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Abstract

For Type Ia supernovae (SNe Ia), there is a well-established correlation between the
peak luminosity and the following decline rate of the light curve, which has been used
to measure distances to remote galaxies. Thus, SNe Ia have been used to discover
the acceleration of the cosmic expansion and are important for giving constraints on the
cosmological parameters. It is widely believed that SNe Ia are explosion of white dwarfs,
i.e., compact degenerate stars which are produced in the core of evolved low-mass stars.
The progenitor system and explosion mechanism of SNe Ia are still under debate. A
possible scenario is single degenerate model. The companion star is a non-degenerate
companion star, e.g., the red giant star. The other possible scenario is the merger
of two white dwarfs. Some methods to distinguish the progenitor scenarios have been
suggested. We have tried to obtain the further information on the explosion properties of
SNe Ia and to give constraints on the companion star or the circumstellar environments
through multi-band observations.

In this thesis, we focus on two SNe Ia discovered in nearby galaxies. As the first
study, we give constrains of the explosion mechanism of the peculiar Type Iax supernova
(SN Iax) from our extended observations. We carried out optical and near-infrared
observations of SN Iax 2014dt from 14 to 410 days after the maximum light. The light
curves and the spectra show considerably slow evolution until the late phase. After ∼100
days, the spectral energy distribution was nearly constant and its shape does not change
very much, and the bolometric light curve flattened during the same period. These
observations suggest the existence of an optically thick, low velocity component that
almost fully trapped the γ-ray energy from 56Co decay. These findings are consistent
with the predictions from the weak deflagration model, leaving a bound white dwarf
remnant after the explosion. This model is constructed assuming a single degenerate
progenitor system. Thus, our findings support that the SNe Iax is originated from the
single degenerate system. This is consistent with the indication by the previous studies.

As the second study, we searched the signature of the interaction between the SN
ejecta and the companion star from the extremely early phase observation of SN Ia,
within a few days after the explosion. We present ultraviolet and optical observations
of a canonical Type Ia SN 2017erp just after the discovery. We estimate the rising time
and we find it is relatively longer than those of typical SNe Ia. The earliest color is
much bluer than those of a canonical SNe Ia, e.g., SN 2011fe, showing no significant
signature of the ejecta-CSM interaction. From comparison of the color evolution and the
theoretical models, we specify the signature of the interaction between the ejecta of SN
and the companion or CSM for our data. In both cases, our observations support that
the explosion of SN 2017erp occurs in the single degenerate scenario. In addition, we
find a possible signature of the companion star for SNe 2017erp. For single degenerate
scenario, the intensity of the prompt emission should be dependent on the viewing angle
against the progenitor system. Further observations at the extremely early phase may
unveil the real origin of the prompt emission, and it may provide strong evidences of
the single degenerate scenario in the future.



Chapter 1

Introduction

1.1 Supernovae

1.1.1 Classification of Supernovae

Supernovae (SNe) are one of the most energetic phenomena in the universe. The typical
explosion energy is 1051 erg. From the optical spectra around the maximum light, SNe
are generally classified into several types (Filippenko 1997). Classification of SNe was
performed using spectral features. The spectra of Type Ia SNe (SNe Ia) do not show
the hydrogen absorption lines. On the other hand, Type II SNe show hydrogen features
in their spectra. When the spectra show the characteristic silicon, sulfur, and iron
absorption lines, SN is classified into SNe Ia.

By significant features other than hydrogen, Type I SNe are divided into subtypes as
Type Ia, Ib and Ic. A strong absorption line of Si ii λ6355 is seen for SNe Ia. Generally,
this line is shifted to around 6100 Å due to the ejecta expansion of SNe. The spectra
of SNe Ib have the helium absorption lines. In the spectra of SNe Ic, there are no
significant absorption lines of hydrogen and helium. In Figure 1, we show the spectra
of different type SNe. SNe Ib/c and II come from the core collapse (CC) from massive
stars (more than about 8 – 10M�). On the other hand, SNe Ia arise from the explosion
of a white dwarf (WD) in a binary system. In this thesis, we focus on SNe Ia, and
describe about the progenitor system and the explosion mechanism in §1.2.

1.1.2 Source of Luminosity in Supernovae

The absolute magnitude of SNe distribute in the range of −15 – −20 mag. SNe are the
most luminous events among astronomical objects. The thermal energy source is the
radioactive 56Ni (Truran et al. 1967; Colgate & McKee 1969). The large amount of 56Ni
are synthesized in the large explosion energy (Arnett 1969b). Radioactive 56Ni decays
into 56Co due to electron capture decay. For SNe Ia, the large amount of the 56Ni are
synthesized in the thermal nuclear runaway.

56Ni →56 Co+ γ + νe. (1.1)

The lifetime (e-folding time) of 56Ni is 8.80 days. The total decay energy is 2.14 MeV,
and the emitted energy is 1.75 MeV. The remaining energy is brought by neutrinos
(Junde et al. 1987). The γ-rays are partly absorbed and scattered by the ejecta and
converted to thermal energy or lower energy photons. The optical emission is dominant
in the spectra. The decay energy rate is converted into the total radiation energy.

1



CHAPTER 1. INTRODUCTION

Figure 1: Comparison of the early phase spectra for four types SNe (Type Ia SN 1987N,
Type II SN 197A, Type Ic SN 1987M, Type Ib SN 1984L). This figure is cited from
Filippenko (1997).

56Co is also a radioactive element and decays into stable isotope 56Fe by electron
capture and positron decays.

56Co →
{

56Fe+ γ + νe (81%)
56Fe+ e+ + γ + νe (19%)

(1.2)

The lifetime of 56Co is 111.3 days. The positrons interact with the ejecta, and lose their
kinetic energy. The total energy emitted by the γ-ray photons is 3.61 MeV and the total
kinetic energy of positron is estimated 0.12MeV (Junde et al. 1987). In the late phase,
the opacity of the ejecta quite declines and transparent for the γ-ray photons. In this
phase, the kinetic energy of positrons dominates the energy deposited to the ejecta. The
remaining energy (0.84 MeV) is carried away by neutrinos (Junde et al. 1987). A typical
SN Ia synthesize about ∼ 0.6M� 56Ni elements at the explosion. For observations, the
tail luminosity is proportional to the 56Ni mass. We can derive the 56Ni mass from the
tail luminosity.

1.2 Type Ia Supernovae

By accreting the material on the surface of the WD from the non-degenerate companion
star through the Roche-lobe overflow in a binary system, the WD mass gains. When the
WD mass reaches the Chandrasekhar-limiting one (Mch � 1.38 M�), the thermonuclear
runaway occurs in the central region (e.g., Hillebrandt & Niemeyer 2000). In Figure 2,
we show the light curves (LCs) of several SNe Ia. More luminous SNe Ia slowly fade and
less luminous SNe Ia quickly fade. For SNe Ia, there is a well-established correlation
between the peak luminosity and the following decline rate of the LC, which is well-
known as width-luminosity relation (WLR; Phillips 1993, see Figure 3). This relation

2



1.2. TYPE IA SUPERNOVAE

Figure 2: The light curves of several SNe Ia in the B-band. 0 day corresponds to
the maximum light. The circles, squares, crosses, diamonds, plus signs and triangles
symbols denote the light curves of SN 1991T, SN 1994ae, SN 1986G, SN 1991bg, SN
1992A, and SN 1980N, respectively. This figure is cited from Riess et al. (1996).

has been used to measure the distance to galaxies. The cosmological parameters have
been limited using these properties (Perlmutter et al. 1999; Riess et al. 1998).

1.2.1 Explosion Mechanism

SNe Ia synthesize the large amount of 56Ni by the thermonuclear explosion. There are
suggested some explosion models to reproduce the observational properties of SNe Ia. In
this section, we describe the some theoretical explosion models of SNe Ia. Arnett (1969a)
assumed the thermonuclear burning front propagates at supersonic speed (a detonation
wave). Before the WD expands, it burns out. The whole WD material (mainly C+O) is
almost transformed into iron group elements. For this scenario, the explosion does not
occur. Nomoto et al. (1984) suggested the deflagration model. In this model, the WD
burning front propagates into outer layer in subsonic speed. Fireball ejecta temporally
expands and the explosion is successful. The WD materials are mostly burned by the
deflagration frame. Due to the less energetic explosion, the unburned material of WD is
expected to be seen. However, it cannot reproduce larger 56Ni and the faster expansion
velocity. The deflagration model cannot reproduce the luminous SNe Ia. The delayed
detonation model has been proposed as the established model of SNe Ia (e.g., Khokhlov
1991; Hillebrandt & Niemeyer 2000). The burning frame is ignited near the center of the
WD, and it burns in deflagration initially. After that, the burning front propagates into
outer layer. When it reaches critical density, the frame transformed into the detonation
wave near the surface of the WD through the supersonic propagation of the burning front
occurs. This model synthesizes more 56Ni and the intermediate mass elements (IME;
e.g., Si, S, and Ca). These elements are wholly consistent with the spectral features of
SNe Ia.

On the other hand, for peculiar SNe Ia, it is considered to explode with extreme
explosion parameters compared to normal SNe Ia. Furthermore, we describe the some
explosion models proposed in peculiar SNe Ia; such as Type Iax SNe (see §1.3.3 for
details) focusing this thesis. One possible model is the weak deflagration (e.g., Jordan
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CHAPTER 1. INTRODUCTION

Figure 3: Correlation of the peak absolute magnitudes in the B-band with the decline
rate Δm15(B). This figure is cited from Altavilla et al. (2004).

et al. 2012; Kromer et al. 2013; Fink et al. 2014), in which a considerable part of the
WD could not gain sufficient kinetic energy to exceed the binding energy, and a bound
WD remnant of ∼1 M� may be left after the explosion. The weak deflagration model,
leaving a bound remnant predicts smaller explosion energy, and it is considered to be
one plausible model in fainter SNe Ia such as SNe Iax. Other model is the pulsating
delayed detonation (PDD) model. After a long-range pulsation of the WD, the delayed
detonation is caused (e.g., Hoeflich et al. 1995; Hoeflich & Khokhlov 1996). The PDD
model can be also explained for normal SNe Ia. In the case of SNe Iax, the observational
properties are explained (e.g., SN 2012Z; Stritzinger et al. 2015).

1.2.2 Progenitor System

Possible Progenitor Scenario

The progenitor system is still under debate. Here, we describe two widely-accepted
scenarios. One possible scenario is a single degenerate (SD) one, which consists of a WD
and a companion star. The companion star is a non-degenerate companion star, e.g.,
main sequence or red giant star. The companion star transforms mass by Roche-lobe
overflow to the WD, and the mass of the WD approaches the Chandrasekhar limit mass
(Whelan & Iben 1973; Nomoto 1982; Hachisu et al. 1999). In this scenario, whether a
WD results in SN explosion depends on the mass accretion rate. The mass accretion rate
is predicted to be from 10−7 – 10−8 M� yr−1 through the numerical calculation (Nomoto
1982). If the binary system has the slower mass accretion rate, nova-like eruption occurs.
For the evolved binary systems, it is possible that the direct mass transfer to the WD
instead of hydrogen occur. For peculiar SNe Ia, the helium emission lines are detected
(see §1.3.3), and it may be related to such progenitor scenario.

The second possible scenario for triggering a SNe Ia is the merger of two WDs (DD
scenario; Iben & Tutukov 1984, Webbink 1984). In the classical model, the carbon
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1.2. TYPE IA SUPERNOVAE

on the surface may be only ignited without explosive burning. As a result, the WDs
convert to the an oxygen and neon (O-Ne) WD. It is considered that the WD collapses
to a neutron star rather than the SN explosion (Saio & Nomoto 1985). Recently, the
hydrodynamic calculation of the detonation model triggered by the two WD merger
have been suggested (Pakmor et al. 2010). In this model, after two WDs having close
masses merge, the detonation explosion is triggered in the off-center region when the
density reaches critical one. This explosion can successfully reproduces the observational
properties of faint SNe Ia (Pakmor et al. 2010), and the normal SNe Ia (Pakmor et al.
2012), because the small 56Ni mass is synthesized.

Generally, it takes very long time that two WDs merge, because the orbital period
shrinks, depending on the gravitational wave. The timescale even extends to the cosmic
times. During the orbit shrinkage, the circumstellar material sufficiently diffuses and
the surrounding environment is clean comparing to single degenerate system. Some DD
models occasionally predict to eject the dense CSM to very close environment to the
progenitor just after two WDs merge (Raskin & Kasen 2013; Shen et al. 2012; Tanikawa
et al. 2015). On the other hand, the environment with the dense CSM is robustly
expected for the SD scenario. In some SNe Ia, they are in the environment with dense
CSM using time variable Na i D absorption lines arising in the CSM (e.g., Patat et al.
2007; Blondin et al. 2009; Simon et al. 2009).

Probe to the Progenitor

Some methods to distinguish the progenitor scenario have been suggested. The first
one is direct imaging of the progenitor system. In previous studies, a bright red giant
companion scenario is excluded through the pre-explosion image analysis for very nearby
SNe (Nelemans et al. 2008; Maoz & Mannucci 2008; Kelly et al. 2014; Li et al. 2011).
However, this method is applicable only to the progenitor systems in galaxies within 10
Mpc. For most SNe Ia, even if the progenitor is a red supergiant, it cannot be detected.

Second method is to search a signature of the progenitor indirectly. In the SD
scenario, the interaction between the SN ejecta and companion can be seen within a few
days from the explosion (Kasen 2010; Kutsuna & Shigeyama 2015; Maeda et al. 2018).
When the ejecta collides with the companion, it creates a shock cooling signature over
the first few days. The signature depends on the size and distance to the companion
and its viewing angle. From the data at few days after the explosion, in the case of
some SNe Ia, those parameters of the companion star have been constrained (e.g., SN
2012cg; Silverman et al. 2012a, Marion et al. 2016).

Some previous studies suggest that the interaction between the ejecta and the cir-
cumstellar material (CSM) can be seen (e.g., Piro & Morozova 2016; Maeda et al. 2018).
The signature in the early phase similar to the ejecta-companion interaction has been
detected, however the LC timescale and color evolution were somewhat different (Maeda
et al. 2018). These features should be a probe of the unknown progenitor.

Previous Observations From First Few Days

Recently, many researchers focus on the observations of SNe Ia within a few days from
the explosion. SN 2011fe is the most-well studied SN Ia among this 40 days, because
it was discovered in the very close galaxy M101 at 6.4 Mpc by the Palomar Transient
Factory (Nugent et al. 2011a). The first detection is about 11 hour after the explosion,
and the 5 σ non-detection is 4 hour. From the observation soon after the explosion, it
can provide strong constrain to the progenitor scenario (Nugent et al. 2011a). Additional
observations exclude the stellar explosion with larger radius than a few R� (Bloom et al.
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CHAPTER 1. INTRODUCTION

2012). Additionally, the ceaseless photometric observations soon after the explosion
using Kepler space telescope unveil the unexpected rising of the luminosity, although
they are limited to a few examples (e.g., SN 2018oh; Li et al. 2018b). Although there
is a few observations in a single band, the observational samples in multi-band are
limited from a few days. These further observations should be the key to understand
the progenitor scenario of SNe Ia.

1.2.3 Diversity in the Early Phase of SNe Ia

Although SNe Ia exhibit their homogeneity in LCs, the diversity for SNe Ia is also known,
even in “normal” SNe Ia. SNe Ia have some outlier events, and we describe about in §1.3.
Benetti et al. (2005) classified SNe Ia into three subgroups. They use the time evolution
of the expansion velocity and the strength of Si ii λ6355 absorption line. “FAINT”
subgroup has low expansion velocities and fast deceleration of Si ii λ6355 velocity. In
this subgroup, the peak magnitude is fainter then those in typical SNe Ia, and they are
similar to so-called SN 1991bg-like ones (see Filippenko et al. 1992a, Leibundgut et al.
1993, Turatto et al. 1996). The second subgroup shows the fast velocity deceleration
and normal luminosity. It is called “high velocity gradient (HVG)”. The third one is
the slow velocity evolution and normal luminosity, called “low velocity gradient (LVG)”.
This group includes normal SNe Ia and bright SNe Ia such as SN 1991T-like events (see
§1.3.1).

The other scheme of classification for SNe Ia has been suggested by Branch et al.
(2006). They used the ratio of the equivalent widths of the Si ii λ5972 and Si ii λ6355
absorption lines around maximum light. In this scheme, SNe Ia are divided into four
subgroup. The two subclass, “Core Normal (CN)” and “Broad Line (BL)” that have
broader Si ii λ6355 line, are roughly “normal” SNe Ia. The “Cool (CL)” shows the deeper
Si ii λ5792 line. SNe Ia classified as this subclass are fainter and have a fast decline rate.
Finally, there is the “Shallow Silicon (SS)”. This subclass has weak absorption lines of
Si ii λ5792 and Si ii λ6355. In this subclass, the spectra indicate the high temperature
photosphere. This subclass contains the SN 2002cx-like SNe Ia (or Type Iax SNe; SNe
Iax, see §1.3.3), overluminous SNe Ia such as SN 1991T or SN 1999aa-like SNe Ia (see
§1.3.1 and §1.3.2).

