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Abstract
As one of the most spectacular explosive phenomena in the Universe, the type Ia supernova

(SN Ia) has been thought to originate from the thermonuclear explosion of a carbon-oxygen
white dwarf in a binary system. Even though SNe Ia have been widely applied as the cosmic
distance indicator and helped us to discover the accelerating expansion of the Universe, their
progenitor and the physics leading to the explosion are still under debate. Recent theoretical
simulations have indicated that SNe Ia discovered within a few days of their explosions (here-
after “early-phase SNe Ia”) play an irreplaceable role in tackling the long-standing explosion
and progenitor issues of the SN Ia, thus inspiring me to carry out relevant studies with time-
domain surveys which are specialized for discovering early-phase SNe Ia.

Despite the great scientific importance of early-phase SNe Ia, relevant studies have not been
well conducted because the dimness of early-phase SNe Ia makes them hard to be discovered.
Thanks to the excellent survey performance of the Kiso Wide Field Camera (KWFC) mounted
on the 1.05-m Kiso Schmidt telescope and the Hyper Suprime-Cam (HSC) on the 8.2-m Subaru
telescope, systematical investigations of the early-phase photometric behavior of SNe Ia were
carried out by joining the “KIso Supernova Survey” (KISS) project and leading two specific
survey projects, the “Survey with KWFC for Young Supernovae” (SKYS) and the “MUlti-band
Subaru Survey for Early-phase SNe Ia” (MUSSES).

In order to test the feasibility of running an early-phase SNe Ia-targeted survey, a series of ob-
servations through two supernova projects with Kiso/KWFC, KISS and SKYS, were carried out
in 2015. During seven-months observations, total 13 SN candidates were discovered and four
of them were confirmed as early-phase supernovae. Photometric/spectroscopic information ob-
tained from KWFC and other follow-up facilities indicate that three of them are early-phase SNe
Ia (KISS15m, KISS15n, and SKYS6) in different SN Ia subclasses. The early-phase photome-
try together with follow-up observations enables us to study the intrinsic connection/difference
between different SN Ia subclasses from a unique perspective.

The discovery of three early-phase SNe Ia in our KWFC observations demonstrated the fea-
sibility of conducting an early-phase SNe Ia-targeted survey with wide-field imagers and thus
inspired us to further investigate early-phase SNe Ia with the best survey facility in the world,
the Subaru/HSC. A specialized early-phase SNe Ia survey project with Subaru/HSC, MUSSES,
was launched out in April, 2016. The MUSSES project includes survey observations with the
8.2-m Subaru telescope and follow-up observations with more than 10 ground-based telescopes
all over the world. In the first observing run, 12 early-phase SN candidates were discovered. In
particular, the multiband Subaru/HSC survey and follow-up observations indicated that a promi-
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nent but red flash at early phase followed with peculiar spectral features of a normal-brightness
SN Ia, MUSSES1604D (SN 2016jhr), are in conflict with predictions by previously proposed
physical scenarios. Further analysis with numerous computational simulations suggested that
all peculiarities of MUSSES1604D can be naturally explained by a supernova explosion that
is triggered by a detonation of a thin helium shell of its progenitor star (the so-called He-shell
detonation scenario). This finding not only indicates the multiple origins of the light-curve ex-
cess found in early-phase SNe Ia but also provides robust evidence of one kind of explosion
mechanism of SNe Ia for the first time.

Inspired by the discovery of MUSSES1604D, further investigations of early-phase SNe Ia
that show additional brightness enhancements (hereafter “early-excess SNe Ia”) were carried
out. With the most complete early-phase SN Ia sample so far, we carried out a statistical study
of early-excess SNe Ia (11 in total, and five of them are newly confirmed) for the first time.
The study indicated that previously discovered early-excess SNe Ia show a clear preference
for specific SN Ia subclasses. In particular, the early-excess feature shown in all six luminous
(91T- and 99aa-like) SNe Ia is in conflict with the viewing angle dependence predicted by the
companion-ejecta interaction scenario. Instead, such a high early-excess fraction is likely re-
lated to the explosion physics of luminous SNe Ia; i.e., a more efficient detonation happening in
the progenitor of luminous SNe Ia may consequently account for the early-excess feature pow-
ered by the radiation from a 56Ni-abundant outer layer. The diversity of early-excess features
shown in different SN Ia subclasses suggests multiple origins of the discovered early-excess
SNe Ia, challenging their applicability as a robust progenitor indicator. Further understanding
of the early-excess diversity relies not only on multiband photometry and prompt-response spec-
troscopy of individual early-excess SNe Ia but also on investigations of the general early-phase
light-curve behavior of each SN Ia subclass.

In the next decade, time-domain astronomy will become one of the most popular branches in
astronomy, and pioneering work on early-phase SNe Ia and other kinds of rapid transients can
be carried out by using Subaru/HSC and Kiso/Tomo-e Gozen camera. With the forthcoming
Tomo-e Gozen transient survey and the MUSSES-FAST, an innovative transient survey that
uniquely combines two top-level survey facilities (i.e. HSC and Tomo-e Gozen camera) for
the rapid transients study, systematical investigations of dozens of early-phase SNe Ia will be
achieved in the next few years. New breakthroughs in not only SNe Ia but also other branches
of time-domain astronomy can be expected with the ongoing and forthcoming transient surveys
in the near future.
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Introduction Jian Jiang

1 Introduction

1.1 The History of Supernova Studies

The observation of supernova (SN) has a long history. The first reliable record of an SN can
be dated back to AD185, the SN 185, which is recorded in the “Book of the Later Han” by
Chinese astronomers. In the next hundreds of years, a few SNe occurred in the Milky Way were
well recorded by astronomers from several countries, such as SN 1054, which is well known
by its remnant, the Crab Nebula. In AD 1604, Johannes Kepler observed the last Milky Way
SN so far, SN 1604, the so-called “Kepler’s Supernova”. In 1885, the first extragalactic SN,
SN 1885A, was discovered in the Andromeda Galaxy, also known as the Messier 31 (M31).
The finding of SN 1885A not only refreshed our understanding of the nature of the SN, but
implied a likely extragalactic distance of M31. Since then, more and more observations have
been carried out on these spectacular explosive phenomena in our universe.

As the booming development of astronomy and instrumentation, a number of extragalactic SNe
were discovered in the 20th century. In 1941, Rudolph Minkowski firstly defined two branches
of the SN in terms of whether the hydrogen absorption is shown in their spectra or not—the
Type I (without hydrogen absorptions) and the Type II (with hydrogen absorptions) SN. Based
on Minkowski’s work, more advanced classification criteria have been proposed by using both
spectroscopic and photometric features of the SN. For the type I SN class, it can be further clas-
sified into type Ia, type Ib, and type Ic subclasses by using the silicon and the helium features.
For the classification of the type II SN, both photometric and spectroscopic information needs
to be taken into account. A flowchart of how to classify an SN is shown in Figure 1.

In 1930s, Walter Baade and Fritz Zwicky firstly proposed that the high energy of the SN may
originate from a process that a massive star evolves to a neutron star (Baade and Zwicky, 1934).
They also suggested to use the SN as the “standard candle” because of the “identical” intrinsic
peak luminosity for the first time. Such an idea made a profound influence on the supernova
cosmology developed half a century later. From late 1960s to 1980s, theoretical studies on the
type Ia supernova (SN Ia), stepped into a golden era—Finzi and Wolf (1967) proposed that an
SN Ia occurs once a white dwarf (WD) reaches the Chandrasekhar mass limit. In the following
20 years, different kinds of SN Ia explosion and progenitor models have been proposed to
further explain the observational properties of SNe Ia (e.g. Arnett, 1969, Whelan and Iben,
1973, Nomoto, 1982a, Nomoto et al., 1984; see section 1.2 for more details).

– 1 –
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Another memorial date in the SN history is Feb. 24, 1987, when the brightest SN since 1604,
the SN 1987A, was discovered in the Large Magellanic Cloud. The extremely close distance of
SN 1987A provided a great opportunity of comprehensively investigating a local SN and testify-
ing various theoretical models (Hillebrandt 1987; Shigeyama 1987; Chevalier 1987; Protheroe
1987; Barbiellinin 1987; Schaeffer 1987; Oyama 1987).

Supernova
With 

Hydrogen
Without 

Hydrogen

Type I 
Supernova

Without 
Silicon

Type Ia 
Supernova

Type Ib 
Supernova

Type Ic 
Supernova

With 
Helium

Without 
Helium

With 
strong 
Silicon

Type II 
Supernova

Type IIb 
Supernova

Type IIn 
Supernova

Type II-L 
Supernova

Type II-P 
Supernova

A plateau  
profile in 

light curve

Linear 
decline in 
magnitude

SNIb-like 
spectra at 
late phase Without

With

Narrow 
emission 

lines

Figure 1: The classification of supernovae. By using the hydrogen P Cygni profile, the SN
can be classified into two types—Type I (without hydrogen) and Type II (with hydrogen). For
a type I SN, if distinct silicon absorption lines can be identified (especially in the around/post-
maximum phase), it will be classified as a type Ia supernova (SN Ia). For an SN that shows
clear helium absorption rather than the hydrogen and silicon absorptions, it will be classified
as a type Ib supernova (SN Ib). If a type I SN shows neither the distinct silicon nor helium
absorption features, it is a type Ic supernova (SN Ic). For type II SNe, the light curve of a type
II-P supernova shows a distinctive plateau phase that lasts for a few months. By contrast, the
post-maximum light curve of a type II-L supernova declines almost linearly in magnitude. In
addition to using the light-curve diversity, further classifications of type II SNe rely on their
spectral features. If a type II SN has intermediate- or narrow-width hydrogen emission lines, it
is so-called a type IIn supernova. If the late-phase spectra of a type II SN show high similarity
to those of type Ib SNe, it is a type IIb supernova. Peculiar SNe II (e.g. SN 1987A) and super
luminous supernovae are not shown in the plot.

– 2 –



Introduction Jian Jiang

As more and more SNe Ia have been found, the specific photometric behavior of SNe Ia suggests
the possible use of the SN Ia as the cosmological distance indicator. Pskovskii firstly proposed
that the shape of the SN Ia light curve correlates with its peak absolute magnitude (Pskovskii,
1977, 1984)—once we properly derive the peak absolute magnitude based on the light-curve
profile of an SN Ia, we are able to estimate its distance. A very important empirical relation of
SNe Ia has been found by statistically investigating light curves of a number of well-observed
SNe Ia in the early 1990s, the so-called “Phillips relation,” which indicates a correlation be-
tween the B-band peak absolute magnitude and the decline rate in 15 days after the peak (i.e.
Dm15(B)). Thanks to this important work, SNe Ia can be used as a reliable distance indicator
and applied into cosmology.

Several supernova survey programs were carried out in 1990s. The most representative two
are Supernova Cosmology Project (SCP) and the High-z Team (HZT), which aim to use SNe
Ia in a large redshift range (0 . z . 1.0) as a cosmological distance indicator to measure the
expansion of the Universe. Finally, both groups discovered the accelerating expansion of the
Universe (Perlmutter et al., 1997, 1999, Riess et al., 1998) and core investigators were awarded
the 2011 Nobel Prize in Physics.

As the broad adoption of CCD arrays in astronomical observation in 2000s, several large tran-
sient survey projects, such as the Lick Observatory Supernova Search (LOSS, Li et al. 2000),
the nearby Supernova Factory (SNFactory, Aldering et al. 2002), the Carnegie Supernova Pro-
gram (CSP, Hammy et al. 2006), the SDSS-II Supernova Survey (SDSS SN Survey, Sako et
al. 2008), the SuperNova Legacy Survey (SNLS, Pritchet et al. 2005), the Paloma Transient
Factory (PTF; Rau et al. 2009) and the upgraded one, the intermediate Paloma Transient Fac-
tory (iPTF), and the All-Sky Automated Survey for Supernovae (ASAS-SN*) were carried out
successfully. Breakthroughs on the origin of SNe Ia have been achieved with individual and sta-
tistical studies of well-observed SNe Ia. In particular, a growing number of SNe Ia discovered
within a few days of their explosions provide unique information on the progenitor system and
the explosion mechanism of SNe Ia (Nugent et al., 2011, Foley et al., 2012, Cao et al., 2015,
Shappee et al., 2016, Marion et al., 2016, Hosseinzadeh et al., 2017, Jiang et al., 2017).

*htt p : //www.astronomy.ohio� state.edu/ assassin/index.shtml
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1.2 The Early-phase Type Ia Supernova

1.2.1 Background of SNe Ia and the early-phase study

It has been widely accepted that SNe Ia originate from thermonuclear explosions of carbon-
oxygen white dwarfs (C/O WDs) that have mass close to the Chandrasekhar-mass limit (MCh)
based on the good consistency between theoretical predictions and observations (Nomoto et al.,
1984, Höflich and Khokhlov, 1996). Given that the birth mass of a C/O WD should be well
below MCh (e.g. .1.1 M� (Umeda et al., 1999); also see Siess, 2006, Doherty et al., 2015),
a mass-increasing process through interaction (e.g. gas accretion, merger, etc.) with the com-
panion star is necessary before the primary C/O WD explodes as an SN Ia. However, the type
of the companion star and the exact explosion physics are still under debate since none of the
proposed scenario can perfectly explain all observational properties of SNe Ia (see Maoz et al.
(2014), Maeda and Terada (2016) for a review).

The light curves of SNe Ia are powered by the radioactive decay of 56Ni ! 56Co ! 56Fe (Arnett,
1982), which show specific width-luminosity relation in general—the wider the SN light curve,
the brighter the luminosity is (i.e the Phillips relation). Although some stellar parameters such
as metallicity (Timmes et al., 2003), mass ratio of carbon to oxygen of the WD (Umeda et al.,
1999), the transition density from deflagration to detonation (Hillebrandt and Niemeyer, 2000),
etc. during the SN explosion may affect the total amount of 56Ni, and thus the luminosity of
SNe Ia, the significant light-curve and spectral differences between specific SN Ia subclasses
require multiple physical origins to explain the observed diversity of SNe Ia.

Observationally, although a large number of SNe Ia have been discovered and well investigated
so far, the photometric/spectroscopic information on SNe Ia soon after their explosions (here-
after the “early-phase SNe Ia”*) is still limited. Theoretically, the early light curve and spectral
information of SNe Ia play an irreparable role in understanding the long-standing progenitor
and explosion mechanism issue of SNe Ia. However, given that most of transient surveys rely
on 1-m or even smaller telescopes to easily achieve a large field of view, the faintness of SNe
Ia at early phase makes them hard to be observed. Until 2018, about two dozen of SNe Ia have
been successfully discovered and intensively followed up soon after their explosions thanks to
powerful and well-organized transient survey projects such as the iPTF, which opened a new
door of the SNe Ia study.

Early-phase SNe Ia can be divided into two branches according to their early light-curve be-
*Throughout this thesis, we define the “early-phase” is within about three days of the SN explosion.
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havior: early-excess SNe Ia (hereafter EExSNe Ia), light curves of which show additional lumi-
nosity enhancement in the early phase, and non-EExSNe Ia, which show smoothly rising light
curves from the beginning. To avoid the overlap with the main text of this thesis*, the next
subsection focus on the introduction of previous studies of early-phase SNe Ia that do not show
early-excess feature (“non-EExSNe Ia”) and the main scientific objectives of early-phase SNe
Ia study is summarized in §1.2.3.

1.2.2 An overview of non-EExSNe Ia study

SN 2011fe and SN 2014J are two nearest SNe Ia since 1972 (after the discovery of the
SN Ia, SN 1972E). Both of them have been discovered soon after their explosions, which pro-
vide a great opportunity to carry out very detailed investigations of SNe Ia from the very early
epoch. SN 2011fe, a normal-type SN Ia occurred in an extremely nearby spiral galaxy, known
as the M101 (Figure 2), is the best observed SN Ia so far. The earliest photometry indicates
the SN was discovered with the brightness ⇠1000 times fainter than its peak, which provides
a significant constraint on its progenitor system (Nugent et al., 2011, Li et al., 2011) based on
the model of the interaction between the rapidly expanding ejecta and the companion star (the
“companion-ejecta interaction” scenario (Kasen, 2010), hereafter companion-interaction sce-
nario; see §1.2.3). Spectroscopically, Parrent et al. (2012) obtained a spectrum at ⇠1.2 days
after the explosion and successfully discriminate the C II l6580 line and O I l7774 line, sug-
gesting a large amount of unburned material at the outermost region of the SN ejecta. Although
the early follow-up observation of SN 2014J has not been very well performed compared with
that of SN 2011fe, a discrepancy between the early-phase light-curve fitting and the typical
simple-power-law model (Zheng et al., 2014) not only contradicts with the fireball and the
single-zone model (Arnett, 1982, Riess et al., 1999a,b) but also suggests a possible diversity of
the early light-curve behavior of SNe Ia.

In addition to the study of individual early-phase SN Ia, statistical investigations were conducted
by using relatively early SNe Ia discovered from large survey projects. However, due to the
incomplete early-phase information for most of samples, quantitative analysis has not been
performed yet (Hayden et al., 2010, Bianco et al., 2011, Ganeshalingam et al., 2011). The
first specific statistical study on the photometric behavior of early-phase SNe Ia was carried
out by Firth et al. (2014). By investigating a dozen of early-phase light curves of SNe Ia, they
found that the rising index n of early-phase light curve has extremely large scatter by adopting
a simple-power-law fitting method (Lµtn), which contradicts with previous observations and
theoretical predictions (Arnett 1982; Riess et al. 1999; Piro 2012, 2013, 2014).

*A detailed investigation of previously discovered EExSNe Ia is shown in Chapters 3 and 4.
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The Kepler Space Telescope that was designed for the exoplanet search also made a contri-
bution on the early-phase SN Ia observations. Thanks to the high survey cadence and the
deep imaging capability of Kepler, three SNe Ia have been well observed from very early
time (Olling et al., 2015). Similar to the early light curve of SN 2011fe, their single-band light
curves also show smooth rising behavior, indicating a small radius companion of the progenitor
system in case a non-degenerate companion is survived after the explosion. However, the lack
of multiband photometric and spectroscopic observations prevents us from investigating their
properties in detail.

Figure 2: A picture of SN 2011fe and its host galaxy, M101. SN 2011fe is one of the nearest and the best-observed
extragalactic SNe Ia so far, which provided an unprecedented opportunity to systematically investigate the early-
phase photometric/spectroscopic behavior of SNe Ia. Image credit: B. J. Fulton, Las Cumbres Observatory Global
Telescope Network.

In addition to the studies of these “common” early-phase SNe Ia, recent discoveries of nearly
a dozen of SNe Ia that show peculiar light-curve behavior in the early phase, i.e. the EExSNe
Ia, also made great breakthroughs on both the progenitor and explosion issue of SNe Ia (Cao
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et al., 2015, Marion et al., 2016, Hosseinzadeh et al., 2017, Jiang et al., 2017, Jiang et al., 2018,
Miller et al., 2018; see following chapters for details).

1.2.3 Scientific objectives of early-phase SNe Ia study

The progenitor issue and implications from the early-phase photometry

Figuring out the progenitor of SNe Ia is one of the most important topics of SN Ia study.
Even though Finzi and Wolf (1967) proposed that an SN Ia occurs once the mass of a white
dwarf (WD) reaches the Chandrasekhar limit, the mechanism that how a WD grows to such a
massive WD was unclear at that time. Whelan and Iben (1973) firstly proposed that a WD may
grow to the Chandrasekhar mass limit through the stable accretion from a non-degenerate com-
panion star (e.g. a main/sub-sequence star or a red giant star), the so-called single degenerate
progenitor model (SD model) has thus been proposed. In 1984, another prevalent progenitor
model known as the double degenerate progenitor model (DD model) has been proposed by
Iben and Tutukov (1984) and Webbink (1984), which suggested that the mass of the primary
C/O WD can reach the Chandrasekhar limit through the merger of two WDs and thus accounts
for the SN Ia explosion. In the past 40 years, other possible scenarios relying on specific progen-
itor system and explosion mechanism, such as the core-degenerate (CD) scenario (Sparks and
Stecher, 1974), the double detonation (DDet) scenario (Nomoto, 1984, Woosley and Weaver,
1994), the WD-WD collision scenario (Thompson, 2011), etc. have been proposed to explain
the long-standing progenitor issue. Generally speaking, SD and DD are two widely-accepted
scenarios among them in terms of a relatively good consistency with observations.

However, the debate between the SD and DD models has been lasted for a long time since
neither of them can perfectly explain observational results. For the DD model, a major issue is
that the high accretion rate under such a scenario may lead to the off-center ignition and then
burning off carbon to oxygen and neon. Further accretion approaching to the Chandrasekhar
mass limit will drive electron capture on magnesium and neon, leading to an “accretion-induced
collapse” due to the gravitational instability. Finally, a neutron star, rather than an SN Ia, will be
generated (Nomoto and Iben, 1985, Saio and Nomoto, 1998, Shen et al., 2012). Moreover, the
pure DD scenario also cannot easily explain the high SN Ia rate in our universe (Dahlen et al.,
2008, Kuznetsova et al., 2008, Barbary et al., 2012, Rodney et al., 2014). However, in contrast to
the SD scenario, the DD scenario shows an advantage in explaining the delay time distribution
(DTD) of SNe Ia (Totani et al., 2008, Graur et al., 2011) and specific SN Ia subclasses, e.g. the
91bg-like subluminous SNe Ia (Pakmor et al., 2010).

For the SD model, a main issue is the lack of direct/indirect evidence of the existence of a
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non-degenerate companion star. In recent years, searching the companion star before/after the
supernova explosion have been carried out and there is no detection of the companion for typical
SN Ia subclasses (Mattila et al., 2005, Leonard, 2007, Shappee et al., 2013, Lundqvist et al.,
2013, 2015). However, we note that such a method is not an efficient way because of the
limited SN Ia samples that can be used for the companion investigation and the difficulties of
the companion discrimination in pre-/post-explosion images. Additionally, possible companion
detections indeed have been reported for two peculiar subluminous SNe Ia, SN 2008ha and
SN 2012Z (Foley et al., 2014, McCully et al., 2014), both belong to a newly-defined SN Ia
subclass, the 02cx-like SNe Ia (or “SNe Iax”; Foley et al., 2013). Observational results may
suggest that both SD and DD scenarios contribute to the formation of SNe Ia in the Universe.

In addition to directly finding the companion star, Kasen (2010) proposed that a prominent
brightening in the first few days of the explosion can be observed under specific viewing di-
rections due to the interaction between the expanding ejecta and a non-degenerate companion
star (i.e. the companion-interaction scenario), which makes EExSNe Ia a powerful indicator of
the SD progenitor system (Kasen, 2010, Maeda et al., 2014, Kutsuna and Shigeyama, 2015).
Since then, surveys for EExSNe Ia have become particularly popular in time-domain astronomy.
However, there was no report of the discovery of early-excess light curves until 2015.

A breakthrough of the SN Ia progenitor issue was achieved three years ago. The first reported
EExSN Ia, iPTF14atg, has been suggested as strong evidence for the companion-ejecta inter-
action (Cao et al., 2015). Soon after, the companion-interaction scenario was also proposed as
a likely origin of early excess of SN 2012cg and the recently discovered SN 2017cbv (Marion
et al., 2016, Hosseinzadeh et al., 2017). However, since all three SNe Ia are not typical “nor-
mal” SNe Ia and their observational properties are somewhat different from the prediction by
the companion-interaction scenario (Kasen, 2010) through an SD channel, their origins are still
under debate. Further discussions on the relation between previously discovered EExSNe Ia
and the companion-interaction scenario are given in Chapter 4.

