we adopt
are 1 x 105! erg (s15w2r20m2el), 3 x 10°! erg (s15w2r20m2e3), 5 x 10°! erg (s15w2r20m2e5),
and 7 x 10°! erg (s15w2r20m2e7). The density structures of the models in this section are
the same as that of the model s15w2r20m2 (Figure 5.5).

Figure 5.15 is the bolometric LCs of the explosions with the different explosion energies.
As expected, the LCs become brighter with the higher explosion energies. Since the shock
propagates faster in a higher energy model, the model has a shorter rising time and a shorter
duration. However, the LCs are less sensitive to explosion energies than mass-loss rates and
radii. This is because the CSM parameters have the direct effect on the diffusion timescales,
while the explosion energy determines the strength of the shock wave where photons are
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Figure 5.15: Bolometric LCs from the model s15w2r20m2 with the different explosion ener-
gies.

emitted.

The multicolor LCs of all the models shown in this section are similar to those of the
model s15w2r20m2e3 in Figure 5.9 with the different rising times, durations, and brightness.
The rising times and the durations are the same as those of the corresponding bolometric LCs
and the NUV absolute Vega magnitudes become as bright as —21.0 mag, —22.4 mag, and
—22.8 mag for the models s15w2r20mz2el, s15w2r20mz2e5, and s15w2r20m?2e7, respectively.

Dependence on Progenitor

In the previous sections, the progenitor model inside the CSM is fixed to s15. As the LCs
during the IPP are powered by the interaction of SN ejecta and CSM, the effect on the
LCs due to the difference in the progenitors (RSGs) inside is expected to be small. To
confirm this, we calculate the LCs of the models which have different progenitors but the
same CSM parameters. The CSM parameters fixed are the mass-loss rate (1072 Mg yr—1),
the CSM radius (2 x 10'® ¢cm), and the density slope (s = 2). The explosion energy is also
fixed to 3 x 10°' erg. We use SN IIP progenitors s13 (s13w2r20m2), s15 (s15w2r20m2),
s18 (s18w2r20m2), and s20 (s20w2r20m2) to see the effect. Figure 5.16 shows the density
structures of the models. We note that the CSM density structures of the models are slightly
different from each other because the radius where the CSM is connected to the central
progenitor is different depending on the pre-SN models.

Figure 5.17 shows the LCs with the different progenitors. Roughly speaking, the LCs
are similar to each other because all the progenitors are RSGs and the properties of the
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Figure 5.16: Density structures of the pre-SN models with the different progenitor models

inside.

progenitors, like radii or density structures, are not dramatically different from each other.
There are slight differences in the maximum luminosities and the epochs of the sudden drop
in the LCs due to the slight difference in those properties of the progenitors.

The multicolor LCs are also similar to those of the model s15w2r20m2e3 (Figure 5.9).
The NUV absolute Vega magnitudes become as bright as —22.0 mag, —21.8 mag, and —21.9
mag for the models s13w2r20m2e3, s18w2r20m2e3, and s20w2r20m2e3, respectively.

5.3.3 Discussion

In this section, we compare our LCs obtained in the previous section to that of UV-bright
SN IIP 2009kf whose LC is suggested to be affected by dense CSM (Botticella et al. 2010).
We show that the LC of SN 2009kf is actually reproduced by the LC models with dense CSM
and we get constraints on the state of the CSM around the progenitor of SN 2009kf at the
pre-SN stage.

5.3.3.1 Observations of SN 2009kf and Light Curve Modeling

SN 2009kf was discovered by Pan-STARRS 1 survey and observed by GALEX using the
NUV filter (Botticella et al. 2010). The observations of SN 2009kf by GALEX revealed its
distinguishing features: SN 2009kf was continued to be bright in NUV for more than 10
days and it was also bright in the optical bands during the same period. This feature is
difficult to be explained by SN IIP models without the dense CSM. This is because, after
the shock breakout, the UV LCs of SNe IIP without the dense CSM decline rapidly due to
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Figure 5.17: Bolometric LCs of the models with different progenitors inside.

the adiabatic cooling of the ejecta and the absorptions by iron group elements. Therefore,
the optical brightness of SNe IIP without the dense CSM increases as the ejecta cools down
with the decreasing UV brightness (Figure 5.4). Utrobin et al. 2010 try to model the LC of
SN 2009kf without dense CSM and they find that large explosion energy (2 x 1052 erg) is
required to obtain the LC of SN 2009kf.

One big uncertainty is in the extinction of SN 2009kf. Although the galactic extinction
is negligible (E(B — V') = 0.009 mag; Schlegel et al. 1998), the host extinction is estimated
as E(B — V) = 0.32 £ 0.5 mag (Botticella et al. 2010). The large uncertainty in the host
extinction makes it difficult to estimate its absolute NUV magnitudes. The redshift of the
host galaxy is 0.182 £ 0.002 (Botticella et al. 2010).

In Figure 5.18, we show a comparison of the model s15w2r20m2e3 with the LCs of SN
2009kf. The SED derived at each time step in STELLA is reddened with the host extinction
assuming the extinction law of Cardelli et al. 1989 and then shifted to the redshift 0.182 by
using the standard ACDM cosmology with Hy = 70 km s~ Mpc™!, Oy = 0.3, and Q2 = 0.7.
The host extinction we apply here is E(B — V) = 0.22 mag. The top panel of Figure 5.18
shows the LCs in the first 60 days since the explosion in the observer frame. The solid
lines are the model LCs and the points are the observations by Botticella et al. 2010. The
epochs of observations are shifted arbitrarily. There is little contribution of Ni produced
by explosive nucleosynthesis on LCs at these epochs. The model LCs are in good agreement
with the observations. Especially, the characteristic observational feature that the NUV
LC and the optical LCs are bright at the same epochs is well-reproduced, as well as the
NUV brightness. In the bottom panel of Figure 5.18, the LCs at the later epochs are also
shown. Since the explosive nucleosynthesis (amount of °Ni produced), the progenitor model



5.3. Massive Red Supergiants 143

17 T T T T T
g —@—
r—@—
18 | i —@— ]
z 0
19 | NUV-3 —@— |
g ——
r ——
20 i — A
7z —
NUV-3 ——

apparent AB magnitude
N
=Y

24
25 W
0 10 20 30 40 50 60
days since the explosion (observer frame)
17 T T T T T T T T T

apparent AB magnitude

25I 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

days since the explosion (observer frame)

Figure 5.18: Comparison of the model LCs from s15w2r20m2e3 with the observed LCs of
SN 2009kf. Each point is the observed LCs and the solid lines are the model LCs shifted to
the observer frame. The epochs of the observation points are shifted arbitrarily. The model
LCs are obtained by reddening the SEDs obtained by the numerical calculations with the
host extinction of E(B — V) = 0.22 mag and then adopting the redshift 0.182. Magnitudes
of NUV are shifted by 3 magnitudes in this figure.
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inside (mass of hydrogen layer), and the degree of mixing of °Ni in H-rich layer mainly
affect the LCs at the epochs after the IPP (e.g., Kasen & Woosley 2009, Dessart et al. 2010a,
Dessart & Hillier 2010, Bersten et al. 2011), modeling this part of the LCs is out of our scope.
Especially, if we include such effect, the photosphere is expected to be located outer than
our model and the photospheric velocity becomes faster. The model shown in Figure 5.18
has the explosion energy of 3 x 10°!
shown in Figure 5.7 with the observed Ha line velocity. Although our model LCs have

erg and the evolution of the photospheric velocity is

slower photospheric velocity, it is expected to increase as is mentioned above. Large amount
of 55Ni production is expected from the long plateau phase after the IPP. In addition, the
observational facts that the bolometric luminosity at the plateau phase is very high and the
Ha line velocities of SN 2009kf are very large also indicate large explosion energy of SN
2009kf. Note that the LCs during the IPP are not sensitive to the central progenitor model
(Section 5.3.2.2) and the progenitor models other than s15 can also work.