Stritzinger et al. (2018) presented that there are two distinct populations from com-
parison of the intrinsic B − V color evolution among various SNe Ia within three days
from the explosion. SNe Ia that are blue at early phase show the similar spectra to those
of SN 1991T- or SN 1999aa-like SNe Ia. These SNe Ia are also consistent with the SS
subclass, which are more luminous than typical SNe. On the other hand, SNe Ia that
are redder at early phase are corresponding to CN or CL SNe, and these are normal or
slightly faint events.

1.3 Peculiar SNe Ia

The previous studies suggest that SNe Ia have some extreme events in the MB,max–
Δm15(B) plane (see Figure 4). In this section, we describe some extreme/peculiar
events such as 91T-like SNe, 99aa-like SNe and 02cx-like SNe.

1.3.1 SN 1991T-like SNe

91T-like SNe show the bright peak luminosities and broad LCs. SN 1991T is �0.6 mag
brighter than typical SNe Ia (Filippenko et al. 1992b). The decline rate defined as the
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1.3. PECULIAR SNE IA

Figure 4: Correlation of the peak absolute magnitudes in the B-band with the decline
rate Δm15(B). There are normal SNe Ia (gray symbols) and some extreme events. This
figure is cited from Taubenberger (2017).

7



CHAPTER 1. INTRODUCTION

magnitude difference between 0 and 15 days after the maximum light, is Δm15(B) =
0.95 ± 0.05 mag (Lira et al. 1998). 91T-like SNe are slightly overluminous than those
expected from the WLR with the same Δm15(B) (e.g., Taubenberger 2017). In spectra
of 91T-like SNe at the early phase, the Fe iii absorption lines dominate. Before the
maximum light, the spectra of 91T-like SNe show weak or no absorption lines of IME.

1.3.2 SN 1999aa-like SNe

SN 1999aa is overluminous and shows a slowly decline rate (Δm15(B) = 0.746 ± 0.024
mag; Krisciunas et al. 2000), similar to SN 1991T. The early spectra of SN 1999aa are
similar to those of 91T-like SNe, i.e., the Fe iii absorption lines dominate and IME
absorption lines are weak (e.g., Garavini et al. 2004). The spectra of SN 1999aa have
slight differences compared with those of SN 1991T. The Ca ii lines, especially Ca ii
H and K, are prominent in the spectra of SN 1999aa. 99aa-like SNe could be the
transitional event between 91T-like SNe and normal SNe Ia (e.g., Taubenberger 2017).

1.3.3 SN 2002cx-like SNe / Type Iax SNe

Some SNe Ia deviate from the WLR, and their peak luminosities are significantly fainter
(≥1 mag) than those of normal SNe Ia with similar decline rates. These outliers have
been called SN 2002cx-like SNe (Li et al. 2003) or SNe Iax (Foley et al. 2013). SNe Iax
commonly show lower luminosities, lower expansion velocities and hotter photospheres
around their maximum light than normal SNe Ia (Foley et al. 2013 and references
therein); on the other hand, their maximum magnitudes and decline rates scatter. For
example, the maximum magnitude of the faintest SN Iax 2008ha is only −13.74 ±
0.15 mag in the B-band (Foley et al. 2009), which is ∼4 mag fainter than that of the
prototypical SN Iax SN 2002cx. The line velocities of SNe Iax around the maximum
light are 2000–8000 km s−1, whereas those of normal SNe Ia are �10000 km s−1. The
estimated 56Ni mass and the explosion energy of SNe Iax are only 0.003–0.3 M� and
1049–1051 erg, respectively (e.g., Foley et al. 2009; Foley et al. 2013; Stritzinger et al.
2015).

The identification of the possible progenitor systems for some SNe Iax have been
reported and they could be important for exploring the explosion model and links to
normal SNe Ia. For SN 2012Z, a blue hot star (possibly a companion helium star)
has been detected in pre-explosion images (McCully et al. 2014a). For SN 2008ha, a
luminous redder source has appeared in the post-explosion images, which could be a
bound remnant or a survived companion star (Foley et al. 2014). For other SN Iax (SN
2008ge; Foley et al. 2010 and SN 2014ck; Tomasella et al. 2016), only the upper limits
for the brightness of the progenitors have been derived. SNe 2004cs and 2007J show the
helium emission lines in their spectra (Foley et al. 2013). The helium lines should arise
from the progenitor systems, because the helium is not synthesized in the explosion.

From the recent observations, in the case of SNe Iax, the SD scenario are likely
somewhat advantageous. Many researchers have discussed plausible models that can
reproduce the observed properties assuming SD scenario (see §1.2.1). However, Valenti
et al. (2009) suggested that a fraction of SNe Iax could be CC SNe based on of some
characteristics in the optical spectra. Moriya et al. (2010) suggested a ‘fallback CC
SN model’ for SNe Iax, where a considerable fraction of the ejecta would fall onto the
central remnant, probably a black hole, in a CC SN explosion of a massive star (�25
M�).

To date, the number of SNe Iax for which the evolution of the late phases has been
well-observed still remains very small. Late phase observations are expected to carry
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1.3. PECULIAR SNE IA

important information on the progenitor and explosion through a direct view to the
inner part of the ejecta (e.g., Maeda et al. 2010). The spectra of some SNe Iax in the
late phase show the permitted lines having the P Cygni profiles, unlike those of SNe Ia.
From the analysis of the late phase spectra, Foley et al. (2016) suggested that the ejecta
of SNe Iax have two distinct components, one of which creates the photosphere even in
the late phase. Thus, the data for SNe Iax in the late phases can provide meaningful
constraints on an explosion model.

1.3.4 Goal of This Thesis

There are many observation samples of SNe Ia, however, there are still some unresolved
issues. The two different explanations are mainly considered for the progenitor system
of SNe Ia (c.f., §1.2.2). To constrain these issues of SNe Ia, we require the more obser-
vational data such as the peculiar SNe Ia and SNe Ia at a few days from the explosion.

In this thesis, we focus on two SNe Ia discovered at nearby galaxies. We can obtain
the data of nearby SNe from the early to the late phase when the SNe are fainter,
because the distance to the galaxy is relatively close. From the observations of these
two SNe Ia, we try to determine whether the signature expected by SD scenario can
be seen or not. As the first study, we preformed the optical and near-infrared (NIR)
observation of SN Iax 2014dt through 400 days from its explosion. There were few
sample in which such as long-term observation of SNe Iax were obtained. From the
extended observation, we try to constrain the explosion models of the peculiar SN Ia.
From the luminosity and the line velocity, we estimate the explosion parameters such as
the 56Ni mass, the explosion energy and the ejecta mass. We compare these parameters
and the observational features, and constrain the explosion mechanism. As the second
study, we performed the optical and ultraviolet (UV) observation of SN Ia 2017erp that
was discovered at very early phase, a few days from the explosion. The observational
samples of color evolution from early phase is rare. Then, the additional samples is
important to constrain the progenitor scenario. From the photometry and spectroscopy
around the maximum light, we determine its subclass in SNe Ia, and examine whether
the color evolution of SN 2017erp at the early phase shows the signature expected in
SD scenario such as the interaction between the SN ejecta and the companion star or
CSM.
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Chapter 2

Observations and Data Reduction

2.1 Target SNe

About 1000 SNe are discovered each year by extensive supernova survey projects or
amateur astronomers. About 70 % of them are SNe Ia. Our targets are nearby SNe Ia
within 20 Mpc. For such SNe Ia, we can perform the prompt observations and provide a
constraint on the progenitor system through the observations. We can also perform the
long-term observations in optical and NIR wavelengths even if the SNe are intrinsically
faint. Using these data, we can discuss the explosion properties of faint SNe Ia. In order
to collect such data, we use the 1.5 m Kanata telescope in Hiroshima University. We
focus on good prospects SNe Ia, SNe 2014dt and 2017erp, discovered in nearby galaxies.

2.1.1 SN 2014dt

SN 2014dt was discovered at 13.6 mag in a nearby galaxy M61 on 2014 October 29.8
UT by a Japanese amateur astronomer, K. Itagaki (Nakano et al. 2014). The spectrum
obtained on 2014 October 31 UT by the Asiago Supernova classification program was
similar to that of a SN Iax at ∼1 week after the maximum light (Ochner et al. 2014).
SN 2014dt is one of the nearest SN Iax ever discovered as mentioned later. Foley et al.
(2015) gave upper limit magnitudes using pre-explosion images taken with the Hubble
Space Telescope (HST), which is consistent with a system with a low-mass evolved or
main-sequence companion, while the upper limit could not reject a Wolf-Rayet star.
The distance of M61 has been obtained by several works and they are summarized in
the NASA/IPAC Extragalactic Database (NED)1. Bose & Kumar (2014) reported the
distance obtained by applying the expanding photosphere method (EPM) to a Type
II-plateau SN 2008in in appeared in the same galaxy. In the EPM, we compare the
radius determined from the expansion velocity and that estimated by fitting observed
blackbody fluxes at several phases (Kirshner & Kwan 1974; Schmidt et al. 1992). Bose
& Kumar (2014) gave two values as μ = 30.45 ± 0.10 mag and 30.45 ± 0.10 mag for
the distance modulus using two different atmosphere models. In this thesis, we adopt
the EPM distance of M61, μ = 30.81± 0.20 mag, which was also consistent with those
calibrated with another atmosphere model updated by Dessart & Hillier (2005). For
the total extinction towards SN 2014dt, we simply adopted E(B − V )total = 0.02 mag,
following Foley et al. (2015).

1http://ned.ipac.caltech.edu/
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2.2. TELESCOPES AND INSTRUMENTS

2.1.2 SN 2017erp

SN 2017erp was discovered at 16.8 mag in the outskirt of spiral galaxy NGC 5861 on 2017
June 13.6 UT by K. Itagaki (Itagaki 2017). The spectrum was obtained on 2017 June
13.9 UT, and this SN was classified as a SN Ia at about 10 days before the maximum
light (Jha et al. 2017). The distance of NGC5861 is reported with many previous studies
(e.g., de Vaucouleurs et al. 1981; Willick et al. 1997). We adopted the distance modulus
of NGC 5861 as μ = 32.04 ± 0.8 mag, which is the weighted-average one obtained
using the Tully-Fisher relation listed in NED. The dust extinction of this line of sight
through the Milky Way is estimated as E(B − V )MW = 0.0926 ± 0.0005 mag (Schlafly
& Finkbeiner 2011), and the extinction within the host galaxy is E(B − V )host = 0.097
mag (Brown et al. 2018). This E(B−V )host is estimated using the some multi LC fitting
methods of SN 2017erp (Brown et al. 2018).

2.2 Telescopes and Instruments

We performed the photometric and spectroscopic observations of these SNe from the
UV to NIR wavelengths. The SNe were observed using various telescopes and instru-
ments. We describe the detail of the observations in this section. In Tables 1 and 2, we
summarize telescopes, instruments, modes, and filters that used for SN 2014dt and SN
2017erp, respectively.

2.2.1 1.5m Kanata telescope

The Kanata telescope is a 1.5m diameter optical/infrared telescope, and it has a F/12.2
Ritchy-Cretien optics, at Higashi-Hiroshima Observatory located in the Higashi-Hiroshima,
Japan. Main scientific targets with the Kanata telescope are transient objects including
SNe, gamma-ray bursts (GRBs), active galactic nucleis (AGNs), and many kinds of vari-
able stars. The telescope has high mobility, 5 degrees/second around the azimuth axis,
2 degrees/second around the altitude axis. Three instruments are regularly installed
to the Kanata telescope. We use two instruments, Hiroshima One-shot Wide-field Po-
larimeter (HOWPol; Kawabata et al. 2008) and Hiroshima Optical and Near-InfraRed
camera (HONIR; Akitaya et al. 2014) for the SN observations.

HOWPol

HOWPol is installed to the Nasmyth focus of Kanata telescope. This instrument has
some observational modes, imaging, spectroscopy, narrow- and wide-field imaging po-
larimetry in optical wavelengths (4500–10000Å). The field of view of the imaging mode
is the 15 arcmin diameter circle. The typical limiting magnitude is measured to be
19.2 mag for 600 second exposure time in the R-band image, and the uncertainty in
magnitudes is 0.02 mag. The width of spectroscopy slit is 2.3 arcsec, and the resultant
wavelength resolution is R = λ/Δλ � 400 at 6000Å.

HONIR

We can simultaneously obtain the optical (5000–10000Å) and NIR (10000–24000Å) data
using HONIR. HONIR is installed to the Cassegrain focus of Kanata telescope. The
various observational modes are provided by HONIR. We are flexibly available for imag-
ing, spectroscopy, narrow- and wide-field imaging polarimetry and spectropolarometry
in the optical and NIR regions, respectively. The field of view of the imaging mode is
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CHAPTER 2. OBSERVATIONS AND DATA REDUCTION

Table 1: Summary of telescope and instruments for SN 2014dt

Telescope Instruments Mode Wavelength
1.5m Kanata HOWPol Imaging B, V,R, I
1.5m Kanata HOWPol Spectroscopy 4000–10000Å
1.5m Kanata HONIR Imaging J,H,Ks

51cm telescope Andor Imaging B, V,R, I
8.2m Subaru FOCAS Imaging B, V,R, I
8.2m Subaru FOCAS Spectroscopy 4700–9400Å

the 10 arcmin square. The observations of NIR are more affected than that of optical by
the background light from the atmosphere and the thermal emission of the instruments.
The brightness of the background light varies depending on the state of the atmosphere
and altitude. We adopted the dithering method that obtained the multiple image with
offsets. We can use the combined image as a calibration data. The detail are described
in §2.3.2.

2.2.2 51cm telescope

We performed opticalBV RI-band photometry for SN 2014dt using the 51cm Cassegrain,
F/12 telescope at Osaka Kyoiku University (OKU). The data obtained by an Andor
DW936N-BV CCD camera, and the field of view is the 16 arcmin square.

2.2.3 8.2m Subaru telescope

The Subaru telescope is a 8.2m diameter optical/infrared telescope, that has a F/12.6
Ritchy-Cretien optics, at the summit of Mauna Kea in Hawai’i, USA, operated by the
National Astronomical Observatory of Japan (NAOJ). We performed optical V R-band
photometry and spectroscopy using the Faint Object Camera And Spectrograph (FO-
CAS; Kashikawa et al. 2002) for SN 2014dt. FOCAS can provide various observing
modes as optical imaging and long-slit and multi-slit spectroscopy, imaging and spec-
tropolarimetry. The observable wavelength range is 3700–10000Å, and the field of view
of the imaging mode is the 6 arcmin diameter circle. The width of the used spectroscopy
slit was 0.8 arcsec, and the resultant wavelength resolution was R = λ/Δλ � 650 at
6000Å.

2.2.4 Swift

The Swift is a space craft telescope that is part of NASA’s medium explorer program.
This is the multi wavelength observatory dedicated to the study GRB. There are three
instruments on board, and we used the UV to optical data obtained by the UV/Optical
Telescope (UVOT). UVOT is the 30cm telescope, and the observable wavelength is
1700–6500Å. The field of view is 17 arcmin. The UVOT can perform imaging and
spectroscopy. We downloaded the imaging data of SN 2017erp from the Swift Data
Archive2.

2http://www.swift.ac.uk/swift portal/
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Table 2: Summary of telescope and instruments for SN 2017erp

Telescope Instruments Mode Wavelength
1.5m Kanata HOWPol Imaging B, V,R, I
1.5m Kanata HOWPol Spectroscopy 4000–9400Å

Swift UVOT Imaging UVW2, UV W1, U, B, V

2.3 Data Reduction

We reduced the data using IRAF that is commonly used for the reductions and analysis
of astronomical data. IRAF is the Image Reduction Analysis Facility, distributed by
the National Optical Astronomy Observatory, which is operated by the Association of
Universities for Research in Astronomy (AURA) under a cooperative agreement with the
National Science Foundation. In this section, we describe the flow of the data reduction.

2.3.1 Optical Data

We take the data of target objects. These are called “object frames”. They need to be
processed to remove the fake signals by the electronic readout noise, thermal electrons
and the difference in sensitivities between pixels and so on. We obtained several types
of calibration data due to remove or correct for them.

Corrections of Bias

The obtained data by CCDs have some signals even with zero exposure time. This
signals are called bias. We corrected the bias using the frames taken with 0 second
exposure and the counts in the overscan region in the object frames. The data obtained
by HOWPol and FOCAS have been corrected in this manner.

Corrections of Dark Noise

In cases of using Andor CCD, the cooling of the CCD is not enough to neglect the
dark signal. This is caused by the dark noise. It is larger in the higher temperature
of the CCD and/or in the longer exposures. The dark noise in HOWPol and FOCAS
is negligible because the CCDs are sufficiently cooled (∼ −100◦C). On the other hand,
the temperature of the CCD of Andor is typically −75◦C and it varies depending on
the ambient temperature. We obtained 10 dark frames with the shutter closed and the
same exposure time as object frames every night. We combined the dark frames into a
median frame, and subtracted it from the object frames.