A powerful indicator of the SNe Ia explosion physics

In the last three decades of the 20th Century, various kinds of models have been proposed to
explain how an SN Ia explodes. Generally speaking, if the mass of a C/O WD reaches nearly
the Chandrasekhar mass, it is likely that thermonuclear runaway starts near the center of the
WD (Nomoto et al., 1984). Theoretically it is not clear if the thermonuclear flame proceeds
as a deflagration or detonation wave from the first principle. However, an immediate detona-
tion occurs in the Chandrasekhar-mass WD produces too much iron-peak elements (e.g. 56Ni,
one of the most important elements that powers the SN radiation through the nuclear decay)
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to be compatible to the luminosity of an SN Ia and the Galactic chemical evolution (Arnett,
1969, Woosley et al., 1986). In order to explain such discrepancies, the deflagration was pro-
posed. However, a pure deflagration process is too weak to produce a sufficient amount of 56Ni
(Timmes and Woosley, 1992, Livne, 1993). In order to address problems for both the pure defla-
gration and the pure detonation scenario, the so-called “delayed detonation model” (Khokhlov,
1991, Arnett and Livne, 1994, Höflich et al., 1995, 1998, Iwamoto et al., 1999), in which the
deflagration finally transformed into the detonation at a fuel density of ⇠107 g cm�3. In addi-
tion to the popular delayed-detonation model, other explosion mechanisms have been proposed
to further explain specific SN Ia subclasses, e.g., the “failed deflagration model” for 02cx-like
subluminous SNe Ia (Kromer et al., 2013), the double-detonation scenario for 91bg-like sub-
luminous SNe Ia (Livne and Glasner, 1990, Woosley and Weaver, 1994, Shen and Bildsten,
2009), the “spin-up/down scenario” for “super-Chandrasekhar-mass” (super-MCh) SNe Ia, and
so on (see Hillebrandt and Niemeyer, 2000, Maeda, 2016 for details).

The early-phase information plays an irreplaceable role in testing various explosion models.
Spectroscopically, physical parameters such as the total mass and spacial distribution of un-
burned carbon and the velocity of the outermost ejecta derived from early-phase spectra are
good indicators of the explosion physics (Höflich et al., 2002, Gamezo et al., 2003, Röpke
et al., 2007, Kasen et al., 2009). Photometrically, Piro et al. (Piro et al., 2010, Piro, 2012, Piro
and Nakar, 2013, 2014, Piro and Morozova, 2016) proposed that the early-phase light-curve
behavior can constrain the total mass and the distribution of 56Ni at the outmost region of the
SN ejecta. By using the best-observed early-phase SN Ia, SN 2011fe, they pointed that the
expected configuration of 56Ni can be achieved under specific explosion mechanisms.

Another interesting question about the SN Ia explosion is whether or not the initial ignition
occurs at the center of the WD. A recent study by Firth et al. (2014) suggested a relatively large
dispersion in the early-phase light curves, which cannot be naturally achieved with traditional
explosion models. However, the off-center explosion model (Kuhlen et al., 2006, Maeda et al.,
2010, Maeda et al., 2011) may account for the scatter of early-phase light curves—if the initial
thermonuclear sparks are ignited at an offset from the center of the WD progenitor, such an
asymmetric physical process finally results in extremely inhomogeneous radioactive element
distribution near the surface of the progenitor. By taking into account the viewing-angle effect,
the scatter in both early-phase light curve and color evolution could be explained.

From the early-excess perspective, if previously discovered early light-curve excesses are exclu-
sively attributed to the companion-ejecta interaction is still under debate. For instance, Kromer
et al. (2016) claimed that the spectra of iPTF14atg cannot be reproduced by the SD scenario
but show good consistency with the prediction of merging two sub-Chandrasekhar-mass WDs.
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If the progenitor system of iPTF14atg is not an SD system, then the early light-curve excess of
iPTF14atg cannot be attributed to the companion-interaction scenario, and other effects should
come into play. In addition to iPTF14atg, discrepancies between observed early-excess features
and the companion-interaction model have been proposed for several EExSNe Ia (SN 2012cg,
Shappee et al., 2018; SN 2017cbv, Hosseinzadeh et al., 2017; iPTF14bdn, Smitka et al., 2015;
iPTF16abc, Miller et al., 2018). Theoretically, the interaction between dense circumstellar mat-
ter (CSM) and SN ejecta (Shen et al., 2012, Levanon et al., 2015, Levanon and Soker, 2017,
Tanikawa et al., 2015, Piro and Morozova, 2016, Maeda et al., 2018) and vigorous mixing of
radioactive 56Ni in the outermost region of SN ejecta (Piro and Morozova, 2016) may produce a
similar early-excess feature to that predicted by the companion interaction. For such cases, the
early light-curve excess is not only an indicator of the SN Ia progenitor system but may suggest
specific explosion mechanisms (Chapter 4). In particular, we firstly confirmed the physical con-
nection between the early light-curve excess and specific explosion mechanism by investigating
a normal-brightness EExSN Ia, MUSSES1604D (SN 2016jhr), that shows a prominent but red
early excess and strong Ti II absorptions around the B-band maximum. The early excess of
this peculiar object can be well explained by the radiation emitted from short-lived radioactive
elements that were generated by the detonation at a thin helium shell of its primary WD at the
very beginning, indicating the multiple origins of EExSNe Ia (see Chapter 3 for details).

A new perspective to investigate the diversity of SNe Ia

As more and more SNe Ia have been discovered in recent years, the photometric behavior
of a considerable number of SNe Ia do not well follow the width-luminosity relation (Phillips,
1993) and thus prevents us from improving the accuracy of SNe Ia as the “standardizable can-
dle” in cosmology. In general, SNe Ia can be classified into six branches mainly based on their
photometric behavior: super-MCh SNe Ia (e.g. SN 2007if, SN 2009dc), 91T/99aa-like luminous
SNe Ia (e.g. SN 1991T, LSQ12gdj), normal SNe Ia (e.g. SN 2005cf, SN 2011fe), “transi-
tional” SNe Ia (e.g. iPTF13ebh, SN 2015bp), 91bg-like subluminous SNe Ia (e.g. SN 1991bg,
SN 2005bl), and 02cx-like subluminous SNe Ia (e,g. SN 2002cx, SN 2008ha). Given that the
SN Ia diversity is very likely caused by the multiple origins of the progenitor system and/or the
explosion mechanism, figuring out the long-standing diversity issue of SNe Ia is somewhat an
ultimate goal of the SN Ia study.

Systematically investigating the early light-curve behavior of different SN Ia subclasses brings
us new ideas of the origin of the SN Ia diversity. As opposed to the early-excess discoveries
in several SN Ia subclasses, there is no clear evidence of early-excess detection in normal SNe
Ia so far. For example, a smooth-rising light curve of SN 2011fe from the very beginning
provides a significant constraint on the companion type (Nugent et al., 2011, Li et al., 2011).
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Non-detections of EEx in normal SNe Ia can be explained by either an intrinsically faint EEx
due to a small nondegenerate companion star or an unfavorable viewing angle by chance under
the companion-interaction scenario. However, such an observational fact is in contrast to the
high EEx fraction* discovered in 91T/99aa-like SNe Ia, which may suggest intrinsic differences
between some SN Ia subclasses. In Chapter 4, possible origins of the SN Ia diversity will be
discussed from the early-excess perspective in detail.

In addition to the clear distinctions between different SN Ia subclasses, recent studies also
suggested that the diversity may exist even in normal SNe Ia. By investigating the evolution
of the velocity of Si II l6355 line (VSi II) using the so-called “average daily decreasing rate
of VSi II ,” Benetti et al. (2005) argued that normal SNe Ia likely have two different groups:
the high-velocity-gradient (HVG) group and the low-velocity-gradient (LVG) group. Wang et
al. (2009) also suggested that two groups (high-VSi II and low-VSi II) may exist in normal SNe
Ia after investigating VSi II around the B-band peak of 158 SNe Ia. In addition to the spectral
diversity, the NUV�optial color diversity of normal SNe Ia has been reported by Milne et al.
(2013, 2015). Interestingly, statistical analysis suggested that the above diversities of normal
SNe Ia may have the connection in physics (Foley and Kasen, 2011, Foley et al., 2011, Milne
et al., 2013). So far, there is no clear answer about the origin of the diversity shown in normal
SNe Ia. One possible explanation is the viewing angle effect due to a specific explosion process,
e.g., the off-center explosion scenario (Maeda et al., 2010; also see §2.4.4).

The early-phase observation is also important for figuring out the possible diversity among
normal SNe Ia. For the C II l6580 absorption feature, previous statistical studies (Parrent
et al., 2011, Thomas et al., 2011, Folatelli et al., 2012, Silverman and Filippenko, 2012) found
that the fraction of SNe Ia that show C II l6580 absorption is correlated to the phase since
the SN explosion, i.e. more SNe Ia show C II l6580 feature in the early phase. Therefore, by
statistically investigating the C II l6580 feature in the early-phase spectra, we are able to further
investigate if there exist two distinct groups in terms of the early C II l6580 absorption feature.
Moreover, given that more prominent scatters of the Si II l6355 velocity and the NUV�optical
color can be seen in the early phase, we may find new clues about the physical origin(s) of
such diversities by systematically investigating the photometric/spectral behavior of a number
of normal SNe Ia soon after their explosions.

*For SNe Ia in each subclass, an early-excess fraction is defined as the number fraction of EExSNe Ia over EExSNe Ia and well-observed
early-phase SNe Ia that do not show early-excess features (i.e., non-EExSNe Ia, selected from papers and public resources) in the same subclass.
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1.3 An Overview of the Thesis

Despite the great scientific importance of early-phase SNe Ia, relevant studies have not been
well conducted because the dimness of early-phase SNe Ia makes them hard to be discov-
ered. Thanks to the excellent survey performance of the Kiso Wide Field Camera (KWFC)
and the Subaru Hyper Suprime-Cam (HSC), systematical investigations of the early-phase pho-
tometric behavior of SNe Ia have been carried out with survey projects which are optimized
to search early-phase SNe—the KIso Supernova Survey (KISS), the Survey with KWFC for
Young SNe Ia (SKYS, Sep.–Nov. 2015), and the MUlti-band Subaru Survey for Early-phase
SNe Ia (MUSSES, since April 2016). This thesis mainly focus on (1) the scientific outputs from
three SNe surveys, (2) a further investigation based on all EExSNe Ia discovered so far, and (3)
a future plan with forthcoming transient survey projects. An overview of the thesis is shown as
follows.

Early-phase SNe Ia studies with two prior survey projects, KISS and SKYS that aim for testing
the feasibility of the early-phase SNe Ia survey is summarized in Chapter 2. During the seven-
months observations, total four early-phase SNe were successfully discovered. Light curves
and spectra obtained from KWFC and other follow-up facilities indicated that three of them
(KISS15m, KISS15n, and SKYS6) are early-phase SNe Ia and the other one (SKYS9) is an
early-phase type IIP supernova. In particular, we discovered one of the youngest subluminous
SNe Ia (KISS15m) and a peculiar luminous early-phase SN Ia (KISS15n). Detailed information
and further discussions based on KWFC early-phase SNe Ia can also be found in Chapter 2.

Chapter 3 mainly introduces our early-phase SNe Ia survey with Subaru/HSC, MUSSES and
its scientific output. The experience accumulated from KISS and SKYS was applied to this
advanced early-phase SNe Ia survey project. The MUSSES project includes survey obser-
vations with the 8.2-m Subaru telescope and follow-up observations with other ground-based
telescopes. In order to carry out such a large project, building the global collaboration is nec-
essary. Collaborations with astronomers from different countries ensure real-time follow-up
observations with more than 10 large-aperture telescopes all over the world.

The first MUSSES observing run was carried out from April to June, 2016. We discovered
total 12 early-phase SN candidates during the Subaru observation, and especially, a very spe-
cial early-phase SN Ia, the so-called MUSSES1604D (or SN 2016jhr, Figure 3), attracted our
attention. The Subaru/HSC survey and follow-up observations indicated that early-phase light
curves and abnormal spectral features of MUSSES1604D are in conflict with predictions by
previously proposed scenarios. We finally found out that the peculiarities of MUSSES1604D
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can be naturally explained by a supernova explosion that is triggered by a detonation of a thin
helium shell of its progenitor star (the so-called “He-shell detonation” or “He-det” scenario).
This finding provides robust evidence of one kind of explosion mechanism of SNe Ia for the first
time, and thus opens a new door to the essential understanding of these spectacular phenomena
in the Universe. The details of the study of MUSSES1604D can be found in §3.2, which was
published in Nature on October 4th, 2017 (Jiang et al., 2017).

Figure 3: Images (upper panels) and schematic light curves (lower panels) of MUSSES1604D at specific epochs.
Solid circles shown in light curves denote stages that the supernova was staying during observations.

With the most complete UV/optical early-phase SN Ia sample so far, we carried out the statis-
tical study of EExSNe Ia (11 in total, and five of them are newly confirmed) for the first time.
The study indicated that EExSNe Ia show clear preference for specific SN Ia subclasses and all
luminous (91T- and 99aa-like) SNe Ia indeed show light-curve excess in the early phase. Given
that the fraction of EExSNe Ia predicted by each early-excess scenario can be very different af-
ter taking into account the viewing angle effect, we further demonstrated the multiple origins of
previously discovered EExSNe Ia by investigating early-excess fractions of SNe Ia in different
subclasses. In particular, we found that an early-excess fraction of about 100% for luminous
SNe Ia are likely due to the radiation from a larger amount of 56Ni formed at the outermost
region of the ejecta (i.e. the surface-56Ni-decay scenario), which indeed can be interpreted by
a popular explosion mechanism of luminous SNe Ia, the so-called gravitationally confined det-
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onation scenario. Moreover, the connection between the surface-56Ni-decay scenario and the
luminous branch of SNe Ia suggests that the explosion mechanism of luminous SNe Ia may
be different from that of other SN Ia subclasses. The relevant work has been published in
Astrophysical Journal on October 3rd, 2018 (Jiang et al., 2018).

Prospects of early-phase SNe Ia studies with upcoming transient survey projects, the Tomo-
e Gozen Transient Survey and the MUltiple Simultaneous Surveys for Early-phase SNe and
FASter Transients (MUSSES-FAST, an upgrade version of MUSSES that makes the best use
of the two top-level survey facilities in the world (i.e., Subaru/HSC and Kiso/Tomo-e) to study
early-phase SNe and other rapid transients) are given in Chapter 5. Thanks to the excellent
instrument performance and the well-designed survey strategy, new breakthroughs not only in
early-phase SNe Ia but also in other area of time-domain astronomy can be achieved in the near
future.

A summary of the thesis is given in Chapter 6. Supplementary information (preliminary results)
on non-early-phase SN candidates and an early-phase SN IIP (SKYS9) discovered by the SKYS
project is attached in the appendix.

Throughout the thesis we adopt the cosmological parameters H0=70 km s�1 Mpc�1, WM=0.3,
WL=0.7. Without the specific notification, the AB and Vega magnitude are used for the SDSS
ugriz and Johnson-Cousins UBV RI photometric system, respectively.
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2 Searching for Early-phase SNe Ia with the Kiso
Wide Field Camera

The Kiso Wide Field Camera (KWFC) is a wide-field imager on the prime focus of the Kiso
1.05-m Schmidt telescope. It is composed by eight 2k⇥4k CCDs (four SITe and four MIT
Lincoln Laboratory (MIT/LL) CCDs, with a pixel size of 15µm and a pixel scale of ⇠0.946
arcsec/pixel). A single exposure of Kiso/KWFC can cover 2.2 deg⇥2.2 deg sky area and the
effective area is ⇠4.6 deg2. All CCDs are read out by the Kiso Array Controller (KAC; Sako
et al., 2012). In the SLOW readout mode which is usually used for the SN survey, the readout
noise is about 20 and 10 electrons RMS for SITe and MIT/LL CCDs, respectively. The CCD
quantum efficiency is about 40–65% in g-band. The readout time in total is ⇠125 seconds.
KWFC is equipped with an automatic filter exchanger, which consists of an industrial robot
arm and a 12-filters container. A sample image (180s exposure) is shown in Figure 4.

2.1 Kiso Supernova Survey (KISS)

The Kiso Supernova Survey (KISS) is a high-cadence wide-filed supernova survey with
KWFC. The main scientific objective of KISS is to catch the earliest radiation of the core-
collapse supernova (CCSN) in optical wavelengths, known as the supernova shock breakout, the
intensity of which can be used to derive the physical properties of the progenitor star. The KISS
project was carried out from April 2012 to September 2015. In average, about 100 dark/grey
nights were allocated to KISS every year, and roughly half of the nights were shared with other
scientific projects (Morokuma et al., 2014). The telescope is under maintenance from the middle
of June to August every year due to the Japanese rainy season.

2.1.1 The Observing mode of KISS

To catch an SN shock breakout that only lasts for a few hours in the optical wavelengths
(Campana et al., 2006), a high-cadence wide-field survey, an efficient candidate-filter system,
and a well-organized follow-up network are highly required. Therefore, KISS adopted a differ-
ent observing mode compared with that of typical supernova surveys. In brief, given the “blue
color” and short timescale of an SN shock breakout and a high total throughput in g band of
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Kiso/KWFC, KISS adopted a one-hour-cadence* g-band observing mode.

Figure 4: A g-band image taken by Kiso/KWFC in November, 2015 (1⇥1 binning, 180-sec on-source time. North
is up and east is the left). The top four CCDs were made by SITe and the bottom four CCDs were produced by
MIT/LL.

KISS’s survey region was selected from SDSS imaging fields which show relatively higher star
formation rate. The typical total star formation rate per KWFC field-of-view (FoV) is ⇠20M�
yr�1 at z . 0.03. For the transient selection, KISS used the SDSS archival images taken several
years ago as the reference because of the higher spatial resolution and deeper limiting magnitude
of the SDSS archival images. Given the seeing statistics in g band at the Kiso site (⇠3.3–5.3
arcsec full width of half maximum (FWHM) in usual; 3.9 arcsec FWHM at median), KISS
adopted a 1⇥1 binning mode to achieve a finely sampled point spread function (PSF) of the
KWFC image used for the image subtraction. The SLOW (for all 8 KWFC CCD chips) readout
mode was applied for KISS to maximize the survey efficiency.

In general, KISS observed ⇠20 different regions four or five times in a night. The exposure time
*The cadence is determined based on the radiative transfer calculation and previous observations (Tominaga et al., 2009, 2011, Schawinski

et al., 2008, Gezari et al., 2008).
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is three minutes for each pointing, reaching a g-band limiting magnitude of ⇠20–21 mag (5-s ).
In total, about 100 deg2 sky area can be observed per night. For poor weather conditions (e.g.,
cloudy, windy, etc.), the survey was suspended and the telescope was used to observe bright
SNe or nearby galaxy clusters and groups.

2.1.2 The KISS pipeline and transient selection

After the exposure, data reduction for each CCD image was conducted automatically by
using a standard reduction pipeline (i.e., the KWFC pipeline) that includes overscan subtraction,
overscan region trimming, bias subtraction, flat-fielding, and background subtraction. The bias
and flat-field images were taken before/after the observation. Finally, the zeropoint and limiting
magnitude was calculated by using the SDSS photometric catalog.

Comparing to KISS images (a g-band limiting magnitude of ⇠20–21 mag (5-s ), 3.3–5.3 arcsec
FWHM, and 0.946 arcsec/pixel), SDSS images with a finer pixel scale of 0.396 arcsec/pixel are
deeper (a g-band limiting magnitude can reach ⇠22.2 mag) and sharper (⇠1.4 arcsec FWHM
in r band). Therefore, the SDSS archival g-band images taken before KISS observations were
used as reference images for the image subtraction.

After the basic data reduction, the processed KWFC images were further analyzed with the
KISS transient pipeline. At first, cosmic rays were removed from the reduced KWFC data us-
ing the publicly available code, L.A.Cosmic, developed by van Dokkum (2001). The SDSS
reference image prepared in advance had to be rescaled to fit the KWFC images by using
the software WCSremap*, and then subtracted by the KWFC image with the software HOT-
PANTS†. For subtracted images, we only selected positive residuals with over 5-s detections
by the SExtractor software (Bertin and Arnouts, 1996). With the KWFC pipeline and the KISS
transient pipeline, we were able to generate a transient catalog in about 15 minutes of each
KWFC exposure. Note that more specific criteria were applied to further screen out false de-
tections and non-astrophysical transients (see Morokuma et al. (2014) for details). Finally, only
dozens of candidates of each KWFC exposure were left for the final inspection.

The remaining candidates were listed on a web page and ready for the last step—visually fil-
tering the residual non-astrophysical sources and classifying reliable candidates into different
classes (SNe, variable stars, AGNs, minor planets, etc.). In order to maximize the selection
efficiency, astronomers, students, and astronomical amateurs in Japan work together to find
interesting transient candidates. If an object was tagged as a young supernova candidate by

*htt ps : //tdc�www.harvard.edu/wcstools/wcsprogs.html
†htt ps : //github.com/acbecker/hot pants
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multiple KISS members, follow-up observations were triggered.

2.1.3 Follow-up observations and the KISS collaboration

Since KWFC worked on the SN survey, follow-up observations by other telescopes were
highly required. When a likely SN candidate was found by KISS, we triggered the simultaneous
g-, Rc-, and Ic-band automatic imaging observations with the MITSuME imager on the Akeno
50-cm telescope (Kotani et al., 2005, Yatsu et al., 2007, Shimokawabe et al., 2008) for the
further confirmation. If the SN candidate shown in the original KWFC image was successfully
followed by KWFC and/or MITSuME in the next night, multiband imaging and spectroscopic
follow-up observations were carried out through the KISS collaboration immediately.

The collaborative follow-up network included, in ascending order of the telescope aperture,
the MITSuME on 50-cm telescope at Okayama Astrophysical Observatory (Yanagisawa et al.,
2010), the Apogee AP-7 CCD camera (M70) on the 70-cm telescope of Sternberg Astronom-
ical Institute, the KPNO 0.9-m telescope, the Lulin One-meter Telescope (LOT), the Atacama
Near-Infrared Camera (ANIR; Motohara et al., 2010, Konishi et al., 2015) on the 1-m mini-TAO
telescope (Sako et al., 2008, Minezaki et al., 2010), the HOWPol (Kawabata et al., 2008) and
the HONIR (Sakimoto et al., 2012) on the 1.5-m Kanata telescope, the Kyoto Okayama Opti-
cal Low-dispersion Spectrograph (KOOLS; Yoshida, 2005) on the Okayama-188cm telescope,
the Himalayan Faint Object Spectrograph (HFOSC) on the 2-m Himalayan Chandra Telescope
(HCT), the Wide Field CCD Camera (WFCCD) on the Las Campanas 2.5-m du Pont telescope,
the Andalucia Faint Object Spectrograph and Camera (ALFOSC) on the 2.5-m Nordic Optical
Telescope (NOT), the Device Optimized for the LOw RESolution (DOLORES) on the 3.58-m
Telescopio Nazionale Galileo (TNG; Barbieri, 1997), the FoldedPort Infrared Echellette (FIRE)
spectrograph on the 6.5-m Magellan Baade Telescope, and the Faint Object Camera And Spec-
trograph (FOCAS; Kashikawa et al., 2002) on the 8.2-m Subaru telescope.

2.1.4 Searching for early-phase SNe Ia with KISS

Thanks to the high survey performance of Kiso/KWFC, more than 100 SN candidates were
found (dozens of them have been spectroscopically confirmed) by KISS. However, since KISS
was optimized for searching the SN shock breakout by adopting a high-cadence survey mode for
about 100 deg2 in a night, the observation indeed is not very efficient for searching early-phase
SNe Ia. Therefore, we expected that a small number of early-phase SNe Ia can be discovered
by the KISS project. Fortunately, two early-phase SNe Ia, KISS15m and KISS15n (Morokuma
et al., 2015, Balam and Graham, 2015) have been discovered by KISS on April and May 2015,
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respectively. Detailed observational information on two objects are shown in §2.3. However, as
the rainy season came, no more early-phase SNe Ia discovered until the end of the KISS project
(September 2015).