5.3.3.2 CSM around the Progenitor of SN 2009kf

Given that the only observational data we are able to compare with our model LCs are those
during the IPP and that the difference in the progenitors inside (RSGs) does not have much
effect on LCs during the IPP (Section 5.3.2.2; Figure 5.17), it is difficult to constrain the
ZAMS mass of the progenitor of SN 2009kf. However, as we show in Section 5.3.2.2, the LCs
of the IPP is strongly affected by the CSM parameters and we can get constraints on them.
In this section, we try to make constraints on the CSM around the progenitor of SN 2009kf
at the pre-SN stage.

First, as discussed in Section 5.3.2.2, the mass-loss rate of the progenitor should be larger
than ~ 107 My yr—! to see the effect of the CSM on LCs. The duration of the UV-bright
phase of SN 2009kf indicates that the CSM radius is larger than ~ 1 x 101 cm (Section
5.3.2.2; Figure 5.11). Although a model with low explosion energy and a small CSM radius
can result in LCs with a duration similar to that of SN 2009kf, the high bolometric luminosity
and the large line velocities of SN 2009kf are difficult to be reproduced by such low-energy
explosion.

The absolute NUV magnitude of the UV-bright phase is required to make further con-
straints on CSM. However, due to the uncertainty in the host extinction, it is difficult to get
the absolute NUV magnitude of SN 2009kf. Therefore, what we can confidently conclude
is that SN 2009kf has a LC naturally explained by the CSM interaction (long-lasting UV
brightness during the period when it is also bright in optical) and the mass-loss rate of its
progenitor should be higher than 107 M, yr~! just before or at the time of the explosion to
see such effect on the LCs, assuming that the CSM velocity is 10 km s~!. The CSM radius
which is larger than ~ 1 x 10'® cm is inferred from the duration and brightness of the NUV
LC. If the host extinction is assumed to be E(B — V) = 0.22 mag, the multicolor LC model
of the IPP shown in Figure 5.18, which has the CSM with the mass-loss rate 1072 Mg yr—!
and the radius 2 x 10 cm, is consistent with the UV-bright phase of SN 2009kf. We note
that the density slope of the CSM does not have much effect on the duration of the IPP as
shown in Section 5.3.2.2 and we cannot constrain the density slope well with our model.
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5.3.3.3 Progenitor of SN 2009kf and Its Extensive Mass Loss

The high bolometric luminosity at the plateau phase and very high line velocities of SN
2009kf imply that SN 2009kf had a high explosion energy. In addition, the long plateau phase
indicates that the amount of Ni produced by the explosive nucleosynthesis is large. Since
SNe IIP from higher ZAMS mass progenitors tend to be more energetic and produce more
%Ni (e.g., Hamuy 2003, Utrobin & Chugai 2009), the progenitor of SN 2009kf is indicated to
be one of the most massive RSGs and may come from the high mass end of RSGs. Therefore,
it is indicated that the most massive RSGs can have a very high mass-loss rate and that such
extensive mass loss can occur just before the explosions of the massive RSGs.

Not only LCs but also spectra can be affected by the existence of dense CSM. During the
IPP phase of SNe from RSGs with dense CSM, the photosphere is located in CSM and very
narrow P-Cygni profiles, which are similar to those of SNe IIn, are expected to be observed
(Figure 5.7). Then, after the IPP, their spectra shift to those of SNe ITP. In other words, SN
2009kf-like SNe can be a hybrid type of Type IIn and Type IIP (Figure 5.19). If extensive
mass loss of massive RSGs happens just before their explosions, CSM mass and/or radius
can be so small that the interaction of dense CSM and SN ejecta ends in early epochs. Then,
the corresponding SN may be observed as a hybrid of Type IIn and Type IIP and SN 2009kf
might be classified as Type IIn if early spectra were taken. If there is large and/or massive
enough CSM or a shell exists that is created long before the explosion due to extensive mass
loss, the SNe may be purely Type IIn and may not show the feature of SNe IIP (Figure 5.19).
Our prediction that the early spectra of SN 2009kf-like SNe have narrow lines is what clearly
differs from theoretical models suggested by Utrobin et al. 2010.

While no spectra of SN 2009kf were taken during the IPP, SN 1987C are suggested to have
shown such transition of the spectra from a Type IIn-like blue spectrum with narrow hydrogen
emission lines to Type IIP spectra (Schlegel & Kirshner 1998). The Type IIn-like spectrum of
SN 1987C is taken at 52 days since its discovery when SN 1987C could have been approaching
to the end of the IPP. At 79 days after the discovery, the spectrum showed the P-Cygni profile
of hydrogen lines and the line velocity of Ha was high (6,800 km s=!). Although SN 1987C
was not observed by UV, this transition of the spectra could indicate that SN 1987C may be
another sample of an explosion of a RSG within a dense CSM. The high Ha line velocities
indicates that the progenitor of SN 1987C was a massive RSG. Another luminous SN II
2007pk, whose LC evolution is likely in between those of SNe IIP and SNe IIL, is suggested
to have the early spectral transition from Type IIn to Type II (Inserra et al. 2012). Such
early observations of SN spectra are important to find other candidate SNe which are the
hybrid of Type IIn and Type IIP.

Rareness of UV-bright SNe ITP similar to SN 2009kf can be interpreted as a relatively small
ZAMS mass range of this event. For example, no SNe IIP observed with Swift satellite show
the long term UV-brightening which is expected by the CSM interaction (Brown et al. 2009).
The rareness of UV-bright SNe IIP also supports that they may come from the high mass end
of SN IIP progenitors (Figure 5.19). Note, however, that the rareness can also be interpreted
in different ways. For example, it is possible that RSGs generally have extensive mass loss
(due to, e.g., nuclear flashes) but it usually occurs long before their explosions and the mass
range of the progenitors which experience extensive mass loss just before the explosions is
small. Future early spectral and UV observations of SNe IIP are required to get more samples
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Figure 5.19: Left: Possible relation between ZAMS mass and SN types. We set the max-
imum ZAMS mass of SNe IIP as M, which is observationally suggested to be ~ 17 Mg
(Smartt et al. 2009). Dense CSM may be left at the time of SN explosions at a ZAMS mass
range above M. If there is enough CSM, the SNe can be Type IIn. On the other hand,
there can be a small ZAMS mass range from M, to M}, + 8 (with small §), in which there
is not enough CSM for the SN to continue to be Type IIn and the SN can be a hybrid of Type
ITP and Type IIn. SN 2009kf, SN 1987C, and SN 2007pk are possible candidates for such a
hybrid SN. The number fraction of SNe (y-axis) is determined by an initial mass function.
Right: The same as left but plotted with progenitor stars. The explosions of RSGs without
dense CSM are expected from ~ 8 Mg to M. RSGs explode within dense CSM above
M. A yellow supergiant is observationally found to be the progenitor of SN IIL 2009kr. The
ZAMS mass of the yellow supergiant is estimated as ~ 18 — 24 M, (Elias-Rosa et al. 2010)
and 157°, Mg, (Fraser et al. 2010), which is consistent with our picture.
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of SN 2009kf-like SNe so that we can make constraint on the mass range of SN 2009k{-like SNe
and on the driving force of such extensive mass loss. Observations of nebular phase spectra
are also important for determining the ZAMS mass of such SNe (e.g., Dessart et al. 2010a).