Flat-Fielding

The obtained data have a pattern caused by the sensitivity variations of the each pixels
of the CCD and other optics. We used a uniformly illuminated screen and obtained the
flat frames with each band. We corrected the dark and bias for them, and combined
into the flat frame in each band. By correcting the bias frames and dark frames and
them dividing by the normalized flat frames, we complete the primary processing of the
object frames.
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CHAPTER 2. OBSERVATIONS AND DATA REDUCTION

2.3.2 NIR Data

In the data in the NIR bands, we corrected the bias and dark frames and divided the
normalized flat frames in the same way as these of the optical bands. Additionally, the
data in the NIR bands require several processes.

Masking Bad Pixels

There are generally more bad pixels, where the sensitivity is poor or the dark noise is
exceptionally high, on the detector at NIR than that at optical. They badly affect the
singles from the astronomical source, therefore we corrected them using the mask frame.
In the mask frame, each bad pixel has 1 or a positive integer value as the count and
the other normal pixels have 0. In the object frames and the flat frames the bad pixels
specified by this mask image are complemented using the pixel counts around the bad
pixel.

Flat-Fielding

The observation at the NIR bands greatly affects the background light from the atmo-
sphere and the thermal emission of the instruments. To subtract these, many images
were obtained so that the SN, the host galaxy and the field stars. By combining these
images with the median value, it is possible to remove the contribution of these objects
and only the background light component remains. We made these frame for each NIR
band, and subtracted it from the object frames.

2.3.3 Host Galaxy Template Subtraction

If there is a background object on the SN (e.g., the host galaxy), it affects the measure-
ment of the signal from the SN as a contamination. In those cases, we need to subtract
the host galaxy template image before we perform the photometry (for details see §2.4).
The host galaxy template images should be obtained before the SN appears or after it
becomes faint enough that it is negligible. In Figure 5, we show the images before and
after the subtraction of the host galaxy template images.

In the case of SN 2014dt, we performed subtraction of the template galaxy in the
images obtained by HOWPol, HONIR and FOCAS of the host galaxy template images.
For HOWPol and HONIR, the host galaxy template images were obtained on 2018
February 23 (i.e., >1200 days after the discovery) and on 2017 April 23 (i.e., at >900
days after the discovery), respectively. For the data obtained by FOCAS, the host galaxy
template images are synthesized using the SDSS u′g′r′i′z′ images and the relations for the
flux transformation (Smith et al. 2002). We removed the cosmic rays using L. A. Cosmic
pipeline (van Dokkum 2001; van Dokkum et al. 2012). After that, we remapped the
WCS (World Coordinate System) of the obtained images using the SExtractor (Bertin &
Arnouts 1996), and transformed the template images to fit our images using wcsremap 3.
The host galaxy subtraction was performed using hotpants 4.

For the images obtained by Andor CCD camera, we skipped the host galaxy template
subtraction because the images were significantly affected by fringe patterns and the
host galaxy template subtraction cannot be performed well. We, however, note that the
host galaxy contamination is negligible for those images, as those were obtained in the
early phases when the SN itself was much brighter than the host background (as was
confirmed by the subtracted images for the HOWPol data).

3http://www.astro.washington.edu/users/becker/v2.0/wcsremap.html
4http://www.astro.washington.edu/users/becker/v2.0/hotpants.html
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2.3. DATA REDUCTION

Figure 5: Comparison of the observed (left panels), the template (center), and the
subtracted (right) images around SN 2014dt. Upper and lower panels are images in the
R-band at 412 days and in the J-band at 405 days, respectively. The field of view is
30′′ × 30′′. The template image in the R-band is synthesized from SDSS images, and
that in the J-band was obtained with HONIR (see text).
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CHAPTER 2. OBSERVATIONS AND DATA REDUCTION

In the case of SN 2017erp, the contamination of the host galaxy is not significant
(see Appendix F), and we skipped the template subtraction.

2.4 Photometry

The photometry is a process to measure the flux of the stellar objects from the obtained
images. Two methods are used in our reduction. In this section, we describe them.

2.4.1 Aperture Photometry

In the ‘aperture photometry’, the signal from the object is integrated within the defined
aperture. The aperture size is usually a few times FWHMs of the stellar image profile.
The integrated signal contains not only the object but also the signal from the back-
ground sky. The sky region is specified in a doughnut-like region outside of the aperture.
We calculate the signal from the object after the subtraction of the signal from the sky.
In this method, it is difficult there is a contamination from underlying diffuse objects
around the target one, such as the host galaxy. After the host galaxy template subtrac-
tion is properly done, the contamination is minimized. Then, we performed aperture
photometry for those data. For aperture photometry, we used the DAOPHOT package
in IRAF. We estimated the error for the photometry from the error associated with pho-
tometry, and the standard deviation in the magnitude obtained from each comparison
stars and the difference images. The error for the photometry includes that caused by
the host galaxy template subtraction. In the cases using the galaxy template subtrac-
tion, the error is dominated by the incomplete subtraction which cannot be overcome
easily.

2.4.2 PSF Photometry

We adopt another photometry method for the data without the host galaxy template
subtraction, Point-Spread-Function (PSF) photometry. In the PSF photometry, ini-
tially, we prepare the PSF model from the stars taken in the same image as the object
to be measured. It fits the model to the peak flux of the object and measure the signal
from it. For the subsequent PSF photometry, we used the DAOPHOT package in IRAF.
We estimated the error in the same way as for the aperture photometry, expect for it
caused by the host galaxy template subtraction.

2.4.3 Photometric Calibration

For the magnitude calibration (expect for Swift data), we adopted relative photometry,
i.e., using comparison stars taken in the same frame (Figures 6 and 7). The optical
magnitudes of the comparison stars for SN 2014dt were calibrated with the photometric
standard stars in the Landolt field (SA104; Landolt 1992), observed on photometric
nights using HOWPol. We calibrated the NIR magnitude of that in the 2MASS catalog
(Skrutskie et al. 2006). The magnitudes of the comparison stars for SN 2017erp were
from in the AAVSO Photometric All Sky Survey (APASS) catalog (Henden et al. 2016),
and converted from g′r′i′-bands to RI-bands using the transformation relations given
by Rodgers et al. (2006). We show the obtained magnitudes of the comparison stars in
Tables 3 and 4. In the UV data of Swift, we adopted the absolute photometry using
the zeropoints reported by Breeveld et al. (2011).

For further photometric of calibration, we performed first-order color term correction
which minimize the effects originating from the difference between the sensitivity of the
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2.4. PHOTOMETRY

Figure 6: The R-band image of SN 2014dt and comparison stars taken with the Kanata
telescope/HOWPol on MJD 57171.51 (2015 March 29).

instruments and the filter transmission function. We skipped S-correction, which is
negligible for the purposes of this study (Stritzinger et al. 2002). We list the journal of
the photometry in Tables 9, 10, 12 and 13.
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CHAPTER 2. OBSERVATIONS AND DATA REDUCTION

Figure 7: The R-band image of SN 2017erp and comparison stars taken with the Kanata
telescope/HOWPol on MJD 57948.54 (2017 July 14).
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CHAPTER 2. OBSERVATIONS AND DATA REDUCTION

2.5 Spectroscopy

We describe the reduction of the spectroscopic data obtained by HOWPol and FOCAS.
After processing in §2.3.1, we determined the position and size of aperture, and corrected
the distortion caused by the optics of the instrument by fitting Legendre function. We
removed the cosmic rays using L. A. Cosmic pipeline, and the background light after
the wavelength calibration (see §2.5.1). In this way, we obtain the two-dimensional
(wavelength and spatial) spectroscopic images. Then, we integrated the counts along
the slit direction (i.e., the spatial direction), and obtained the one-dimensional spectra.

2.5.1 Wavelength Calibration

The wavelength calibration was made the sky emission lines for the data obtained by
HOWPol. In the data obtained by FOCAS, we also used the sky emission lines, and
the arc lamp (Th-Ar) lines. The wavelengths of each sky emission line and the arc lamp
line is known. Then, the relationship between the wavelength and the pixel position
was derived.

2.5.2 Flux Calibration

We corrected the spectral sensitivity using the spectrum of the spectrophotometric stan-
dard star, because the detector sensitivity and the atmospheric transmission varies with
wavelength. The standard star data taken on the same night and used. We removed the
atmospheric absorption lines in the spectrum of standard star, and fitted a high-order
function to the continuum component of it. Using the fitting results, we calibrated the
spectra of the SN. The journal of spectroscopy is listed in Tables 11 and 14.
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Chapter 3

SN 2014dt: Extensive Observations
of Type Iax

3.1 Results

3.1.1 Light Curves

Figure 8 shows BV RIJHKs-band LCs of SN 2014dt. Although we missed the pre-
maximum data because SN 2014dt was discovered after the maximum light, we ex-
tensively continued follow-up observations for 412 days, which is one of the longest
multi-band monitorings of SNe Iax. By comparison with LCs of other SNe Iax, we
estimated the epoch of the B-band maximum as MJD 56950.4 ± 4.0 (see §3.1.4). We
adopted the B-band maximum as 0 day.

In Figure 9, we compare the LCs of SN 2014dt and those of SNe Iax 2002cx, 2005hk
and 2008A and normal SN Ia 2003hv. In the normal SNe Ia 2003hv, the LCs in NIR
bands exhibit the secondary peak. The secondary peak occurs roughly 20 to 30 days
after the initial peak due to the ionization evolution of iron group elements in the ejecta
in normal SNe Ia. On the other hand, in the LCs of SN 2014dt and those of SNe Iax,
there are no secondary peak. This indicates the mixing of the ejecta of SNe Iax occur
(Blinnikov et al. 2006; Kasen 2006). The decline rate of SN 2014dt became small after
∼60 days. We estimated the decline rate in the late phase by fitting a linear function
to the LC. The decline rate of SN 2014dt is 0.009 ± 0.001 mag day−1 between 100 –
430 days in the V -band. The fitting error includes uncertainties on the phase and the
photometric error. This is slower than those of SNe 2002cx (0.012 mag day−1; McCully
et al. 2014b), 2005hk (0.015 mag day−1; McCully et al. 2014b) and 2008A (0.019 mag
day−1; McCully et al. 2014b). These late phase decline rates of SNe Iax except for SN
2014dt are similar to that of a normal SN Ia SN 2011fe, which is 0.0151 mag day−1 at
100 – 300 days (Zhang et al. 2016). SN 2014dt shows the slowest decline among SNe Ia
and Iax. Similarly, SN 2014dt evolves more slowly than normal SN 2003hv in NIR.

We compared the long-term decline rates of SN 2014dt at different epochs with
those of SNe 2001el (Krisciunas et al. 2003; Stritzinger & Sollerman 2007) and 2003hv
(Leloudas et al. 2009), which are well-observed, non-dust forming normal SNe Ia with
available late phase optical-NIR photometric data. Figure 10 shows the relationship
between the long-term decline rates in optical and NIR bands for SN 2014dt at three
epochs, and for SNe 2001el and 2003hv at two epochs. They are well aligned along
straight lines, mNIR/mopt � 0.5 – 0.9, suggesting that the declining trends in optical
and NIR wavelengths are similar in those SNe.
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3.1.2 Color Evolution

In Figure 11, we show the color evolution of SN 2014dt. The B − V evolution of SN
2014dt is similar that of SN 2005hk until ∼80 days. After about 130 days, the color
evolution changes. The B − V evolution becomes redder. On the other hand, the
evolution in NIR is almost constant. The color evolution of normal SN Ia 2003hv is
almost bluer than that of SNe Iax. In the color about ∼300 days in NIR, the J − H
color of SN 2014dt is comparable to that of SN 2003hv. The details are discussed in
§3.1.6.

3.1.3 Spectral Evolution

Figure 12 shows optical spectra of SN 2014dt from 21 days through 412 days. The early
phase spectra are characterized by absorption lines of Na i D, Fe ii, Co ii, and the Ca ii
IR triplet (Branch et al. 2004; Jha et al. 2006; Sahu et al. 2008). The line identification
is partly in debate due to non-negligible line blending (see below). The line of Si ii λ6355
is likely hidden by that of Fe ii λ6456 at 21 days. These lines are usually seen in SNe Iax
at similar epochs. The spectral features of SN 2014dt at 21 – 64 days closely resemble
those of SN 2005hk at similar epochs, except that the line width (and the blueshift) of
each absorption feature in SN 2014dt is slightly narrower (and smaller) than those in
SN 2005hk. This suggests that SN 2014dt had a smaller expansion velocity in the early
phase. In Figure 13, we compare the line velocities of Fe ii λ6149 and λ6247 lines in SN
2014dt with those in other SNe Iax. We measured the velocities by a Gaussian fit to
each absorption line. In each feature, we measured it multiple times. The scatter of the
line velocities among the multiple measurements is typically ∼400 km s−1. The derived
velocity was roughly 4000 km s−1 at 21 days and decreased to 2000 – 3000 km s−1 at
100 – 120 days. This is slower than those of SNe 2002cx, 2005hk and 2012Z, whereas it

22



3.1. RESULTS

 7

 8

 9

 10

 11

 12

 13

 14

 15

 16

 17

 18

 19
 0  50

A
p

p
a

re
n

t 
M

a
g

n
it
u

d
e

 +
 C

o
n

s
t.

 7

 8

 9

 10

 11

 12

 13

 14

 15

 16

 17

 18

 19

 20

 21

 0  100  200  300  400

Days from B-band maximum

Error in epoch
 (± 4 day)

 K-6.0
 H-4.0
 J-3.0

 I-1
 R

 V+1
 B+1.5
 03hv
 08A

 05hk
 05hk

Figure 9: Multi-band light curves of SN 2014dt compared with SNe Iax 2005hk, 2008A
and normal SN Ia 2003hv. In the left panel, we show the enlarged light curves for
the early phase (�60 days). We show the light curves of SN Iax 2005hk with solid
lines (or dashed ones in cases where separation to the neighboring point is �100 days)
(BV RIJHKs-bands and F606W -band; Phillips et al. 2007, Sahu et al. 2008, Friedman
et al. 2015, McClelland et al. 2010, Stritzinger et al. 2015, Krisciunas et al. 2017) and SN
2008A (BV RI, r′i′ and F555W,F622W,F625W,F791W,F775W -bands) with dashed-
dotted lines (McClelland et al. 2010, Hicken et al. 2012, Silverman et al. 2012b, Brown
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is slightly faster than those of SNe 2009ku (Narayan et al. 2011) and 2014ck (Tomasella
et al. 2016).

Here, we should be careful in the treatment of line velocities, because the spectra of
SNe Iax show many intermediate-mass and Fe-group elements, and it is thus difficult
to identify individual lines (e.g., Szalai et al. 2015) even with the less line blending
due to the slower expansion than normal SNe Ia. We synthesized model spectra using
SYN++ code (Thomas et al. 2011) to provide reliable line identifications. The synthetic
spectrum is likely to be consistent with the overall features in the observed spectrum
(Figure 14). At around 6000 Å, the spectral lines of Fe ii likely dominate the observed
features, and Fe ii λ6149 and λ6247 do not significantly suffer from contamination by
other lines (e.g., Co ii) as suggested in previous studies (i.e., Stritzinger et al. 2014 for
SN 2010ae and Szalai et al. 2015 for SN 2011ay). This supports the idea that the slower
expansion of SN 2014dt seen in Figure 13 is real in nature.

In the late phase, at 244 and 412 days, the spectra are characterized by many narrow
emission lines (Figure 15). Many permitted lines, such as Fe ii, and Ca ii, are seen in
addition to forbidden lines, such as [Fe i] λ7155 and [Ca ii] λλ7291, 7324. The spectral
features at 241 days are still quite similar to those of SN 2005hk at 232 days except for
some minor differences, such as the line ratios among emission lines around 8400 – 8700
Å and the width and blueshift of the Na i D absorption line. Generally, the strength
ratio of a forbidden line to a permitted one is an index of the density of the line-emitting
region; a smaller ratio indicates a larger density (e.g., Li & McCray 1993). We derived
the strength of the emission lines simply by a single-Gaussian fit to each line profile. In
the spectrum of SN 2014dt at 244 days, the ratio of [Ca ii] λλ7291, 7324 to Ca ii λ8542
was 0.7 ± 0.1, whereas that in the spectrum of SN 2005hk at 228 days was much larger,
2.5 ± 0.1. This suggests that the density of the line emitting region in SN 2014dt is
higher than that in SN 2005hk.

The spectral evolution through �410 days is markedly different between SNe 2014dt
and 2005hk. SN 2014dt showed no significant change except that some Fe ii lines at
the shorter wavelengths become weaker. However, in SN 2005hk, the forbidden lines
([Fe i] λ7155 and [Ca ii] λλ7291, 7324) become stronger relatively to the continuum and
most emission lines become narrower. These indicate that the spectral evolution of SN
2014dt in the late phase was slow, which is likely consistent with the slow decline of the
optical and NIR luminosity.