In order to further test the feasibility of running specific early-phase SNe Ia-targeted surveys
with wide-field cameras and to keep enlarging the sample size of KWFC-discovered early-phase
SNe Ia, a short-term KWFC survey project, SKYS, was carried in late 2015.

2.2 The Survey with KWFC for Young Supernovae (SKYS)

As the broad adoption of large-array CCD cameras in astronomical observations, great
breakthroughs of the supernova study have been made through various transient survey pro-
grams in 2000’s. Since early-phase SNe Ia are too faint to be easily discovered, we still barely
understand the photometric behavior of SNe Ia soon after their explosions. Given the scientific
importance of early-phase SNe Ia and the great survey performance of KWFC, an early-phase
SNe Ia-targeted survey project, named as “Survey with KWFC for Young Supernovae” (SKYS,
PI: J. Jiang) was carried out in October and November 2015. As opposed to KISS that is op-
timized for catching the CCSN shock breakout with an hour-cadence survey mode, SKYS was
designed for searching early-phase SNe Ia with a completely different observing mode.

2.2.1 The design of SKYS

There are two distinct advantages by using Kiso/KWFC to carry out early-phase SNe Ia sur-
vey. 1) As the 4th wide-field camera mounted on the 1-m class telescope by 2016, Kiso/KWFC
has very good survey performance compared to that of most of telescopes in the world. 2)
Thanks to a large amount of available observing time of Kiso/KWFC and well-organized follow-
up observations, detailed investigations of KWFC-discovered early-phase SNe Ia can be easily
carried out.

To maximize the survey efficiency of early-phase SNe Ia with the two-months KWFC observa-
tion, it is necessary to balance the total survey region and the observing cadence. Since SKYS
aims to find SNe Ia within about 6 days of their explosions*, observing the same region with an
interval longer than 6 days would miss some early-phase SNe Ia and decrease the visiting times
for each region. On the other hand, even though observing the same region with very short

*Note: As a testing early-phase SNe Ia-targeted survey, the “early-phase” originally defined for SKYS is longer than that we used in other
places of this thesis (i.e. within about three days of the SN explosion).
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interval (e.g. hour-cadence) enables us to catch all early-phase SNe Ia in the survey region, the
observing frequency is too high to maximize the survey efficiency for finding early-phase SNe
Ia. Therefore, monitoring the same sky area in every 6 days ensures us to not only discover
early-phase SNe Ia in the largest survey area but also monitor each area with a suitable time
interval. Finally, total ⇠1800 deg2 SKYS survey area (corresponds to about 400 pointings) that
has more than 6-hours visible time in either October or November was selected from SDSS-
and KISS-observed regions (Figure 5). The survey region includes two parts, SKYS(A) and
SKYS(B). The SKYS(A) region was prepared for observations in October and a large fraction
of the SKYS(B) region were used for both October and November observing runs.

We carried out the g-band KWFC survey with on-source time of 180 seconds of a single ex-
posure (a limiting magnitude of ⇠20–21) by taking into account both the survey efficiency and
follow-up capabilities of other telescopes. By using the transient pipeline and the online visual
inspection system designed for KISS (§2.1.2), we started checking candidates in about one hour
of each KWFC exposure. Once a likely SN candidate was discovered, we firstly carried out a
KWFC follow-up observation to screen out non-early-phase SNe with specific selection criteria.

Figure 5: The survey region of SKYS (green color). SKYS(A) region is for observations in October and most of
SKYS(B) region can be observed in two months with more than 6-hours visible time in a night. Since both regions
have been observed by either SDSS or KISS before, we used the archival data as the reference to identify transients
discovered by SKYS.

We made a set of criteria to efficiently select early-phase SN candidates. At first, we only focus
on transient objects that have a significant offset from the center of their hosts to exclude rapidly
variable AGNs. Then, we estimate the absolute magnitude of candidates based on the spectro-
scopic/photometric redshift of their host galaxies to further rule out other contaminations. For

– 20 –



Searching for Early-phase SNe Ia with the Kiso Wide Field Camera Jian Jiang

candidates satisfied the above two conditions, we then confirmed if their brightness was signifi-
cantly increased between two KWFC observations, i.e., with a rising speed .�0.3 mag day�1

quantitatively. Once an object passed all above criteria, we triggered multiband imaging and
spectroscopic follow-up observations through SKYS follow-up network immediately. A flow
chat of how SKYS worked is shown in Figure 6.

Observing flowchart of SKYS

Kiso/KWFC g-band 
imaging survey

SN 
Candid-

ates

With KISS transient 
pipeline & specific 
screen-out criteria 

Photometric 
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Multiband 
photometric and 
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ESN 
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Once the 
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show rapidly 
rising behavior

Real 
ESNe

Spectroscopically 
identified

Intensive 
follow-ups for studying 
light curve and spectral 

evolution

Figure 6: The flowchart of early-phase supernova (ESN) observations with SKYS.

2.2.2 Follow-up strategy and collaborations

Considering the unstable weather condition in Japan, it would be better to collaborate with
both domestic and oversea telescopes to ensure that multiband photometric and spectroscopic
follow-up observations can be carried out in time. For this reason, we joined the “Optical and In-
frared Synergetic Telescopes for Education and Research” (OISTER) in Japan and collaborated
with international collaborators to ensure the realtime follow-up observations of early-phase
SNe discovered by SKYS.
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1) The OISTER organization

OISTER is an organization that uses Japanese small/middle size (0.5-2-m class) telescopes to
carry out intensive and/or high-flexibility-required observations. Therefore, a major scientific
motivation of OISTER is to support time-domain observations, i.e., following up interesting
transients.

Given the apparent magnitude of KWFC SNe and the capability of OISTER follow-up facilities,
OISTER mainly worked on multiband imaging follow-up observations. In the optical band, we
used Kiso/KWFC (g-, r-, i-, z-band observations), the MITSuME on the 50-cm telescopes in
Okayama astronomical observatory and Akeno observatory (simultaneous g-, Rc-, and Ic-band
automatic imaging observations), and the Multi-Spectral Imager (MSI) on the Prika telescope
of Hokkaido University (B-, V -, R-, and I-band observations). For near-infrared follow-up
observations, the Near-Infrared Camera (NIC) mounted on the 2-m NAYUTA telescope and
the Simultaneous-3color InfraRed Imager for Unbiased Survey imager (SIRIUS) on the 1.4-
m Infrared Survey Facility (IRSF) were used for simultaneous J-, H-, and K-band automatic
imaging observations. The near-infrared imager and spectrograph (ISLE) mounted on the 188-
cm telescope in Okayama astronomical observatory and the NIR camera on the 1-m telescope
in Kagoshima University were also triggered for the J-, H-, and K-band observations. The
optical and near-infrared simultaneous imager (HONIR) on the Kanata telescope of Hiroshima
University was used for simultaneous I- and K-band observations.

2) International collaborations

The spectroscopy is crucial to identify transients found by imaging surveys. Since the ap-
parent magnitudes of most KWFC SNe were fainter than 18 in optical band, we looked for
international collaborations with 2–3 m class telescopes for the spectroscopy. Additionally, in-
ternational collaborators also contributed to a part of imaging observations when the OISTER
follow-up could not be well conducted due to the weather issue.

The “Yunnan Faint Object Spectrograph and Camera” (YFOSC) on the 2.4-m Lijiang telescope
(LJT) of China is the major oversea follow-up facility for SKYS. YFOSC can take spectra
for SNe brighter than ⇠19 magnitude and multiband (BV RIZ) images of SNe brighter than
⇠24 magnitude, respectively. Therefore, most of early-phase SNe discovered by SKYS can be
followed by LJT/YFOSC. During the 2-months SKYS observation, LJT/YFOSC made contri-
butions on both spectroscopic and photometric follow-ups of an early-phase SN IIP, SKYS9.
Finally, we obtained a series of high signal to noise (S/N) ratio spectra and multiband images
of SKYS9 with LJT/YFOSC (see the appendix for details).
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Another main instrument for spectroscopy is the “SPectrograph for the Rapid Acquisition of
Transients” (SPRAT) mounted on the 2-m Liverpool telescope, which is located at one of the
best observational sites in the world, the La Palma Island. High S/N spectra taken by SPART
helped us to confirm three SNe Ia (SKYS6, SKYS10, and SKYS11) and to study SKYS9 in
the late phase. In addition to these two major spectroscopic facilities, we also got a high S/N
spectrum of SKYS9 from Maeda et al. (proposal ID: S15B-055) by using the Subaru/FOCAS
at about one month after the discovery of the SN.

Given that non-early-phase SNe (about one week or longer after the explosion) do not meet our
scientific objectives, we only carried out g-band follow-ups with KWFC for those objects.

2.2.3 The observing log of SKYS

In fact, we suffered various kinds of troubles during the observation, mainly including: 1)
the inevitable weather issues, such as cloudy, rainy, and extremely poor seeing, which occupied
⇠50% observing time in total; 2) technical issues in both hardware and software, which occu-
pied total ⇠6% observing time; 3) an underestimation of the time of preparing SDSS templates,
which led to an insufficient number of templates for the transient identification in the first 12
days of the observation and thus ⇠11% observing time was lost. In general, the completeness
of the SKYS project is ⇠33%, which is comparable to our expectation (40% observable time).

As a result, we discovered 11 SN candidates based on their photometric behavior in the 26
full-night observations (a usable night fraction of ⇠33%). Four of them were identified spec-
troscopically. In particular, we discovered one early-phase SN Ia (SKYS6) and one early-phase
core-collapse SN (SKYS9), which is consistent with the expected number estimation by taking
into account the SN rate in the local universe (Li et al., 2011) and early-phase photometric be-
havior of well-observed SN samples. The detailed situation during the October and November
SKYS observing runs are recorded in Table 1.
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Table 1: The observing log of SKYS

mm/dd Observational Status Effective Pointings Completeness

10/06 unknown error happened from ⇠22:00 (error code: 09) 5 6%
10/07 clear sky & very limited SDSS templates 11 14%
10/08 clear sky, but the seeing is bad (> 7.5” in average) 32 40%
10/09 weather turns bad from ⇠25:00 & limited templates 14 17.5%
10/10 rainy and cloudy whole night 0 0%
10/11 cloudy whole night 0 0%
10/12 observational time less than 2 hours 22 27.5%
10/13 clear sky, but the seeing is bad (> 7.0” in average) 22 27.5%
10/14 clear sky, small error happened 48 60%
10/15 clear sky until ⇠26:00 & limited templates 9 11.25%
10/16 clear sky all night & limited templates 28 35%
10/17 cloudy since ⇠25:00 & limited templates 12 15%
10/18 clear sky almost all night 65 80%
10/19 clear sky almost all night 73 90%
10/20 later half night observation, cloudy from ⇠26:10 33 66%
10/21 sharing with other observations, cloudy from ⇠27:30 53 75%
11/05 clear all night, pointing deviation occurred, some images are useful 86 100%
11/06 3 hours clear, pointing deviation occurred again for most of images 7 10%
11/07 rainy 0 0%
11/08 rainy 0 0%
11/09 rainy 0 0%
11/10 clear sky in ⇠7 hours 72 90%
11/11 cloudy & unknown error (no disk pace) since ⇠25:00 40 50%
11/12 cloudy since ⇠21:00 23 50%
11/13 rainy 0 0%
11/14 rainy 0 0%
11/15 clear all early half-night 44 100%
11/16 one-hour observable 7 15%
11/17 rainy 0 0%
11/18 rainy 0 0%
11/19 rainy & cloudy 0 0%
11/20 three hours multi-band follow-up observation 6 75%

Note. We mainly experienced weather and insufficient template issues in October 2015, which may be respon-
sible to a relatively low SN detection rate in the October observing run. In November, we faced extremely bad
weather and some technical issues, which also prevented us from arranging follow-up observations of an early-
phase SN Ia, SKYS6, in time. Half-night observations were carried out on October 20, 21, and November 12–20,
2015.
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2.3. KWFC Early-phase SNe Ia

In this section, the basic photometric information on three KWFC early-phase SNe Ia,
KISS15m, KISS15n, and SKYS6 is presented. Given that the information of non-early-phase
SN candidates (nine in total, two of them have been spectroscopically confirmed as SNe Ia dis-
covered around/after their peak) and an early-phase SN IIP (SKYS9) do not meet the scientific
purpose of this article, their properties are shown in the appendix as a reference.

2.3.1 Observations and data reduction

After the discovery of each early-phase SN Ia, over one month g-band observations were car-
ried out with Kiso/KWFC. For spectral follow-up observations, three spectra of KISS15m and
one pre-maximum spectrum for KISS15n through the KISS collaboration were obtained. Two
spectra of SKYS6 were taken with LT/SPRAT and LJT/YFOSC, respectively. Interestingly, the
spectra indicate that three early-phase SNe Ia belong to different subclass.

We adopted different methods for the photometry of KISS and SKYS SNe respectively. For two
KISS SNe Ia, as both of them are far away from their host galaxies, the flux contamination from
their hosts is negligible. In addition, since the apparent magnitude of KISS15m is close to the
limiting magnitude of KISS, we stacked multiple images taken in the same night with the SWarp
software (Bertin, 2010) to reduce the photometric error of such a faint object. Then, an aperture
photometry was performed for both KISS15m and KISS15n using the APPHOT package in
IRAF. In contrast to KISS SNe, SKYS SNe are either embedded in or located at the edge of their
hosts. Therefore the galaxy subtraction procedure is necessary. Since SKYS SNe were bright
enough even around the full moon night, the photometry of SKYS SNe was based on single-
exposure images. For both KISS and SKYS observations, we used SDSS images at the same
positions as templates and aligned the KWFC image with the SDSS template image through
wcsremap before the imaging-subtraction process. Then, the image subtraction between KWFC
images and corresponding SDSS images was conducted to get host-subtracted images of all
SKYS SNe with HOTPANTS. Finally, a standard aperture photometry was performed on the
residual SN with IRAF.

Spectroscopic and photometric information on three KWFC early-phase SNe Ia are respectively
summarized in Tables 2 & 3 at the end of this section. Observational results of other SKYS SNe
and candidates can be found in Tables 9–12 in the appendix. A general review of three KWFC
early-phase SNe Ia is summarized in the following text of this section, and further discussions
are given in §2.4.
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KISS15m

A faint transient was discovered during the KISS observation on April 23, 2015 (UTC),
located at the outermost region of a nearby galaxy, the NGC 4098, at z=0.024 (spectroscopic
redshift). We classified it as an early phase SN candidate with a g-band absolute magnitude of
⇠�15 during the discovery. Since the host galaxy is an early-type galaxy, we suspected that this
object is a good early-phase SN Ia candidate. Therefore we conducted KWFC g-band follow-up
immediately and confirmed that the object’s brightness was increasing with a speed of ⇠�0.4
mag/day. Such a fast brightening was in line with our expectation of an early-phase SN and
we formally named it as KISS15m. Then, consecutive KWFC imaging follow-up observations
(Figure 7) and spectroscopies through the KISS collaboration were triggered. On April 25, the
NOT/ALFOSC took the first spectrum of KISS15m (Figure 8). Typical spectral features of
91bg-like SNe Ia, such as a red spectral energy distribution (SED), prominent Ti II absorptions
around 4000 Å and Si II l5972 line were easily distinguished even at the rising phase of the
light curve. About one week later, we obtained a g-band peak absolute magnitude of �17.2 for
KISS15m, and thus confirmed that the first observation was carried out at about 9 days before
the g-band peak of KISS15m.
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Figure 7: g-band observations of KISS15m. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on Apr. 23, the subtracted image, and the SDSS DR12 color image at the
same region. The location of KISS15m (RA 12h06m00s.83, Dec +20:36:18.4) is marked by a cyan star symbol.
The lower panel is the g-band light curve obtained from our KWFC follow-up observations. The low luminosity
and large Dm15 value (⇠1.8 in g-band) suggest that KISS15m is a subluminous (91bg-like) SN Ia.
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Figure 8: A spectrum of KISS15m taken by NOT/ALFOSC. Ti II absorptions at 4100–4400 Å and a strong Si II

l5972 absorption at the rising phase indicate that KISS15m is a 91bg-like subluminous SN Ia discovered in the
early phase. Spectral evolution and discussions about KISS15m are shown in §2.4.

KISS15n

KISS15n was discovered in the Coma Cluster on May 10, 2015. Although we noticed KISS15n
is an SN candidate, follow-up observations in next three days could not be carried out due to
the poor weather in Kiso. Four days later, the brightness of KISS15n increased by ⇠�1.2 mag
(Figure 9), we then immediately triggered the spectroscopy and g-band follow-up observations
for this early-phase SN candidate. A spectrum taken on May 15 showed a blue quasi-continuum
with shallow absorption features of intermediate-mass elements (Figure 10). The SNID spectral
fitting (Blondin and Tonry, 2007) of KISS15n matched with a super-MCh SN Ia, SN 2006gz at
about 9 days before the maximum. On the other hand, the light-curve fitting also suggested
that the brightness declining speed and the peak absolute magnitude of KISS15n are in line
with 91T/99aa-like luminous SNe Ia. Given both photometric and spectroscopic properties we
classify KISS15n as a transitional luminous SN Ia that may bridge typical luminous (91T/99aa-
like) and super-MCh SNe Ia.
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Figure 9: g-band observations of KISS15n. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on May 10, the subtracted image and the SDSS DR12 color image at the
same region. The position of KISS15n (RA 13h00m32s.33, Dec +27:58:41.0) is marked by a cyan star symbol.
The lower panel is the g-band light curve obtained from our KWFC follow-up observations. The high luminosity
and small Dm15(g) value (⇠0.8) indicate that KISS15n is a luminous SN Ia.
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Figure 10: A pre-maximum spectrum of KISS15n taken by NOT/ALFOSC. The blue quasi-continuum spectral
energy distribution (SED) with weak absorption features of iron and intermediate-mass elements (e.g. Si and S)
suggest that KISS15n is a luminous SN Ia discovered in the early phase. Moreover, the clear C II l6580 absorption
and the low ejecta velocity are in line with the super-MCh SN Ia, SN 2006gz.
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SKYS6

SKYS6 was discovered in the first night of our November observing run. Since the location of
SKYS6 is close to the center of the host galaxy that is poorly investigated before, it is difficult
to identify SKYS6 based on a single observation. Unfortunately, due to the continuous poor
weather in Kiso, follow-up observations of SKYS6 were started about one week later. We
identified that SKYS6 is an early-phase SN due to the significant brightness enhancement (⇠
�1.5 mag) in one week (Figure 11). The first spectrum (Figure 12) was taken on November 13
with LT/SPRAT, which is in line with normal SNe Ia at about one week before their maxima.
Therefore, we classified SKYS6 as a normal SN Ia discovered within one week of the explosion.
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Figure 11: g-band observations of SKYS6. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on November 12, the subtracted image and the SDSS DR12 color image at
the same region. The position of SKYS6 (RA 02h03m44s.31, Dec +19:41:30.7) is marked by a cyan star symbol.
The lower panel is the g-band light curve obtained from our KWFC follow-up observations, the peak magnitude
of which suggests that SKYS6 is likely a normal-type SN Ia.
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Figure 12: A spectrum of SKYS6 taken by LT/SPRAT on November 13. Typical absorption features of normal
SNe Ia and a possible C II l6580 line can be distinguished. Both spectral and light-curve fitting indicate that
SKYS6 is a normal SN Ia discovered at about one week after the explosion.

Table 2: A Summary of Spectroscopies of KWFC Early-phase SNe Ia

Object UT Exp. Time (s) Telescope slit width (”) grism/filter

KISS15m 2015 Apr. 25 2400 NOT/ALFOSCa 1.0 #4 300 l/mmb

KISS15m 2015 Apr. 30 1800 NOT/ALFOSCa 1.0 #4 300 l/mmb

KISS15m 2015 May 09 2400 NOT/ALFOSCa 1.0 #4 300 l/mmb

KISS15n 2015 May 15 1800 NOT/ALFOSCa 1.0 #4 300 l/mmb

SKYS6 2015 Nov. 13 1800 LT/SPRAT 1.8 Red/4020longpassc

SKYS6 2015 Nov. 20 2100 LJT/YFOSC 2.5 #3d

Note.
a Spectroscopies for KISS15m and KISS15n were taken by NOT/ALFOSC, which were carried out by the

Instituto de Astrofisica de Andalucia (IAA) under a joint agreement with the University of Copenhagen and
NOTSA.

b The wavelength coverage and resolution of Grism#4 300 l/mm is 350–800 nm and 350, respectively.
c The LT/SPART “Red” configuration has much better performance on wavelengths above ⇠6000Å,

“4020longpass” is the abbreviation of “Edmund Optics 400nm longpass filter”. The wavelength coverage
and resolution is 400–800 nm and 350, respectively.

d The wavelength coverage and resolution of Grism#3 on LJT/YFOSC is 340–910 nm and 150, respectively.
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Table 3: Photometric Information on Three KWFC Early-phase SNe Ia

Object MJDa UT Filter Magnitudeb Exp. Time (s) Telescope

KISS15m 57134.47 2015 Apr. 22 g 20.31 ± 0.12 180 ⇥ 2 Kiso/KWFC
KISS15m 57135.47 2015 Apr. 23 g 19.92 ± 0.20 180 ⇥ 2 Kiso/KWFC
KISS15m 57137.45 2015 Apr. 25 g 19.11 ± 0.04 180 ⇥ 5 Kiso/KWFC
KISS15m 57138.45 2015 Apr. 26 g 18.86 ± 0.04 180 ⇥ 4 Kiso/KWFC
KISS15m 57139.46 2015 Apr. 27 g 18.60 ± 0.04 180 ⇥ 5 Kiso/KWFC
KISS15m 57143.57 2015 May 01 g 18.23 ± 0.07 180 ⇥ 4 Kiso/KWFC
KISS15m 57147.49 2015 May 05 g 18.54 ± 0.08 180 ⇥ 2 Kiso/KWFC
KISS15m 57150.55 2015 May 08 g 18.97 ± 0.06 180 ⇥ 2 Kiso/KWFC
KISS15m 57151.53 2015 May 09 g 19.08 ± 0.05 180 ⇥ 3 Kiso/KWFC
KISS15m 57152.51 2015 May 10 g 19.42 ± 0.05 180 ⇥ 3 Kiso/KWFC
KISS15m 57158.52 2015 May 16 g 19.84 ± 0.09 180 ⇥ 2 Kiso/KWFC
KISS15m 57159.53 2015 May 17 g 20.05 ± 0.12 180 ⇥ 3 Kiso/KWFC
KISS15m 57161.54 2015 May 19 g 19.97 ± 0.07 180 ⇥ 2 Kiso/KWFC
KISS15m 57166.65 2015 May 24 g 20.13 ± 0.11 180 ⇥ 4 Kiso/KWFC
KISS15m 57168.48 2015 May 26 g 20.49 ± 0.34 180 ⇥ 2 Kiso/KWFC
KISS15n 57152.55 2015 May 10 g 18.11 ± 0.07 180 Kiso/KWFC
KISS15n 57155.50 2015 May 13 g 16.97 ± 0.03 180 Kiso/KWFC
KISS15n 57156.71 2015 May 14 g 16.57 ± 0.07 180 Kiso/KWFC
KISS15n 57158.57 2015 May 16 g 16.15 ± 0.04 180 Kiso/KWFC
KISS15n 57159.60 2015 May 17 g 15.96 ± 0.04 180 Kiso/KWFC
KISS15n 57161.55 2015 May 19 g 15.73 ± 0.03 180 Kiso/KWFC
KISS15n 57164.70 2015 May 22 g 15.51 ± 0.05 180 Kiso/KWFC
KISS15n 57168.48 2015 May 29 g 15.50 ± 0.04 180 Kiso/KWFC
KISS15n 57171.47 2015 Jun. 01 g 15.64 ± 0.01 180 Kiso/KWFC
KISS15n 57176.51 2015 Jun. 03 g 15.73 ± 0.01 180 Kiso/KWFC
KISS15n 57188.52 2015 Jun. 15 g 16.86 ± 0.04 180 Kiso/KWFC
SKYS6 57331.70 2015 Nov. 05 g 19.67 ± 0.22 180 Kiso/KWFC
SKYS6 57338.47 2015 Nov. 12 g 18.17 ± 0.11 180 Kiso/KWFC
SKYS6 57341.48 2015 Nov. 15 g 17.96 ± 0.10 180 Kiso/KWFC
SKYS6 57341.64 2015 Nov. 15 g 17.96 ± 0.10 180 Kiso/KWFC
SKYS6 57346.63 2015 Nov. 20 g 18.03 ± 0.10 180 Kiso/KWFC
SKYS6 57346.68 2015 Nov. 20 g 18.00 ± 0.10 180 Kiso/KWFC
SKYS6 57353.46 2015 Nov. 27 g 18.38 ± 0.15 60 MITSuME
SKYS6 57354.55 2015 Nov. 28 g 18.47 ± 0.16 60 MITSuME
SKYS6 57357.46 2015 Dec. 01 g 18.72 ± 0.17 60 MITSuME
SKYS6 57341.46 2015 Nov. 15 r 17.76 ± 0.09 180 Kiso/KWFC
SKYS6 57346.63 2015 Nov. 20 r 17.68 ± 0.09 180 Kiso/KWFC
SKYS6 57341.47 2015 Nov. 15 i 18.20 ± 0.11 180 Kiso/KWFC
SKYS6 57346.58 2015 Nov. 20 i 18.32 ± 0.12 200 Kiso/KWFC
SKYS6 57341.47 2015 Nov. 15 z 18.85 ± 0.19 180 Kiso/KWFC
SKYS6 57346.59 2015 Nov. 20 z 18.30 ± 0.15 220 Kiso/KWFC

Note.
a The median time of stacked data (KISS15m and KISS15n) or a single exposure (SKYS6).
b AB magnitudes for SDSS ugriz filter.
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2.4 Discussions on KWFC Early-phase SNe Ia

2.4.1 KISS15m: one of the youngest subluminous SNe Ia

Although about two dozen of SNe Ia have been discovered in a few days of their explosions,
we are still puzzled by the early light curve of subluminous, especially the 91bg-like SNe Ia
due to their fast evolving light curves and lower intrinsic brightness compared with other SN Ia
subclasses. The early-phase SN Ia KISS15m, one of the youngest 91bg-like SNe Ia, brings us
a good opportunity to investigate the rising behavior of this peculiar SN Ia class.