5.3.4 Summary

We show that the existence of dense CSM around massive RSGs theoretically suggested
affects LCs from the explosions of massive RSGs. This is because (1) the shock breakout
signals are elongated by the CSM and (2) SN ejecta is decelerated by the CSM. In particular,
because of the deceleration, kinetic energy of SN ejecta is converted to thermal energy which
is emitted as radiation and SNe can be brighter than usual. The LC becomes bright in UV as
well as in optical. In addition, the photospheric velocity of early epochs is very low because
the photosphere is located in the CSM at early epochs. The most influential parameters of the
CSM are mass-loss rates and radii. The mass-loss rate should be higher than ~ 10~* Mg, yr—!
to show the effect of the CSM. The higher mass-loss rates and/or the larger radii lead to the
longer diffusion timescales of the CSM and thus, the longer durations and rising times of the
LCs powered by the interaction. Density slopes and explosion energies also slightly change
the LCs. The difference in SN IIP progenitor (RSG) models inside the CSM are not so
sensitive to the LCs. (Section 5.3.2)

The LCs of SN ITP 2009kf, which were bright in UV as well as in optical in early phases
(Botticella et al. 2010), can be explained by the pre-SN models with dense CSM. The mass-
loss rate of the progenitor of SN 2009kf should be higher than 10™* Mg yr~!. The CSM
radius is expected to be larger than ~ 1 x 10'® cm. The explosion energy of SN 2009kf is
likely to be very high because of its high bolometric luminosity at the plateau phase and its
high line velocities. The long duration of the plateau phase of SN 2009kf implies that the
large amount of ®*Ni is produced by the explosion.

The high explosion energy and the large amount of °°Ni produced indicate that the progen-
itor of SN 2009kf is a massive RSG. Our results show that massive RSGs are likely to experi-
ence extensive mass loss exceeding 10™* Mg yr~! just before their explosions. The explosions
of such massive RSGs with extensive mass loss will be SN 2009kf-like SNe. Their spectra
show the transition from Type IIn-like spectra to Type IIP spectra which is likely observed
in SN 1987C (Schlegel & Kirshner 1998) and SN 2007pk (Inserra et al. 2012). The existence
of such SNe indicates that there is actually some mechanism to enhance mass loss of mas-
sive RSGs, like pulsations discussed by Yoon & Cantiello 2010 or nuclear flashes suggested by
Weaver & Woosley 1979. Such a mechanism may reduce the maximum ZAMS mass of SN ITP
progenitors predicted by the single star evolution modeling (~ 25M¢; e.g., Heger et al. 2003)
as low as the observationally implicated value (~ 17Mg; e.g., Smartt et al. 2009) (Figure
5.19).

Future early spectral and UV observations of SNe will find other SNe similar to SN 2009kf
and provide LCs with long time coverage and spectra at the IPP. Large samples and detailed

observations of SN 2009kf-like SNe can reveal the mass-loss mechanism of RSGs as well as
the nature of SN 2009kf-like SNe.
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5.4 Luminous Blue Variables

Asis introduced in Chapter 1, LBVs have not been considered to be SN progenitors. Recently,
however, Groh et al. 2013 show that the spectra of the rotating 20 My and 25 My pre-SN
model obtained by Ekstrém et al. 2012 become similar to those of LBVs and these relatively
low-mass stars may be at an LBV stage at the time of the core collapse. This is the first
theoretical LBV SN progenitors reported.

The possibility of LBV explosions is first suggested by Kotak & Vink 2006 by in-
terpreting SN radio LCs, not from SN IIn observations. Radio emission from SNe is
caused by the interaction between SN ejecta and the progenitor’s CSM (see Section
2.2.1) and the mass-loss history of the SN progenitor is imprinted in SN radio LCs (e.g.,
Weiler et al. 2002, Chevalier et al. 2006, Chevalier & Fransson 2006). Radio emission from
some SNe is known to have episodic luminosity enhancements. They are clearly ob-
served in, e.g., SN IIb 2011ei (Milisavljevic et al. 2013), SN IIb 2008ax (Roming et al. 2009),
SN IIb 2003bg (Soderberg et al. 2006), SN IIb 2001ig (Ryder et al. 2004), SN Ic 1998bw
(Kulkarni et al. 1998), and SN IIL 1979C (Weiler et al. 1992). Kotak & Vink 2006 suggested
that the timescales of the episodic radio modulations are consistent with S Doradus-type mass
loss which LBVs experience and these SNe can be related to LBVs.

In this section, we investigate the CSM properties of the LBV SN progenitors reported by
Groh et al. 2013 and the effect of the CSM to observational properties of SNe. Unfortunately,
we find that the mass-loss rates of the LBV SN progenitors are too low to be SNe IIn. How-
ever, we show that the LBV SN progenitor from the rotating 20 Mg star which is suggested
to be SN IIb by Groh et al. 2013 actually experiences the episodic mass loss shortly before
the core collapse and the model can naturally explain the episodic radio LC modulations.
This result supports the idea that a fraction of LBVs can be the end stage of massive stars.

5.4.1 LBV SN Progenitor Models and their CSM

The rotating 20 My and 25 My LBV progenitors are computed by Ekstrom et al. 2012.
The models are computed with the solar metallicity (Z = 0.014, Asplund et al. 2009). We
first shortly summarize the stellar evolution modeling of Ekstrom et al. 2012. The initial
rotational velocities of the models are 274 km s~! and 295 km s~!, respectively (both are 40%
of the critical rotational velocity). The rotational velocities change with time and the average
rotational velocities are 217 km s~! (20 M) and 209 km s~! (25 My). The radiative mass-
loss rate is mainly adopted from Vink et al. 2001. The mass-loss rate of the parameter range
in which Vink et al. 2001 does not cover is adopted from de Jager et al. 1988. A correction
for the mass-loss rates due to the rotation are applied according to Maeder & Meynet 2000a
but the correction does not have much effect on the two models we consider here. When the
outermost layers of the stellar envelope exceed the Eddington luminosity in the RSG phase,
the mass-loss rates are increased by a factor of 3 and the mass loss enhancement in RSGs
shown by van Loon et al. 2005 is effectively taken into account in this way.

The rotating 20 Mg and 25 Mg models end their lives at the blue side of the HR diagram
(Figure 5.20a). Groh et al. 2013 show that their spectra look like those of quiescent LBVs.
An interesting feature we can find from Figure 5.20a is that the effective temperature of the
20 M model at the end stage of the evolution is around 20,000 K. At around 20,000 K, the
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Figure 5.20: Evolutions of the LBV SN progenitors on the HR diagram (a) and CSM density
structures obtained from them (solid lines in b). The CSM densities with dashed lines are
the CSM without the mass loss variations and used to obtain the reference LCs.

ionization level of Fe is known to change dramatically and small changes in the effective tem-
perature cause a huge variation in the mass-loss rate (Lamers et al. 1995, Vink et al. 1999).
This phenomenon is know as the bistability jump and its relation to LBVs is proposed by
Vink & de Koter 2002, Smith et al. 2004. The mass-loss rate of the 20 M model rapidly
changes from 1.2 x 107° Mg yr~! (hot side) to 1.5 x 10™* My yr~! (cool side) many times
shortly before the core collapse due to the bistability. On the other hand, the effective tem-
perature of the 25 Mg model is not close to 20,000 K at the end stage of the evolution and
the mass-loss rate does not change rapidly.

To construct the CSM density structure from the mass-loss rates and the CSM velocities
obtained by the stellar evolution model, we perform one-dimensional spherically-symmetric
numerical hydrodynamics calculations with ZEUS-MP2 version 2.1.2 (Hayes et al. 2006). The
CSM structure of the region between 1.5 x 1013 cm and 3 x 10'7 cm is followed by setting the
inner boundary condition at 1.5 x 10'3 cm based on the mass-loss rates and CSM velocities.

The CSM density structures obtained are shown in Figure 5.20b. In the 20 Mg model,
there exist two extended high-density regions. The two regions correspond to the two en-
hanced mass-loss periods (around 175-20 years and 10-1 years before the explosion) when the
surface of the star is at the bistability. The small-scale density variations are due to the rapid
variations in the mass-loss rate. On the contrary, the 25 Mg model does not have significant
enhancement in the mass-loss rate shortly before the core collapse and it does not have any
extended high-density regions in CSM near the progenitor.

The mass-loss rates of the two LBV progenitors shortly before the core collapse are below
107* Mg yr~! on average and it is below the mass-loss rates required to explain SN IIn
observations (Chapter 3). Thus, these LBV progenitors are not progenitors of SNe IIn.
However, we show in the following that the 20 Mg model shows an interesting radio LC
feature which is observed in SNe IIb, IIL, and Ic.
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Figure 5.21: Synthesized radio LCs (solid lines) of (a) 20 Mg model and (b) 25 Mg model.
The reference LCs from the models without the CSM density jumps are also shown (dashed
lines, see Figure 5.20).