3.1.4 Estimation of the Maximum Epoch

It is useful to restrict the epoch of maximum brightness even roughly for comparison
with other SNe and theoretical models. We emphasize that the main arguments in this
thesis are based on the long-term evolution through the late phase, and thus uncer-
tainty in the maximum epoch and explosion date in several day scale do not alter our
main conclusions. However, some of our additional arguments depend on the epoch of
maximum brightness. In this subsection, we describe how we estimated the maximum
epoch from the observational data of SN 2014dt, for which the maximum date is indeed
missing.

Figure 16 shows a spectral comparison of SN 2014dt and other SNe Iax. The spec-
trum of SN 2014dt on November 10 shows a close resemblance to those of SNe 2002cx at
21 days, 2005hk at 22 days and 2012Z at 21 days. The absorption lines of SNe 2008ha
and 2010ae are much narrower; however, the overall spectral features are still similar
to those of other SNe Iax at similar epochs. This spectral comparison could provide a
tentative estimation of the epoch of SN 2014dt: 2014 November 10 was around 21 – 22
days after the maximum light.
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2012b).

27



CHAPTER 3. SN 2014DT: EXTENSIVE OBSERVATIONS OF TYPE IAX

 2

 4

 6

 8

 10

 0  20  40  60  80  100  120  0  20  40  60  80  100  120

 2

 4

 6

 8

 10

Days from B-band maximum

Fe II 6247Fe II 6149

Error in epoch
 (± 4 day)

V
e

lo
c
it
y
 (

1
0

3
 k

m
/s

)

02cx
05hk
08ha
10ae
12Z
14dt

Figure 13: Line velocities of Fe ii λ6149 and λ6247 in SN 2014dt. For comparison, we
plotted those in SNe Iax 2002cx (Li et al. 2003), 2005hk (Phillips et al. 2007; Blondin
et al. 2012; Silverman et al. 2012b), 2008ha (Foley et al. 2009; Valenti et al. 2009),
2010ae (Stritzinger et al. 2014) and 2012Z (Stritzinger et al. 2015; Yamanaka et al.
2015). We measured the velocity of the comparison SNe in the same way as for SN
2014dt.

Next, we considered an estimation of the epoch based on the LCs. Indeed, the multi-
band LCs of SN 2014dt apparently closely followed those of SNe 2002cx, 2005hk, and
2012Z in the post-maximum phase, until ∼80 days after the explosion. In this period,
the extinction-corrected colors and the spectra of SN 2014dt also resembled those of SNe
2002cx, 2005hk and 2012Z except for a slightly slower expansion velocity (see §3.1.3).
These data may allow us to conclude that the multi-band LCs of SN 2014dt even before
the discovery were similar to those of SNe 2002cx, 2005hk and 2012Z. To further quantify
the similarity and provide a reasonable estimate on evolution of the LCs of SN 2014dt
before the discovery, and we examined whether and how the multi-band LCs of these
template SNe matched to those of SN 2014dt. The details are given in the Appendix B.
Here we provide a summary of our analyses.

First, the initial guess of the phase was set so that it was 21 days after the maximum
light on 2014 November 10. For a template LC of each SN in each bandpass, we gave
artificial shifts along the time axis Δt and the magnitude axis ΔM within given ranges
(|Δt| ≤ 10 days and |ΔM | ≤ 0.3 mag). For each set of Δt and ΔM , we computed the
sum of the magnitude difference between the SN 2014dt and the hypothesized template
LC between the discovery date of SN 2014dt and 60 days after the discovery. Then,
we estimated the plausible ranges of Δt and ΔM requiring that the difference should
be smaller than a given specific value. Performing the same procedure independently
for BV RI-band LCs, we determined the plausible range of Δt and ΔM so that the fits
in all of the bands were mutually consistent. However, we found that the multi-band
LCs of SN 2002cx did not provide a consistent solution among different bands; thus we
concluded that the LCs of SN 2002cx should be omitted from the template LCs. As a
result, we had a series of ‘combined’ LCs for SN 2014dt, in which the pre-discovery part
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was replaced by the LC of either SN 2005hk or SN 2012Z, taking into the uncertainty in
Δt and ΔM into account. Further details are written in Appendix B. Thus, we derived
the epoch of B-band maximum as MJD 56950.4 ± 4.0 (2014 October 20.4 UT), which
was in accordance with the results of the spectral comparison and the also with the
previous estimate (Foley et al. 2015; Fox et al. 2016; Singh et al. 2018).

3.1.5 Maximum Magnitude v.s. Decline Rates

For the ‘combined’ LCs constructed in §3.1.4 (see also Appendix B), we estimated the
maximum magnitude and the decline rate, Δm15, as well as the epoch of the maximum
light in each of the V RI-band (Table 5). After correcting the distance modulus and
the total extinction (see §2.1.1), we derived the absolute maximum magnitude in the B-
band, MB,max = −16.82–−17.34 mag. The derivedMB,max for SN 2014dt is slightly (0.2–
1.2 mag) fainter than those of SNe Iax 2002cx (MB,max = −17.55± 0.34 mag; Li et al.
2003), 2005hk (MB,max = −18.02±0.32 mag; Phillips et al. 2007, MB,max = −18.00±0.25
mag; Stritzinger et al. 2015), and 2012Z (MB,max = −18.27±0.09 mag; Stritzinger et al.
2015, MB,max ∼ −17.61 mag; Yamanaka et al. 2015 5), whereas it was 3.1–3.6 mag
brighter than that of SN 2008ha (MB,max = −13.74 ± 0.15 mag; Foley et al. 2009,
MB,max = −13.79 ± 0.14 mag; Stritzinger et al. 2014). It is noted that this estimate
conservatively included the uncertainty in the ‘combined’ LCs in terms of the template
LCs (SN 2005hk or SN 2012Z) and the fitting uncertainties in Δt and ΔM .

5The difference in the reported absolute magnitudes is due to the different values of the distance
modulus and the dust extinction adopted in the two studies. Stritzinger et al. (2015) adopted μ =
32.59 ± 0.019 mag and E(B − V ) = 0.11 ± 0.03 mag. On the other hand, Yamanaka et al. (2015)
adopted μ = 32.4± 0.3 mag and E(B − V ) = 0.036 mag.
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Table 5: Peak magnitude and its epoch of SN 2014dt in each photometric band

Band Maximum date (MJD) Maximum magnitude Δm15

B 56950.4 ± 4.0 13.88–13.76 1.43–1.57
V 56954.9 ± 4.0 13.56–13.50 0.73–0.91
R 56957.5 ± 4.0 13.47–13.28 0.51–0.66
I 56958.5 ± 4.0 13.63–13.30 0.48–0.66
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Figure 17: Corrected peak absolute magnitudes in the V -band with the decline rate
Δm15(V ). The gray filled circles are the data points of normal SNe Ia (Hicken et al.
2009), and the other symbols are for SNe Iax (Li et al. 2003; Foley et al. 2009; Foley
et al. 2013; Stritzinger et al. 2014; Stritzinger et al. 2015; Yamanaka et al. 2015). For
some SNe Iax, the SN IDs are indicated one by one.

The derived decline rate of SN 2014dt is Δm15(B) = 1.43–1.57 mag. As shown
in Table 5, the decline rate was smaller at longer wavelengths. Figure 17 shows the
relationship between MV,max and Δm15(V ) in some SNe Iax and normal SNe Ia. SN
2014dt apparently belonged to the group of the bright SNe Iax including SNe 2002cx,
2005hk and 2012Z. From 60 through 410 days, the differences in LCs from those of
SN 2005hk became significant (Figure 9); SN 2014dt showed a slower decline than SN
2005hk. This is confirmed in Figure 18 where the ‘long-term decline rates’ (0 to 200–250
days) in the B-band are plotted. Among three SNe Iax for which B-band photometric
data at 200–250 days exist SN 2014dt showed the smallest long-term decline rate, and
the smallest compared to larger samples of normal SNe Ia. We found no clear trend
between the absolute maximum magnitude and the long-term decline rate among SNe
Iax samples and also among normal SNe Ia samples. The large error in Δm200−250(B)
stems from our conservative error estimated in the maximum magnitude. Indeed, it is
clear from Figure 9 that the LCs of SN 2014dt are much flatter in the late phase than
those of SN 2005hk.
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Pastorello et al. (2007), Pignata et al. (2008), Richmond & Smith (2012), Kawabata
et al. (2014), Zhang et al. (2014), Childress et al. (2015), and Graham et al. (2015).

3.1.6 Spectral Energy Distribution

Our observations may provide the first opportunity to examine the long-term, optical
and NIR multi-band photometry for SNe Iax, which enables us to study the evolution
of SED through the late phase, including any possible contribution from circumstellar
(CS) dust. At longer wavelengths, Fox et al. (2016) reported that SN 2014dt showed
brightening around 300 days at mid-infrared (MIR) wavelengths and suggested that
thermal emissions from pre-existing, irradiated dust grains could cause the MIR excess.

We derived SEDs of SN 2014dt by combining the optical and NIR photometric data
at similar epochs (difference �14 days), and plotted them in Figure 19 together with
representative blackbody (BB) spectra. The BB temperature is roughly an indicator
of the photospheric temperature. Initially (between 40 days and 132 days) the BB
temperature seemed to decrease rapidly from ∼5000 K to ∼3700 K, but thereafter
the BB temperature showed no significant change through 410 days, whereas the peak
flux gradually decreased. For some SNe Iax, McCully et al. (2014b) pointed out that
temperature evolution obtained by the ratio of the permitted Ca ii lines is slower than
t−1 or even constant. This might be commonly seen in SNe Iax. However, the fluence
(λFλ) at MIR wavelengths gradually increased during the period of 309 – 336 days
(Fox et al. 2016), although it was still much smaller than those in optical and NIR
wavelengths. The spectral slope of the MIR excess was inconsistent with the main SED
component peak at optical wavelengths, and thus the MIR excess would only represent
a minor, additional component.
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3.2 Discussion

3.2.1 Interpretation of the SED Evolution

As shown in Figure 19, the main SED component (∼3700 K BB emission) dominated
the optical and NIR flux from 180 days to 410 days. This long-lasting SED component
could be an analog to the component that Foley et al. (2015) found for SN 2005hk
by continuum fits to late phase spectra. The authors suggested that the long-lasting
photospheric emission could have originated in the wind launched from a bound remnant
in a context of the weak deflagration model. It is plausible that this photospheric
emission component correspond to the main SED component derived for SN 2014dt.

The combination of the bolometric luminosity and the temperature obtained through
the SED fitting suggests that the radius of the photosphere is Rph ∼ 6.2×1014 cm at 230
days. Assuming that the bolometric luminosity follows the 56Co decay, then the nearly
unchanged temperature suggests Rph ∼ 2.9×1014 cm at 410 days, i.e., the photospheric
radius has decreased by about a factor of two from 230 days to 410 days. Assuming
that the opacity is 0.1 cm2 g−1, then Rph at 230 days suggests that ∼ 8 ×10−3M� of
the material is confined within this radius. If the photosphere could be located within
the homologously expanding inner ejecta (that is the expansion velocity is proportional
to the radius), then the corresponding velocity is ∼300 km s−1 and ∼80 km s−1 at 230
and 410 days, respectively. To compare to these values of the velocity, the late phase
spectra at 232 and 412 days show some permitted lines whose widths are marginally
resolved by our spectroscopic observations. Given the resultant wavelength resolution
of 650, the velocities of these permitted lines should be an order of 100 km s−1, while
the precise measurement is not possible. In the discussion below, we just use the rough
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value (a few 100 km s−1) in a qualitative way.
The photospheric radius far exceeds the size of a red supergiant, and therefore it is

unlikely that this is created by a (nearly hydrostatic) atmosphere of a hot (remnant)
WD within the weak deflagration model. The overall feature may be consistent with the
model that the photosphere is located deep in the homologously expanding ejecta, as the
inferred velocity is consistent with those measured in the spectra but within the spectral
resolution. Indeed, Foley et al. (2015) argued against this interpretation the photosphere
in the ejecta for SN 2005hk, by pointing out the discrepancy (in a snapshot spectrum)
in the velocities measured in these two different approach. If the photosphere is in the
homologously expanding ejecta, it predicts that the associated line velocity decreases as
time goes by (see above, i.e., by a factor of nearly 4 from 200 to 400 days), and thus an
accurate measurement of the line velocities and their evolution is a key in testing this
scenario with the photosphere located deep in the ejecta. This scenario on the other
hand naturally explains the decrease in the photospheric radius, as the density of the
emitting material decreases.

Alternatively, the photosphere might have formed within the wind lunched by the
possible remnant bound to the incompletely burned WD, as suggested by Foley et al.
(2015) for SN 2005hk. In this case, a line velocity has no direct link to the photospheric
radius but determined by the velocity of the wind. Still, it should be an order of at least
100 km s−1 to create the photosphere at R > 1014 cm. The mass within the photosphere
(∼ 8 ×10−3M� as measured at 230 days) is translated to the wind mass loss rate of
∼ 10−2M� yr−1, and the kinetic power of ∼ 3 ×1037 erg s−1 to 1039 erg s−1 for the
wind velocity of ∼100 – 1000 km s−1. This is roughly the Eddington luminosity for the
expected bound remnant, thus is in line with the wind scenario. A possible drawback of
the wind scenario is that there is no obvious reason about why the photosphere radius
has been decreased, as the ‘stationary wind’ would not provide a change in the density
scale to change the position of the photosphere.

In summary, it is not possible to make a strong conclusion on the origin of the
photospheric component. Both of the ejecta model and the wind model have advantage
and disadvantage. In any case, we add several new constraints on the nature of this
emission to the suggestion by Foley et al. (2015); for example, any model should explain
the recession of the photosphere, and the mass of the material must be at least ∼
10−3M�. In either case, the need of the high-density material in the inner part of
the ejecta could support the weak deflagration model and the existence of the bound
remnant.

3.2.2 Interpretation of the MIR Excess

Here we briefly discuss the origin of the minor MIR excess. Foley et al. (2015) suggested
that the emission from circumstellar dust seems unlikely, because neither additional
reddening nor narrow absorption lines due to a possible circumstellar interaction has
been observed in late phase optical spectra of SNe Iax. They further argued against
thermal emission from newly formed dust grains within the ejecta, based on the lack
of expected signatures such as the blueward shift of the spectral lines and additional
reddening. Alternatively, the authors suggested that the emission from a bound remnant
with a super-Eddington wind is plausible as a source of the MIR excess. However, as
shown above, the main component that we derived for SN 2014dt was indeed an analog
to what Foley et al. (2015) suggested for SN 2005hk, representing a possible bound
remnant. By this component alone, it is hard to explain the MIR excess.

Thus, we speculate that an echo by CSM is the most likely interpretation of the MIR
excess. This would not contradict the lack of strong extinction and narrow emission lines.

34



3.2. DISCUSSION

For example, the CSM of the over-luminous SN Ia 2012dn is likely to be located off the
line of sight, and the separation between the CSM and the SN is too far to allow a
strong interaction within the first few years after the explosion (Yamanaka et al. 2016;
Nagao et al. 2017). A similar configuration may apply to the case of SN 2014dt.

As mentioned in §3.1.6, the MIR excess only provided a minor contribution to the
SED. However, it may not be negligible in the Ks-band at 410 days if the continuum
from a hot dust (∼1200 K) is the origin of the MIR excess and it may contaminate the
NIR fluxes (see Figure 19). Thus, it is interesting to check the possible contamination
in our NIR data. If the possible additional component to the intrinsic SN emission in
the NIR bands exists, the data point should be significantly lower than the straight lines
in Figure 10. Thus, we exclude the existence of the additional component in the NIR
bands, and the dust should not be hot (i.e., �1200 K) if thermal emissions from dust is
the origin of the MIR excess.

3.2.3 Two-component Fit to the Bolometric LC: A Support to
the Weak Deflagration Model with a Bound Remnant

We derived the bolometric luminosity of SN 2014dt assuming that the sum of fluxes in
the BV RI-bands occupied about 60 % of the bolometric one (Wang et al. 2009). The
derived bolometric LC is shown in Figure 20, which is one of the ‘combined LCs’, with the
template LCs taken from SN 2005hk and Δt = 0 days (see §3.1.4 and Appendix B). In
the early phase, SN 2014dt was 0.1–0.5 dex fainter than SNe 2002cx, 2005hk, and 2012Z.
SN 2014dt showed a significantly slow decline after ∼ 60 days, and then its luminosity
became comparable with that of SN 2005hk as well as ∼ 0.5 dex brighter than that of
SN 2012Z at 230–250 days. With the peak luminosity (Lbol,max) and rising time (tr), we
could estimate the mass of the synthesized 56Ni (Arnett 1982; Stritzinger & Leibundgut
2005). The rising part of the LC in SN 2014dt was not observed. SNe Iax show larger
diversity, but it is pointed out that the rising time of SNe Iax has a correlation with the
peak magnitude (Magee et al. 2016). SN 2014dt is slightly fainter than SNe 2005hk and
2012Z, and it might be not a clear outlier like SN 2007qd (McClelland et al. 2010; Magee
et al. 2016). We assume that the rinsing time of SN 2014dt is roughly similar to those
of SNe 2005hk and 2012Z. Adopting SN 2005hk and 2012Z as a template, we tested a
range of rising times to estimate the 56Ni mass. The definition of the rising time can
differ in different literatures, so we decided to check and derive the rising time ourselves.
We fitted each of the multi-band LCs of SNe 2005hk and 2012Z by a quadratic function,
deriving rising times, and tr = 16.5–21.0 and 11.8–12.8 days for SNe 2005hk and 2012Z,
respectively, which are consistent with those in previous papers within the given ranges.
Using Lbol,max = (1.2–1.8) ×1042 erg s−1 and tr = 11.8–21.0 days, we estimated the 56Ni
mass as 0.04–0.10M� for SN 2014dt. It unfortunately has a large uncertainty, because
the data around the maximum light are missing for SN 2014dt, but it is still useful for
discussion on the energetics (see §3.2.5).