The distance and reddening of KISS15m

The location of KISS15m is far way from its host galaxy, NGC 4098. The large offset
between the host and SN and the non-detection of narrow interstellar absorption lines in the SN
spectra suggest the negligible extinction from the host galaxy. Therefore, we adopted only the
Milky Way extinction at the direction of KISS15m as the total extinction, that is, Al (g)=0.11
mag (Schlafly and Finkbeiner, 2011).

For the distance uncertainty, NASA/IPAC Extragalactic Database (NED) indicates the reces-
sion velocity of NGC 4098 which has been corrected for the effects of the Local Group in-
fall into the Virgo Cluster, the GA cluster, and the Shapley supercluster (Mould et al., 2000):
VVirgo+GA+Sharply=7852±32 km s�1. The Hubble flow distance of NGC4098 is 112.2±7.9
Mpc, where H0=70±5 km s�1 Mpc�1, corresponding to a distance modulus µ=35.25±0.15
mag for KISS15m.

The photometry and spectral evolution of KISS15m

A comparison between B-band light curves of typical 91bg-like SNe Ia (including a model
light curve made by P. Nugent*), a peculiar subluminous SN Ia SN 2007ax, and the g-band light
curve of KISS15m is shown in Figure 13. The rest-frame B-band peak magnitude of KISS15m
is same with that of SN 1999by after applying a K-correction of about �0.2 mag of 91bg-like
SNe Ia at redshift of 0.024 (Takanashi et al., 2017). Fast-evolving light curves can be found for
KISS15m (Dm15(g) ⇠1.8) and 91bg-like SNe Ia. With spectroscopic follow-up observations,
we confirmed that KISS15m is a typical 91bg-like SN Ia discovered at about 9 days before the
g-band peak.

*htt ps : //c3.lbl.gov/nugent/nugentt emplates.html
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Figure 13: Light curves of KISS15m and other subluminous SNe Ia. The fast-evolving light curve suggests that
KISS15m is a 91bg-like SN Ia discovered at a few days after the explosion. Data sources: SN 1991bg (Leibundgut
et al., 1993); SN 1998de (Modjaz et al., 2001); SN 1999by (Vinkó et al., 2001); SN 2005bl (Taubenberger et al.,
2008); SN 2005ke and SN 2007ax (Kasliwal et al., 2008).

The spectral evolution of KISS15m from �6 days to +9 days after the maximum is shown in
Figure 14. The Ti II trough at ⇠4100–4400 Å shown from the early phase and the rapid spectral
evolution further indicate that KISS15m is a 91bg-like SN Ia. In addition, spectra of KISS15m
are characterized by O I l7774 absorption, which is commonly shown in rapid-decline SNe
Ia (Figure 15). The large amount of oxygen remained in the SN ejecta can be explained by
a low carbon burning efficiency during the SN explosion. However, given that the oxygen
should originate from both the incomplete carbon burning and the progenitor itself (i.e. a C/O
white dwarf), a quantitative analysis cannot be performed only based on the strength of the O I

l7774 line. Moreover, similar to other 91bg-like SNe Ia, such as SN 1991bg, SN 1998de, and
SN 1999by (Filippenko et al., 1992, Leibundgut et al., 1993, Krisciunas et al., 2004, Modjaz
et al., 2001, Vinkó et al., 2001), we cannot distinguish a clear flux deficit red-wards of the Si II

l6355 line, i.e. the C II l6580 absorption, even in the earliest spectrum of KISS15m. We thus
speculate that an efficient carbon-burning process might be achieved even for 91bg-like SNe Ia.
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Figure 14: The spectral evolution of KISS15m. The Ti II trough at 4100–4400 Å from the early phase and the fast
spectral evolution indicate that KISS15m is a 91bg-like SN Ia.
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in their pre-maximum spectra. Data sources: SN 2005bl (Taubenberger et al., 2008); SN 1999by and SN 1998de
(Matheson et al., 2008); SN 1991bg (Asiago Supernova Catalogue, https://graspa.oapd.inaf.it).
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2.4.2 KISS15n: bridging 91T/99aa-like and super-MCh SNe Ia?

Super-MCh SNe Ia are of special interest due to their abnormal photometric behavior, which
challenges our common knowledge that SNe Ia originate from the thermonuclear explosion of
near Chandrasekhar-mass C/O white dwarf. Observationally, a blue SED and slow-evolving
light curve of the super-MCh SN Ia make a reminiscent of the typical luminous SN Ia subclass,
91T/99aa-like SNe Ia while the luminosity of the super-MCh SN Ia is even higher. Particularly,
as opposed to 91T/99aa-like SNe Ia where C II lines are hardly distinguished even in the early
phase, persistent C II absorptions can be commonly found in spectra of super-MCh SNe Ia. The
peculiar luminous SN Ia, KISS15n, may enlighten us the physical connection between two SN
Ia subclasses.

The distance and reddening of KISS15n

KISS15n was found in the Coma Cluster and far from centers of two closest galaxies, sug-
gesting a low flux contamination from the host galaxy. Another possible host galaxy, CO-
MAi130032.301p275841.02, shown in images taken by the Advanced Camera for Surveys
(ACS) on the Hubble Space Telescope (Hammer et al., 2010) is nearly at the same position
of KISS15n with an F814W magnitude of about 25.2. If such a faint galaxy is the host of
KISS15n, the reddening from the host may not be negligible. However, given a non-detection of
narrow interstellar absorption lines in the spectrum of KISS15n, we adopted the Milky Way ex-
tinction on the direction of KISS15n as the total extinction, where Al (g)=0.035 mag (Schlafly
and Finkbeiner, 2011).

Although the host of KISS15n is uncertain, the distance information of KISSn can be well
constrained thanks to lots of previous work on the Coma Cluster. Here, we applied the same
Hubble flow distance of the Coma Cluster to KISS15n. NASA/IPAC Extragalactic Database
(NED) provides the recession velocity of the Coma Cluster which has been corrected for the
effects of the Local Group infall into the Virgo Cluster, the GA cluster, and the Shapley super-
cluster (Mould et al. 2000): VVirgo+GA+Sharply=7503±27 km s�1. The Hubble flow distance of
the Coma Cluster is 102.8±7.2 Mpc, corresponding to a distance modulus µ=35.06±0.15 mag
for KISS15n, where H0=70±5 km s�1 Mpc�1.

The photometry and spectroscopy of KISS15n

A light-curve comparison between KISS15n (in both g and r band), super-MCh SNe Ia
(SN 2007if and SN 2009dc; solid squares), normal-broad (SN 2012fr; diamonds), and the tran-
sitional type between 91T/99aa-like and super-MCh SNe Ia (or super-MCh SN Ia candidates,
such as SN 2006gz, SN 2012dn, and LSQ12gdj; pentagons) is shown in Figure 16. All lu-
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minous SNe Ia indeed show comparable Dm15(B) value, 0.8 mag or so. For KISS15n, the
rest-frame B-band peak magnitude is almost the same with the g-band peak magnitude in the
observer frame after applying the K-correction of luminous 91T/99aa-like SNe Ia at redshift of
0.024 (Takanashi et al., 2017). Its post-maximum light curve resembles to that of SN 2012dn
(transitional) and SN 2012fr (normal-broad) but the rising speed is in between.
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Figure 16: A light-curve comparison between KISS15n and other “slow-evolving” SNe Ia. The best-observed
normal SN Ia, SN 2011fe is also included as a reference of a typical light curve of normal SNe Ia. In general, the
rising-phase light curves show larger scatter than the post-maximum light curves between these luminous slow-
evolving SNe Ia. Data sources: SN 2012fr (Childress et al., 2013); SN 2006gz (Hicken et al., 2007); SN 2012dn
(Chakradhari et al., 2014); LSQ12gdj (Scalzo et al., 2014); SN 2009dc (Silverman et al., 2011); SN 2007if (Scalzo
et al., 2014); SN 2011fe (Richmond and Smith, 2012).

A good similarity between SN 2006gz and KISS15n can be seen in their early spectra (Figure
17). A blue SED with plenty of iron and IME absorptions of the spectrum taken on May
15 (about 10 days before the g-band maximum) make a reminiscent of two super-MCh SN Ia
candidates, SN 2006gz and SN 2012dn at the similar phase (Chakradhari et al., 2014). In
contrast to 91T/99aa-like SNe Ia, more prominent and abundant IME absorptions are shown in
early spectra of SN 2006gz and KISS15n, which further suggests that KISS15n is more close
to a 06gz-like luminous SN Ia than a 91T/99aa-like luminous SN Ia.
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The C II l6580 feature in spectra of both KISS15n and SN 2006gz at t⇠�10 day are not clear.
However, in terms of the spectral evolution of SN 2006gz by Hicken et al. (2007), the C II

l6580 line is very prominent at t=�14 days and then quickly disappeared in the following four
days. Given the high spectral similarity between KISS15n and SN 2006gz, a possible absorption
red-wards the Si II l6355 of KISS15n may relate to the C II l6580 line.
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Figure 17: Spectra of KISS15n, SN 2006gz, and SN 1991T at about �10 days to their B-band maxima. Plenty of
IME absorptions, clear Si II l6355 line, and blue SED shown in the early spectrum of KISS15n are perfectly in
line with those of SN 2006gz in the same epoch. The above spectral features are also similar to those of another
transitional luminous SN Ia, SN 2012dn and a super-MCh SN Ia, SN 2009dc at about one week before their maxima
but clearly different from the iron-dominant early spectra of SN 1991T. Additionally, high ejecta velocity derived
from the Si II l6355 and C II l6580 lines of KISS15n also makes a reminiscent of SN 2006gz. Data sources:
SN 1991T, Asiago Supernova Catalogue, https://graspa.oapd.inaf.it; SN 2006gz, Hicken et al. (2007).

Figure 18 gives the velocity evolution of Si II l6355 and C II l6580 line of SNe Ia in different
subclasses. Velocities of Si II l6355 line and possible C II l6580 line of KISS15n are consistent
with those of SN 2006gz but higher than another super-MCh SN Ia candidate, SN 2012dn in
the early phase. Specifically, the velocity of C II l6580 line is &14,000 km s�1 at over 10
days before the maxima of both SN 2006gz and KISS15n, which is much higher than that
of SN 2012dn at the same phase. The velocity of Si II l6355 line for both SN 2006gz and
KISS15n is around 13,000 km s�1 at t=�10 days, slightly higher than that of SN 2012dn. Such
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values are significantly higher than those of super-MCh SNe Ia (e.g., SN 2003fg, SN 2007if, and
SN 2009dc) and comparable to those of 91T/99aa-like SNe Ia (e.g. SN 2012cg, Marion et al.,
2016; iPTF16abc, Miller et al., 2018) and normal SNe Ia (both low- and high-velocity groups;
e.g., SN 1994D, Patat et al., 1996; SN 2002er, Kotak et al., 2005; SN 2012fr, Zhang et al., 2014)
in the early phase.
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Figure 18: The C II l6580 and Si II l6355 line velocity evolution of SNe Ia in different subclasses. Velocities
of the C II l6580 line and Si II l6355 line of KISS15n at t= �10 days are consistent with those of SN 2006gz
but higher than super-MCh SNe Ia (SN 2003fg, SN 2007if, and SN 2009dc). Normal SNe Ia, such as SN1994D,
SN 2002er, and SN 2012fr also show similar Si II l6355 velocity to that of KISS15n at the same epoch. Data
sources: SN2012dn, SN 2009dc, SN 2006gz, SN 2007if, and SN 2003fg (Chakradhari et al., 2014); SN 1994D
(Patat et al., 1996); SN 2002er (Kotak et al., 2005); SN 2012fr (Zhang et al., 2014).

The pre-maximum spectrum suggests that KISS15n is more close to a 06gz-like SN Ia. In
terms of the velocity evolution, 06gz-like SNe Ia show clear distinctions to super-MCh SNe Ia
although both of them show very high luminosities and similar spectral features, which may
imply an intrinsic difference between 06gz-like luminous SNe Ia and super-MCh SNe Ia. Due to
the missing of very early spectral information of these rare objects, the early velocity evolution
of 06gz-like and super-MCh SNe Ia is still unknown.
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A remained uncertainty in the above discussion is the host of KISS15n. In contrast to KISS15m
whose host galaxy can be easily identified, there are two bright galaxies near KISS15n. How-
ever, another possible host galaxy, COMAi130032.301p275841.02, is nearly at the same posi-
tion of KISS15n but with an HST F814W magnitude of ⇠25.2. If the real host is the faintest
one, the extinction influence may need to be taken into account and the intrinsic brightness of
KISS15n can be higher. On the other hand, if the host of KISS15n is either of two bright galax-
ies with a negligible host extinction, the brightness of KISS15n indeed is comparable to that
of 91T/99aa-like SNe Ia, suggesting that 06gz-like luminous SNe Ia may not always require a
“super-MCh” WD progenitor. If so, a specific explosion mechanism may be required to explain
the brightness scatter of 06gz-like SNe Ia, for instance, an off-center explosion, an interac-
tion with a confined circumstellar material (§4.3.2), etc. Statistically investigating early-phase
photometric and spectroscopic behavior of luminous SNe Ia discovered by ongoing and forth-
coming transient surveys will help us to figure out the intrinsic difference/connection between
91T/99aa-like, 06gz-like, and super-MCh SNe Ia.

2.4.3 SKYS6: a low-velocity normal SN Ia discovered in the early phase

As a large number of SNe Ia have been discovered in the last decade, diversities in normal
SNe Ia have been noticed. Based on specific photometric/spectroscopic features, three popular
classification methods of normal SNe Ia have been proposed: 1) the existence/duration of C II

l6580 absorption (Parrent et al., 2011, Thomas et al., 2011, Folatelli et al., 2012, Silverman
and Filippenko, 2012); 2) the velocity evolution of specific absorption lines, e.g. Si II l6355
(Benetti et al., 2005, Wang et al., 2009a); 3) the NUV�optical color evolution (Milne et al.,
2013, 2015). The early-phase SN Ia SKYS6 can be classified as a low-velocity normal SN Ia.

The distance and reddening of SKYS6

We adopted the Milky Way extinction on the direction of SKYS6 as the total extinction
(Al (g)=0.45 mag; Schlafly & Finkbeiner 2011) because of the non-detection of narrow inter-
stellar absorption lines in its spectra.

Since SKYS6 has a relatively high redshift (z=0.042), the velocity uncertainty due to the pecu-
liar motion is much smaller than the recession velocity of the host galaxy. Therefore, we only
take into account the uncertainty of the Hubble constant (H0=70±5 km s�1 Mpc�1) for the
distance estimation, which gives a Hubble flow distance of 186.6±13.3 Mpc, corresponding to
a distance modulus µ=36.35±0.16 mag.
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Photometry and spectroscopy of SKYS6

Given a negligible peak-magnitude difference between the rest-frame B-band and observed
g-band light curve at redshift of 0.042 for non-subluminous SNe Ia (Takanashi et al., 2017),
we make a light-curve comparison between SKYS6 (observer frame) and two normal SNe Ia,
SN 2005cf and SN 2011fe in Figure 19 (light curves of two peculiar KWFC SNe Ia, KISS15m
and KISS15n, are included as a reference). As can be seen in Figures 19 and 20, both light
curves and spectra indicate that SKYS6 is a normal SN Ia. Although the single-band light
curve with insufficient early-phase information prevents us from classifying SKYS6 with the
NUV�optical color method and investigating its early light-curve behavior in detail, the C II

l6580 and Si II l6355 absorption features can be discussed by using the spectra of SKYS6 at
�6 days and +1 day after the peak.
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Figure 19: Light curves of SKYS6, two normal SNe Ia, SN 2005cf and SN 2011fe, 91bg-like subluminous SN Ia
KISS15m, and 06gz-like luminous SN Ia KISS15n. SKYS6 is a normal SN Ia with a stretch factor of ⇠0.93. Data
sources: SN 2005cf (Wang et al., 2009b); SN 2011fe (Richmond and Smith, 2012).

Previous studies by Benetti et al. (2005) and Folatelli et al. (2012) suggested that the C II l6580
absorption is commonly shown in SNe Ia that have relatively low Si II l6355 line velocity
before/around the maxima. By investigating the low S/N spectra of SKYS6 at �6 days and +1
day after the maximum, inconspicuous deficits toward to the red side of the Si II l6355 line are
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observed, possibly the C II l6580 footprint. The velocity of the possible C II l6580 line and
Si II l6355 line is as low as 13,300 km/s and 10,500 km/s at �6 days, respectively. According
to the ejecta-velocity classification (Wang et al., 2009a), SKYS6 belongs to the low-velocity
(LV) group and a slow Si II l6355 velocity evolution of SKYS6 also resembles other LV SNe
Ia (Taubenberger et al., 2011, Foley et al., 2011).
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Figure 20: The spectra of SKYS6 at �6 days and +1 day after the maximum. Typical IME absorptions and a
possible C II l6580 absorption line can be found in two spectra. The velocity of Si II l6355 line suggests that
SKYS6 is a low-velocity normal SN Ia.

2.4.4 Further discussions and conclusions

Subluminous SNe Ia and their associated progenitor system

A subluminous EExSN Ia discovered by iPTF, iPTF14atg, was claimed as strong evidence
of the single-degenerate (SD) scenario because of its peculiar light-curve behavior in the early
phase (Cao et al., 2015). iPTF14atg was classified as a subluminous 02es-like subluminous
SN Ia that shows much slower light-curve evolution than that of 91bg-like SNe Ia. Thanks
to the prompt Swi f t/UVOT follow-up observations, an additional luminosity enhancement was
found in the first few days after the explosion of iPTF14atg in UV and blue optical wavelengths,
which is generally in line with the prediction of the companion-interaction scenario proposed
by Kasen (2010). Given that KISS15m is one of the youngest 91bg-like SNe Ia discovered so
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far, we make a further comparison between KISS15m, iPTF14atg, and other subluminous SNe
Ia to seek for clues of the progenitor system of subluminous SNe Ia.

Spectroscopically, most of subluminous SNe Ia including KISS15m do not show persistent C
II l6580 feature. However, a rare number of subluminous SNe Ia, such as SN 2005bl and
iPTF14atg, show C II l6580 feature even around their maxima. Particularly, the C II l6580
line of iPTF14atg is much more prominent than that of SN 2005bl and such an absorption can
be clearly discriminated even at ⇠30 days after the explosion (see Figure 4 in Cao et al., 2015),
which indeed is commonly shown in 02es-like subluminous SNe Ia. If the progenitor system
of iPTF14atg truly includes a nondegenerate companion, such a distinct absorption towards to
the red side of the Si II l6355 line may be contributed by not only the C II l6580 but also
the Ha absorption. Alternatively, such a feature may suggest a carbon-abundant environment
for 02es-like SNe Ia. In that case, the companion of the progenitor system of iPTF14atg is
more likely a C/O WD and thus the early-excess feature cannot be attributed to the companion-
interaction scenario. By investigating whether or not the strength and duration of C II l6580
line are correlated to the early light-curve behavior of 02es-like SNe Ia, we may find crucial
evidence of the progenitor and explosion physics of this peculiar SN Ia subclass.

In order to explain the origin of various SN Ia subclasses, different progenitor systems and
explosion mechanisms may need to be taken into account. In addition to the uncertain pro-
genitor of 02es-like subluminous SNe Ia we discussed above, McCully et al. (2014) and Foley
et al. (2014) reported that possible companions have been found at the same positions of two
02cx-like subluminous SNe Ia, SN 2008ha and SN 2012Z, indicating a possible connection
between (some) subluminous SNe Ia and the SD scenario. On the other hand, recent simula-
tions suggested that the violent merger of two sub-Chandrasekhar-mass WDs can explain the
fast evolving light curves of subluminous 91bg-like SNe Ia quite well. Therefore, the multiple
progenitor system is a likely reason of explaining the diversity of subluminous SNe Ia.

In addition to subluminous SNe Ia, the progenitor of normal and luminous SNe Ia is under
debate as well. Further discussions on the progenitor system of luminous SNe Ia (i.e. 91T/99aa-
like and super-MCh SNe Ia) based on their early light-curve behavior are given in Chapter 4.

Observing indicators for inconspicuous EExSNe Ia

g-band light curves of KISS15m and iPTF14atg are shown in Figure 21. Although iPTF14atg
has a broader light curve and higher peak luminosity (⇠0.8 magnitude brighter) than those of
KISS15m, it is still difficult to explain why the rising phase of iPTF14atg is significantly longer
than that of all previously discovered subluminous and most of normal SNe Ia, e.g. SN 2011fe
(⇠18 days). Considering a possible “dark phase” lasting for a few hours/days after the SN
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explosion (Piro and Nakar, 2013, 2014, Zheng et al., 2014, Mazzali et al., 2014), radiation
generated by a companion-ejecta interaction (or other early-excess scenarios) may brighten the
dark phase, and thus extends the observable rising time of EExSNe Ia.
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Figure 21: A g-band light-curve comparison between KISS15m and a 02es-like subluminous SN Ia, iPTF14atg.
The rising time of iPTF14atg is much longer than that of other subluminous SNe Ia and most of normal SNe Ia
which have much higher luminosities and “broader” (i.e. slower-evolving) light curves. A possible reason is that
the radiation generated by a companion-ejecta interaction (or other early-excess scenarios) brightens the “dark
phase” soon after the SN explosion and thus extends the observable rising time of EExSNe Ia.