5.4.2 SN Radio Light Curves from the LBV SN Progenitors

We synthesize radio LCs following the formalism in Section 2.2.1. The radio emission is from
synchrotron at the forward shock. As the CSM density is not high, we ignore the effect of
the free-free absorption and take account of the SSA as absorption process. We adopt the
standard parameters eg = 0.1, e, = 0.1, p = 3, and Ymin ~ 1 used in SN radio studies (e.g.,
Chevalier et al. 2006, Chevalier & Fransson 2006, but see also Maeda 2012, Maeda 2013).
The dynamical evolution (rg, and vy ) is derived by the self-similar solution of Chevalier 1982a
which is essentially the same as what we derived in Section 2.3. The SN ejecta with the kinetic
energy Fej and the mass M,; is assumed to have the density structure with the two power-law
components (pej oc 7" outside and pej o 7~ inside). We adopt n = 10.2 and § = 1.1 which
approximate the numerical explosion of SN IIb/Ib/Ic progenitors (Matzner & McKee 1999).
For simplicity, we ignore the effect of the density jump in the CSM on 74, and vy, as is also
assumed in Soderberg et al. 2006. The mass-loss rate and the CSM velocity used to obtain
7sh and vg, are 1.2 x 107° Mg yr~! and 270 km s~ (20 M model) and 4.6 x 107° M, yr—!
and 330 km s™! (25 Mg model) (see Groh et al. 2013). We assume Fg = 10°! erg. We
constrain M,; by subtracting the remnant mass 1.4 Mg from the progenitor mass obtained
by Ekstrém et al. 2012 and M¢; = 5.7 Mg (20 M model) and Mej = 8.2 M, (25 Mg model).

SN radio LCs obtained from the LBV SN progenitors are presented in Figure 5.21. The
radio LCs from the 20 Mg model show two episodic modulations. They result from the two
density jumps caused by the mass-loss enhancements shortly before the core collapse. The
forward shock reaches the first jump in the density at around 8 days since the explosion. At
this time, the effect of the SSA is still dominant at 1.43 GHz, 4.86 GHz, and 8.46 GHz and
the radio luminosities at these frequencies decrease due to the density enhancement. As time
passes, the SSA gets less effective and the radio luminosities start to be enhanced after the
LC peak in the reference LC without the density jump. At the time when the forward shock
reaches the second density jump, the SSA is negligible in all the frequencies shown in Figure
5.21 and the radio luminosities are enhanced about ~ 4 times on average in all the bands.
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The radio LCs also have very short variations which are caused by the small-scale density
variations seen in Figure 5.20b. However, these short time variations should be smoothed by
the light-traveling-time effect which is not taken into account in our LC modeling.

On the contrary, the 25 Mg model does not show episodic LC modulations as its surface
temperature deviates from the bistability temperature and there is no episodic mass-loss
increase shortly before the explosion (Figure 5.20).

We also find that the 20 Mg model can explain the observational radio LCs of SNe IIb
2001ig and 2003bg by just slightly changing the parameters. In Figure 5.22, we compare our
modified radio LCs from the 20 Mg model to those of SNe IIb 2001ig (Ryder et al. 2004) and
2003bg (Soderberg et al. 2006). The absolute radio luminosities of SNe 2001ig and 2003bg
are higher than those of the 20 Mg model presented above. Hence, we need to increase the
kinetic energy of SN ejecta and the CSM density to increase the luminosities (see Section
2.2.1). We change €. and €5 to 0.2 and 0.08, respectively, to account for the time of the radio
LC peaks in both cases. The model for SN 2001ig have E¢j = 4 X 10°! erg and the CSM
density is increased three times. The synthesized LC luminosity matches the observed LC
luminosity within a factor of a few. The episodic radio LC jump observed at around 130 days
matches to the epoch when the model LCs show the second modulation. The observed radio
luminosities increase about a factor 4 and this also matches the radio luminosity increase in
our model.

To have close match to the SN 2003bg radio LCs, we increased the SN ejecta energy to
Eej = 5% 10°! erg and the CSM density is increased by eight times. However, the model radio
luminosity is still 20% of the observed luminosity. The spectra of SN 2003by are reported to
have very broad component and the SN energy can be larger (Hamuy et al. 2009). However,
the time of the bump become much earlier with the increased energy and we find that the
location of the radio bump is difficult to be explained by the larger kinetic energy with the
current CSM profile. The time of the bump is mostly determined by when the mass-loss
variation occurs in the progenitor and it depends on the progenitor model. The 20 Mg
model just happens not to have the mass loss enhancement at the correct time to explain the
SN 2003bg. Thus, we conclude that the basic features of SN 2003bg are consistent with the
LBV progenitor model.

5.4.3 Summary

We have shown that the LBV SN progenitor from the rotating 20 Mzmodel obtained by
Ekstrom et al. 2012 can explain episodic radio LC modulations observed in some SNe. The
connection between the radio modulations and LBVs is suggested by Kotak & Vink 2006 and
we show that the relatively low mass LBV SN progenitor actually show them. Unfortunately,
the LBV progenitor does not become a SN IIn and SN IIn progenitors must be investigated.
However, our result that the radio modulation can be actually explained by the LBV SN
progenitors suggest that LBVs may rather be a common SN progenitor.
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Figure 5.22: Comparisons between the model radio LCs from the 20 My model and the
observed radio LCs of SNe IIb 2001ig (Ryder et al. 2004) and 2003bg (Soderberg et al. 2006).
The frequencies of the observed radio LCs are 2.4 GHz (square), 4.8 GHz (circle), and 8.6
GHz (triangle) in the top panel. The LCs of 2.4 GHz and 8.6 GHz are shifted 100 and 0.01
times, respectively, for the illustrative purpose. In the bottom panel, the frequencies of the
observed radio LCs are 8.46 GHz (square), 15.0 GHz (circle), and 22.5 GHz (triangle). The
LCs of 8.46 GHz and 22.5 GHz are shifted 10 and 0.1 times, respectively. The radio LCs of
SN 2003bg are shifted 0.2 times additionally to match the synthesized LCs.
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5.5 Summary

We have investigated properties of SNe whose progenitors are theoretically suggested to
explode within dense CSM. We have considered three kinds of the progenitors, namely, super-
AGB stars (Section 5.2), massive RSGs (Section 5.3), and LBVs (Section 5.4). We found that
these suggested SN progenitors can explain some properties of peculiar SNe which are not
SNe IIn, none of them will be SNe IIn. We conclude that there are still no SN IIn progenitor
expected from the theoretical stellar evolution modeling and there are missing important keys
in it. The missing keys are presumed to be related to mass loss of massive stars which are a
critical ingredient in the stellar evolution modeling and SN IIn studies will provide us with
important hints to reveal them.

This chapter is based on

T. Moriya, N. Tominaga, S.I. Blinnikov, P.V. Baklanov, E.I. Sorokina,
Monthly Notices of the Royal Astronomical Society, 415, 199, 2011
T.J. Moriya, J.H. Groh, G. Meynet,

Astronomy & Astrophysics Letters, accepted (arXiv:1306.0605)






The future is something which everyone reaches at the
rate of 60 minutes an hour, whatever he does, whoever
he 1s.

Clive Staples Lewis (1898 - 1963)

Remnants of Supernovae Interacting with
Dense Circumstellar Media

6.1 Overview

We have looked into the effect of the dense CSM at the early stages of the SN evolution. SNe
will eventually evolve to SNRs. What kind of SNRs is expected from SNe interacting with
dense CSM? In this chapter, we show that recombining SNRs are likely to be an answer. In
Section 6.2, we introduce recombining SNRs and discuss the progenitors from which they can
emerge. We also discuss other SNRs which are suggested to be exploded within the dense
CSM in Section 6.3.