We also estimated the 56Ni mass from the late phase bolometric LC, which is only
subject to little and negligible much less contamination by the error of the explosion
epoch. First, we estimated the 56Ni mass by a fit of a simple radioactive-decay LC model
in the late phase (e.g., Maeda et al. 2003),

Lbol = M(56Ni)
[
e(−t/8.8 d)εγ,Ni(1− e−τ )

+ e(−t/111 d)
{
εγ,Co(1− e−τ ) + εe+

}]
, and (3.1)

τ � 1000×
[
(Mej/M�)2

E51

]
(t day)−2 , (3.2)
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where εγ,Ni = 3.9 × 1010 erg s−1 g−1 is the energy deposition rate by 56Ni via γ-rays,
εγ,Co = 6.8×109 erg s−1 g−1 and εe+ = 2.4×108 erg s−1 g−1 are those by the 56Co decay
via γ-rays and positron ejection, Mej is the ejecta mass, and E51 is the kinetic energy of
1051 erg. However, it does not consistently explain the derived bolometric LC at both
and early and late phases. The slow tail in the obtained bolometric LC of SN 2014dt
after ∼60 days required nearly a full trapping of the deposited energy (that is, a larger
τ). However, the full trapping of γ-rays with ∼0.10 M� of 56Ni / 56Co (as derived above
to fit the peak) should result in a much larger Lbol in the late phase (see Figure 20).

Thus, we adopted a two-component LC model (Maeda et al. 2003) where Lbol is
a sum of Lbol,in and Lbol,out. In this model, we have four independent parameters in
total, Min(

56Ni), [(Mej/M�)2/E51]in, Mout(
56Ni) and [(Mej/M�)2/E51]out. The former

two parameters (subscripted by ‘in’) correspond to an inner, larger τ component, and
the latter two correspond to the outer, smaller τ one. With this model, we successfully
reproduced the LC which well traces the bolometric LC from near maximum light to
∼250 days as shown in Figure 20.

The parameters obtained by the fit wereMin(
56Ni) = 0.015–0.025 M�, [(Mej/M�)2/E51]in �

500, Mout(
56Ni) = 0.02–0.08 M� and [(Mej/M�)2/E51]out ∼ 0.8–3.0. Again, we noted

that the errors were conservatively associated with a series of the allowed combined
LCs for SN 2014dt (§3.1.4), which is also the case for the following analyses. We could
only estimate a rough lower-limit for [(Mej/M�)2/E51]in so that it was large enough
to fully trap the γ-rays even at 250–410 days. That is, the need for the high-density
inner component was robust and insensitive to the parameters for fit. At 410 days, the
bolometric LC of SN 2014dt was slightly brighter than the two-component model LC.
Contamination by the galaxy background was small in this phase (see Foley et al. 2015).
If this excess was real, one possible explanation is the contribution from a scattering
component of a presumed CSM echo, corresponding to the MIR excess (§3.2.1).

The existence of the large τin component suggests that there is an inner component
that keeps a high density even in the late phase, regardless of the origin (see §3.2.1).
This is consistent with the prediction of the weak deflagration model with a bound
remnant (e.g., Fink et al. 2014).

3.2.4 Properties of Ejecta

In the two-component model, the inner, dense component may be connected with the
existence of a bound WD, and the outer, less dense one may correspond to the SN
ejecta. Assuming that the outer component ([(Mej/M�)2/E51]out ∼ 0.8–3.0) was the
main ejecta, we could estimate Mej and Ek of the ejecta in SN 2014dt by applying the
scaling laws,

td ∝ κ1/2 M
3/4
ej E

−1/4
k , and (3.3)

v ∝ E
1/2
k M

−1/2
ej , (3.4)

calibrated with the well-studied SNe Ia, where td is the diffusion timescale (∼ width
of the early LC peak), κ is the absorption coefficient for optical photons, and v is the
typical expansion velocity of the ejecta. Here, we adopted the parameters derived for the
well-studied SN Ia 2011fe (Pereira et al. 2013) for the normalization. From Equations
3.3 and 3.4, we obtained the following equations of the ratios in Mej and Ek,

Mej,14dt

Mej,11fe

=

(
td,14dt
td,11fe

)2

× v14dt
v11fe

× κ11fe

κ14dt

, and (3.5)

Ek,14dt

Ek,11fe

=

(
td,14dt
td,11fe

)2

×
(
v14dt
v11fe

)3

× κ11fe

κ14dt

. (3.6)
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The expansion velocity of a SN Ia is usually estimated from the blueshift of the Si ii
λ6355 absorption line at ∼0 day (e.g., v11fe � 10500 km s−1; Pereira et al. 2013). The Si
ii λ6355 absorption line of SN Ia is strong at ∼0 day and is little contaminated by other
absorption lines (e.g, SN 2011fe; Parrent et al. 2012). However, we have no spectrum of
SN 2014dt around the maximum light. In addition, it is often difficult to identify the
Si ii λ6355 line in the spectra of SNe Iax at 10 days and later. Thus, we estimated the
Si ii λ6355 line velocity, assuming that the ratio between the velocity of Si ii λ6355 at
∼0 day and that of Fe ii lines velocity at ∼20 days was similar among SNe Iax samples
(i.e., SNe 2005hk, 2012Z and 2014dt). In SNe Iax, the Fe ii λ6149 and λ6247 lines were
not much blended (see §3.1.3). In this way, we estimated v14dt = 3500–4200 km s−1.

The diffusion timescale, td, approximately corresponds to the width of the peak in
the bolometric LC. We derived the ratio of td,14dt/td,11fe as 1.0–1.6, by comparing the
durations for the two SNe from the maximum light to the epoch when the magnitude
decreased by 0.5 dex.

For κ, it would not be safe to simply assume that the opacity of SN 2014dt is the
same as that of SN 2011fe, because the properties of SN ejecta would be considerably
different between SNe Iax and normal SNe Ia (i.e., κ14dt �= κ11fe). Thus, we kept it as
a free parameter and added another observational constraint using the post-maximum
LC, when the LC is still dominated by the ejecta (that is, the outer component). With
Ek,11fe = 1.2×1051 erg (Pereira et al. 2013) and Mej,11fe = 1.4 M�, we obtained Ek,14dt =
(0.07–0.42) ×1050 erg, Mej,14dt = 0.08–0.35 M� and κ14dt/κ11fe = 1.5–11.6. The rela-
tively large uncertainties reflect the large errors in the estimated explosion epoch (see
§3.1.4). Similarly, we obtained κ05hk/κ11fe = 2.2–4.3 (see Appendix C for details). In-
terestingly, the opacity of the SNe Iax was found to be larger than that of normal SNe
Ia. Foley et al. (2013) found the ejecta mass of SNe Iax is systematically small based
on the LC analysis 6. The contribution of the iron-group elements to the opacity could
differ from those in the ejecta of normal SNe Ia. This large ratio κIax/κ11fe indicates
that such a difference exists. However, for a more realistic treatment, one has to take
into account the different physical properties (e.g., ionization) in SNe Iax and normal
SNe Ia, which is beyond the scope of this study.

3.2.5 Explosion Mechanism

We discuss the explosion mechanism of SN 2014dt based on the explosion parameters
derived above. Since the derived explosion parameters have a large uncertainty, the
discussion here should be regarded as being qualitative. For SNe Iax, several different
explosion models have been suggested (e.g., the weak deflagration model with or without
a bound remnant, the pulsating delayed detonation; PDD, and the fallback CC models).
For the weak deflagration model without a bound remnant (Nomoto et al. 1976; Branch
et al. 2004; Jha et al. 2006; Sahu et al. 2008), our analysis suggests that this model
clould not explain the slow decline LC in the late phase (see §3.2.3). As previously
mentioned, the observational properties of SNe Iax are explained by the PDD model
(e.g., SN 2012Z; Stritzinger et al. 2015). In the PDD model, the detonation is triggered
after the deflagration phase. This creates a high-density inner ejecta, and thus it may
explain the slow evolution and low velocities seen in the late time spectra of SN 2014dt.

In Table 6, we show the characteristic explosion parameters predicted by the weak
deflagration model with a bound remnant (Fink et al. 2014) and by the fallback CC
SN model (Moriya et al. 2010). They are apparently consistent with those derived for
SN 2014dt. In the fallback CC model, some progenitor models (a He star with initial

6In previous paper, some authors pointed out that the ejecta mass of SNe Iax is consistent with a
Chandrasekhar-mass (e.g., Sahu et al. 2008; Stritzinger et al. 2015).
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Figure 20: The bolometric light curve of SN 2014dt. This is the ‘combined’ bolometric
LC with the template LCs taken from SN 2005hk and Δt = 0 days (see Appendix
B). The red filled and open circles are the bolometric luminosities obtained from the
sum of fluxes in the BV RI-bands and those from fitted template LCs in SN 2005hk,
respectively. At 232, 287 and 412 days, we calculated the bolometric luminosity from
only V - and R-band fluxes under the assumption of the non-evolving SED shape at �
100 days because we do not have B- and I-band data. For comparison, we plotted the
LCs of SNe 2002cx (Li et al. 2003), 2005hk (Sahu et al. 2008), 2008ha (Foley et al. 2009)
and 2012Z (Yamanaka et al. 2015). The gray, blue and red solid lines show the full-trap
model, and one- and two-component LC models, respectively. In these models, the total
56Ni mass is set to be ∼0.10 M�. The dashed and dotted lines indicate the outer and
inner components, respectively, in the two-component model.
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mass of 40 M�, CO stars with initial masses of 25 and 40 M�) seem to explain the
observations. However, Foley et al. (2015) gave the upper-limit of the brightness of
the progenitor from the pre-explosion images taken by the HST and suggested that an
existence of a massive star in the progenitor system is unlikely. Thus, we consider that
the weak deflagration model with a bound remnant is most plausible for SN 2014dt.
However, the explosion parameters of SN 2014dt have large uncertainties due to a lack
of pre-maximum data. Thus, we do not argue strongly that the derived parameters
provide a strong evidence of the weak deflagration model. Rather, we list this analysis
as a supporting evidence to the arguments in the late phase behaviors, which led us to
suggest the weak deflagration model for SNe 2014dt and 2005hk. The slow evolution in
the SED of SN 2014dt in the same phase (§3.2.1) seems consistent with this model.

Our late time data revealed the nearly unchanged SED and full γ-ray trapping,
which is difficult to explain by the expanding SN ejecta with decreasing density. It is
thus tempting to connect these properties to the weak deflagration model, in which the
bound remnant and its atmosphere may serve as a high-density “stationary” source of
the energy input. If the PDD model also created a slow, high-density Fe-rich ejecta
which keeps opaque for 400 days, and this could also be a viable model, while this may
require fine-tuning in the model. We suggest the weak deflagration as a straightforward
interpretation, but distinguishing these two models will require further study both in
theory and model. Indeed, there are two possible drawbacks so far raised for the weak
deflagration model. (1) The weak deflagration model by Fink et al. (2014) leads to a
rapid decline in the post-maximum phase. However, the model does not include the
effect of the central remnant, and thus the investigation of the effects of the bound
remnant in the LC is strongly encouraged. (2) The weak deflagration model inevitably
leads to a well-mixed, non-stratified structure in the ejecta, while the layered structure
has been inferred at least for some SNe Iax from the velocity evolution (SN 2012Z;
Stritzinger et al. 2015) and through spectral modeling (SN 2011ay; Barna et al. 2017).
Indeed, this feature has been suggested to be consistent with the PDD model rather than
the weak deflagration model (Stritzinger et al. 2015). To further add possible diagnostics
to differentiate the two models, we encourage to investigate the evolution of line velocities
in the late phase. The two scenarios may predict the difference in the formation of the
low velocity permitted lines in the late phase. The weak deflagration model could
produce the permitted lines both in the remnant WD and the slow expanding ejecta,
while only the latter is possible in the PDD. As these two mechanism will lead to
different evolution in the line velocities, a high-resolution spectroscopy in the late phase
may solve this issue.
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Table 6: Comparison of explosion parameters with candidate models

Model Explosion energy (1050erg) Ejecta mass (M�) 56Ni mass (M�)
Weak deflagration 7 0.149–0.439 0.0843–0.195 0.0345–0.0730

Core collapse (40He) 8 0.12–0.33 0.10–0.23 -
Core collapse (25CO) 8 0.073–0.33 0.056–0.24 -
Core collapse (40CO) 8 0.038–0.39 0.029–0.25 -

SN 2014dt 9 0.07–0.42 0.08–0.35 0.04–0.10
SN 2005hk 9 0.42–0.88 0.21–0.42 0.17± 0.02

7 With a bound remnant. N1def and N3def models for Fink et al. (2014).
8 He star with initial mass of 40 M�, CO stars with initial masses of 25, 40 M� for Moriya
et al. (2010).

9 This study. 56Ni mass of SN 2005hk is referred to Sahu et al. (2008).

3.2.6 Comparison with Parameter Correlation Predicted by
Model Calculation

In §3.2.3 and §3.2.5, we estimated the explosion parameters obtained from the observa-
tion for SNe 2014dt, and compared them with those predicted by some explosion models.
From some observations of SNe Iax, weak correlations between the maximum magnitude
and the decline rate, line velocity and rising time have been suggested (e.g., Narayan
et al. 2011; Foley et al. 2013; Magee et al. 2016). We discuss whether it is possible for
the correlations to explain in the weak deflagration model with a bound remnant. In
Table 1 of Fink et al. (2014) and Kromer et al. (2015), they show the explosion pa-
rameters that obtained from the model calculations with various initial values. We use
four parameters among them; the ejecta mass, the bound remnant mass, the 56Ni mass,
kinetic energy. We assume the peak luminosity from the 56Ni mass,

Lpeak ∝ M(56Ni). (3.7)

Other parameters, e.g., the rising time (see Equations 3.1), are also important for esti-
mating the 56Ni mass. There are not many samples of SNe Iax in which these parameters
are obtained precisely. We simply assume that other parameters required for estimating
the 56Ni mass are same those of SNe 2014dt and 2005hk, and apply the scaling laws. In
the same way, we can estimate the width of LC (here, the ratio of td,SNeIax/td,11fe) and
expansion velocity from Equations 3.3 and 3.4. The width of LC can be paraphrased by
the decline rate. If the width of LC is broader, the decline rate is slower. Additionally,
we assume that SNe experience nearly full trapping of the deposited energy in the late
phase as in the case of SN 2014dt. Then, we compare the peak luminosity, the width of
LC and the luminosity in the late phase (about 200–250 days) predicted from the model
calculations with the observation data of SNe Iax. In Table 7, we summarize the sample
of SNe Iax used for comparison. In the observations of other SNe Iax, there are no data
for some bands or same filter system. If the data obtained with the other filter system
(e.g., SDSS filters), we cannot estimate the bolometric luminosity using the method de-
scribed in §3.2.3. The bolometric luminosity is here estimated by interpolating the SED,
and integrating it. Additionally, we compared them with the bolometric luminosity of
SN 2011fe, and added a constant due to there is no data for some bands. The difference
by estimation method of the bolometric luminosity is small, in the case of SN 2014dt,
the bolometric luminosity obtained by integration of SED is slightly brighter, about
∼0.05 dex at ∼20 days, than that of obtained by using the methods described in §3.2.3.
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After ∼20 days, the difference of the estimated bolometric luminosity becomes larger,
and they depend on which the data with the bands is used. The ratio of td,SNeIax/td,11fe
was determined by matching the bolometric luminosity until ∼20 days. The details are
given in the Appendix C.