Previous simulations indicated that the early light-curve excess is much stronger in UV and
blue optical wavelengths for companion-interaction EExSNe Ia. For instance, even for a “WD
– low-mass main-sequence star” progenitor system that corresponds to the most inconspicuous
early light-curve excess, early B�V color behavior still shows clear difference to that of non-
EExSNe Ia (see Maeda et al., 2018 for details). Therefore, early-phase color information should
be a good indicator to identify companion-interaction EExSNe Ia.

Since the strength of the companion-interaction early excess is correlated with both the con-
figuration of the progenitor system (i.e. the distance between the WD and the companion)
and the viewing direction from observers, it is difficult to confirm the origin of an early light-
curve excess based on a single-band light curve. Systematically investigating the rising time,
the post-maximum light-curve profile, and the early-color evolution should help us to distin-
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guish inconspicuous EExSNe Ia to some extent. However, additional observational constraints
(e.g. the early-phase spectroscopy) are necessary to further confirm whether an early excess
originates from the companion-interaction scenario or other early-excess scenarios.

The off-center explosion scenario and possible impact on normal SNe Ia

As we mentioned in §2.4.3, the spectral information of SKYS6 may support the possible
connection between unburned carbon footprint and low VSi II feature of normal SNe Ia. Sta-
tistical studies by Benetti et al. (2005) and Folatelli et al. (2012) suggested that the C II l6580
feature is only shown in SNe Ia that have relatively low VSi II before/around the peak phase.
Additionally, Foley et al. (2011) and Milne et al. (2013, 2015) pointed out that normal SNe Ia
with relatively blue color commonly show C II absorptions and low VSi II . All these findings
imply that the diversities shown in normal SNe Ia may share the same origin in physics.

We infer that the off-center explosion scenario may account for the diversity issue of normal
SNe Ia. Under the off-center explosion scenario, the scatter of Si II l6355 line velocity can
be well interpreted with the viewing angle effect (Maeda et al., 2010). Moreover, if the initial
thermonuclear sparks are ignited at an offset from the center of the WD progenitor, such an
asymmetric physical process will finally result in an inhomogeneous element distribution (both
radioactive and unburned elements), especially at the outer layer of the ejecta. Therefore, dis-
persions of early-phase light curves, color evolution, and the carbon-feature duration shown in
normal SNe Ia can be qualitatively explained by the off-center explosion scenario after taking
into account the viewing angle effect.

Although the off-center explosion scenario is promising for interpreting the diversities of normal
SNe Ia, early-phase light curves and spectral evolution predicted by 3D simulations are highly
required to test if the viewing angle effect can attribute to all diversities quantitatively. Given
that the luminosity of an SN Ia is correlated with the offset level of the initial ignition under the
off-center explosion scenario (see §4.3.2 for further discussions), it is also necessary to constrain
the offset range of normal-brightness SNe Ia when studying the relation between normal SNe Ia
diversities and the viewing angle effect. Last but no least, other possibilities (e.g. the multiple
progenitor systems) that may give rise to the diversities in normal SNe Ia should be investigated
in the future.

In a word, the outputs from our surveys with Kiso/KWFC not only test the feasibility of the
early-phase SNe Ia study with specialized wide-field survey observations but also enlighten us
possible origins of the long-standing progenitor system, explosion physics, and diversity issues
of SNe Ia.
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3 Studying Early-phase SNe Ia with Subaru Hyper
Suprime-Cam

3.1 Searching for Early-phase SNe Ia with a Deep, Wide Imag-
ing Survey

Given the peerless survey capability of the Subaru/Hyper Suprime-Cam (HSC, Miyazaki
et al., 2012) and the importance of early color information for tackling the long-standing pro-
genitor and explosion issues of SNe Ia, we proposed a survey project that is optimized for
studying early-phase SNe Ia with Subaru/HSC in 2015, the “MUlti-band Subaru Survey for
Early-phase SNe Ia” (MUSSES).

3.1.1 The Subaru Hyper Suprime-Cam (HSC)

The Hyper Suprime-Cam (HSC, Figure 22) is a gigantic digital camera (height: ⇠3 meters;
weight: ⇠3 tons) mounted on the 8.2-m Subaru telescope. HSC is composed by three major
components: CCD Camera, Wide Field Corrector (WFC) and the Prime Focus Unit (PFU). A
cross-sectional view of HSC is illustrated in Figure 23.

The camera consists of arrays of CCD sensors (116 in total), a cryogenic vacuum dewar, CCD
readout electronics, filters, a shutter, and a filter exchanger unit. The CCD sensor is a highly
sensitive 2K⇥4K deep depletion Hamamatsu CCD. The camera has a total of 870 megapixels,
covering a field-of-view (FoV) of ⇠1.8 deg2 (1.5 degrees in diameter). These CCDs are installed
inside a vacuum cryogenic dewar and are operated at �100 °C where the dark current can be
negligible.

WFC is designed to correct image smear (aberrations) occurred on the primary mirror located 16
m below the camera so that a sharp image over a wide FoV can be achieved. WFC is composed
of five lenses and one atmospheric dispersion corrector element. The high quality of glasses
and precision polishing technique ensure that HSC has an excellent image quality over the 498
mm diameter focal plane. All lenses (seven in total) are assembled together by the ceramic lens
barrel.

The main function of PFU is to align the axis of the WFC and CCD dewar to the optical axis of
the telescope at any altitude and to correct the field-rotation caused by tracking, which is crucial

– 45 –



Studying Early-phase SNe Ia with Subaru Hyper Suprime-Cam Jian Jiang

to ensure the excellent image quality achieved by the WFC. To realize the precise motion of the
PFU, a precision attitude control hexapod system that consists of six customized actuators is
installed on the unit.

HSC saw the first light in 2012 and started to be served as an open-use facility of the Subaru tele-
scope in 2014. Further information on HSC can be found in https://hsc.mtk.nao.ac.jp/ssp/instrument/.

Figure 22: The Hyper Suprime-Cam. Credit: National Astronomical Observatory of Japan.
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Figure 23: A cross-section view of HSC. Credit: National Astronomical Observatory of Japan.

3.1.2 The MUlti-band Subaru Survey for Early-phase SNe Ia (MUSSES)

I. Scientific objectives

There are four major scientific objectives of the MUSSES project.

(i) Searching for companion-interaction EExSNe Ia. The EExSN Ia was originally pro-
posed as an indicator of the single-degenerate (SD) progenitor system because the interaction
between a nondegenerate companion star (a red-giant or a main-sequence star) and the ejecta
produced by SN explosion may account for light-curve excess in the first few days of the ex-
plosion (Kasen, 2010, Kutsuna and Shigeyama, 2015). Since 2015, a few SNe Ia which show
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early light-curve excess have been reported as companion-interaction EExSNe Ia while their
origins are still under debate. Given that the intensity of early excess is highly dependent on the
type of nondegenerate companion and the viewing angle from the observer, a large fraction of
companion-interaction EExSNe Ia may hardly be distinguished with a single-band early-phase
light curve. However, simulation results suggest that the early color of companion-interaction
EExSNe Ia will become significantly blue. Therefore, multiband early photometric information
should be a good indicator to find companion-interaction EExSN Ia candidates.

(ii) Systematically investigating the early color evolution of different SN Ia subclasses.
In order to maximize the efficiency of finding SNe, single-band transient surveys have been
widely applied in the past, which prevents us from investigating the color evolution of SNe
soon after their explosions. However, even with such limited information, a scatter of early
color evolution is shown between subluminous, normal, and luminous SNe Ia (Figure 24). For
instance, subluminous SNe Ia SN 2002es, SN 2005bl, and even the subluminous EExSN Ia
iPTF14atg show much redder B�V color than normal SNe Ia at very early phase. Additionally,
the red B�V color of iPTF14atg also contradicts the prediction of the companion-interaction
scenario. One possible explanation is that subluminous SNe Ia are intrinsically red due to
the deficient 56Ni and slower expansion velocity compared with normal SNe Ia at early phase.
Alternatively, a luminous EExSN Ia SN 2012cg may have intrinsically bluer color at early phase
(e.g. more 56Ni formed at the outermost region of the ejecta) rather than a companion-ejecta
interaction (§4.3.2). Therefore, by investigating the early-color behavior of a number of SNe Ia
we are able to build a complete picture of the early color evolution of each SN Ia subclass, and
thus figure out the physical origin of the SNe Ia diversity.

(iii) Finding out new clues of the SN Ia explosion physics. Simulations based on different
explosion models indicated that the element configurations in the outermost region of the SN
ejecta can be very different (Maeda et al., 2011, Dessart et al., 2014a, Piro and Morozova, 2016).
Although such differences cannot be well investigated with single-band photometry, early color
information has been pointed out as an indicator to discriminate different models (Dessart et al.,
2014b). Therefore, by investigating the early color evolution and the possible correlation be-
tween early color and light-curve/spectral properties such as the rising time, decline rate, and
specific absorption features, we expect to find new clues for or against specific explosion models
of SNe Ia.

(iv) Understanding the diversity issue and improving the cosmological use of SNe Ia fur-
ther. Previous studies have suggested the possible connection between diversities shown in
normal SNe Ia (also see §2.4.4). Given that the early-phase information on SNe Ia provides a
unique perspective to understand the physical origin of such diversities, systematically inves-
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tigating photometric/spectroscopic behavior of dozens of normal SNe Ia from the early phase
will bring us new ideas to explain the observed diversities and further test whether all diversities
have the the same origin. Finally, further understandings of the SN Ia diversity issue will enable
us to improve the accuracy of the cosmological use of SNe Ia.
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Figure 24: A schematic diagram showing the color evolution of various SN Ia subclasses within about one week of
their explosions. Subluminous SNe Ia show redder B�V color in the early phase compared with that of normal and
luminous SNe Ia. Previous simulations indicated that the interaction between the SN ejecta and a nondegenerate
companion star will lead to a very blue light-curve excess in the early phase and thus the color evolution will be
significantly different from that of non-EExSNe Ia.
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II. Survey design

Each MUSSES observing run includes two parts, the Subaru/HSC multiband survey and
follow-up observations with more than 10 ground-based telescopes all over the world. The Sub-
aru/HSC survey aims to discover SNe Ia within a few days of their explosions and study their
early multiband (i.e. g and r band) photometric behavior. The Subaru/HSC observation is car-
ried out in three consecutive nights/half-nights after considering a typical early-excess duration
predicted by simulations and the limited available time for Subaru/HSC. Since the brightness
of early-phase SNe Ia increases quickly during the HSC observation (. �0.5 mag day�1), we
can take images of the same pointings every night/half-night with different observing depths
to maximize the scientific output of the 2–3-nights Subaru/HSC observation. Specifically, in
the first night, the deepest HSC g-band images for over 100 deg2 sky will be taken to search
as much early-phase SNe Ia as possible. In the second and third nights (can be half-nights),
multiband photometry with a shallower observing depth will be conducted for all sky region
observed in the first night. By using a specific pipeline developed for quickly identifying HSC-
discovered transients, follow-up observations can be triggered within one day after the HSC
survey. Given that the brightness of early-phase SNe Ia will keep increasing in about two weeks
and then slowly decline, intensive multiband imaging follow-ups can be achieved by using 1–
4-m class telescopes (e.g. 3.5-m ARC, 2.5-m NOT, 2.5-m INT, 2-m LT, 1-m Kiso telescope,
etc.) in 2–3 months. On the other hand, spectroscopies will be carried out with 6–10-m class
telescopes (e.g., 10.2-m GTC, 9.2-m SALT, 8.2-m VLT, 8.1-m Gemini North/South telescope,
etc.) at specific epochs. The strategy of MUSSES achieves a very large photometric dynamic
range, enabling us to observe early-phase SNe Ia even to redshifts of about 0.3. The observing
mode of the MUSSES is schematically shown in Figure 25.

III. A brief review of the first MUSSES observing run

The first MUSSES observing run was carried out from April to June, 2016. Our 2.5-nights
(1+1+0.5 nights on April 4, 5, and 6, respectively) Subaru/HSC survey composed by continu-
ous 1- and 0.5-nights multiband observations (g and r; open-use ID: S16A-106N, PI: Jian Jiang)
following a 1-night HSC Strategic Survey Program (HSC SSP, Miyazaki et al., 2012, 2018) ob-
servation in g band was successfully conducted and a dozen of early-phase SN candidates were
discovered in ⇠35 deg2 sky area with a g-band limiting magnitude of ⇠26.0. Follow-up obser-
vations were triggered one day after the HSC survey while we suffered severe weather issues for
most of follow-up observations in the first week after the HSC observation. On the other hand,
due to the limited follow-up telescope resources at that time, we had to give up follow-up ob-
servations for some fainter or slower-brightening candidates. Fortunately, intensive follow-up
observations have been carried out for the most interesting early-phase SN Ia, MUSSES1604D,
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from the middle of April to early June. The study of MUSSES1604D is shown in §3.2.

In summary, total 12 early-phase SN candidates were discovered in our first MUSSES observ-
ing run and four of them were spectroscopically confirmed. In particular, we discovered a very
interesting EExSN Ia, MUSSES1604D, within about one day of its explosion (§3.2). Addition-
ally, we found a few transients with significant brightness variance. The physical explanation
of these objects is still uncertain and a further discussion is beyond the scope of this thesis.
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Figure 25: The observing mode of MUSSES. The Subaru/HSC survey is marked by star symbols. Other symbols
represent telescopes in different apertures used for the photometric/spectroscopic follow-up observations at specific
epochs. The follow-up observations can be triggered within one day after the Subaru/HSC observation.
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3.2 MUSSES1604D—A Smoking Gun of the He-shell Detona-
tion Scenario and the Multiple Origins of EExSNe Ia

3.2.1 The discovery and observational characteristics of MUSSES1604D

A faint optical transient was discovered on UT April 4.345, 2016 through the high-cadence
deep-imaging multiband survey that is optimized for finding SNe Ia within a few days after ex-
plosion with the Subaru/HSC, MUSSES. Close attention has been paid to one transient because
its brightness increased by ⇠6.3 times within one day of the first observation. We designated
this fast-rising transient as MUSSES1604D (the official IAU designation is SN 2016jhr), the
fourth early-phase SN candidate found in the April 2016 observing run of MUSSES.
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Figure 26: The multiband light curve of MUSSES1604D. Photometry in g, r, and i bands (observer-frame) are
in the AB system. Error bars denote 1-s uncertainties. Dashed lines are best-fitting light curves derived from
the non-early-phase photometry (t&12 days) with SALT2(Guy et al., 2007). The explosion epoch is estimated by
adopting a classical t2 fireball model for the early-excess phase (see §3.3.4). The inset zooms in on the early-phase
multi-band light curve by Subaru/HSC, which shows that the brightening in g band “paused” after the second-night
observation.
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Figure 26 presents the observed g-, r-, i-band light curves of MUSSES1604D. The earliest
photometry by Subaru/HSC indicates an apparent g-band magnitude of 25.14 ±0.15 on April
4.345 (MJD 57482.345). One day later, MUSSES1604D rapidly brightened to ⇠23.1 and 23.0
mag in the g and r bands, respectively. More surprisingly, the g-band observation on April 6
indicates that the transient “paused” brightening from April 5 and shows plateau-like evolution
lasting for ⇠1 day. At the same time, the transient also slowed down in its rate of brightening
in the r band.
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Figure 27: A comparative analysis of MUSSES1604D color evolution. The upper panel presents B�V color
evolution of MUSSES1604D, iPTF14atg (early-excess), SN 2006bt (MUSSES1604D-like), SN 2012ht (transi-
tional), SN 2015F and SN 2011fe (normal-brightness). The lower panel shows the color evolution predicted by
companion-interaction, He-detonation model for the sub-Chandrasekhar-mass WD and the newly proposed He-
detonation models for the near-Chandrasekhar-mass WD under different He-shell mass assumptions. The B-band
maximum occurred about 20 days after the explosion. Since the bandpass difference between the rest-frame B/V
band and the observer-frame g/r band is inconspicuous at z⇠0.1, the observed g� r color evolution is provided for
reference. Error bars represent 1-s uncertainties.
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Follow-up observations indicated that MUSSES1604D is an SN Ia with a r-band peak absolute
magnitude of ⇠�19.1 on April 26. Adopting a host galaxy redshift (z) of 0.11737, the rest-
frame light curves in the B- and V -band absolute magnitudes from ⇠4 days after the first obser-
vation are derived by applying a K-correction based on the best-fitting model with SALT2 (Guy
et al., 2007). For the early light-curve excess, we applied the K-correction through simplified
spectral-energy distributions, estimated from the early color information of MUSSES1604D
(see §3.3.2). The rest-frame B-band light curve shows a peak absolute magnitude of about
�18.8 and Dm15(B)⇡0.95 mag, indicating a normal-brightness SN Ia (Phillips, 1993).

Color evolution within a few days after the SN explosion is crucial for identifying the early
excess (Kasen, 2010, Piro and Morozova, 2016). In contrast to another peculiar EExSN Ia
iPTF14atg with B�V color evolution obtained only from about five days after the discovery
(Cao et al., 2015), the specific survey strategy of the MUSSES project enables us to obtain the
color information of MUSSES1604D from about one day after the first observation (Figure 27),
revealing a slightly red B�V color of about 0.2 mag at first, reddening further to about 0.5 mag
in one day.

3.2.2 The physical explanation of the peculiarities of MUSSES1604D

The interaction between SN ejecta and a nondegenerate companion star (the companion-
interaction scenario; Kasen, 2010, Pan et al., 2012, Kutsuna and Shigeyama, 2015) or dense
circumstellar material (the “CSM-ejecta interaction” scenario, hereafter CSM-interaction sce-
nario; Levanon et al., 2015, Piro and Morozova, 2016) are popular scenarios to explain the
early light-curve excess. In order to produce a prominent optical flash comparable to that of
MUSSES1604D, either a companion with a very extended envelope or a large-scale CSM dis-
tribution is required. In the companion-interaction scenario, a prominent flash generated from
the inner, hot region of ejecta would be observed through the hole that is carved out by a red-
giant companion (Kasen, 2010, Kutsuna and Shigeyama, 2015). In the CSM-interaction sce-
nario, a more extended CSM distribution could generate a brighter early excess but with longer
diffusion time. Our best-fitting companion-interaction model (Figures 27 and 28) and previous
simulations of both scenarios all indicate that the particular blue color evolution is inevitable
when producing the early excess as bright as that of MUSSES1604D (§3.3.3, Figure 33), which
is incompatible with the red and rapid early color evolution observed for MUSSES1604D.

Peculiar spectral features have been discovered around the peak epoch (Figure 29). At a first
glance, the Si II l6355 line, W-shaped S II feature, and Ca II H & K absorptions are reminiscent
of a normal SN Ia, while the relatively weak Si II l5972 line suggests a higher photospheric
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temperature than that of an SN Ia of similar luminosity. On the other hand, prominent absorption
features such as the Ti II trough around 4150 Å, usually attributed to low temperature, have
been found at the same time, in contrast to the brightness indicated by the light curve. By
inspecting near-maximum spectra of more than 800 non-subluminous SNe Ia, we found only
three MUSSES1604D-like objects—SN 2006bt, SN 2007cq, and SN 2012df (§3.3, Figures 31
and 32), indicating the rarity of such hybrid supernovae.

-20

-18

-16

-14

-12

 0  10  20  30  40

a

A
b

so
lu

te
 B

 m
a

g
n

itu
d

e

Days since the explosion (April 3)

-16.5

-15

-13.5

 0  1  2  3  4

-20

-18

-16

-14

-12

 0  10  20  30  40

b

A
b

so
lu

te
 V

 m
a

g
n

itu
d

e

Days since the explosion (April 3)

-16.5

-15

-13.5

 0  1  2  3  4

Figure 28: Rest-frame B- and V -band light curves of MUSSES1604D and simulations. K-corrections in the early-
excess (open squares) and the post-early-excess phase (filled squares) are carried out with different methods. Each
panel includes He-detonation models for sub-Chandrasekhar-mass WD (1.03 M� WD+0.054 M� He-shell; black
dashed line) and massive WD (1.28 M� WD+0.013 M� He-shell, orange long-dashed line; 1.38 M� WD+0.01
M� He-shell, red dotted line; 1.38 M� WD+0.03 M� He-shell, red solid line) conditions. The inset zooms in
on the early-excess phase and also includes our best-fitting companion-interaction model assuming a 1.05 M�

red-giant companion (magenta dashed-dotted line). The first-night g-band data (blue circles) are included in panel
a. The explosion epoch shown here is shifted (+0.3 days) from that estimated by the classical t2 model (Figure 26)
within the uncertainty from the simulations. Error bars denote 1-s uncertainties.

The peculiar spectral features and the early excess followed by a normal-brightness light curve
observed for MUSSES1604D are incompatible with predictions of classical explosion mecha-
nisms (Nomoto et al., 1984, Khokhlov, 1991) through the hydrogen-accreting single degenerate
channel, but suggested by a specific scenario in which the SN explosion is triggered by the He-
shell detonation, the so-called double-detonation (DDet) scenario (Nomoto, 1982a,b, Woosley
and Weaver, 1994, Fink et al., 2007, 2010, Shen and Bildsten, 2014). In principle, a He-shell
detonation not only generates a shock wave propagating toward the center of the white dwarf
(WD) and ignites carbon burning near the center, but also allocates 56Ni and other radioactive
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isotopes such as 52Fe and 48Cr to the outermost layers where the optical depth is relatively low
(Fink et al., 2010, Kromer et al., 2010). Therefore energy deposited by decaying radioactive
isotopes diffuses out and consequently results in a prominent light-curve excess in the first few
days after the explosion (see §3.3.3). Observationally, the plateau-like light-curve enhancement
can be detected with the day-cadence observations. At the same time, a significant amount of
not only iron group elements but also intermediate-mass elements such as Ti and Ca will be
produced in the outermost layers (Fink et al., 2010, Woosley and Kasen, 2011, Kromer et al.,
2010). Vast numbers of absorption lines of these elements are very effective in blocking the flux
in the blue part of the optical spectrum, thus leading to a relatively red B�V color evolution in
general. Indeed, although a substantial amount of He is left after the detonation, the expected
spectrum would not show a trace of He in the optical wavelength (Boyle et al., 2017). By as-
suming a progenitor star with a WD mass of 1.03 M� and a He-shell mass as low as ⇠0.054
M� (as required to trigger the He detonation on the surface of a 1.03 M� WD; Fink et al., 2010,
Kromer et al., 2010), the prominent early excess, peculiar early color evolution and Ti II trough
feature are reproduced simultaneously (Figures 27–29).

A potential issue in our simulation is the assumption of a sub-Chandrasekhar-mass WD with a
thin He-shell. The amount of synthesized 56Ni that determines the peak luminosity of an SN Ia
is sensitive to the mass of the exploding WD. The DDet model requires a sub-Chandrasekhar-
mass WD (⇠1 M�) for the peak luminosity of MUSSES1604D. However, DDet happening
on such a WD would lead to a fast-evolving B-band light curve, which is inconsistent with a
much slower-evolving light curve observed for MUSSES1604D. In addition, the early excess
that would result from the corresponding He mass of 0.054 M� would be brighter than that of
MUSSES1604D.