6.2 Recombining Supernova Remnants

Recombining SNRs are SNRs in which the ionization temperature is higher than the elec-
tron temperature. The existence of recombining SNRs are recently confirmed by the
X-ray observations by the Suzaku satellite (Yamaguchi et al. 2009, Yamaguchi et al. 2012,
Ozawa et al. 2009, Ohnishi et al. 2011, Sawada & Koyama 2012). The forward shock wave
emerged at the time of a SN explosion propagates in the interstellar medium (ISM). As the
typical density of the ISM is very small (n, ~ 1 cm™2 or less where n, is the electron num-
ber density), the timescale to reach collisional ionization equilibrium (CIE) in the shocked
ISM is typically ~ 10% years or longer (e.g., Masai 1984). Electrons heated by the Coulomb
interaction with ions in the shocked ISM collisionally excite ions and SNRs reach CIE with
this timescale. Thus, young SNRs before CIE are supposed to be ionizing SNRs in which the
electron temperature is higher than the ionization temperature and evolve to SNRs in CIE.
Most of SNRs are known to be in either the ionizing stage or CIE (e.g., Kawasaki et al. 2005).
In this simple picture, SNRs cannot be recombining SNRs and the confirmation of the re-
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combining SNRs challenges the current understanding of the evolution of SNRs.

There are several suggested mechanisms to make recombining plasma in SNRs (see, e.g.,
Yamaguchi et al. 2012 and the references therein). The existence of dense CSM is one pos-
sible way to explain the recombining SNRs (e.g., Itoh & Masai 1989, Shimizu et al. 2012,
Zhou et al. 2011). If a dense CSM is around a SN, CIE can be achieved in much shorter
timescale [~ 10*/(n./1 cm™3) years]. When the shock wave reaches the outer edge of the
dense CSM, the shocked CSM suddenly expands adiabatically and the electron temperature
suddenly becomes low and the plasma starts to recombine.

Although the existence of the dense CSM at the time of the SN explosion has been sug-
gested as a possible mechanism to realize recombining SNRs, we still do not have a clear
picture about possible SN progenitors that can have a CSM which is dense enough to make
recombining SNRs. In this section, we look into the properties of the CSM around sev-
eral SN progenitors at the time of SN explosions and investigate the progenitors which can
evolve to recombining SNRs. We focus on massive star progenitors because two recombin-
ing SNRs, IC 443 and W49B, are clearly associated with massive star forming regions (e.g.,
Yamaguchi et al. 2012) but we also investigate possible channels for white dwarfs to be re-
combining SNRs.

6.2.1 Possible Progenitors of Recombining SNRs
6.2.1.1 Red Supergiants & Wolf-Rayet Stars
RSGs and WR stars explode inside the CSM created by the preceding stellar evolution. If

we assume that the CSM is from steady mass loss with the velocity vy, and the mass-loss rate
M, the CSM density pesm becomes
M

, 1
ATr2uy (6.1)

Pcsm =
If the star inside the CSM explodes, a forward shock propagates in the CSM. Assuming
that the adiabatic index of the system is 3/5, the density pscsm of the shocked CSM just
behind the forward shock becomes pscsm = 4pcsm- As the forward shock propagates in the
CSM, it is decelerated, especially if the CSM is dense. However, the mass of the CSM swept
up by the forward shock is still small compared to the progenitor mass in the early epochs we
are interested in and we assume that it is freely expanding with the velocity v, for simplicity.
Note that the deceleration makes the time of the interaction between the shock wave and the
CSM longer and CIE can be achieved easier with the deceleration. The typical v of standard
SN explosions is vs ~ 10,000 km s~! (e.g., Suzuki & Nomoto 1995, Fransson et al. 1996,
Dwarkadas 2005, Dwarkadas 2007). The location of the forward shock at the time ¢ after the
explosion is r = vt and psesm can be expressed as
M

TU2t2 Uy,

Pscsm — (62)
Although Equation 6.2 is the evolution of the density just behind the shock, the remaining
entire shocked CSM has similar densities when the shock is traveling in the density structure
close to pesm o< 72 (see, e.g., Chevalier 1982a, Suzuki & Nomoto 1995, Fransson et al. 1996,
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Dwarkadas 2005, Dwarkadas 2007) and we assume that psesm is a typical value in the shocked
CSM. The actual densities in the shocked CSM are slightly higher than pgcsm-
Since the CSM properties of RSGs and WR stars differ, we consider two cases separately.

Red Supergiants

The typical mass-loss rate and wind velocity of RSGs are ~ 107 Mg yr~! and ~ 10 km s7!,
respectively (e.g., Mauron & Josselin 2011) and they are consistent with those estimated
from the observations of SN explosions from RSGs (SNe IIP, e.g., Chevalier et al. 2006). If
we assume that the RSG wind has the solar metallicity and H and He in the wind are fully
ionized when the forward shock passes, pscsm = 2.0 x 10724
number density in the shocked CSM. From Equation 6.2, the time evolution of neg is

nes wWhere nes is the electron

nest? = 102°°M_gv, gv, 5 cm ™ sec?, (6.3)

where M_5 is M scaled by 1079 Mg yr 1, Vs,9 18 v scaled by 10,000 km s~! and Vw6 1S Vw
scaled by 10 km s~
Electrons and ions in plasma can reach CIE with the timescale of

Nest ~ 1012 em™ sec, (6.4)

(e.g., Masai 1984, Smith & Hughes 2010). Note that only ions are presumed to be heated
by the forward shock and electrons are heated up by the subsequent Coulomb interaction
between ions and electrons. The timescale of the electron heating is (e.g., Masai 1994)

15 /ln A\t
Nest = 3 X 10141)2,9 (07M5> (g()) em ™2 sec, (6.5)

where p is the mean molecular weight and In A is the Coulomb logarithm. Although the
timescale of temperature equilibrium is a few orders of magnitudes longer than that of CIE,
the electron temperature can reach about 10 % of the ion temperature (~ 10? K) in the CIE
timescale (Masai 1994) and becomes high enough to explain the ionization temperature of
recombining SNRs. Recombining plasma in SNRs can appear if electrons cool down after
CIE is achieved (e.g., Itoh & Masai 1989).

Figure 6.1 shows the comparison of the evolution of the typical density in the shocked
CSM (Equation 6.3) and the CIE timescale (Equation 6.4). CIE can be achieved at early
epochs of SNRs from RSGs with the typical mass-loss rate if we take account of the existence
of the CSM. This is contrary to the general belief that it takes much time to be CIE because
SNRs evolve in ISM. Note that vs in the early time is presumed to be higher than the value
assumed in Figure 6.1 (e.g., Dwarkadas 2005) and this effect can make the evolution of the
electron number density faster. In addition, the mass of the recombining plasma estimated
from Figure 6.1 in the case of the standard mass loss is ~ 3 x 1072 M, and rather small.
Massive RSGs, yellow supergiants, or RSGs in binary systems can have higher mass-loss
rates than less massive RSGs especially just before their explosions (see, e.g., Section 5.3,
Georgy 2012 and the references therein) and they are more likely to become recombining
SNRs among RSGs.
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Figure 6.1: Evolution of the electron number density in the shocked CSM from RSG winds.
vs = 10,000 km s~ ! and vy = 10 km s~! is fixed and lines with several mass-loss rates
are shown. The distance in the horizontal axis is the distance which can be reached by the
forward shock with v, = 10,000 km s~! in the corresponding time. If we assume that the
progenitor is in the RSG stage for 10° years before the explosion, the CSM can reach 1 pc
with vy = 10 km s~!. The dashed line follows n.st = 102 ¢cm™2 sec and corresponds to
the minimum density required to reach CIE at the time. Shocked CSM above this line is
presumed to be at CIE.
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The early X-ray observations of SN IIb 1993J whose progenitor is an RSG in a binary
system (e.g., Maund et al. 2004) revealed the existence of the CIE plasma at a few days since
the explosion (e.g., Uno et al. 2002) and the progenitor’s mass-loss rate is suggested to be
~5x 1075 Mg yr—! (e.g., Suzuki & Nomoto 1995, Fransson et al. 1996). This is consistent
with our estimate and explosions of RSGs can establish CIE in the early epochs and evolve
to recombining SNRs.