In Figure 21, we show the correlation between the peak bolometric luminosity and
the LC width. The difference is seen between the predicted parameters using the data
SN 2014dt and those of SN 2005hk due to missing the pre-maximum data of SN 2014dt.
Although there is such a difference, the weak deflagration model predicts a correlation
with the peak bolometric luminosity and the LC width. The data obtained from the
observations are roughly consistent with the data predicted from the weak deflagration
model, expect for SNe 2008ha and 2010ae. However, more samples of SNe Iax are
required to discuss whether there is the correlation actually. The model of Kromer
et al. (2015) (the open circles in Figure 21) was calculated to explain the observable
behavior of SN 2008ha. On the other hand, in Figure 21, the data obtained from the
observations of SN 2008ha are not consistent. In this thesis, we assume the diffusion
timescale of SNe 2014at and 2005hk are same as that of these fainter SNe Iax such as
SN 2008ha. In the model of Fink et al. (2014), the smaller explosion energy, the ratio of
the mass for the iron group elements (IGE) and the ejecta mass (MIGE / Mej) is larger.
It indicates that the opacity of the SNe is larger in the model with smaller explosion
energy. For N1def model, that is with the smallest explosion energy in the calculations
of Fink et al. (2014), the ratio of MIGE / Mej ∼ 1.8. On the other hand, in Kromer
et al. (2015), the ratio of MIGE / Mej ∼ 0.4 and smaller opacity are expected. In the
fainter SNe Iax, that the physical properties, such as the opacity of ejecta, are different
from those in other SNe Iax.

In Figure 22, we show the correlation between the peak bolometric luminosity and
the long-term decline rates (0 to 200–250 days) of the bolometric luminosity. The data
obtained from the observations are not consistent with the data of SNe 2008ha and
2012Z. In the Figure 20, the decline rate of SN 2012Z in the late phase is fastest among
those of comparison SNe Iax. The bolometric LC of SN 2012Z can be explained without
the high-density material in the inner part unlike SNe 2014dt and 2005hk. It might be
explained by the difference of the distribution of 56Ni remaining in the inner component.
There is more diversity in the late phase of SNe Iax, and the data samples of SNe Iax
in the late phase are small, the larger sample of well-observed SNe Iax are needed.
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Chapter 4

SN 2017erp: Additional Emission
Component in Earliest Phase

4.1 Results

4.1.1 Light Curves

In Figure 23, we obtained the UV and optical LCs since the rising part of SN 2017erp.
We compare the LCs of SN 2017erp and those of SN 2005cf in Figure 23. SN 2017erp
is essentially similar to SN 2005cf.

We estimated the epoch of the B-band maximum as MJD 57935.41 (2017 July 1.4
UT) using Kanata and UVOT data by polynomial fitting at around the maximum light.
In this thesis, we adopted the B-band maximum as 0 day. Additionally, we estimated
the decline rate, Δm15, as well as the epoch of the maximum light in each of the
V,B, U, UVW1, UV W2 band (Table 8). After correcting the distance modulus and the
total extinction (see §2.1.2), we derived the absolute maximum magnitude and Δm15

in the B-band; MB,max = −19.17 ± 0.09 mag and 1.26 ± 0.03 mag, respectively. The
MB,max of SN 2017erp is consistent with those of SNe 2005cf (MB,max = −19.53± 0.11
mag; Wang et al. 2009) and 2011fe (MB,max = −19.21 mag; Richmond & Smith 2012,
MB,max = −19.33 mag; Munari et al. 2013) within the error. The decline rate, Δm15

of SN 2017erp is slightly large or comparable to those of SNe 2005cf (1.07 ± 0.03 mag;
Wang et al. 2009) and 2011fe (1.17 ± 0.04 mag; Pereira et al. 2013, 1.21 ± 0.03 mag;
Richmond & Smith 2012, 1.11 mag; Munari et al. 2013). These values are slightly
different from those obtained by Brown et al. (2018). These are caused by the various
factors, e.g., insufficient calibration for insturment effects, the value of magnitude for
comparison stars and the methods of photometry. We discuss the difference from Brown
et al. (2018) in Appendix F.

Table 8: Peak magnitude and its epoch of SN 2017erp in each photometric band

Band Maximum date (MJD) Maximum magnitude Δm15

V 57937.4 ± 0.7 13.53 ± 0.03 0.80 ± 0.05
B 57935.4 ± 0.7 13.69 ± 0.02 1.26 ± 0.03
U 57933.7 ± 0.1 13.87 ± 0.01 1.58 ± 0.05

UVW1 57933.6 ± 0.3 15.18 ± 0.01 1.44 ± 0.04
UVW2 57934.6 ± 0.1 16.64 ± 0.01 1.38 ± 0.01
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(black symbols; Richmond & Smith 2012, Munari et al. 2013, Tsvetkov et al. 2013,
Brown et al. 2014). The color has been corrected for the extinctions in Milky Way and
the host galaxy.

4.1.2 Color Evolution

In Figure 24, we show the color evolutions of SN 2017erp. The B − V evolution of SN
2017erp is similar to those of SNe 2005cf and 2011fe. On the other hand, the difference
among UV colors is large. In the U−B evolution, until about 20 days after the maximum
light, the color evolution is different. The color of SN 2017erp is redder than those of
SNe 2005cf and 2011fe after the maximum light. The UVW1 − U evolution is almost
constant after −10 days from the maximum light. The color of SN 2017erp is bluer
(∼0.5 mag) in the most phases.

4.1.3 Spectral Evolution

Figure 25 shows the optical spectra of SN 2017erp from −17 days through 42 days. The
spectra are characterized by absorption lines of Si ii, S ii, Fe ii, Fe iii and the Ca ii IR
triplet. The possible shallow C ii absorption line is seen around 6300 Å in the spectrum
at −17 days.

SN 2017erp is similar to SNe 2005cf and 2011fe, however, the spectra of SN 2017erp
show the high velocity features at the earlier phases. In the early spectra of SN 2017erp,
they show the high velocity features of Fe ii, Si ii and Ca ii IR triplet lines. Such
features are also seen in some SNe Ia (e.g., SN 1994D; Hatano et al. 1999, SN 2002cx;
Li et al. 2001, SN 2001el; Wang et al. 2003, SN 2003du; Gerardy et al. 2004, SN 1999ee;
Hamuy et al. 2002 and Stritzinger et al. 2002). The line velocity of Si ii 6355 in SN
2017erp is ∼20000 km s−1 at −17 days, and that of Si ii 6355 in SN 2011fe is ∼15000
km s−1. After about −12 days, the velocity of SN 2017erp is almost the same with as
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2014).

that of SNe 2005cf and 2011fe.

4.2 Discussion

4.2.1 Estimation of the Rising Time

We successfully obtained the data of SN 2017erp from the earliest rising part. From
these observation data, we can constrain the rising time (time taken from the explosion
to the maximum light). Fitting a quadratic curve to the R-band LC of SN 2017erp,
we estimate the rising time. The explosion date is determined as MJD 57914.91 ± 0.5
(2017 June 10.9 UT). The rising time is defined as the period from the explosion date
through the maximum date of B-band. Then, the rising time of SN 2017erp is 20.5 ±
0.9 day. It is slightly longer than the rising time of SNe 2005cf (18.4 ± 0.5 day; Wang
et al. 2009) and 2011fe (17.8 ± 0.1 day; Nugent et al. 2011b, Pereira et al. 2013).

In some previous studies, the relation between the rising time and the decline rate
has been studied (e.g., Riess et al. 1999; Conley et al. 2006; Hayden et al. 2010; Gane-
shalingam et al. 2011). Compared with Figure 6 of Ganeshalingam et al. (2011), the
rising time of SN 2017erp is longest among their samples. The rising time of SN 2017erp
is significantly larger than those of normal SNe Ia, rather similar to overluminous SNe
(e.g., SN 1991T/SN 1999aa-like).

Branch et al. (2006) suggested a new classification methods of SNe Ia by the mea-
surements of the pseudo equivalent width of absorption lines for Si ii λ5792 and Si ii
λ6355 (see §1.2.3). According to it, we try to classify SN 2017erp using the spectra
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Figure 26: The R-band light curves of SN 2017erp. The cross symbol is the discovery
magnitude (Itagaki 2017). The explosion date is estimated as MJD 57914.91 ± 0.5 by
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around maximum light (see the detail of the subclass in §1.2.3). Because we do not ob-
tain the data around maximum light, we use the data obtained by Brown et al. (2018).
At −1 days, the pseudo equivalent width of absorption lines for Si ii λ5792 and Si ii
λ6355 of SN 2017erp are 22.5 ± 1.1 and 109.9 ± 1.7, respectively. In Figure 27, we show
the pseudo equivalent width of Si ii λ5792 lines v.s. Si ii λ6355 lines. The position of
SN 2017erp locates in BL subclass. Even though SN 2017erp is normal SN Ia, i.e., not
belonging to overluminous subclass, it has long rising time.

4.2.2 Presence of Early Phase Emission

In this section, we discuss what the longer rising time of SN 2017erp originates from.
In the previous papers, authors discuss about the early phase emission of SNe Ia (see
§1.2.2), and this emission affects the rising part of the LC. In this thesis, we consider
the three physical process as the possible origin of the emission component, the SN
ejecta-companion interaction, the SN ejecta-CSM interaction, and 56Ni distribution.

First, we consider the SN ejecta-companion interaction. If SNe Ia is caused by the
SD scenario, a non-degenerate companion star such as a main sequence or red giant
star, should exist. The ejecta of SN Ia collides with the companion star, and creates
heat and thermal energy. The thermal energy is cooled quickly due to the adiabatic
expansion. The signature will disappear in a few days from the explosion, depending
on the separation of the progenitor binary. In Figures 28 and 29, we compare the
interaction between the SN ejecta and the companion star model (Maeda et al. 2018).
In these model LCs, the contribution of 56Ni is not considered, this will affect from
a few days after the explosion. We compare the observed data at earlier phase with
them, the observed ones are roughly consistent with the model at smaller separation,
and the separation of the binary is 5 × 1011 cm, expect for the first data point in the
UVW1 − V color. However, in the model at smaller separation, we should recognize
that the B − V color is more significantly affected by the contribution of 56Ni than
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Figure 27: Pseudo equivalent width of Si ii λ5792 lines v.s. Si ii λ6355 lines. The
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and classification of other SNe Ia are referred to from Silverman et al. (2012a).

in the UVW1 − V color (Maeda et al. 2018). It can only limit roughly the size. SN
2017erp shows bluer or constant color in the early phase, and it is considered that there
is additional contribution other than 56Ni. The binary has the filled Roche-lobe, and
we can estimate the mass of the companion star, about 2 M� main sequence star in the
case that the separation of the binary is 5× 1011 cm.

Secondly, we consider the SN ejecta-CSM interaction. The emission mechanism
is almost same as the model of the interaction between SN and the companion star;
however, the timescale of the color evolution should be faster due to the difference of the
diffusion timescale and initial internal energy. The color of SN 2017erp at earlier phase
roughly agrees with that in the model of the CSM mass, 0.3 M�, and the separations
of the binary, 1012 cm.

Finally, we consider the contribution of 56Ni. If 56Ni distributes in the outer layer by
the mixing, we can see the emission from the radioactive elements at the earlier phase.
Piro & Morozova (2016) calculated the color evolution with various density distributions
of 56Ni. In Figure 8 of Piro & Morozova (2016), they compared the color evolution of SN
2011fe with the B − V color evolution derived by the model. The color of SN 2017erp
is slightly redder than that of SN 2011fe until −10 days (see Figure24). The model
expects that SN Ia have redder color in the earlier phase, and that 56Ni is not expected
to be distributed in outer layer. It is difficult to explain the distribution of 56Ni using
the model results by by Piro & Morozova (2016).

Therefore, SN 2017erp might be affected by the interaction between SN ejecta and
the companion star or CSM in the early phase. However, we can not distinguish either.
The redder color in the early phase is also explained by the model, depending on the
explosion mechanism (e.g., helium detonation model). To constrain them, it needs the
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dense observation from the earlier phase. Additionally, Brown et al. (2018) suggested
that SN 2017erp has the different metallicity from that of SN 2011fe. It is not sure
how much the heavy elements, such as Fe ii, and affect the color evolution. We need to
obtain a larger sample of well-observed in UV bands in the future.

Stritzinger et al. (2018) examined the early phase intrinsic B − V color using the
data of SNe Ia discovered within 3 days from the explosion. The B − V color within 5
days from explosion is divided in two populations; the blue events or the red events at
early time. The blue events are classified as SN 1991T/SN 1999aa-like, SS subclass. On
the other hand, the red events are classified mostly as CN or CL subclass. In Figure
30, we show the early phase B − V color, although the colors are scaled to match at
the maximum light. SN 2017erp has red in the B − V color in the early phase, it is
consistent with the suggestion of Stritzinger et al. (2018).

For these samples, we examined the UVW1− V color in the early phase. The SNe
belonging to the blue events in the B − V color are bluer in the early phase, also in the
UVW1− V color. However, SN 2017erp is bluer in the early phase, it is similar to the
blue events. The early phase emission of SN 2017erp might be prominent in UV bands.
However, the samples obtained the UVW1−V color in the early phase are limited, and
the additional data samples will be required further.

10http://swift.gsfc.nasa.gov/docs/swift/sne/swift sn.html. The reduction is based on that of Brown
et al. (2009), including subtraction of the host galaxy count rates and uses the revised UV zeropoints
and time-dependent sensitivity from Breeveld et al. (2011).
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Chapter 5

Conclusions

We presented long-term optical and NIR observations of SN 2014dt up to 410 days after
the maximum light. The data for SNe Iax in the NIR bands are rare, especially in
the late phase. We successfully obtained the NIR data for SN 2014dt through the late
phase. The LC showed a considerably slow decline in the late phase; the decline rate
was the smallest among well-studied SNe Iax samples. From the evolution of the SED,
SN 2014dt did not show significant change in the BB temperature after 180 days. The
evolution of the spectral features was also slow in SN 2014dt in the late phase. A bound
remnant left after the explosion gives a good account of these observational properties.
By scaling the explosion parameters of normal SN Ia 2011fe, we suggest that the mass
of synthesized 56Ni was 0.04–0.10 M�, the kinetic energy was (0.07–0.42) ×1050 erg, and
the ejecta mass wasMej = 0.08–0.35 M�. These values are consistent with the prediction
of the weak deflagration model with a bound remnant. However, the uncertainties in
the derived explosion parameters for SN 2014dt were large, reflecting our conservative
error estimation associated with a possible range of the missed the pre-maximum LCs.
The overall properties derived from the long-term observations of SN 2014dt could be
explained with the weak deflagration model which leaves a bound remnant after the
explosion. Indeed, by applying the same model to SN 2005hk, we found that SN 2005hk
could also be explained by the weak deflagration model with an explosion energy larger
than for SN 2014dt. With the larger kinetic energy, the model does not leave a bound
remnant. The present work demonstrates the significance and importance of late phase
observations to uncover the origin of SNe Iax. To further test of the explosion models,
we need to obtain a larger sample of well-observed SNe Iax in the future.

Next, we presented UV and optical observations of SN 2017erp from a few days after
the explosion. The properties of LC (the absolute maximum magnitude, MB,max =
−19.17 ± 0.09 mag and Δm15 in the B-band, 1.26 ± 0.03 mag) and spectra for SN
2017erp are consistent with those of normal SNe Ia except that it has a long rising time
(20.5 ± 0.9 day in the R-band). It suggests that an additional emission component exists
only during the pre-maximum phase. We compare the color evolution of SN 2017erp
with that predicted from the model to find out the causes of the early phase emission.
It is expected that the early phase emission caused by 56Ni spreading out to the outside
turn into bluer color. The color of SN 2017erp was redder throughout the early phase,
suggesting that the early phase emission is caused by not 56Ni but other energy source.
From the comparison with the model, we can explain it with the interaction between
the SN ejecta and the companion star or CSM; however, we cannot distinguish which
is more plausible. There is significant difference between the color of SN 2017erp and
that expected by these model. In the models for comparison, the radiation from 56Ni
was not considered and easily affected by model parameters. We need to investigate
other observational features, e.g., the high dispersion spectroscopy around maximum
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light; it will be a clue to constrain the progenitor system. Again, it needs to find out
the physical parameters at an earlier phase.

In summary, the observational features of SN 2014dt are consistent with the model
expected by SD scenario. The color evolution in the early phase for SN 2017erp is con-
sistent with the SN ejecta-companion interaction, and it supports the SD scenario, also.
On the other hand, the color evolution is explained by the SN ejecta-CSM interaction.
In the SD scenario, it is likely that there is a (dense) CSM produced by the mass loss
in the companion star. Thus, these observational material in SNe 2014dt and 2017erp,
which are both not very normal SNe Ia, is likely explained by the SD scenario, although
we cannot reject the DD scenario completely.

54



Acknowledgements

I would particularly like to thank Koji S. Kawabata. Many advices and comments given
by him has been a great help. Without them help this thesis would not have been
possible.

I am deeply grateful to Masayuki Yamanaka. He gave me helpful comments and
advice for this thesis. I would like to express my gratitude to Ken’ichi Nomoto and
Keiichi Maeda, Masaomi Tanaka. They give insightful comments and suggestions. I
thank K. Aoki and members of observation team at Kanata and OKU for their helps
with the observations. I have had the support and encouragement of Yousuke Utsumi.