We suggest two alternative scenarios that also involve He detonation to solve this issue. In the
first scenario, a violent merger with another He WD (Pakmor et al., 2013) could easily trigger
a detonation in a thin He shell, and could produce the light curve of MUSSES1604D, but it
requires the fine-tuning for the configuration of the binary system. Whether core detonation
can be triggered by the thin-He-shell detonation through the WD-WD merger is also an open
question (Shen and Bildsten, 2014, Tanikawa et al., 2015). The second scenario involves a WD
of near-Chandrasekhar mass, which would enable the detonation of less He on its surface, and
would provide a better and more straightforward account of the light curve and spectral features
of MUSSES1604D (Figures 27–29). Further investigation suggests that the best-fitting WD
mass is in the range of 1.28–1.38 M� but with a low-yield 56Ni compared with the prediction
by DDet (see §3.3.3). This suggests that there could be a mechanism to reduce the mass of 56Ni
in the explosion triggered by the He detonation. For example, the shock wave generated by He
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detonation might trigger deflagration rather than detonation near the center of the WD (Nomoto
et al., 1976), because the high degeneracy pressure of a near-Chandrasekhar-mass WD would
inhibit the formation of a shock wave as strong as that seen in a sub-Chandrasekhar-mass WD.
Although the observed peculiarities of MUSSES1604D could be naturally explained through
this scenario, it is not yet clear how a thin He shell could form on such a massive WD during
binary evolution.
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Figure 29: An around-maximum spectral comparison of MUSSES1604D, other observed SNe Ia of differ-
ent subclasses, and models. In panel a, the spectrum of MUSSES1604D taken two days before the B-
band maximum by Southern African Large Telescope (SALT) is compared with that of SN 2011fe (nor-
mal), SN 1999dq and SN 2000cx (shallow-silicon), SN 1999by (sub-luminous), iPTF14atg (early-excess), and
SN 2012df (MUSSES1604D-like) at a similar epoch. Major absorption features are labeled on the spectrum of
MUSSES1604D. In panel b, simulated spectra of the classical W7 deflagration model (top), the newly proposed
He-detonation models with different assumed He-shell masses (middle three), and the classical double-detonation
model for a sub-Chandrasekhar-mass WD (bottom) are compared with the MUSSES1604D spectrum (dark green)
at the same epoch.
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The discovery of MUSSES1604D suggests that the He-detonation scenario, like other popular
scenarios, provides a promising explanation for EExSNe Ia (Kasen, 2010, Levanon et al., 2015,
Piro and Morozova, 2016). The prominent optical excess and peculiar color evolution in the
very early phase together with absorptions due to Ti II ions in around-maximum spectra can
be used as indicators of this scenario. The precise He-detonation mechanism in this case is
unlikely to be the classical sub-Chandrasekhar DDet model (Bildsten et al., 2007, Fink et al.,
2010), because the slow-evolving B-band light curve of MUSSES1604D is incompatible with
this scenario. Recent work shows that the sub-Chandrasekhar DDet scenario could explain
a part of normal SNe Ia if only a negligible amount of He exists at the time of the He-shell
detonation (Shen et al., 2018). Given that MUSSES1604D is best explained by a He shell that is
thin but still more massive than that required in these models, we suggest that the He-detonation
scenario might generate the observational diversity of SNe Ia, controlled by the masses of both
the WD and the He shell. The discovery of MUSSES1604D provides the first observational
calibration of the range and combination of these quantities realized in nature.

Figure 30: Early Subaru/HSC g-band images for MUSSES1604D. The left panel shows the earliest Subaru/HSC
image of MUSSES1604D (a(J2000)=12h18m19s.85, d (J2000)=+00�15’17.38”) taken on UT April 4.345, 2016,
when the g-band magnitude of MUSSES1604D was 25.14±0.15. The supernova then brightened rapidly to ⇠23.1
mag in one day (right panel).
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3.3 Further Information and Discussions on MUSSES1604D

3.3.1 Supplemental information of MUSSES1604D

To make the best use of the Subaru time, the MUSSES observing run in April 2016 adopted a
specific survey mode which combines both HSC Subaru Strategic Program (HSC SSP*, 1-night
g-band observation, from UT April 4.17 to UT April 4.67) and open-use observation (1.5-nights
g- and r-band observation, from UT April 5.17 to 5.67 and April 6.43 to 6.67, respectively).

The supernova MUSSES1604D was discovered at a(J2000)=12h18m19s.85 and d (J2000)=
+00�15’17.38” on UT April 4.345, 2016 with a g-band magnitude of 25.14 mag upon discovery
(Figure 30), and was the fourth early-phase SN candidate found in the April MUSSES observing
run. MUSSES1604D was located about 5.8 arcsec (to the southwest) from the host-galaxy
center. The redshift of the host galaxy is 0.11737±0.00001 (SDSS Data Release 12; Bolton
et al., 2012). The distance modulus of MUSSES1604D is 38.69 mag.

The host galaxy of MUSSES1604D The red color with a visible Ha emission feature sug-
gests that the host galaxy of MUSSES1604D is a star-forming early-type galaxy (Shimasaku
et al., 2001). Further analysis with the SDSS photometry and spectroscopy shows that the stel-
lar mass is 3� 7⇥ 1010 M�, which is also consistent with an early-type galaxy, e.g. an S0
galaxy.

Follow-up observations Our scheduled early follow-up observations at La Palma island and
Apache Point Observatory were lost owing to poor weather conditions. With HSC SSP r-band
observation conducted at two days after our Subaru/HSC observations, we successfully took
another r-band image of MUSSES1604D, which provides a crucial constraint on the timescale
of the early excess. Multiband follow-up observations with the 8.0-m Gemini-North telescope,
the 3.5-m ARC telescope, the 2.5-m Nordic Optical Telescope (NOT), the 2.5-m Isaac Newton
Telescope (INT), the 2-m Liverpool Telescope (LT), and the 1.05-m Kiso Schmidt telescope
have been conducted from about �8 days to +40 days after the B-band maximum. For the
spectroscopic observations, we triggered the 9.2-m SALT and the 8.0-m Gemini-North tele-
scope at specific epochs to get spectral evolution from about �2 days to one month after the
B-band maximum (Figure 31).

*See https://hsc.mtk.nao.ac.jp/ssp/wp-content/uploads/2016/05/hsc ssp rv jan13.pdf for more details.
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Figure 31: Spectral evolution of MUSSES1604D and analogues. Spectra for MUSSES1604D (dark green) are
compared with those of the analogous SNe Ia SN 2006bt, SN 2007cq, and SN 2012df at similar epochs. Late-phase
spectra of SN 2011fe are included for reference. SALT/RSS follow-up observations were carried out �2 and 12
days after the B-band maximum and the other two spectra were taken by Gemini-N/GMOS 3 and 26 days after the
B-band peak.

Data reduction and photometric calibration Given that MUSSES1604D resides at the
edge of the host galaxy, contamination from the host is negligible except for the photometry of
the earliest Subaru/HSC observation. The morphology of the host galaxy indicates a symmetric
S0 galaxy. We thus built the host template with GALFIT (Peng et al., 2010)* and performed the
standard point spread function (PSF) photometry with the IRAF DAOPHOT package (Stetson,
1987) on host-subtracted images. The photometry has been tested by subtracting the SN from

*The GALFIT software can be downloaded at https://users.obs.carnegiescience.edu/peng/work/galfit/galfit.html.
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the original image, using an artificial PSF star with the derived photometric magnitude. The
average flux of the residual region is comparable with the surrounding region and well below
the photometric error of the discovery image by Subaru/HSC (the 1-s photometric error is 0.15
mag). PSF photometry is performed on host-subtracted images of all follow-up observations.
The photometry is then calibrated to the standard SDSS photometric system by adopting a
color-term correction based on field stars (Doi et al., 2010). For spectroscopic data reduction,
all data were reduced with standard routines in IRAF.

3.3.2 Light-curve fitting and K-correction

Given the limited understanding of spectral features during the early-excess phase of MUSS-
ES1604D, we adopted different methods to derive the rest-frame light curves at early-excess and
post-early-excess phase, respectively. For the post-early-excess light curves, we firstly fit the
observed light curves by applying the SALT2 model of SNe Ia spectrophotometric evolution
which is built using a large data set including light curves and spectra of both nearby and
distant SNe Ia (Guy et al., 2007). After light-curve fitting, K-correction is performed to get
the rest-frame B- and V -band light curves according to the best-fitting spectral sequence model
of MUSSES1604D with SNCosmo*. For the light curve in the early-excess phase (within 5
days after the explosion), we applied the color-based K-correction with a pseudo power-law
spectral energy distribution (SED) function f (n)=kna , where n is the frequency of the light,
k and a are parameters derived by the early color information of MUSSES1604D. Given the
non-detection of Na I D absorption lines in any of our spectra (S/N⇠18 per resolution element
near the wavelength of Na I D lines for the around-maximum spectrum) and the supernova was
located far away from the center of an S0-type host, we only take into account the Galactic
extinction of E(B�V )MW =0.0263 mag (Schlegel et al., 1998). The rest-frame B- and V -band
light curves are shown in Figure 32.

The K-corrected rest-frame light curve of MUSSES1604D indicates a B-band peak absolute
magnitude of �18.8 but with Dm15(B)⇡0.95 mag, corresponding to a slow-evolving normal-
brightness SN Ia in terms of the Phillips relation (Phillips, 1993). The main-body V -band light
curve of MUSSES1604D shows very good consistency with those of typical normal-brightness
SNe Ia, e.g. SN 2011fe. All photometric data in observer and rest frames are listed in Table 4.

*SNCosmo is available at https://sncosmo.readthedocs.io/en/v1.6.x/.
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Figure 32: Rest-frame B- and V -band light curves for MUSSES1604D and other SNe Ia. K-corrections in early-
excess (open squares) and post-early-excess phase (filled squares with dashed lines) of MUSSES1604D were
carried out with different methods (see §3.3.2). An excellent light-curve match is shown between MUSSES1604D,
SN 2006bt, and SN 2007cq. Another peculiar early-excess SN Ia iPTF14atg also shows similar light curves though
its brightness is ⇠1 magnitude fainter than that of MUSSES1604D. B- and V -band light curves of a normal SN Ia,
SN 2011fe (black dotted lines) are provided for reference. Magnitudes shown here are in the Vega system and the
error bars denote 1-s uncertainties.

3.3.3 Explanations for the peculiarities of MUSSES1604D

The “peculiarities” of MUSSES1604D mainly include: 1) a prominent optical flash with
peculiar color evolution at very early time; 2) the red B�V color evolution in general; 3) a
normal-brightness SN Ia with prominent Ti II absorptions in the around-maximum spectrum;
4) a slow-evolving light curve in blue optical wavelengths (e.g. B band). Below we compare
different scenarios that may account for such peculiarities and find the best solution.
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Companion-ejecta interaction

We performed two-dimensional axisymmetric radiation hydrodynamic simulations of the ex-
plosions of a WD with a Chandrasekhar mass in binary systems to obtain light curves and spec-
tra resulting from collisions between the ejecta and the companion star (Kutsuna and Shigeyama’s
(K-S) companion-interaction models; Maeda et al., 2014, Kutsuna and Shigeyama, 2015). The
ejecta are described by the W7 model (Nomoto et al., 1984). The best-fitting light curves pre-
sented in Figure 28 are the expected outcome of an explosion in an SD binary system with a
separation of 2.5⇥1013 cm observed from the companion side. The companion star is a red
giant with a mass of 1.05 M� (the core mass is 0.45 M�) and a radius of 8.9⇥1012 cm, filling
the Roche lobe. The initial mass of the companion was assumed to be 1.50 M�. Although
the companion-interaction early excess could be prominent under this condition, we cannot re-
produce the early light curves and B�V color evolution of MUSSES1604D because a strong
but long-duration early excess will be produced after interacting with a red giant which has a
more extended envelope (Kasen, 2010, Kutsuna and Shigeyama, 2015). For the spectral pecu-
liarity (Figure 29), the prominent Ti II absorptions also contradict the predictions from typical
explosion models through the hydrogen-accreting single degenerate channel (Hillebrandt and
Niemeyer, 2000, Nomoto et al., 1984, Khokhlov, 1991).

Further comparisons of early-phase light curves with both Kasen’s (K10) and K-S companion-
interaction models (Kasen, 2010, Kutsuna and Shigeyama, 2015) are presented in panels (a)–(c)
of Figure 33. Note that K10 predicts brighter early excess than K-S models because it assumes
instantaneous thermalization in the shocked matter while K-S models approximately take into
account thermalization processes between shocked matter and radiation (cooling of shocked
matter by bremsstrahlung). As K10 noticed, the assumption of instantaneous thermalization
tends to underestimate the energies of photons and also results in overestimating the emissivity
from shocked matter. Therefore, K10 models produce a prominent early excess even when the
companion is a low-mass main-sequence star while K-S models can only marginally produce a
comparable early excess when the companion is a red giant, and generate an even fainter early
excess with a main-sequence companion. However, despite the different assumptions in two
companion-interaction models, both K10 and K-S models with an early excess as bright as that
of MUSSES1604D predict blue color of B�V.0.1 in the first four days after the explosion,
which is incompatible with the observational result of MUSSES1604D.

CSM-ejecta interaction

In the double-degenerate progenitor scenario where an SN Ia is generated from the merger
of two WDs, a considerable amount of material from the disrupted secondary WD may get
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pushed out to a large radius (Fryer et al., 2010, Shen et al., 2012) and possibly result in an early
ultraviolet/optical excess due to the interaction with the ejecta (Levanon et al., 2015, Piro and
Morozova, 2016). The prominent early light-curve excess of MUSSES1604D requires a very
extended CSM distribution (Piro and Morozova, 2016, Levanon and Soker, 2017). Regardless
of the physical possibility of creating this dense and extended CSM distribution, interactions
with more extended CSM not only strengthens the early excess but also increases the diffusion
time, and consequently results in a bluer and longer early-excess phase (Piro and Morozova,
2016). As can be seen in panels (d)–(f) of Figure 33, to produce an early excess with a bright-
ness comparable to that of MUSSES1604D, blue and slow color evolution is inevitable for
the CSM-ejecta interaction even after fine-tuning the CSM scale and the 56Ni distribution of
the inner ejecta. Therefore, the CSM-ejecta interaction cannot explain the prominent early ex-
cess with a red and rapid B�V color evolution found in MUSSES1604D. More recently, a
systematical investigation by Maeda et al. (2018) further indicated the clear discrepancy be-
tween early-excess features predicted by CSM- and companion-interaction scenarios and that
of MUSSES1604D.

The He-detonation scenario

Another scenario is an SN Ia explosion triggered by the detonation of the He layer. The
He-detonation process accommodates the radioactive materials as the nucleosynthesis ash. For
example, the He detonation on the surface of the Chandrasekhar-mass WD would leave 56Ni
as a main energy source in this layer with the mass fraction (X56Ni) reaching to ⇠20% (see
below). The diffusion time scale (Arnett, 1996) of this He layer to optical photons is estimated
to be ⇠2 days ⇥(k/0.2cm2g�1)0.5(MHe/0.02M�)0.5(VHe/20,000kms�1)�0.5. Here, a subscript
“He” refers to quantities related to the He layer, and the He is assumed to be fully ionized. k
is the opacity. The decay power at ⇠2 days from the 56Ni in the He layer is estimated to be
⇠ 2.5⇥ 1041 erg s�1 (X56Ni/0.2)⇥ (MHe/0.02M�). Therefore, the radioactivity in the He-
detonation ash is predicted to produce a prompt flash lasting for a few days with the peak
bolometric magnitude of ⇠�16, assuming the He mass MHe⇠0.03 M�. This scenario roughly
explains the nature of the early excess found for MUSSES1604D. For the sub-Chandrasekhar
WD, the abundance in the He ash is dominated by the other radioactive isotopes, 52Fe and 48Cr,
and they power the early excess. Even in this case, a similar argument to that mentioned above
applies.

The synthetic light curves and spectra expected for the He-shell detonation models (Figures
27–29) are simulated as follows. We constructed a series of toy one-dimensional models that
mimic the results of DDet hydrodynamic simulations (Kromer et al., 2010, Woosley and Kasen,
2011). The density structure is assumed to be exponential in velocity space, where the kinetic
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Figure 33: A comparison of MUSSES1604D observations and different model simulations at early-excess phase.
Symbols for MUSSES1604D data are the same as those in Figures 26–28 and the results from our best-fitting He-
detonation model (1.38 M� WD + 0.03 M� He-shell, red solid lines) are shown in each panel. Panels a-c present
early B-band (a) and V -band (b) light curves and B�V color evolution (c) predicted by different companion-
interaction models observed from the companion side. Dashed lines correspond to the K10 models with different
binary-system compositions (MS, main-sequence star; RG, red-giant star; Kasen, 2010). The magenta dashed-
dotted line denotes our best-fitting K-S companion-interaction model (Kutsuna and Shigeyama, 2015). Although
an early excess as bright as that of MUSSES1604D could be produced with specific companion-interaction mod-
els, the predicted color is very blue at the early-excess phase. Panels d and e are V -band light curves simulated by
the CSM-ejecta interaction with deep (d) and shallow (e) 56Ni distribution for the inner ejecta (Piro and Morozova,
2016; P16). Dotted lines correspond to an external mass of Me=0.3 M� with different outer radii Re. Panel f
is the color evolution under the same assumptions as in e. Similar to companion-interaction models, combina-
tions of early light curves and color evolution predicted by the CSM-ejecta interaction are also different from the
photometric behavior of MUSSES1604D.
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energy is specified by the energy generation for the assumed burned composition structure. A
stratified structure in the composition and uniform abundance pattern in each layer are assumed,
where the distribution of the burning products is set to represent the DDet models (Kromer et al.,
2010).
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Figure 34: Composition structures of models used for radiation-transfer simulations. The composition structures
shown here are He-detonation models for the sub-Chandrasekhar-mass WD (1.03 M� WD + 0.054 M� He-shell;
panels a and c) and the Chandrasekhar-mass WD (1.38 M� WD + 0.03 M� He-shell; panels b and d). The mass
fractions of selected elements are shown as a function of velocity (a, b) or mass coordinate (c, d). Colors used for
the selected elements are same for all panels.

The model structures are shown in Figures 34 and 35. Our sub-Chandrasekhar model and the
Chandrasekhar model are similar to a typical DDet model and W7 model, respectively, in the
mass coordinate. For the Chandrasekhar WD model, we replace a part of 56Ni-rich region by
the Si-rich region, leading to a more centrally confined structure than the W7 model. Note that
we assume a stable Fe/Ni region in the core of the Chandrasekhar model, the mass of which is
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taken to be ⇠0.2 M� similar to the W7 model. For each model, we run multi-frequency and
time-dependent Monte-Carlo radiation transfer calculations (Maeda et al., 2014), which were
updated to include radioactive energy input from the decay chains of 52Fe/Mn/Cr and 48Cr/V/Ti
together with 56Ni/Co/Fe. The code assumes LTE for the ionization, which is generally thought
to be a good approximation in the early phase. For example, in the W7 model, LTE and NLTE
simulations yield indistinguishable light curves (except for the U-band) until ⇠25 days after
the explosion, corresponding to ⇠5 days after the B-maximum (Kasen et al., 2006, Kromer and
Sim, 2009). Additionally, we do not include the non-thermal excitation of He; generally He
absorption lines in optical wavelength are invisible for the DDet models even with this effect
(Boyle et al., 2017).
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Figure 35: Density structures of the models used for radiation-transfer simulations. The density structures (as a
function of velocity) shown here are He-detonation models for the sub-Chandrasekhar-mass WD (1.03 M� WD +
0.054 M� He-shell; black dashed line) and the near-Chandrasekhar-mass WD (1.38 M� WD + 0.03 M� He-shell;
red solid line).

The peculiar early light curve and color evolution as well as the strong Ti II absorptions for
MUSSES1604D can be naturally reproduced by the DDet scenario, as shown by the model
for the 1.03 M� WD with 0.054 M� He (ash) layer in Figures 27–29. Although the sub-
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Chandrasekhar DDet model can explain most of peculiarities of MUSSES1604D, it has promi-
nent defects in the resulting fast evolution of the simulated B-band light curve (see also Kromer
et al. 2010, Woosley and Kasen 2011). Note that the fast decline of B-band light curve predicted
by this classical DDet scenario of the sub-Chandrasekhar-mass WD happens from ⇠17 days af-
ter the explosion, and the magnitude becomes ⇠1.4 mag fainter than the peak at t ⇠25 days.
The difference between the LTE and NLTE treatments in the first 25 days after the explosion
is too small to account for such abnormal light-curve evolution (Kasen et al., 2006, Kromer
and Sim, 2009), and thus it is unlikely that the LTE assumption accounts for this discrepancy.
Another issue is that the quantity of radioactive isotopes in this model (resulting from 0.054 M�
of the He layer, which is required to trigger detonation on the sub-Chandrasekhar-mass WD)
produces a more prominent early light-curve excess than that of MUSSES1604D, suggesting
that the observationally required amount of the He layer is smaller. To investigate the classical
DDet scenario further, we ran a grid of models spanning WD masses between ⇠0.9 and 1.4 M�,
but all predict very fast evolution in the B-band light curve and/or too bright peak luminosity.

Indeed, this fast evolution in the B-band light curve has been recognized as one of the issues
in the (sub-Chandrasekhar) DDet model (Woosley and Kasen, 2011), since the Fe-peak and
Ti/Cr in the He ash should start blocking the photons in the bluer bands once the temperature
decreases after the maximum light, and this argument is not sensitive to the LTE or NLTE
treatment. It has been shown that this problem could be remedied if the mass of the He layer
is much smaller than that required by the classical DDet Model so as not to provide a large
opacity (Sim et al., 2010, Blondin et al., 2017, Shen et al., 2018)—a suggestion based partly
on an idea that such a small amount of He (<0.01 M�) would lead to the detonation when a
substantial fraction of carbon is mixed in the He layer (Shen and Bildsten, 2014). We have also
confirmed from our model sequence that the light curves of sub-Chandrasekhar DDet models
are indeed roughly consistent with normal (but relatively faint and fast-evolving) SNe Ia, once
the He layer is removed. However, this scenario would not explain MUSSES1604D, as we do
see a prominent early excess and signatures of the He ash in the around-maximum spectrum.

To remedy the abnormal fast-evolution issue in the classical DDet scenario, we investigated
further models in which we allow that the relation between the WD mass and the final 56Ni
production expected in DDet is not necessarily fulfilled. By coordinating combinations of the
WD mass, 56Ni mass, and the He mass, the most straightforward choice we found is shown in
Figures 27–29, where the models with 1.38 M� WD, 0.01–0.03 M� He-ash layer, and 0.43 M�
of 56Ni are presented. Additionally we investigated the model with 1.28 M� WD, 0.013 M�
He-ash layer, and 0.44 M� of 56Ni. Although such a relatively less massive WD model can
also give a slow-evolving light curve, the pre-maximum B�V color turns out to be too red.
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Therefore, we constrain the acceptable WD mass range between 1.28 and 1.38 M�. In addition,
an even better consistency of the light curves and color evolution from ⇠5 days after the B-band
maximum could be expected for our preferred model (1.38M� WD + 0.03 M� He-shell) once
the NLTE effects were taken into account (Kasen et al., 2006, Kromer and Sim, 2009).

From the above analyses, we suggest two scenarios that involve the He-shell detonation. The
first one is the He-ignited violent merger scenario (Pakmor et al., 2013). In this case, the pri-
mary WD mass should still be ⇠1 M� to produce the peak luminosity. The accretion stream
of He during the merging process may trigger a detonation even if the He mass is low (Pakmor
et al., 2013, Tanikawa et al., 2015). If the secondary is swept up by the ejecta, this would explain
the slow-evolving light curve. However, there are two drawbacks to this scenario. (1) Whether
the core detonation can be triggered by the thin-He-shell detonation (Shen and Bildsten, 2014,
Tanikawa et al., 2015), and (2) such a scenario will involve fine-tuning of the merging configu-
ration (e.g., masses of the WDs) to reproduce the observational features of MUSSES1604D.