Wolf-Rayet Stars

The typical mass-loss rate and CSM velocity of WR stars are ~ 107° Mg yr~! and ~

1,000 km s~!, respectively (e.g., Crowther 2007). If we assume that the wind from WR stars
is composed of 50 % of C and 50 % of O and they are fully ionized when the CSM is shocked,
Pscsm = 3.3 X 107%4n,,. With these values, the following equation is obtained from Equation
6.2:

Nest? = 6 X 1017M,5v;§v;’18 cm ™3 sec?, (6.6)
where vy g is vy scaled by 1,000 km s~1,

The evolution of nes is compared to the CIE timescale nest ~ 102 em™ sec in Figure 6.2.
With the canonical mass-loss rate 107° Mg, yr~!, the evolution of the shocked CSM can be
comparable to the CIE timescale just after the explosion. However, v, is presumed to be larger
than vs = 10,000 km s~! in the early epochs and the evolution of n. can be faster, as noted
in the previous section. Contrary to the case of RSGs, CIE can be only established at the very
early epochs with the optimistic vs and it is likely that CIE is not achieved at early phases
of the typical explosions of WR stars with the canonical mass-loss history. This is because
the typical CSM velocity is about 100 times larger than the typical RSG CSM velocity and
the CSM is less dense. Although recent radio observations of explosions of WR stars (SNe
Ibc) are revealing the existence of WR stars with high mass-loss rates (~ 107% Mg yr~!, e.g.,
Wellons et al. 2012), the amount of recombining plasma is very small (~ 107% Mg, Figure
6.2) even if such a high mass-loss rate is maintained for the entire WR phase. Thus, WR stars
may be difficult to have dense CSM which is massive enough to make them recombining SNRs.

3 sec at the

Since some elements can reach the CIE in smaller timescales than nest ~ 102 cm™
typical temperature in the shocked CSM (Smith & Hughes 2010), at least some elements may
reach CIE. In addition, it is also known that some WR stars experience explosive mass loss
just before their explosions which can eject massive CSM, as is indicated by the progenitor
of SN Ib 2006jc (e.g., Pastorello et al. 2007). Explosions of this kind of WR stars can also

result in recombining SNRs but they are also expected to be rare.

6.2.1.2 Type IIn Supernova Progenitors

As have been discussed in this dissertation, the progenitors of SNe IIn are not known
well. In this section, for simplicity, we assume that SNe IIn have a dense CSM with
Tr = 07TecsmAOR ~ 1, where o is the Thomson cross section, Mecsm i8S the mean CSM
electron number density, and AR is the CSM length. We use the mean density Mecsm because
the mass loss of SN IIn progenitors just before their explosions can be non-steady (Chap-
ters 3 and 4). The shock wave with the velocity vs can propagate through the CSM with
ts = AR/vs. As CSM or ISM with much lower density exists outside the dense CSM and
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Figure 6.2: Evolution of the electron number density in the shocked CSM from WR star
winds. vs = 10,000 km s~! and vy = 1,000 km s~! is fixed and lines with several mass-loss
rates are shown. The distance in the horizontal axis is the distance which can be reached by
the forward shock with v, = 10,000 km s~! in the corresponding time. If we assume that
the progenitor is in the WR stage for 10° years before the explosion, the CSM can reach 100
pc with vy, = 1,000 km s~1. The dashed line follows n.st = 102 cm™3 sec and corresponds
to the minimum density required to reach CIE at the time. Shocked CSM above this line is
presumed to be at CIE.
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the shocked CSM is rarefied after the shock wave goes out of the dense CSM, recombining
plasma can be easily synthesized once the CIE is achieved in the shocked CSM. Assuming
Mes = 4Mecsm and the solar metallicity, the typical timescale before the rarefaction is

Tests ~ 6 X 10151;;; em ™ sec. (6.7)

3 sec. In

This is much larger than the timescale required to achieve the CIE, net ~ 1012 cm™
reality, vs can be smaller than 10,000 km s~! because of the deceleration by the dense CSM
but this makes ts longer. One caveat is that we use a constant mean electron density Tecsm
to estimate the density evolution. If the density declines very steeply, this assumption can
be very crude and SNe IIn from very steep CSM may not end up with recombining SNRs.
Nonetheless, as explosions of RSGs (SNe II) occurs much more frequently than SNe IIn (e.g.,

Li et al. 2011b), the major progenitors of recombining SNRs are likely to be RSGs.

6.2.1.3 White Dwarfs

Although most of the recombining SNRs currently discovered are likely to originate from
core-collapse SNe (e.g., Yamaguchi et al. 2012), SNe Ia can also evolve to recombining SNRs
although it is expected to be quite rare. SNe la are explosions of white dwarfs. As dis-
cussed in Chapter 1, there are two major suggested paths for white dwarfs to explode: single
degenerate (SD) channel (e.g., Nomoto 1982) and double degenerate (DD) channel (e.g.,
Iben & Tutukov 1984). In the SD scenario, a white dwarf is in a binary system with a main-
sequence star and the mass of the companion accretes to the white dwarf. The white dwarf
explodes when its mass gets close to the Chandrasekhar mass limit. On the other hand, the
DD scenario suggests that SNe la are caused by the merger of two white dwarfs in a binary
system. The main channel of SNe Ia is still unknown (see Chapter 1 for details).

In the SD scenario, the exploding white dwarf is surrounded by the accreting materials
with a typical rate of ~ 1077 Mg yr=! (Nomoto 1982) but the rate is presumed to be too
small to make the recombining SNR. Mass loss from the companion star can also make CSM
around the progenitor but the companion is likely to be a less evolved red giant with too
small mass-loss rates to establish CIE (~ 10=7 Mg yr~! or less, e.g., Hachisu et al. 1999).
However, there are rare ways to make the mass-loss rate of the system high during the binary
evolution (Hachisu et al. 2008) and some SNe Ia are actually suggested to be a hybrid of
Type la and Type Iln, i.e., SNe Ia exploded in a CSM as dense as those discussed in Section
6.2.1.2 (Silverman et al. 2013). Thus, it is possible that a SN Ia from the SD scenario evolve
to a recombining SNR but the number is expected to be very small.

In the DD scenario, we do not expect the CSM from the progenitor system because two
binary stars are white dwarfs. However, stripped materials at the time of the merger are
suggested to remain when the merged white dwarf explodes (Fryer et al. 2010). These ma-
terials are quite dense (Necsm > 10*® em™2 within 7 = Ry, see Figure 5 of Fryer et al. 2010)
and SNe Ia exploded in such environment can reach CIE and may end up with recombin-
ing SNRs. However, such a dense envelope is not obtained in a similar DD simulation of
Pakmor et al. 2012. The fact that we do not see recombining SNRs of SNe Ia may already
suggest that the model obtained by Fryer et al. 2010 is not the major path to be a SN Ia.
Because of the uncertainty in the theoretical prediction of SNe ITa from the DD scenario, we
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still cannot exclude the possibility that SNe Ia from the DD scenario can be recombining
SNRs.

To sum up, although all the recombining SNRs currently discovered are likely from core-
collapse SNe, SNe Ia from both the SD and DD channels have possibility to become recom-
bining SNRs. When the detailed theoretical predictions are fixed, like the existence of the
dense envelope in the DD channel, recombining SNRs may be able to be a probe to indicate
the progenitor system of SNe Ia.