55



References

Akitaya, H., Moritani, Y., Ui, T., et al. 2014, in Proc. SPIE, Vol. 9147, Ground-based
and Airborne Instrumentation for Astronomy V, 91474O

Altavilla, G., Fiorentino, G., Marconi, M., et al. 2004, MNRAS, 349, 1344

Anupama, G. C., Sahu, D. K., & Jose, J. 2005, A&A, 429, 667

Arnett, W. D. 1969a, Ap&SS, 5, 180

—. 1969b, ApJ, 157, 1369

—. 1982, ApJ, 253, 785

Barna, B., Szalai, T., Kromer, M., et al. 2017, MNRAS, 471, 4865

Benetti, S., Cappellaro, E., Mazzali, P. A., et al. 2005, ApJ, 623, 1011

Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393
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Appendix A

Observation Log of SN 2014dt

Table 9: Log of optical photometry of SN 2014dt

MJD Phase11 B (mag) V (mag) R (mag) I (mag) Site12

56964.85 14.4 − − 13.43 ± 0.03 13.31 ± 0.02 OKU
56965.84 15.4 − − 13.51 ± 0.04 13.37 ± 0.01 OKU
56966.83 16.4 − − 13.654 ± 0.051 13.313 ± 0.050 Kanata
56967.86 17.5 − 14.349 ± 0.054 13.743 ± 0.055 13.312 ± 0.051 Kanata
56971.84 22.4 16.113 ± 0.050 14.522 ± 0.050 13.965 ± 0.051 13.580 ± 0.051 Kanata
56971.85 22.4 − 14.65 ± 0.07 13.97 ± 0.04 13.63 ± 0.04 OKU
56974.84 24.4 − − 14.165 ± 0.050 13.894 ± 0.120 Kanata
56977.83 27.4 − 14.95 ± 0.03 14.23 ± 0.05 13.81 ± 0.03 OKU
56978.86 28.5 − − 14.34 ± 0.03 14.03 ± 0.02 OKU
56979.85 29.4 16.54 ± 0.04 14.98 ± 0.02 14.35 ± 0.03 14.02 ± 0.02 OKU
56979.85 29.4 16.594 ± 0.054 15.125 ± 0.051 14.380 ± 0.050 13.964 ± 0.050 Kanata
56980.84 30.4 − 15.02 ± 0.08 − − OKU
56981.84 31.4 16.68 ± 0.06 15.02 ± 0.03 14.42 ± 0.03 14.12 ± 0.02 OKU
56983.84 33.4 16.846 ± 0.050 − − − Kanata
56983.85 33.4 16.68 ± 0.07 15.11 ± 0.01 14.54 ± 0.03 14.11 ± 0.10 OKU
56984.83 34.4 16.82 ± 0.08 15.14 ± 0.03 14.54 ± 0.03 14.23 ± 0.02 OKU
56988.84 38.4 16.77 ± 0.06 15.25 ± 0.03 14.70 ± 0.03 14.37 ± 0.02 OKU
56990.85 40.4 16.73 ± 0.06 15.33 ± 0.02 14.78 ± 0.03 14.48 ± 0.05 OKU
56990.87 40.5 16.848 ± 0.050 − − − Kanata
56996.86 46.5 16.80 ± 0.03 15.44 ± 0.02 14.94 ± 0.05 − OKU
56997.80 47.4 17.10 ± 0.05 15.48 ± 0.03 15.03 ± 0.03 14.72 ± 0.02 OKU
56998.86 48.5 16.87 ± 0.06 15.49 ± 0.01 15.03 ± 0.03 14.72 ± 0.02 OKU
56998.86 48.5 17.020 ± 0.054 − − − Kanata
56999.84 49.4 16.90 ± 0.04 15.49 ± 0.03 − − OKU
57002.80 52.4 17.08 ± 0.08 15.58 ± 0.06 15.13 ± 0.03 14.81 ± 0.01 OKU
57004.81 54.4 16.98 ± 0.04 15.60 ± 0.02 15.17 ± 0.03 15.05 ± 0.31 OKU
57005.86 55.5 17.09 ± 0.04 15.63 ± 0.02 15.19 ± 0.03 14.89 ± 0.02 OKU
57011.86 61.5 17.068 ± 0.050 15.931 ± 0.052 15.425 ± 0.051 14.880 ± 0.051 Kanata
57012.80 62.4 17.00 ± 0.08 15.81 ± 0.05 15.38 ± 0.04 15.06 ± 0.01 OKU
57013.85 63.4 17.22 ± 0.21 15.67 ± 0.22 15.40 ± 0.03 15.01 ± 0.10 OKU
57014.83 64.4 17.01 ± 0.03 15.79 ± 0.02 15.41 ± 0.04 15.10 ± 0.02 OKU
57015.87 65.5 17.15 ± 0.11 15.86 ± 0.05 15.48 ± 0.06 − OKU
57017.78 67.4 16.98 ± 0.03 15.87 ± 0.02 15.47 ± 0.04 15.05 ± 0.08 OKU
57017.87 68.4 17.099 ± 0.050 16.078 ± 0.051 15.541 ± 0.051 14.984 ± 0.050 Kanata
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Table 9: Log of optical photometry of SN 2014dt

MJD Phase11 B (mag) V (mag) R (mag) I (mag) Site12

57018.80 68.4 17.18 ± 0.03 15.84 ± 0.03 15.48 ± 0.03 15.20 ± 0.01 OKU
57020.80 70.4 17.18 ± 0.06 15.93 ± 0.01 15.56 ± 0.03 15.26 ± 0.01 OKU
57021.83 71.4 17.24 ± 0.04 15.96 ± 0.02 15.59 ± 0.03 15.29 ± 0.02 OKU
57024.86 74.4 17.27 ± 0.15 − − − OKU
57025.80 75.4 17.11 ± 0.15 − − − OKU
57026.83 76.4 17.34 ± 0.04 16.02 ± 0.02 15.70 ± 0.03 − OKU
57030.86 80.5 17.36 ± 0.04 − − − OKU
57032.80 82.4 17.49 ± 0.07 16.03 ± 0.12 15.80 ± 0.03 15.41 ± 0.02 OKU
57032.83 82.4 17.778 ± 0.054 16.334 ± 0.051 16.002 ± 0.051 15.348 ± 0.050 Kanata
57035.79 85.4 17.25 ± 0.07 16.14 ± 0.03 15.86 ± 0.03 15.47 ± 0.02 OKU
57038.76 88.4 17.41 ± 0.04 − − − OKU
57039.82 89.4 17.32 ± 0.04 16.32 ± 0.06 15.93 ± 0.04 15.58 ± 0.02 OKU
57042.76 92.4 17.42 ± 0.05 16.25 ± 0.03 15.96 ± 0.11 15.34 ± 0.06 OKU
57045.82 96.3 17.34 ± 0.06 16.31 ± 0.02 16.06 ± 0.06 − OKU
57046.67 96.3 17.506 ± 0.050 16.665 ± 0.052 − 15.484 ± 0.051 Kanata
57046.69 96.3 17.51 ± 0.05 16.34 ± 0.02 16.08 ± 0.04 − OKU
57050.71 100.3 17.31 ± 0.16 16.35 ± 0.04 15.99 ± 0.09 − OKU
57053.77 103.4 17.61 ± 0.03 16.44 ± 0.02 16.20 ± 0.05 − OKU
57054.75 104.3 17.57 ± 0.04 − − − OKU
57054.76 104.4 17.560 ± 0.059 16.699 ± 0.056 − − Kanata
57059.72 109.3 − 16.61 ± 0.04 16.31 ± 0.03 − OKU
57063.71 113.3 17.74 ± 0.04 16.61 ± 0.02 − − OKU
57064.75 114.3 − − 16.22 ± 0.07 − OKU
57065.75 115.3 17.68 ± 0.03 16.51 ± 0.12 16.40 ± 0.13 − OKU
57066.69 116.3 17.744 ± 0.050 16.793 ± 0.051 − − Kanata
57066.81 116.4 17.77 ± 0.09 16.61 ± 0.03 16.29 ± 0.07 − OKU
57067.74 117.3 17.75 ± 0.03 16.65 ± 0.02 16.39 ± 0.04 − OKU
57072.67 122.3 17.65 ± 0.13 16.64 ± 0.06 16.40 ± 0.03 − OKU
57073.72 123.3 17.77 ± 0.05 16.68 ± 0.03 16.38 ± 0.05 − OKU
57076.70 126.3 17.90 ± 0.03 16.73 ± 0.03 16.50 ± 0.05 − OKU
57077.67 127.3 17.54 ± 0.05 16.50 ± 0.03 16.19 ± 0.05 − OKU
57079.83 129.4 18.120 ± 0.050 17.101 ± 0.054 16.615 ± 0.053 15.889 ± 0.053 Kanata
57082.68 132.3 17.864 ± 0.050 17.169 ± 0.059 16.637 ± 0.058 15.845 ± 0.052 Kanata
57082.74 132.3 17.56 ± 0.27 16.86 ± 0.15 16.48 ± 0.08 − OKU
57083.72 133.3 − 16.83 ± 0.02 16.47 ± 0.05 − OKU
57085.78 135.4 − 16.82 ± 0.08 − − OKU
57091.65 141.2 17.76 ± 0.23 16.87 ± 0.04 16.61 ± 0.06 − OKU
57092.69 142.3 18.03 ± 0.03 16.98 ± 0.03 − − OKU
57093.60 143.2 − 16.97 ± 0.02 16.69 ± 0.04 − OKU
57095.66 145.3 − 16.90 ± 0.19 − − OKU
57097.59 147.2 − 16.98 ± 0.02 16.68 ± 0.05 16.17 ± 0.03 OKU
57098.59 148.2 − 17.05 ± 0.05 16.67 ± 0.06 16.30 ± 0.27 OKU
57101.62 151.2 − 16.97 ± 0.04 16.71 ± 0.03 16.19 ± 0.04 OKU
57102.53 152.1 − 17.238 ± 0.056 16.757 ± 0.052 15.955 ± 0.052 Kanata
57102.62 152.2 − 17.03 ± 0.07 16.75 ± 0.07 16.19 ± 0.11 OKU
57103.69 153.3 − 17.05 ± 0.08 16.68 ± 0.05 16.19 ± 0.06 OKU
57104.59 154.2 − 17.00 ± 0.08 16.63 ± 0.05 16.14 ± 0.02 OKU
57105.58 155.2 − 17.07 ± 0.11 16.75 ± 0.05 16.21 ± 0.04 OKU
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APPENDIX A. OBSERVATION LOG OF SN 2014DT

Table 9: Log of optical photometry of SN 2014dt

MJD Phase11 B (mag) V (mag) R (mag) I (mag) Site12

57106.56 156.2 − 17.13 ± 0.05 16.75 ± 0.06 16.25 ± 0.03 OKU
57107.53 157.1 − 17.12 ± 0.08 16.82 ± 0.04 16.33 ± 0.04 OKU
57108.55 158.1 − 17.01 ± 0.13 16.73 ± 0.07 16.11 ± 0.14 OKU
57109.57 159.2 18.28 ± 0.05 17.11 ± 0.08 16.81 ± 0.05 16.34 ± 0.05 OKU
57109.60 159.2 − − 16.529 ± 0.056 − Kanata
57110.61 160.2 18.297 ± 0.085 17.215 ± 0.062 16.787 ± 0.061 15.993 ± 0.056 Kanata
57111.59 161.2 18.25 ± 0.12 17.07 ± 0.05 16.79 ± 0.03 16.30 ± 0.03 OKU
57123.53 173.1 − 17.19 ± 0.09 16.87 ± 0.20 16.31 ± 0.11 OKU
57133.53 183.1 18.780 ± 0.050 17.509 ± 0.078 17.127 ± 0.057 16.250 ± 0.052 Kanata
57147.46 197.1 19.000 ± 0.050 17.629 ± 0.059 − − Kanata
57171.51 221.1 19.571 ± 0.087 18.013 ± 0.052 17.269 ± 0.051 16.557 ± 0.050 Kanata
57179.51 229.1 19.430 ± 0.050 17.887 ± 0.054 17.389 ± 0.054 16.444 ± 0.051 Kanata
57194.26 243.9 − 17.959 ± 0.014 17.375 ± 0.014 − Subaru
57201.47 251.1 − − 17.132 ± 0.059 − Kanata
57202.47 252.1 − − 17.535 ± 0.063 − Kanata
57235.48 285.1 − − 17.540 ± 0.066 16.726 ± 0.058 Kanata
57237.47 287.1 − − 17.623 ± 0.053 16.751 ± 0.054 Kanata
57239.47 289.1 − 18.709 ± 0.091 17.596 ± 0.061 − Kanata
57362.59 412.2 − 19.355 ± 0.017 18.621 ± 0.011 − Subaru
11 The phase has inevitably large uncertainty, ±4 days. See §3.1.4.
12 See §2.

Table 10: Log of NIR photometry SN 2014dt

MJD Phase13 J (mag) H (mag) Ks (mag)
56983.87 33.5 − 13.987 ± 0.300 14.415 ± 0.301
56990.84 40.4 14.986 ± 0.301 14.090 ± 0.301 13.987 ± 0.301
56998.87 48.5 15.224 ± 0.301 14.568 ± 0.301 14.870 ± 0.305
57046.65 96.2 15.999 ± 0.306 − −
57050.80 100.4 15.925 ± 0.318 − −
57054.70 104.3 16.249 ± 0.305 15.635 ± 0.309 −
57061.72 111.3 15.939 ± 0.300 − −
57066.66 116.3 16.294 ± 0.303 15.674 ± 0.302 −
57083.63 132.2 16.309 ± 0.303 15.816 ± 0.303 > 15.9
57091.64 141.2 16.855 ± 0.336 15.939 ± 0.310 > 14.7
57103.58 153.2 16.271 ± 0.303 16.088 ± 0.310 > 15.6
57106.69 156.3 16.734 ± 0.308 − −
57129.64 179.2 − − > 15.6
57137.55 187.1 16.676 ± 0.309 16.427 ± 0.311 −
57144.45 194.0 16.359 ± 0.300 − −
57147.49 197.1 16.614 ± 0.315 16.183 ± 0.321 −
57162.61 212.2 16.727 ± 0.307 16.090 ± 0.316 −
57176.47 226.1 16.993 ± 0.340 16.846 ± 0.326 −
57355.82 405.4 16.991 ± 0.316 − −
57375.84 425.4 17.481 ± 0.348 17.025 ± 0.323 > 17.5
13 The uncertainty of the phase is ±4 days. See §3.1.4.
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Table 11: Log of spectroscopic observations of SN 2014dt

MJD Phase14 Telescope (Instrument) Wavelength Range (Å) Resolution9

56971.84 21.4 Kanata (HOWPol) 4000–9000 400
56979.86 29.5 Kanata (HOWPol) 4000–9000 400
56990.88 40.5 Kanata (HOWPol) 4000–9000 400
57014.86 64.5 Kanata (HOWPol) 4000–9000 400
57032.84 82.4 Kanata (HOWPol) 4000–9000 400
57046.69 96.3 Kanata (HOWPol) 4000–9000 400
57054.77 104.4 Kanata (HOWPol) 4000–9000 400
57066.70 116.3 Kanata (HOWPol) 4000–9000 400
57075.55 125.1 Subaru (FOCAS) 3800–10000 650
57083.67 133.3 Kanata (HOWPol) 4000–9000 400
57102.55 152.1 Kanata (HOWPol) 4000–9000 400
57127.53 177.1 Kanata (HOWPol) 4000–9000 400
57138.53 188.1 Kanata (HOWPol) 4000–9000 400
57171.52 221.1 Kanata (HOWPol) 4000–9000 400
57194.26 243.6 Subaru (FOCAS) 3800–10000 650
57362.59 412.2 Subaru (FOCAS) 3800–10000 650
14 The uncertainty of the phase is ±4 days. See §3.1.4.
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Appendix B

Estimation of the Pre-maximum to
Maximum LC

Here we describe how to constrain the maximum brightness and the maximum date of
SN 2014dt. We compared its early multi-band LCs with those of well-observed SNe Iax
2002cx, 2005hk, and 2012Z for which the spectra are similar to those of SN 2014dt.