The second scenario is the He detonation on the surface of a nearly Chandrasekhar-mass WD,
as is motivated by our light-curve and spectral models that reproduce the observational results
quite well by simply assuming the standard Chandrasekhar-mass WD without fine-tuning. In
this scenario, the observationally derived mass of the He layer is sufficient to trigger the deto-
nation. The evolutionary track of this binary system toward the He detonation on the surface
of a WD more massive than 1.3 M� has never been discussed in the literature. Further inves-
tigations are needed to explore whether this scenario could be realized. Another drawback is
that in the classical DDet scenario will produce too much 56Ni by the core detonation, result-
ing in a luminous SN Ia. Still, the fact that this simple model explains all the main features
of MUSSES1604D is striking, indicating that it is unlikely to be a mere coincidence. This
would suggest that there could be a mechanism to reduce the mass of 56Ni as compared with
the prediction from the classical DDet model.

More realistic light curves and spectra might be produced if one takes into account the possi-
ble viewing angle effect related to both the violent merger scenario and the He-ignited near-
Chandrasekhar-WD scenario. Our one-dimensional models only address an angle-averaged
behavior. The Ti/Fe absorptions will be stronger than our one-dimensional prediction if the line
of sight is to intersect a region of the He ash. The initial light-curve enhancement would also,
to a lesser extent, depend on the viewing angle.

Another problem is that the Si and S features of MUSSES1604D are not very well reproduced in
our spectral models. In general, while these features are qualitatively well explained, obtaining
quantitatively good fits is an issue even with sophisticated NLTE modeling (Nugent et al., 1995).
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We find that these features are also sensitive to detailed composition structure even in one-
dimensional simulations. Providing detailed fitting for these features is beyond the scope of
this study, as these features are theoretically more uncertain than the features we have analyzed
here.

3.3.4 The explosion epoch of MUSSES1604D

Extrapolating the explosion epoch based on the 56Ni-powered light curve is controversial
because there might be a considerable “dark phase” between the explosion and the radioactive
decay from SN ejecta (Piro and Nakar, 2013, 2014, Mazzali et al., 2014, Zheng et al., 2014).
For example, the best-observed SN Ia so far, SN 2011fe likely has a one-day “dark phase”
though the SN was discovered at the brightness of ⇠1/1000 of its peak brightness (Nugent
et al., 2011, Mazzali et al., 2014). More strict constraints on the explosion epoch require not
only deep-imaging observations but also specific radiation mechanisms at early time to light up
the dark phase. Thanks to the deep imaging capability of Subaru/HSC and the early excess of
MUSSES1604D, the explosion time of MUSSES1604D can be pinpointed.

For the He-detonation scenario, the early optical excess is produced immediately from the ra-
dioactive decay at the surface of the SN ejecta, which is the earliest optical emission except for
the instantaneous cooling emission from the shock-heated WD soon after the SN shock break-
out (Piro et al., 2010, Piro and Nakar, 2013). Thus, MUSSES1604D was discovered at an earlier
phase than any previously discovered SNe Ia. Given an effectively negligible dark phase before
the early excess, we adopt the classical t2 fireball model (where t is the time since the explosion)
for the rising phase of the early excess, assuming that neither the photospheric temperature nor
the velocity changes significantly in estimating the explosion epoch of MUSSES1604D. The
result indicates that the first observation of MUSSES1604D is at ⇠0.51+0.08

�0.06 days after the SN
explosion. Based on the best-fitting light curves derived from the post-early-excess multiband
photometry (dashed lines in Figure 26), the g-band magnitude reaches the same level of our first
observation (25.14 mag) at t ⇠3 days, suggesting that a non-negligible dark phase may exist for
non-EExSNe Ia.

3.3.5 MUSSES1604D-like SNe Ia and their rarity

The rate of He-detonation SNe Ia can be constrained by estimating the fraction of MUSSES-
1604D-like SNe Ia. By inspecting over 1,000 SNe Ia (varying from normal SNe Ia to various
different subtypes) that have at least one good spectrum from about �6 to +12 days after the B-
band maximum through published resources and open SN databases (Yaron and Gal-Yam, 2012,
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Guillochon et al., 2017), three MUSSES1604D-like SNe Ia (without early-phase observations)
have been identified. The screening criteria and detailed properties of the MUSSES1604D-like
SNe Ia are listed in Table 5. In addition to three normal-brightness SNe Ia (�19.4.MB.�18.7)
we mentioned here, some subluminous SNe Ia also show good similarities to MUSSES1604D
(e.g. 02es-like SNe Ia, PTF10ops and SN 2010lp, which also have slow-evolving light curve and
similar spectral features to those of MUSSES1604D; Maguire et al., 2011, Kromer et al., 2013).
However, the limited observational information prevents us from classifying these subluminous
objects conclusively. Therefore, the discussion here focuses on the best three MUSSES1604D-
like SNe Ia, SN 2006bt, SN 2007cq, and SN 2012df (Foley et al., 2010, Ganeshalingam et al.,
2010, Scalzo et al., 2014, Ciabattari et al., 2012).

Normal-brightness SN Ia, SN 2006bt shows good similarity with MUSSES1604D in both light
curve and spectral features except for the shallow Si II l5972 absorption found in MUSSES1604D.
Because there is no Na I D feature in spectra of SN 2006bt and the SN is far away from the center
of an S0/a host galaxy, the absolute magnitude is shown in Table 5 without taking into account
the host extinction. Well-organized follow-up observations of SN 2006bt show pre-maximum
Ti II absorptions, slow-evolving B-band light curve, and similar B�V color evolution to that of
MUSSES1604D.

SN 2007cq is classified as another MUSSES1604D-like SN Ia. In particular, the pre-maximum
spectroscopy of SN 2007cq shows that prominent Ti II absorptions have been detected from
about six days before the B-band maximum, which is consistent with the prediction of the He-
detonation models (Fink et al., 2010, Kromer et al., 2010). Note that SN 2007cq shows shal-
lower intermediate-mass-element absorptions and bluer color than those of MUSSES1604D,
which can be attributed to the larger amount of 56Ni generated from the core explosion of
SN 2007cq.

SN 2012df was located at the edge of an S0-like galaxy. The spectrum was taken near the SN
brightness peak with an unfiltered absolute magnitude of ⇠�18.9 (without extinction correc-
tion). Despite the limited observational information of SN 2012df, its high spectral similarity to
MUSSES1604D was found around the maximum (Figure 29). Therefore we classify SN 2012df
as a MUSSES1604D-like SN Ia. Comparisons of the spectral evolution and light curves of
MUSSES1604D-like SNe Ia are shown in Figures 31 and 32, respectively.

To obtain a conservative estimate of the event rate of MUSSES1604D-like SNe Ia, we elimi-
nated all subluminous objects, even though some of them may have the same origin (Maguire
et al., 2011, Kromer et al., 2013). Statistically there are four MUSSES1604D-like SNe Ia (in-
cluding MUSSES1604D) out of ⇠800 SNe Ia with B-band peak absolute magnitude .�18.7,
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corresponding to a fraction of MUSSES1604D-like SNe Ia of ⇠0.5%.

The traditional SN Ia classification mainly based on the SN brightness and spectral features
will classify MUSSES1604D and iPTF14atg into two peculiar subclasses although both have
prominent early light-curve excess, slow-evolving light curves, prominent Ti II absorptions,
similar color evolution, and host environments (Cao et al., 2015, Cao et al., 2016b), suggesting
that they might be intrinsically connected (Kromer et al., 2016). However, whether iPTF14atg
originates from the He-detonation scenario is still an open question because the Ti II absorptions
and red color of subluminous SNe Ia in post-early-excess phase can also be explained by the low
temperature of ejecta, and the lack of early color information precludes further comparison with
MUSSES1604D at the early-excess phase. We note that the earliest B�V color of iPTF14atg
at ⇠5 days after the explosion is probably too red to be explained by companion interaction
or CSM-ejecta interaction, but is in line with the predictions of He-detonation models (Figure
27). For the reference purpose, in Table 5, we list MUSSES1604D-like and iPTF14atg-like
candidates selected from different SN Ia subclasses (Maguire et al., 2011, Kromer et al., 2013,
Ganeshalingam et al., 2012, Li et al., 2003, Foley et al., 2013). Similarities between these
objects may suggest a physical connection between SNe Ia in specific subclasses.

– 72 –



Studying Early-phase SNe Ia with Subaru Hyper Suprime-Cam Jian Jiang

Table 4: Photometric information on MUSSES1604D

UT Date Phasea Telescope/Instrument g r i Bb V b

Apr 04.34 -19.62 Subaru/HSC 25.14 (15) – – – –

Apr 04.39 -19.58 Subaru/HSC 24.96 (16) – – – –

Apr 05.25 -18.82 Subaru/HSC 23.09 (07) – – – –

Apr 05.29 -18.78 Subaru/HSC 23.15 (06) – – – –

Apr 05.33 -18.74 Subaru/HSC 23.09 (05) – – – –

Apr 05.34 – 05.43 -18.74 – -18.65 Subaru/HSC 23.08 (05) 22.99 (05) – 23.16 (04) 22.97 (05)

Apr 05.49 -18.59 Subaru/HSC – 22.96 (06) – – –

Apr 05.55 -18.54 Subaru/HSC – 22.91 (05) – – –

Apr 06.46 – 06.56 -17.73 – -17.64 Subaru/HSC 23.05 (05) 22.64 (05) – 23.08 (04) 22.63 (05)

Apr 08.51 -15.89 Subaru/HSC – 22.14 (04) – – 22.50

Apr 17.41 -7.93 ARC/ARCTIC 20.35 (03) 20.06 (03) – 20.33 20.06

Apr 26.59 0.29 Kiso/KWFC – 19.60 (06) – 19.93 19.61

Apr 28.93 2.38 INT/WFC 19.95 (02) 19.64 (01) 19.84 (01) 19.98 19.61

May 05.07 7.87 NOT/ALFOSC 20.32 (03) 19.81 (02) 20.04 (02) 20.24 19.76

May 05.93 8.64 LT/IO:O 20.39 (02) 19.73 (01) 20.01 (02) 20.29 19.79

May 11.93 14.01 LT/IO:O 20.89 (03) 20.04 (03) 20.30 (04) 20.77 20.11

May 14.14 15.99 ARC/ARCTIC 21.04 (04) 20.15 (02) 20.29 (02) 20.97 20.22

May 19.89 – 19.92 21.14 – 21.16 NOT/ALFOSC 21.63 (06) 20.42 (02) 20.32 (04) 21.49 20.43

May 25.32 26.00 Gemini-N/GMOS 22.01 (02) 20.67 (02) – 21.93 20.62

May 28.91 29.21 LT/IO:O 22.41 (08) 20.80 (03) 20.55 (03) 22.17 20.78

Jun 06.98 37.33 NOT/ALFOSC 22.69 (04) 21.21 (04) 20.98 (05) 22.68 21.26

Notes.
The magnitudes in g, r and i bands (observer-frame; AB system) have been transferred to the standard SDSS photometric system by adopting a color term correction
based on field stars. Rest-frame B- and V -band magnitudes are in the Vega system. Numbers in parenthesis correspond to 1-s statistical uncertainties in units of
1/100 mag.

a Days (rest-frame) relative to the estimated date of the B-band maximum, UT April 26.27, 2016.
b K-correction for the flash-phase (April 4–8) observations is carried out by using the power-law spectral energy distribution models derived from the color of the

early flash. For post-flash observations, K-correction is performed according to the best-fitting spectral sequence model of MUSSES1604D. The Galactic extinction
(E(B�V )MW =0.0263 mag) has been corrected.
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Table 5: Properties of MUSSES1604D- and iPTF14atg-like SNe Ia
SN BMax

a Dm15(B) B�V TiII SiII V SiII l6355
c TiII

Name (mag) (mag) Levelb Absorptionsc,d l5972c,e (km s�1) Evolutionf

MUSSES1604D-Like SN Ia Candidates
MUSSES1604D -18.8+ 1.0+ Red+ Very Deep+ Shallow+ 11,800+ Slow+

SN 2012df+ -18.9g
+ — Marginal-red+ Deep+ Shallow+ 12,000+ —

SN 2007cq+ -19.4+ 1.1+ Normal� Deep+ Shallow+ 11,000+ Slow+

SN 2006bt+ -18.9+ 1.1+ Marginal-red+ Deep+ Intermediate � 11,600+ Slow+

SN 2011fe� -19.2+ 1.2 | Normal� Intermediate� Intermediate � 10,300 | Normal�
iPTF14atg-Like SN Ia Candidates

iPTF14atg -17.7+ 1.3+ Red+ Very Deep+ Deep+ 7,300+ Normal+
SN 2002es+ -17.9+ 1.3+ Red+ Very Deep+ Deep+ 6,000+ Normal+
SN 2010lp? -17.9+ 1.4+ Ultra-Red+ Very Deep+ Deep+ 10,600� —
PTF10ops? -17.8+ 1.1+ Ultra-Red+ Deep+ Deep+ 10,000� Normal+
SN 2011ay? -18.1+ 1.3+ Red+ Deep+ Intermediate | 5,600+ Fast�
SN 2008A? -17.9+ 1.3+ Red+ Deep+ Intermediate | 6,900+ Fast�
SN 2005hk? -17.7+ 1.5 | Marginal-red | Deep+ Deep + 6,100+ Fast�
SN 2008ae? -17.1 | 1.4+ Ultra-Red+ Deep+ Intermediate | 7,900+ Fast�
SN 2002cx? -17.5+ 1.2+ Normal� Deep+ Intermediate | 5,500+ Normal+

Notes.

For each property, we use “+”, “ | ” and “-” footnotes as “support”, “neutral” and “opposite” respectively to show the similarity between candidates and
MUSSES1604D/iPTF14atg. For all three MUSSES1604D-like SNe Ia, the host extinction are neglected because of the relatively distant location of SNe to the
center of their S0/a host galaxies and the non-detection of Na I D lines in their spectra. Galactic extinction has been applied with E(B�V )MW of 0.1096 mag and 0.050
mag for SN 2007cq and SN 2006bt, respectively.

a The absolute magnitude for iPTF14atg, 02es-like (SN 2002es, SN 2010lp, PTF10ops) and all normal-brightness SNe Ia was calculated by using cosmological
parameters H0=70.0 km s�1 Mpc�1, Wm=0.30, WL=0.70, and Wn =0.00. For 02cx-like SNe Ia, we adopt the value from the related paper (Foley et al., 2013).

b The B �V color information at around the B-band maximum. Here, we define B �V�0.4 mag, 0.4 mag>B �V�0.2 mag, 0.2 mag>B �V�0.1 mag, 0.1
mag>B�V��0.1 mag and -0.1 mag>B�V as “ultra-red,” “red,” “marginal-red,” “normal,” and “blue,” respectively.

c Spectral features at around the B-band maximum. For normal-brightness and subluminous SNe Ia, we used spectra taken on the closest epoch to t=�2 and t=0,
respectively (relative to the B-band maximum) for the similarity comparisons.

d The relative strength of Ti II absorptions near the B-band maximum. The strength is relative to normal-type SNe Ia, e.g. SN 2011fe.
e We define the equivalent width (EW) of Si II l5972 line as: EW(SiIIl5972)10 Å, 10 Å<EW(SiIIl5972)30 Å, 30 Å<EW(SiIIl5972) as “Shallow”, “Intermediate” and

“Deep”, respectively.
f The relative evolution speed of Ti II absorptions in the first 10±2 days after the B-band maximum. The evolution speed is relative to SN 2011fe and iPTF14atg for

normal-brightness and subluminous SNe Ia respectively.
g Unfiltered photometry without considering the Galactic extinction E(B�V )MW =0.0393 mag.
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4 Further Understanding of Early-phase SNe Ia from
the Statistical Perspective

With the largest sample of early-phase SNe Ia discovered until 2018, we present new ev-
idence to further prove multiple origins of EExSNe Ia and discuss the explosion mechanism
and progenitor of specific SN Ia subclasses from the early-excess perspective. This chapter is
organized as follows. General information on 23 well-observed early-phase SNe Ia (“golden
early-phase SNe Ia”) from the subluminous to luminous subclass are summarized in §4.1, and
further investigations of previously reported/unnoticed EExSNe Ia are shown in §4.2. Discus-
sions about the multiple origins of early light-curve excess and their associated subclasses are
given in §4.3, and conclusions are summarized in the last section.

4.1 Golden Early-phase SNe Ia

In this section, we systematically investigate 23 “golden early-phase SNe Ia” from published
papers. In general, we define spectroscopically classified SNe Ia with single-band or multiband
photometry taken from ⇠16 days before to 15 days after the B-band maximum (in the rest
frame) as golden early-phase SNe Ia. Given that some SNe Ia have intrinsically short rising
phases, An SN Ia discovered at ⇠15 days before the maximum but with a large photometric
depth is also denoted as a golden sample. Here this “large photometric depth” is quantitatively
defined in a way that a magnitude difference between the detection and the maximum in the
same band is larger than 4 mag (LSQ12hxx, LSQ13ry, iPTF13ebh, and SN 2016coj), or a rising
rate derived from the earliest photometry and the non-detection limiting magnitude is higher
than about 1 mag day�1 (ASASSN-14lp). Note that SN 2014J (observations from early-phase
to post-maximum in the same band are missing; Goobar et al., 2014) and two early-phase SNe
Ia discovered by the Kepler Space Telescope, KSN 2012a and KSN 2011b (without spectral
information; Olling et al., 2015), do not meet the criteria of golden early-phase SNe Ia.

All golden early-phase SNe Ia are further classified into “normal”, “luminous,” “transitional,”
“subluminous,” and “He-det” subclasses depending on their general photometric and spectro-
scopic characteristics. Their basic information is listed in Table 6. We adopt Dm15(B) value
and B-band apparent magnitudes at peak (mB,max) from relevant publications. Absolute B-band
magnitudes at peak (MB,max) are derived by adopting a Hubble constant H0 = 70 km s�1 Mpc�1
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and Galactic and host extinction values from Schlegel et al. (1998) and relevant publications,
respectively. MB,max are plotted against Dm15(B) in Figure 36.
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Figure 36: Absolute B-band peak magnitude (MB,max) vs. the light-curve decline rate, expressed by the magnitude
decline in 15 days from the B-band peak (Dm15(B)), for 23 golden early-phase SNe Ia. Four 91T/99aa-like (blue
triangles), one luminous/peculiar (blue open square), two subluminous (red inverted triangles), and one He-det
(green pentagon) SNe Ia show early-excess features. Gray points are from CfA3 samples in Hicken et al. (2009).
The Phillips relation is highlighted in cyan.

4.1.1 Early-phase normal and transitional SNe Ia

There are 12 normal SNe Ia in our golden sample. In general, their spectral features and
luminosities well match those of normal SNe Ia. For three objects (SN 2010jn, SN 2012fr, and
ASASSN-14lp) that show relatively high brightness but with normal-like spectral evolution,
we classify them as normal SNe Ia at the bright end of the Phillips relation (Phillips, 1993)
by following previous studies (Hachinger et al., 2013, Childress et al., 2013, Shappee et al.,
2016). In addition to early optical observations, prompt Swi f t/UVOT follow-up observations
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were successfully triggered for six normal SNe Ia (§4.2). However, none of the 12 normal SNe
Ia show early light-curve excess in optical and UV wavelengths.

SN 2012ht and iPTF13ebh are categorized as “transitional” type based on their fast-decline light
curves and relatively high luminosities as opposed to subluminous/91bg-like SNe Ia (Yamanaka
et al., 2014, Hsiao et al., 2015). Although two transitional golden early-phase SNe Ia show quite
different spectral features, smooth-rising light curves are found in both events at early phases.

4.1.2 Early-phase luminous SNe Ia

Our golden early-phase SN Ia sample includes six SNe Ia with bright, slow-evolving light
curves and shallow absorptions by intermediate-mass elements (IME), which are grouped into
“luminous/91T-like,” “luminous/99aa-like,” and “luminous/peculiar” subclasses in terms of their
luminosities and specific spectral features.

The relatively weak IME absorptions, prominent calcium and iron lines in the premaximum
spectra of three luminous SNe Ia (SN 2012cg, iPTF16abc, and SN 2017cbv) are reminiscent
of 99aa-like SNe Ia. Note that iPTF14bdn has been classified as a 99aa-like SN Ia by Smitka
et al. (2015). However, the early spectra dominated by iron-group elements (IGE), together with
inconspicuous IME absorptions, indeed show a closer resemblance to those of 91T-like SNe Ia.
Therefore, we classify iPTF14bdn as a 91T-like SN Ia.

In recent years, several SNe Ia with excessively high luminosities and broad light curves have
been discovered. Since the 56Ni mass required to produce such high luminosities is in con-
flict with that realized in the explosion of a 1.4 M� WD, they are frequently called “super-
Chandrasekhar-mass” SNe Ia (“super-MCh” SNe Ia). Spectroscopically, super-MCh SNe Ia com-
monly show persistent C II absorptions and moderately low photospheric velocities. Except for
the unknown UV properties, optical photometry and spectroscopy of the golden early-phase SN
Ia LSQ12gpw (Firth et al., 2014, Walker et al., 2015; spectra can be found in the Open Super-
nova Catalog*; Guillochon et al., 2017) indicate a high similarity to super-MCh SN Ia SN 2009dc
(Silverman et al., 2011). We classify this 09dc-like super-MCh SN Ia into the luminous/peculiar
subclass. Although the high peak luminosity, prominent IME absorptions, and especially the
persistent carbon absorption of another golden luminous SN Ia, iPTF13asv—resemble super-
MCh SNe Ia, its light curve evolves much faster than those of super-MCh and many 91T/99aa-
like SNe Ia (Table 6). By following the main conclusion from Cao et al. (2016a), we classify
iPTF13asv as a luminous/peculiar SN Ia.