6.3 Other Possible Remnants from SNe Interacting with Dense
CSM

6.3.1 [Fe II]-Bright SNRs

Fet is easily ionized at the post shock region of SNRs and SNRs are a strong |Fe II| emitter
(see, e.g., Koo 2013 for a short recent review). There are two kinds of [Fe II|-bright SNRs.
One is middle-aged SNRs and the other is young SNRs. The former SNRs become [Fe II]-
bright because of the interaction between the SN ejecta and ISM or interstellar clouds. The
latter SNRs are supposed to get |[Fe II|-bright earlier than the former SNRs because of the
existence of the dense CSM around the SN. Indeed, some of recombining SNRs we discussed
in the previous section are also known to be |Fe II|-bright SNRs (e.g., W49B).

6.3.2 Crab Nebula (SN 1054)

Crab Nebula (M1) is related to the ’guest star’ of the year 1054 which is recorded
in the ancient Chinese documents (see Stephenson & Green 2002 for a summary of the
records) in 1920s (Lundmark 1921, Hubble 1928). As Crab Nebula has a compact rem-
nant at its center, SN 1054 is known to be a core-collapse SN. Especially, SN 1054 is
related to an ECSN because of the relatively low estimated ejecta mass and explosion
energy (e.g., Hester 2008, Sollerman et al. 2000, Davidson et al. 1982, Nomoto et al. 1982).
Smith 2013, Collins et al. 1999 estimated the LC of SN 1054 based on the ancient Chinese
record. The estimated LC is found to be much brighter than the LCs expected from ECSNe
(e.g., Kitaura et al. 2006). In addition, the region which is bright and we observe today is
too small to be from an explosion in 1054 and it is suggested that the observed region just
corresponds to the region inside the contact discontinuity (Chevalier 1977). Smith 2013 sug-
gests that these two puzzles can be solved if Crab Nebula is a remnant of SN interacting
with dense CSM. If the dense CSM surrounds the SN ejecta from an ECSN, its luminosity
can be higher. Also, the location of the forward shock can be similar to that of the contact
discontinuity because of the radiative cooling caused by the CSM interaction. Indeed, the
estimated LC is shown to be similar to some SNe IIn which indicate the existence of the CSM
interaction (Smith 2013).

However, as shown in Section 5.2 (Figure 5.1), even if we consider the mass-loss rate of
the model super-AGB stars which end up with ECSNe, the model LC peak luminosity is
far beyond the expected LC peak luminosity of SN 1054 (~ —18 mag). This means that
the mass-loss rate of super-AGB star which is higher than those of other SN progenitors is
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not enough to explain the luminosity of SN 1054. If SN 1054 is actually an ECSN, this may
indicate that super-AGB stars which end up with ECSNe have some episodes with unexpected
high mass-loss rates due to, e.g., Ne flash of the degenerated core (Smith 2013, Arnett 1974,
Hillebrandt 1982, Weaver & Woosley 1979).

6.4 Summary

We have investigated possible SNRs resulting from SNe interacting with dense CSM. We have
focused on recombining SNRs and discussed possible progenitors of them. If a CSM which
is dense enough to establish CIE in the early epochs of the SNR evolution exists around a
progenitor, the plasma in the shocked CSM can be overionized and the SNR can become
a recombining SNR. RSGs, especially massive ones as discussed in Section 5.3, and SN IIn
progenitors can have the CSM which is dense enough to establish CIE at the early stage of
their explosions and can evolve to recombining SNRs. As explosions of RSGs (SNe II) occurs
much more frequently than SNe IIn, the major progenitors of recombining SNRs are likely
to be RSGs.

WR stars and white dwarfs are difficult to make recombining SNRs with their standard
mass-loss histories but they are suggested to have mechanisms to enhance their mass-loss
rates and they can be recombining SNRs if such mechanisms enhance their mass-loss rates.
However, these mechanisms are presumed to work on a small fraction of these stars and such
progenitors are expected to be a minor way to have recombining SNRs.

There are other SNRs which may be related to SNe interacting with dense CSM. One is
[Fe II]-bright young SNRs. SN ejecta need to collide to CSM or ISM to excite [Fe II] and
high [Fe II] brightness in young SNRs are likely due to the existence of dense CSM. Crab
Nebula is recently suggested to have had been affected by the dense CSM and may indicate
some super-AGB stars experience extensive mass loss shortly before they explode as ECSNe.

This chapter is based on
T.J. Moriya,
The Astrophysical Journal Letters, 750, L.13, 2012






No one but a theorist believes his theory; everyone puts
faith in a laboratory result but the experimenter himself.

Albert Einstein (1879 - 1955)

Conclusion

7.1 Summary

We have studied SNe interacting with CSM from both SN observational and stellar evolution
theoretical points of view. We mainly focused on SNe whose major luminosity source is
kinetic energy of SN ejecta. If CSM are dense enough, SN ejecta is decelerated by the CSM
and its kinetic energy is efficiently converted to radiation energy. Hence, SNe can be powered
by dense CSM surrounding them. The dense CSM are created by their progenitors’ mass loss
immediately prior to their explosions. By studying these SNe, mass loss of massive exploding
stars shortly before their explosions has been revealed.

We started our study from the observational point of view. We developed an analytic
bolometric LC model whose power source is kinetic energy of SN ejecta. This model can
be applied to SNe whose major power source is the kinetic energy but their dense CSM are
optically thin. We applied our bolometric LC model to observed bolometric LCs of SNe IIn
which clearly show the signatures of the dense CSM in their spectra. We found that the
mass-loss rates of SNe IIn we modeled exceed 1072 M, yr~!, which is far beyond the mass-
loss rates which can be achieved by the standard line-driven mass-loss mechanism and there
should be other mechanisms to enhance the mass-loss rates of SN IIn progenitors shortly
before their explosions. We also found that mass loss of SN IIn progenitors shortly before
their explosions is generally non-steady. Surprisingly, their mass-loss rates generally seem to
increase as the progenitors get closer to the time of their explosions. Thus, the mass-loss
mechanisms related to SN IIn progenitors may somehow be related to the evolution toward
their core collapse. However, it is still possible that a mass-loss mechanism whose mass-
loss rates increase with time happens to be activated in some SN progenitors shortly before
their explosions. The number of SNe IIn which we can model and get information of their
CSM is still limited and we need to have more observational samples to know the mass-loss
mechanisms involved better.
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We also investigated the observational properties of SLSNe in the context of the inter-
action between SN ejecta and dense CSM. Most of SLSNe are SNe IIn and have signatures
of dense CSM in their spectra. Thus, SLSNe are presumed to be very bright because of the
existence of very dense CSM which decelerate SN ejecta very efficiently. Indeed, the CSM
should be optically thick to explain the huge luminosities of SLSNe by the interaction and the
analytic bolometric LC model we developed cannot be used to model SLSN LCs. In addition,
the dense CSM are suggested to be optically thick enough to cause the shock breakout within
them. We have shown that the ratio of the diffusion timescale and the shock propagation
timescale of a dense CSM in which the shock breakout occurs depends on the density slope of
the dense CSM. This diversity of the ratio of the two timescales caused by the CSM density
slope can explain the existence of the two kinds of SLSN II, namely, Type IIn and Type
IIL. If the shock propagation timescale is much longer than the diffusion timescale, which
is expected when the CSM density slope is very steep, there remains the unshocked CSM
after the diffusion timescale and the corresponding SLSNe can be observed as SNe IIn. On
the contrary, if the two timescales are comparable, which is expected when the CSM density
slope is flat, the entire CSM is shocked with the diffusion timescale and the corresponding
SLSNe can be observed as SNe IIL. Thus, the existence of the two spectral types in SLSN II
also indicates that various non-steady mass loss occurs shortly before the explosions of some
massive stars.

Based on the shock breakout model we developed to interpret the observed properties of
SLSNe, we estimated the dense CSM properties of SLSN 2006gy (Type IIn). To confirm that
the estimated CSM properties can actually explain the observed properties of SN 2006gy,
we performed numerical modeling of the LCs powered by the interaction with a numerical
one-dimensional multigroup radiation hydrodynamics code STELLA. We found that the CSM
properties estimated by the shock breakout model can reproduce the observed LC of SN
2006gy. Through the numerical modeling, we found that CSM from the steady mass loss are
difficult to explain SN 2006gy and the mass loss of the progenitor shortly before the explosion
should be non-steady. In addition, the mass-loss rate is estimated to exceed 0.1 Mg yr—!.
The only known stars which can experience mass loss with such huge mass-loss rates are
LBVs. However, LBVs are not considered to be SN progenitors and the progenitor of SN
2006gy remains to be a mystery. Moreover, the estimated SN ejecta kinetic energy is 10°2 erg
and is much higher than the normal SN ejecta kinetic energy (~ 10°! erg).