We adopted the multi-band LCs of SNe 2002cx, 2005hk, and 2012Z as templates
because those LCs cover both their own maximum phases and the phase when the data
of SN 2014dt exist. Moreover, there are spectral resemblances and apparent similarities
in the decaying part of the multi-band LCs (see §3.1.1–3.1.4). Our initial guess of the
B-band maximum date of SN 2014dt was MJD 56950.8 (20.8 October 2014) in terms of
the similarity in the spectral phase (§3.1.4). For a LC of each SN in a given bandpass,
we allowed a shift in the time axis Δt and in the magnitude axis ΔM . Here, Δt = 0
corresponds to the initial guess, and we allowed the range of Δt = ±10 days with an
interval of 2 days. In this procedure, the relatively densely-sampled LC data of SN
2014dt were interpolated to provide the magnitude at the (assumed) same epochs with
the data points available for the reference/template SNe Iax. For each set of Δt and
ΔM , we computed a residual between the SN 2014dt and the hypothesized template
LC between ∼ 20 (the discovery date) and 60 days after the discovery of SN 2014dt.
This residual, M̄ is defined as follows;

M̄ =

√
Σ
(mIax −m14dt)

2

N
, (B.1)

where mIax is the BV RI-band magnitude of the reference SN Iax, m14dt is that of SN
2014dt, and N is the number of data points of SN 2014dt that overlap with the template
LCs. We first obtained the ‘canonical magnitude offset’ in the magnitude axis, where
M̄ takes the minimum value (ΔM0) for given Δt. To further evaluate the uncertainty in
the magnitude axis in the fit, we varied the magnitude axis by Δm against ΔM0 within
the range of ±0.3 mag with an interval of 0.1 mag, and then adopted ΔM = ΔM0+Δm.
These procedures provided the distribution of M̄ as an indicator of the similarity of the
LCs among SN 2014dt and the reference SNe in each band separately (BV RI-band),
as a function of Δt and ΔM . The set of Δt and ΔM that provided the minimum
M̄ ≡ M̄0 was adopted as our tentative best-fit model for each band. To evaluate their
uncertainties and avoid possible local minima, we searched the area in the Δt–ΔM
plane (|Δt| ≤ 10 days and |ΔM | ≤ 0.3 mag) where M̄ < 2 × M̄0 holds. The ensemble
of the set of Δt and ΔM satisfying above condition was adopted as acceptable ones
and we estimated the uncertainties from their ranges. The choice of this criterion is
somewhat arbitrary, but provides a reasonable estimate as judging by visual inspection
of the fitting results.
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Figure 32: The best-fit LCs of SN 2014dt in the BV RI-band. These were derived in
order to construct ‘combined’ LCs in the period before the discovery (i.e., around the
maximum light of SN 2014dt). We adopt the LCs of SNe 2002cx (left panel), 2005hk
(middle) and 2012Z (right) as templates (see text for details). For SN 2014dt, the
symbols are plotted in the same manner as in Figure 8. We show the fitted reference
LCs by crosses connected by solid lines.

Performing the same procedure independently for BV RI-band LCs, we determined
the allowed range of Δt and ΔM so that the fits in all bands were mutually consistent.
Indeed, we found that the multi-band LCs of SN 2002cx did not provide a consistent
solution in each band (see below), and thus we concluded that the LCs of SN 2002cx
should be omitted as templates. As a result, we have a series of ‘combined’ LCs for
SN 2014dt, in which the pre-discovery part was replaced by the LC of SNe 2005hk or
2012Z, taking into account the uncertainty in Δt and ΔM .

The derived range of acceptance for Δt is Δt = −2 ∼ +4 and −4 ∼ 0, for SNe 2005hk
and 2012Z, respectively, as templates. From these acceptance ranges, we assumed an
uncertainty of ±4 days in the maximum epoch throughout this thesis. Thus, we adopted
the epoch of the B-band maximum and its error as MJD 56950.8±4.0. Then, we have a
series of ‘combined’ LCs in which the LCs of SN 2014dt in the pre-discovery epoch were
reconstructed using the LCs of a reference SN (either SNe 2005hk or 2012Z), taking into
account the conservative uncertainty in Δt and ΔM . Throughout this thesis, in cases
where the pre-maximum LC data are used for the relevant analyses (e.g., the maximum
magnitudes, explosion parameters), our estimation includes the error associated with
this uncertainty (also including the difference in results between the two reference SNe).

To demonstrate the fitting result, and especially how it was dependent on the tem-
plate SNe, we showed the best-fit LCs for each template SN (including SN 2002cx) in
Figure 32. In the B- and V -bands, all of the reference SNe provided an acceptable fit for
SN 2014dt. However, in the R- and I-bands, the LCs of SN 2002cx showed significantly
slower decline than those of SN 2014dt and never provided a good fit, as was clear even
by visual inspection.
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Appendix C

Review of Another SN Iax 2005hk
in Comparison with SN 2014dt

It is interesting seen in discuss the diversities in the observed properties of SNe Iax
2005hk, 2012Z and 2014dt from a viewpoint of the prediction of the weak deflagration
model. As shown in §3, the diversities in photometric and spectroscopic data are likely
more significant in the late phase than in the early phase. In this subsection, we apply
the modeling procedure adopted in the previous sections to another SN Iax 2005hk, to
investigate whether SN 2005hk can be explained within the same context of the weak
deflagration model.

For SN 2005hk, Sahu et al. (2008) suggested the weak deflagration model without a
bound remnant, which could reproduce the LC. The LC model ‘E03’ in Figure 11 is the
LC presented by Sahu et al. (2008), where the explosion parameters are Ek,05hk = 3.0×
1050 erg and Mej,05hk = 1.4 M�. In the sequence of the weak deflagration models by Fink
et al. (2014), it is expected that such a small Ek model would leave a bound remnant.
The critical value is ∼(6.0–7.0) ×1050 erg (Fink et al. 2014). However, considering
the uncertainty in the model, it is difficult to conclude that kinetic energy as small as
3.0× 1050 erg should be associated with a bound remnant.

Alternatively, a two-component model can also explain the LC of SN 2005hk, which
mimics the presence of a bound remnant (Figure 33). The parameters of the two-
component model are Min(

56Ni) ∼ 0.04 M�, [(Mej/M�)2/E51]in ∼ 30, Mout(
56Ni) ∼ 0.14

M� and [(Mej/M�)2/E51]out ∼ 1.0–2.0. SN 2005hk has a smaller fraction of the 56Ni mass
in the inner component than SN 2014dt. In the same way, we estimated the explosion
parameters for SN 2005hk as Ek,05hk =(0.42–0.88) ×1050 erg and Mej,05hk = 0.21–0.42
M� within the context of the two-component model. The derived [(Mej/M�)2/E51]in
indicates that the average density in the inner component of SN 2014dt may be larger
than that of SN 2005hk, consistent with indications from the late phase spectra (§3.1.3).
The Ek,05hk and Mej,05hk are consistent with the weak deflagration model with a bound
remnant, whose mass is smaller than in SN 2014dt (Fink et al. 2014).

In summary, we conclude that SN 2005hk can be explained by the weak deflagration
model as well. It is unclear whether SN 2005hk left a bound remnant. If a bound
remnant was left, the mass of the remnant would be smaller than in SN 2014dt.
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Figure 33: The bolometric light curve of SN 2005hk and corresponding LC models. The
lines are plotted in the same manner as in Figure 20. The total 56Ni mass is 0.18 M�.
We also plotted the LC of the E03 model (weak deflagration model without a bound
remnant; Sahu et al. 2008) by a green dashed line (see §3.2.5), which also well represents
the entire LC from the early through the late phases.
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Appendix D

Bolometric LC of Other SNe Iax

As mentioned in §3.2.6, the bolometric luminosity of other SNe Iax were calculated by
interpolating the SED and integrating it. First, we estimate the bolometric luminosity
of SN 2005hk using the photometric data in some bands. The estimated luminosity
was smaller than the actual bolometric luminosity because we only use the data in a
limited number of the bands. In Figure 34, we compare the bolometric LCs of SN
2005hk that estimated from the data with the combination of the data of SN 2005hk in
some bands and the bolometric LC of SN 2011fe at similar epoch. We examine these
difference from the luminosity around maximum light, and take into the difference when
we estimate the luminosity of other SNe Iax. We show the bolometric LCs of other SNe
Iax in Figures 35, 36 and 37. In the case of SN 2014dt, we also compare the bolometric
luminosity assuming that the sum of fluxes in the BV RI-bands occupied about 60 %
of the bolometric one (see §3.2.3), and there is no significant difference between this
bolometric luminosity and that by interpolating and integrating the SED (Figure 37).
The bolometric luminosity after ∼30 days of SNe Iax exhibits a larg difference from that
estimated using other bands and that of SN 2011fe. Then, the width of the bolometric
LC for SN 2011fe is stretched to fit that for other SNe Iax until ∼30 days.
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Figure 34: The bolometric light curves of SN 2005hk. The difference between the symbol
and color denote the luminosity estimated using the different bands. The bolometric
light curves of SN 2005hk are shifted vertically as indicated in the top-right portion of
the panel to match with the bolometric one of SN 2011fe around maximum light. We
show the bolometric light curve of SN 2011fe as the black circles, and it is multiplied
the constant.
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APPENDIX D. BOLOMETRIC LC OF OTHER SNE IAX
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Figure 35: The bolometric light curves of SNe 2002cx (left top), 2005cc (right top),
2008A (left bottom), 2008ge (right bottom). We plot in the same manner as in Figure
34.
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Figure 36: The bolometric light curves of SNe 2008he (left top), 2010ae (right top),
2011ay (left bottom), 2012Z (right bottom). We plot in the same manner as in Figure
34.
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Figure 37: The bolometric light curves of SNe 2014ck (left top), 2014ek (right top),
2014dt (left bottom). We plot in the same manner as in Figure 34. The open circles of
SN 2014dt is the bolometric light curve assuming that the sum of fluxes in the BV RI-
bands occupied about 60 % of the bolometric one.
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Appendix E

Observation Log of SN 2017erp

Table 12: Log of optical photometry of SN 2017erp

MJD Phase15 B (mag) V (mag) R (mag) I (mag) Site16

57918.60 −16.8 17.438 ± 0.014 16.549 ± 0.010 16.200 ± 0.008 16.185 ± 0.012 Kanata
57919.59 −15.8 17.076 ± 0.010 16.139 ± 0.008 15.810 ± 0.008 15.830 ± 0.009 Kanata
57920.62 −14.8 16.724 ± 0.015 15.776 ± 0.010 15.402 ± 0.010 15.421 ± 0.010 Kanata
57921.56 −13.9 16.150 ± 0.012 15.398 ± 0.010 15.017 ± 0.009 15.100 ± 0.009 Kanata
57922.64 −12.8 15.872 ± 0.011 15.046 ± 0.007 14.749 ± 0.008 14.774 ± 0.006 Kanata
57923.65 −11.8 15.472 ± 0.013 14.821 ± 0.007 14.531 ± 0.007 14.548 ± 0.007 Kanata
57947.58 12.2 14.974 ± 0.008 13.964 ± 0.006 14.000 ± 0.008 14.062 ± 0.009 Kanata
57948.55 13.1 15.117 ± 0.013 14.032 ± 0.011 14.052 ± 0.012 14.137 ± 0.012 Kanata
57954.55 19.1 15.707 ± 0.007 14.438 ± 0.005 14.166 ± 0.010 14.013 ± 0.013 Kanata
57955.48 20.1 15.913 ± 0.018 14.543 ± 0.026 − − Kanata
57964.48 29.1 16.741 ± 0.051 14.897 ± 0.020 14.383 ± 0.018 13.936 ± 0.016 Kanata
57967.52 32.1 16.877 ± 0.018 15.048 ± 0.008 14.602 ± 0.013 14.087 ± 0.009 Kanata
57968.50 33.1 16.954 ± 0.011 15.085 ± 0.006 14.645 ± 0.007 14.115 ± 0.006 Kanata
57972.50 37.1 17.151 ± 0.032 15.308 ± 0.008 14.942 ± 0.022 14.426 ± 0.010 Kanata
57977.51 42.1 17.236 ± 0.024 15.548 ± 0.007 15.248 ± 0.008 14.726 ± 0.008 Kanata
57978.49 43.1 17.229 ± 0.017 15.652 ± 0.017 15.166 ± 0.055 14.771 ± 0.043 Kanata
57987.48 52.1 17.297 ± 0.042 − − 15.448 ± 0.010 Kanata
57989.48 54.1 17.417 ± 0.126 15.879 ± 0.012 15.601 ± 0.009 15.219 ± 0.007 Kanata
57990.48 55.1 17.472 ± 0.024 15.873 ± 0.013 − − Kanata
57995.45 60.0 17.528 ± 0.025 16.031 ± 0.010 15.824 ± 0.009 15.578 ± 0.007 Kanata
58006.44 71.0 − − 16.189 ± 0.009 15.769 ± 0.019 Kanata
15 See §4.1.1.
16 See §2.

Table 13: Log of Swift UVOT ultraviolet/optical photometry
of SN 2017erp

MJD Phase17 UVW2 (mag) UVW1 (mag) U (mag) B (mag) V (mag)

57918.21 −17.2 20.033 ± 0.148 18.792 ± 0.093 17.368 ± 0.040 17.081 ± 0.028 16.544 ± 0.040
57919.33 −16.1 19.170 ± 0.183 18.363 ± 0.151 17.131 ± 0.052 16.671 ± 0.032 16.003 ± 0.032
57920.78 −14.6 18.664 ± 0.117 17.521 ± 0.073 − − −
57922.78 −12.6 18.471 ± 0.072 16.925 ± 0.055 − − −
57922.38 −13.0 18.543 ± 0.053 − − − −
57924.58 −10.8 17.901 ± 0.060 16.541 ± 0.047 15.075 ± 0.022 14.651 ± 0.024 14.500 ± 0.026
57926.76 −8.6 17.443 ± 0.050 15.600 ± 0.055 14.489 ± 0.026 14.259 ± 0.033 14.109 ± 0.019
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APPENDIX E. OBSERVATION LOG OF SN 2017ERP

Table 13: Log of Swift UVOT ultraviolet/optical photometry
of SN 2017erp

MJD Phase17 UVW2 (mag) UVW1 (mag) U (mag) B (mag) V (mag)

57928.83 −6.6 16.855 ± 0.050 15.429 ± 0.036 14.097 ± 0.036 13.985 ± 0.040 13.934 ± 0.025
57930.29 −5.1 16.610 ± 0.039 15.154 ± 0.037 13.928 ± 0.030 13.968 ± 0.042 13.806 ± 0.030
57933.41 −2.0 16.513 ± 0.043 15.403 ± 0.036 13.794 ± 0.032 13.849 ± 0.040 13.737 ± 0.033
57936.13 0.7 16.670 ± 0.051 − 14.072 ± 0.026 13.694 ± 0.024 13.611 ± 0.034
57941.24 5.8 16.957 ± 0.041 15.598 ± 0.064 14.415 ± 0.027 13.981 ± 0.032 13.728 ± 0.025
57943.65 8.2 17.358 ± 0.060 15.957 ± 0.042 14.685 ± 0.036 14.208 ± 0.032 13.813 ± 0.019
57950.41 15.0 18.261 ± 0.043 16.844 ± 0.045 15.687 ± 0.023 15.003 ± 0.018 14.291 ± 0.024
57953.07 17.7 18.316 ± 0.069 17.377 ± 0.076 15.909 ± 0.027 15.292 ± 0.024 14.385 ± 0.020
57955.06 19.7 18.830 ± 0.088 17.207 ± 0.062 16.243 ± 0.035 15.479 ± 0.019 14.568 ± 0.019
57957.54 22.1 18.965 ± 0.059 17.462 ± 0.066 16.353 ± 0.026 15.750 ± 0.022 14.600 ± 0.029
57969.82 34.4 19.656 ± 0.094 17.984 ± 0.141 17.164 ± 0.032 16.557 ± 0.015 15.275 ± 0.021
57976.65 41.2 19.770 ± 0.105 18.491 ± 0.081 17.465 ± 0.038 16.937 ± 0.023 15.666 ± 0.021
17 See §4.1.1.

Table 14: Log of spectroscopic observations of SN 2017erp

MJD Phase18 Telescope (Instrument) Wavelength Range (Å) Resolution

57918.62 −16.8 Kanata (HOWPol) 4000–9000 400
57920.64 −14.8 Kanata (HOWPol) 4000–9000 400
57922.61 −12.8 Kanata (HOWPol) 4000–9000 400
57923.62 −11.8 Kanata (HOWPol) 4000–9000 400
57947.59 12.2 Kanata (HOWPol) 4000–9000 400
57977.49 42.1 Kanata (HOWPol) 4000–9000 400
18 See §4.1.1.
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Appendix F

On the Systematics in Photometry
for SN 2017erp

SNe may be affected by the contamination from the host galaxy. In the case of SN 2017erp, we
attempt to use some photometry methods, and change the parameters; aperture photometry
that the aperture is 3 and 5 arcsec respectively, PSF photometry; aperture photometry that
3 arcsec aperture after we subtract the host galaxy. Additionally, we compare with the result
of Brown et al. (2018). We show the comparison in Figures 38 and 39. In the V -band, our
results are slightly fainter, but there is little or no difference due to the photometry methods or
the photometric parameters. Thus, the contamination is small in the V -band. In the UVW1-
band, although some differences are seen, the contamination has not affected. Although the
result using PSF photometry is consistent with that of Brown et al. (2018), the difference is
seen in the UVW1-band like the V -band. Then, we adopt the PSF photometry for SN 2017erp
to avoid the influence of the contamination as much as possible.
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Figure 38: The V -band light curves of SN 2017erp. The red, green, blue and pink
symbols denote aperture photometry that the aperture is 3 arcsec, aperture photometry
that the aperture is 5 arcsec, PSF photometry and aperture photometry that 3 arcsec
aperture after we subtract the host galaxy, respectively. For comparison, we plotted the
light curve from Brown et al. (2018) as black symbols.
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Figure 39: The UVW1-band light curves of SN 2017erp. We plot in the same manner
as in Figure 38.
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