The power sources and progenitors of SLSNe without any features of H in their spectra
were also discussed. SLSN R has LCs whose decline rates are consistent with the *Co decay
timescale and they are presumed to be powered by large amount of 5Ni produced at their
explosions. However, the required amount of ®*Ni to explain the huge luminosities is more
than 5 Mg and this amount of *°Ni is difficult to be produced by normal SNe. Thus, it has
been suggested that PISNe are progenitors of SLSN R but we showed that an energetic core-
collapse SN of a massive star can also make the required amount of 5Ni and SLSN R does
not necessarily come from PISNe. SLSN I has not shown any features of its luminosity source
in their observations but we find that the short-time luminosity decline observed between the
precursor and the main LC of SLSN I 20060z strongly indicates the existence of the dense
CSM. Hence, we suggest that SLSN I is also powered by the interaction between SN ejecta
and dense C+O CSM. However, the required mass-loss rate exceeds 0.1 Mg yr~! again and
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no WR stars are known to have such mass loss either observationally nor theoretically.

So far, we have interpreted the observations of SNe interacting with CSM and estimated
the CSM properties and mass loss of their progenitors. We have found that the estimated
mass-loss properties are difficult to be explained by the current stellar evolutionary model.
However, there do exist theoretical SN progenitor models which are suggested to have high
mass-loss rates shortly before their explosions. Starting from the stellar evolutionary point
of view, we investigated the expected observational properties of such SNe theoretically sug-
gested to explode within dense CSM. We explored three kinds of such SN progenitor models,
namely, super-AGB stars, massive RSGs, and LBVs.

ECSNe are suggested to explode within super-AGB winds but the theoretical modeling
of super-AGB stars is challenging and there are few established models of ECSN progenitors
followed with the super-AGB evolution. We used canonical mass-loss properties of super-
AGB stars and obtained LCs assuming that an ECSN explode in the CSM. We found that
there are no observed SNe which have similar LCs to those we obtained and our LCs are
different from the SNe whose progenitors are suggested to be super-AGB stars (e.g., SN
2008S and NGC 300-OT).

Massive RSGs have several suggested mechanisms to enhance their mass-loss rates. If
the suggested mass-loss enhancement occurs shortly before their explosions, massive RSGs
are expected to explode within dense CSM. We numerically modeled LCs of SNe from RSGs
exploded within dense CSM. We found that the UV luminosity of the corresponding SNe can
be high at the same time when the optical luminosity is high in the early epochs before their
plateau phase while usual SNe from RSGs become bright in optical after the UV luminosity
declines. This property is observed in SN 2009kf and we suggested that SN 2009kf is from a
massive RSG which experienced the mass-loss enhancement shortly before its explosion. We
also predicted that the SNe of this kind will show the spectral transition from Type IIn to
Type 1IP, which may have been already observed in SN 1987C and SN 2007pk.

LBVs have not been considered to be SN progenitors but recent stellar evolution modeling
starts to find possible SN progenitors with LBV spectra. We constructed the CSM of recently
reported LBV SN progenitors. Although we found that the mass-loss rates of the LBV
progenitors recently reported are not high enough to be SNe IIn, one of them experiences
short-term mass-loss rate variations shortly before its explosion because of the bistability.
We found that they can explain the episodic SN radio LC modulations observed in some SNe
ITb. As SNe from the LBV progenitors recently reported are likely to be SNe IIb because of
their surface composition, these newly found LBV SN progenitors were found to provide a
theoretical explanation for the mysterious episodic radio LLC modulations.

Finally, we discussed the possible remnants of SNe exploded within dense CSM. Recom-
bining SNRs have been suggested to come from SNe exploded within dense CSM. We studied
what kind of SN progenitors can have CSM which are dense enough to be recombining SNRs.
We found that massive RSGs and SN IIn progenitors are the major progenitors of recombining
SNRs.
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7.2 Concluding Remarks

A decade ago, when the number of SN progenitors observed in their pre-explosion images
was still small, the theoretical understanding of the stellar evolution was considered to be
well-established. However, the emerging observed SN progenitors are challenging to it. Many
discrepancies found in the observed and predicted SN progenitors seem to come from our
lack of understanding in the mass loss of massive stars. Here in this dissertation, we have
investigated the properties of the extreme mass loss which occurs within decades to centuries
before their explosions. This kind of mass loss is not taken into account in the standard
stellar evolution theory but the existence of it is now clear and it is playing an important role
in determining the fates of some massive stars.

We started to catch some properties of such mass loss in this dissertation from SN studies
but there are still many unsolved problems which must be studied. One of them is the effect
of multidimensionality. We assumed the spherical symmetry of CSM and SNe in modeling
LCs in this dissertation. However, just by looking the pictures of n Carinae, which is sug-
gested to be a possible SN IIn progenitor, the existence of the multidimensionality in CSM
is clear. In addition, SNe exploding inside can also have multidimensional structures. We
need to study how the multidimensional effect changes the LC and mass-loss properties we
obtained assuming the spherical symmetry. For this purpose, the development of a numerical
multidimensional radiation hydrodynamics code is required. The formation processes of the
complicated spectra from the interaction are also still not understood and studied well. We
need to develop a theoretical framework to interpret the spectral properties of SNe interacting
with CSM.

Of course, to fully understand the extreme mass loss occurring shortly before explosions
of massive stars, we need to find out what is missing in the current stellar evolution theory.
Especially, the mechanisms of the mass loss of this kind are mystery. The required mass-loss
rates to explain the observed properties of SNe interacting with CSM are beyond the rates
which can be achieved by the current standard mass-loss mechanisms. What is more puzzling
in this kind of mass loss is that it seems to be linked to the time of the explosions of massive
stars. Whether some kind of mass loss occurs shortly before the explosions accidentally or
there exist some mass-loss mechanisms which are activated when massive stars evolve toward
their deaths is unclear. One important missing key in the current stellar evolution theory
may also exist in a lack of the multidimensional effects in it. The current stellar evolution the-
ory treat multidimensional effects approximately in one-dimensional stellar evolution codes.
However, many important multidimensional effects like rotations or chaotic multidimensional
motions caused by multidimensional instabilities are killed in such treatments. Multidimen-
sional motions occurring at the center of the stars shortly before their explosions may be
linked to the extreme mass loss we found. As was found in the modeling of core-collapse
SN explosions, the multidimensional effects are very likely to turn out to be an essential
ingredient.

We have considered the mass loss in the context of the single stellar evolution so far. How-
ever, the binary evolution can also be an important missing key in the mass-loss enhancement.
The major fraction of massive stars is known to be in a binary system. A massive star known
to have had the extreme mass loss, 7 Carinae, is known to be in a binary system. Although
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the mass loss enhancement due to the binary evolution does not necessarily occur shortly
before the explosion of a star, it may accidentally happen shortly before the explosion in
some cases.

Understanding the evolution and fates of stars is one of the most fundamental goals in
astronomy. Especially, understanding those of massive stars which are eventually expected to
explode is essential in understanding the evolution of the Universe as a whole. Explosions of
stars provide large amount of energy and elements based on which the Universe is enriched.
In addition, thanks to the huge luminosities of SNe, we can observe them even if they appear
at very high redshifts and SNe can be probes of many properties of the early Universe. To use
them as probes, understanding SNe themselves is a must. As we have seen in this dissertation,
understanding the mass loss occurring exactly prior to the explosions of the massive stars is
inevitable in understanding the evolution and fates of them and we need further efforts to
unveil it.
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