*https://sne.space/
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Table 6: Characteristics of Golden Early-phase SNe Ia

Namea Subclass Dm15(B) Peak Redshift Discovery Photometric Early Excess? Data
Magnitudeb Phase (days)c Depth (mag)d Optical/UV Sourcese

SN 2009ig Normal 0.89 �19.07 0.008797 �16.4 (Unf) 4.0 N/N (1)
SN 2010jn Normal 0.90 �19.49 0.02602 �15.9 (R48) 3.4 N/– (2)
SN 2011fe Normal 1.10 �19.15 0.000804 �17.3 (g) 7.3 N/N (3), (4)
SN 2012fr Normal 0.85 �19.45 0.005453 �15.9 (Unf) 3.9 N/N (5), (6)
LSQ12hxx Normal 1.01 �19.34 0.069 �15.6 (gr) 4.4 N/– (7), (8)
LSQ12hzj Normal 1.16 �19.31 0.029 �15.9 (gr) 3.7 N/– (7), (8)
LSQ13ry Normal 1.27 �19.46 0.030 �15.7 (gr) 4.5 N/– (7), (8)
iPTF13dge Normal 1.18 �19.19 0.0159 �18.2 (R48) 4.1 N/N (9)
SN 2013dy Normal 0.92 �18.93 0.003889 �17.6 (Unf) 5.9 N/– (10), (11)
ASASSN-14lp Normal 0.80 �19.48 0.005101 �14.6 (V ) 3.5 N/N (12)
SN 2015F Normal 1.35 �19.36 0.004846 �16.3 (V ) 4.8 N/N (13)
SN 2016coj Normal 1.32 �18.81 0.004523 �15.4 (Unf) 5.1 N/– (14), (15)
iPTF14bdn 91T-like 0.84 �19.44 0.01558 �18.0 (R48) 4.1 Y/Y (16)
SN 2012cg 99aa-like 0.86 �19.64 0.00162 �17.1 (B) 5.2 Y/Y (17)
iPTF16abc 99aa-like 0.95 �19.56 0.0234 �17.8 (g) 5.5 Y/Y (18)
SN 2017cbv 99aa-like 1.06 �20.11 0.00399 �18.9 (B) 4.3 Y/Y (19)
iPTF13asv peculiar 1.03 �19.93 0.036 �16.2 (R48) 3.7 N/– (20)
LSQ12gpw peculiar 0.76 �19.93 0.058 �19.9 (gr) 3.2 Y/– (7), (8)
SN 2012ht Transitional 1.39 �18.40 0.003559 �15.8 (Unf) 4.3 N/N (21)
iPTF13ebh Transitional 1.79 �18.95 0.0133 �14.5 (R48) 5.9 N/N (22)
PTF10ops 02es-like 1.12 �17.77 0.062 �15.6 (R48) 3.2 Y/– (23)
iPTF14atg 02es-like 1.20 �17.78 0.0213 �18.5 (R48) 3.8 Y/Y (24)
MUSSES1604D He-det 0.95 �18.80 0.11737 �19.6 (g) 5.2 Y/– (25)

Note.
a Names of EExSNe Ia are denoted in boldface.
b The peak absolute magnitude in the B band. Galactic extinction has been corrected for all golden early-

phase SNe Ia. Reddening corrections of host galaxies are performed for SN 2010jn, SN 2012cg, SN 2013dy,
SN 2015F, iPTF13ebh, iPTF16abc, and ASASSN-14lp by following related papers. For ASASSN-14lp, we
tentatively adopt RV = 1.7 to give a reasonable peak magnitude for this spectroscopically normal SN Ia.

c The “discovery phase” is the detection (the corresponding filter is shown in parentheses) time relative to the
SN’s B-band maximum in the rest frame.

d The “photometric depth” is defined as a magnitude difference between the detection and the maximum in
the same band. Due to the lack of unfiltered (Unf) peak magnitude of SN 2012fr and SN 2012ht, their
photometric depths are calculated by using the R-band peak magnitude.

e (1) Foley et al. (2012), (2) Hachinger et al. (2013), (3) Nugent et al. (2011), (4) Pereira et al. (2013), (5)
Zhang et al. (2014), (6) Klotz and Conseil (2012), (7) Firth et al. (2014), (8) Walker et al. (2015), (9)
Ferretti et al. (2016), (10) Zheng et al. (2013), (11) Pan et al. (2015), (12) Shappee et al. (2016), (13) Cartier
et al. (2017), (14) Zheng et al. (2017), (15) Richmond and Vietje (2017), (16) Smitka et al. (2015), (17)
Marion et al. (2016), (18) Miller et al. (2018), (19) Hosseinzadeh et al. (2017), (20) Cao et al. (2016a), (21)
Yamanaka et al. (2014), (22) Hsiao et al. (2015), (23) Maguire et al. (2011), (24) Cao et al. (2015), (25)
Jiang et al. (2017).
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The UV/optical light-curve excess is found in the early phase of all 91T/99aa-like SNe Ia and
LSQ12gpw, indicating an extremely high early-excess fraction of luminous SNe Ia. Detailed
information for all luminous EExSNe Ia is given in §4.2.2.

4.1.3 Early-phase subluminous SNe Ia

The SN 1991bg-like, SN 2002cx-like, and SN 2002es-like SNe Ia are typical branches of
subluminous SNe Ia. Mainly due to the fast-evolving light curves of 91bg-like SNe Ia, so far,
none of them have been discovered at very early time. The 02cx-like SNe Ia occupy a large
fraction of subluminous SNe Ia. Luminosities of 02cx-like SNe Ia show very large scatter,
and their light curves evolve much slower than those of 91bg-like SNe Ia (see Foley et al.
2013 for a review). Although several 02cx-like SNe Ia have been discovered over 10 days
before reaching their B-band maxima, we are still missing the photometric information in the
first few days after their explosions. The 02es-like SNe Ia are spectroscopically similar to
91bg-like SNe Ia, indicating a low temperature and ionization for both subclasses. The main
characteristics of 02es-like SNe Ia are a moderately faint (MB,max ⇠�17.7–�18.0) but slow-
evolving (Dm15(B) ⇠1.1–1.3) light curve and lower ejecta velocity compared with those of
91bg-like SNe Ia (Ganeshalingam et al., 2012, White et al., 2015). Currently, the number of
reported 02es-like SNe Ia is small (.10), but two of them have been discovered at very early
time. In total, only two 02es-like SNe Ia, PTF10ops and iPTF14atg, can be qualified as golden
early-phase SNe Ia among published early-phase subluminous SNe Ia, and both of them show
interesting early light-curve behavior (§4.2.1).

There is one early-phase supernova, iPTF14dpk, which was claimed as a 02es-like SN Ia by Cao
et al. (2016b). In §4.2.4, we argue that the limited observational information cannot provide
any crucial evidence for classifying iPTF14dpk as a 02es-like SN Ia; however, its peculiar early
light-curve behavior indeed suggests that iPTF14dpk is more likely an early-phase core-collapse
supernova (CCSN).

4.1.4 Early-phase He-det SNe Ia

As we introduced in §3.2, the characteristics of MUSSES1604D including the peculiar early
light-cure excess and the Ti II trough feature shown in this normal-brightness SN Ia, can be
naturally explained by assuming that the SN is triggered by a precursory detonation of a thin
He layer at the surface of a progenitor WD (the so-called “He-shell-detonation” or “He-det”
scenario). Currently, MUSSES1604D is the only early-phase SN Ia belonging to this class.
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4.2 Early-excess SNe Ia

The definition of EExSNe Ia is schematically illustrated in Figure 37. In general, early-
excess features discovered so far can be visually classified into two types. The first type is a
prominent and precursory early excess occurring a few days earlier than the 56Ni-powered main-
body light curve (a “spike-like” EEx), which can be easily distinguished (panels a and b). The
second type is a persistent (several days to more than 1 week) early excess that is coupled with
the main-body light curve from the beginning (a “bump-like” EEx), which can be distinguished
when the early-excess feature is prominent (panel c) or the 56Ni-powered main-body light curve
evolves quickly (panel d). In addition to two clear early-excess types, light curves influenced
by an early-excess scenario may not have clear spike- or bump-like features but show “slow-
rising” behavior in the early phase (the yellow region in panel e), which may originate from a
weak bump that is covered by the main-body light curve, a weak excess observed in insensitive
wavelengths or a relatively large survey cadence, and so on. Since such inconspicuous early
excess will make the early light curve observationally broader, we hereafter classify these SNe
as “early-broad EExSNe Ia.” Given that SN 2012cg shows the weakest early-excess feature in
all previously reported EExSNe Ia*, we compare our early SN sample with SN 2012cg to find
out early-broad EExSNe Ia. Specifically, by shifting light curves of SNe Ia to match with that of
SN 2012cg at peak, an SN Ia showing a broader rising-phase light curve and similar or narrow
post-maximum light curve compared with that of SN 2012cg (the “yellow+green” region in
panel e) in any wavelength will be classified as an early-broad EExSN Ia. In other words, an
SN Ia which shows a generally broader light curve than that of SN 2012cg but without a spike-
or bump-like early light-curve feature (the “yellow+red” region in panel e) or a fast-rising light
curve (panel f) will be classified as a non-EExSN Ia. In our EExSN Ia sample (11 in total), nine
of them show prominent early-excess features (Figures 38–40). The newly discovered SN Ia,
SN 2017erp, and the previously reported SN 2012cg show relatively inconspicuous early-excess
features.

There are eight EExSNe Ia (iPTF14atg, iPTF14bdn, iPTF16abc, LSQ12gpw, MUSSES1604D,
PTF10ops, SN 2012cg, and SN 2017cbv) in our golden sample. Since a more prominent early
light-curve excess in UV/NUV wavelengths is predicted by various early-excess scenarios, we
further select three additional EExSNe Ia (SN 2011hr, SN 2015bq, and SN 2017erp) from
40 SNe Ia (14 of them are golden early-phase SNe Ia) that have UV/NUV light curves at
relatively early phase. In addition, we introduce another two possible EExSN Ia candidates,
ASASSN-15uh and SN 2015ak, in §4.2.2 but do not include them in our final sample due

*The UV light curves of SN 2012cg roughly meet the condition of panel d in Figure 37, and optical light curves are similar to the
“yellow+green” region in panel e; therefore, we use SN 2012cg as the reference for selecting early-broad EExSNe Ia.
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to incomplete information. Our final EExSN Ia sample includes seven luminous (91T/99aa-
like and LSQ12gpw), two subluminous (02es-like), one normal (SN 2017erp), and one He-det
(MUSSES1604D) SNe Ia. Their basic information is shown in Table 7.

Figure 37: A schematic diagram of different shapes of early-excess features. Spike-like (panels a and b), promi-
nent bump-like (panel c), and weak bump-like early-excess features but with a fast-evolving 56Ni-powered main-
body light curve (panel d) can be easily distinguished. We further use SN 2012cg (a sketchy dotted light curve is
shown in each panel, and all SN light curves are shifted to match with that of SN 2012cg at peak), which shows
the weakest early-excess feature as the reference for selecting other early-broad EExSNe Ia. Specifically, an SN Ia
showing a broader rising-phase light curve and similar or narrow post-maximum light curve compared with that of
SN 2012cg (the “yellow+green” region in panel e) in any wavelength will be classified as an early-broad EExSN
Ia. SNe Ia with light curves in the “yellow+red” region (panel e) and the red region (panel f) are classified as
non-EExSNe Ia.
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Table 7: General Information on EExSNe Ia and Possible Candidates

Name Subclass Dm15(B) Discovery Photometric EEx EEx Host
Phasea Depth Shapeb Durationc Type

SN 2011hr 91T-like 0.92 �13.6 (B) 2.0 c Long Sb (NGC2691)
SN 2015bq 91T-like ⇠0.8 �13.9 (B) 2.1 c Long –
iPTF14bdn 91T-like 0.84 �18.0 (R48) 4.1 c Long Irr (UGC8503)
SN 2012cg 99aa-like 0.86 �17.1 (B) 5.2 d/e Short Sa (NGC4424)
iPTF16abc 99aa-like 0.95 �17.8 (g) 5.5 c/d Medium Sb (NGC5221)
SN 2017cbv 99aa-like 1.06 �18.9 (B) 4.3 c/d Medium SABc (NGC5643)
LSQ12gpw Super-MCh 0.76 �19.9 (gr) 3.2 a/c – –
SN 2017erp Normal ⇠0.9 �17.3 (Unf) 3.6d e Medium SABc (NGC5861)
PTF10ops 02es-like 1.12 �15.6 (R48) 3.2 b/d/e – –
iPTF14atg 02es-like 1.20 �18.5 (R48) 3.8 a Medium E (IC 831)
MUSSES1604D He-det 0.95 �19.6 (g) 5.2 a – S0-like
ASASSN-15uh 99aa-like ⇠0.8 �9.0 (B) 1.1 – – Sa-like
SN 2015ak Normal ⇠1.1 �15.1 (Unf) 2.2d e – Sb (ESO 108-21)

Note.
a The “discovery phase” is the detection (the corresponding filter is shown in parentheses) time relative to the

SN’s B-band maximum in the rest frame.
b The early-excess shape is evaluated by using a single-band light curve, which includes the most complete

early-phase information. If more than one photometric band meet the requirement, a light curve in the bluest
wavelength is used. Letters correspond to the panels in Figure 37, which denote the possible early-excess
shape of each SN Ia.

c A rough estimation of the duration of early-excess features. Light curves used for the early-excess shape
evaluation and duration estimation are the same. “Long,” “Medium,” and “Short” correspond to the early-
excess duration TEEx &1 week, 0.5 week . TEEx . 1 week, and TEEx . 0.5 week, respectively.

d Due to the lack of unfiltered peak magnitude of SN 2017erp and SN 2015ak, the photometric depths of
two SNe are calculated by using the Swi f t/UVOT U-band light curves started 0.6 and 1.5 days after their
discoveries, respectively.

4.2.1 02es-like and He-det EExSNe Ia

The best-observed 02es-like SN Ia so far is iPTF14atg. The prominent early UV/optical ex-
cess of iPTF14atg can be basically explained by the companion-interaction scenario as proposed
by Cao et al. (2015). However, it is still unclear what kind of explosion mechanism under the SD
progenitor scenario can explain the faint but slow-evolving light curve and spectral evolution of
02es-like SNe Ia. On the contrary, previous simulations by Kromer et al. (2016) suggest that the
merger of two sub-Chandrasekhar-mass WDs could well reproduce the spectral evolution and
light curves of iPTF14atg by assuming a low-metallicity progenitor system. They thus argued
that the early light-curve excess of iPTF14atg cannot be attributed to the companion-interaction
scenario.
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The other 02es-like golden early-phase SN Ia, PTF10ops, also shows an interesting early-phase
light curve. As shown in Figure 38, although only one data point of PTF10ops was taken at
early time (Maguire et al., 2011), a very likely early light-curve excess can be distinguished in
comparison to other golden early-phase SNe Ia and our companion-interaction model (Kutsuna
and Shigeyama, 2015; the cyan dashed curve in Figure 38), which implies that 02es-like SNe
Ia may commonly show peculiar light-curve behavior in the early phase.

As mentioned in §3.3.5, the spike-like, red early excess of iPTF14atg is reminiscent of the He-
det EExSN Ia MUSSES1604D, which originates from the supernova explosion triggered by the
helium detonation at the surface of the progenitor. Given a significant amount of Ti production
and the weak viewing angle effect predicted by the He-det scenario, the high early-excess frac-
tion (Table 8) and strong Ti II absorptions shown in 02es-like SNe Ia can be explained with the
He-det scenario. In addition, recent simulations also verify the possibility of reproducing the
early light-curve excess of iPTF14atg with the He-det scenario (Maeda et al., 2018).

As the current sample size of early-phase 02es-like SNe Ia is still inadequate for statistical
studies, it is uncertain that detections of early light-curve excess in both 02es-like SNe Ia is due
to a viewing angle-independent early-excess scenario for 02es-like SNe Ia or is just by chance.

4.2.2 Luminous EExSNe Ia

Surprisingly, all previously discovered early-phase 91T- and 99aa-like SNe Ia show early-
excess features (Figures 38–40). Even though early-excess features in optical wavelengths are
inconspicuous for some 91T/99aa-like SNe Ia, all of them show more prominent early excess
in UV/NUV wavelengths. In particular, 91T-like SNe Ia seem to have stronger early-excess
features than 99aa-like SNe Ia (Figures 39–41).

The early-phase R-band light curve of a luminous golden early-phase SN Ia, iPTF13asv, does
not show the early-excess feature. Since both simulations from different early-excess scenarios
and previous observations suggest that observations in the R band are not sensitive for detecting
early excess, and the earliest photometry of iPTF13asv is about 1–2 days later than that of other
luminous early-phase SNe Ia, we cannot confirm that the non-detection of early excess is due to
the intrinsic distinction between iPTF13asv and other luminous EExSNe Ia or the imperfectness
of early-phase observations for iPTF13asv. Here, we conservatively classify iPTF13asv as a
non-EExSN Ia and do not make a comparison with other luminous EExSNe Ia in §4.3.
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Figure 38: Early optical light curves of golden early-phase SNe Ia. Symbols are the same as in Figure 36. In
order to compare early light-curve behaviors at a comparable wavelength coverage with the largest sample size, we
select golden early-phase SNe Ia that have photometric information in either the PTF R48 band, Cousins R band
or SDSS r band for comparison. Three normal SNe Ia with LSQ gr-band photometry are plotted with small gray
crosses. Early light curves of SN 2012fr and SN 2016coj are not included due to the lack of early photometric
information in a comparable wavelength coverage to other golden early-phase SNe Ia (note that neither of them
shows early-excess feature even in blue wavelengths; Zhang et al., 2014, Zheng et al., 2017). As a reference of
the early-excess feature of normal SNe Ia, we attached the early Swi f t/UVOT V -band light curve of the normal
EExSN Ia, SN 2017erp. As can be seen, the early light-curve behavior of two cooling-emission CCSN candidates
(filled circles), iPTF14dpk (R48) and LSQ14efd (V ), are significantly different from those of golden early-phase
SNe Ia. A cyan dashed curve is predicted by the interaction between SN ejecta and a 1.05 M� red-giant companion
viewed from the companion side (Kutsuna and Shigeyama, 2015).

Four luminous EExSNe Ia in our sample have been well investigated before. Marion et al.
(2016) claimed that the early light-curve excess of SN 2012cg originates from the companion
interaction in comparison to light curves predicted by Kasen (2010). Note that such a conclu-
sion is controversial due to the lack of simulation-based comparisons with other early-excess
mechanisms. In the case of the early-excess feature of SN 2017cbv, the companion-interaction
scenario is preferred based on the early-phase light-curve fitting result. However, other early-
excess scenarios indeed cannot be completely excluded, as discussed by Hosseinzadeh et al.
(2017). Other than SN 2012cg and SN 2017cbv, the early excess of iPTF16abc has been argued
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to be incompatible with the companion interaction based on an inconsistent light-curve fitting
result and strong C II absorptions at the early phase (Miller et al., 2018). Smitka et al. (2015)
speculated that the blue early excess shown in a 91T-like SN Ia, iPTF14bdn, may originate
from the radioactive decay in the outer-layer ejecta where the 56Ni abundance is greater than
normal. However, there is no attempt to fit such a prominent early light-curve excess with any
early-excess scenario so far.
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Figure 39: Early-phase UVW1-band light curves of different SN Ia subclasses. Symbols are the same as in
Figures 36 and 38 are used (diagonal crosses are specified for normal SNe Ia with slow-decline light curves). All
light curves are shifted to the same peak magnitude for comparison. The 91T- and 99aa-like SNe Ia have clear
excess compared to the rest, though with large scatter. In contrast, normal SNe Ia, except for SN 2017erp and
SN 2015ak, show smooth, small-scatter, rising light curves though some of them (diagonal crosses) have similar
post-maximum light curves to those of 91T/99aa-like SNe Ia. So far, we have not discovered any early-excess
features from transitional, 91bg-like, and 02cx-like SNe Ia, which may be due to the extremely limited early-phase
information of these SN Ia subclasses.

Two other luminous EExSNe Ia, SN 2011hr and SN 2015bq, and one possible luminous EExSN
Ia candidate, ASASSN-15uh, are selected from published resources and the Swi f t Optical/Ultraviolet
Supernova Archive (SOUSA*; Brown et al., 2014). SN 2011hr was classified as a luminous SN

*http://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 zero points and time-dependent sensitivity from Breeveld et al. (2011).
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Ia which may bridge 91T-like SNe Ia and a super-MCh SN Ia, SN 2007if, in terms of high lumi-
nosity (Zhang et al., 2016). Although the expected 56Ni mass of SN 2011hr may be greater than
the mean value of 91T-like SNe Ia, it can still be explained by the explosion of a Chandrasekhar-
mass WD progenitor that experienced a more efficient detonation phase than normal SNe Ia.
Additionally, the extremely high spectral similarity to SN 1991T from �13 days to 2 months
after the B-band maximum indicates the physical resemblance between the two objects. In Fig-
ure 40, a prominent light-curve excess can be seen at ⇠12 days before the U-band maximum.
We therefore classify SN 2011hr as a luminous/91T-like EExSN Ia.
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Figure 40: Early-phase U-band light curves of different SN Ia subclasses. Symbols are the same as in Figure
39. All light curves are shifted to the same peak magnitude for comparison. Early light-curve excess can still be
clearly discovered in 91T/99aa-like SNe Ia and a 02es-like SN Ia, iPTF14atg. Two normal SNe Ia, SN 2017erp
and SN 2015ak, show marginal early-excess features in the U band. The SNe Ia in other classes show smoothly
rising light curves in the early phase.

SN 2015bq was discovered by the intermediate Palomar Transient Factory (iPTF; Law et al.,
2009, Rau et al., 2009) and well followed by Swi f t/UVOT from about 2 weeks before the
B-band maximum. The high-luminosity, slow-evolving light curve, together with early-phase
spectra composed by prominent IGE and inconspicuous IME absorptions, indicate that SN 2015bq
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is a typical 91T-like SN Ia. Interestingly, the prominent early light-curve excess of SN 2015bq
shows very high similarity to two other 91T-like SNe Ia, iPTF14bdn and SN 2011hr, which
indeed is much stronger than that of all 99aa-like EExSNe Ia. In §4.3.2, we discuss the intrinsic
connection between 91T-like and 99aa-like EExSNe Ia and the possible explosion mechanism
of these luminous objects.

ASASSN-15uh was reported as a 98es-like SN Ia by the Asiago Transient Classification Pro-
gram (Tomasella et al., 2014, Turatto et al., 2015). Due to the limited photometric and spectro-
scopic information of both the SN and its host galaxy, we took a low-resolution spectrum of the
host galaxy with the Line Imager and Slit Spectrograph (LISS; Hashiba et al., 2014) mounted
on the Nayuta 2-m telescope in December 2017. We derived a host redshift of about 0.0150
by using hydrogen emission lines, which is consistent with the reported redshift of the super-
nova (⇠0.0135; Turatto et al., 2015). High UV luminosity and slow-evolving light curve match
those of 91T/99aa-like SNe Ia well. Spectroscopically, shallow IME absorptions together with
prominent IGE absorptions around 10 days before the B-band maximum are also reminiscent
of 99aa-like SNe Ia. For the early-phase light curve, a possible early-excess feature can be
marginally distinguished from the earliest observation at ⇠8 days before the U-band maximum
(Figure 40). Since the early-phase information of ASASSN-15uh is insufficient to determine
the rising behavior, we mark ASASSN-15uh as a possible EExSN Ia candidate and do not make
a quantitative comparison with other luminous EExSNe Ia in the next section.

4.2.3 SN 2017erp, the first normal EExSN Ia?

SN 2017erp was discovered at ⇠17 days before its B-band maximum. Its early-phase spec-
tral features, such as clear IME absorptions and high Si II velocity, show a good similarity to
those of a normal SN Ia, SN 2003W (Jha et al., 2017). Particularly, early Swi f t/UVOT ob-
servations of SN 2017erp show interesting rising behavior in UV/optical wavelengths (Figures
38–40; see Brown et al. (2018) for more complete multiband light curves), which well meets our
criteria of an early-broad EExSN Ia, especially for the UVW1-band light curve. Except for the
peculiar early-phase light curve, a relatively slow-decline light curve toward the B-band peak
magnitude of ⇠�18.9 (Galactic extinction corrected) and the spectral evolution (Brown et al.,
2018) of SN 2017erp resemble those of normal SNe Ia, such as SN 2009ig and SN 2013dy. No
matter what kind of mechanism accounts for the peculiar early-phase light curve of SN 2017erp,
an early-broad early excess discovered in a normal SN Ia inspires us that the early light-curve
excess can also be expected in a fraction of normal SNe Ia.

The normal-type EExSNe Ia may have been discovered even earlier. The prompt Swi f t/UVOT
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follow-up observation of SN 2015ak, a 99ee-like normal SN Ia identified by Hosseinzadeh et al.
(2015), shows a similar early-phase light-curve behavior to that of SN 2017erp, though the
photometric uncertainty is much larger. The limited post-maximum information suggests that
the light-curve evolution is normal-like and the Swi f t/UVOT B-band peak magnitude is ⇠�18.5
mag by adopting the redshift of the reported host galaxy. Due to the uncertainties in both the
SN classification and the early-excess identification, we conservatively mark SN 2015ak as a
likely normal EExSN Ia candidate.

4.2.4 iPTF14dpk, a CCSN discovered at the shock-cooling emission phase?

Cao et al. (2016b) claimed that iPTF14dpk is a 02es-like SN Ia viewed from the direction that
is far away from a nondegenerate companion star based on the non-detection of early light-curve
excess and moderate similarities to iPTF14atg. We argue that the identification of this object
is disputable because 1) a subluminous R-band light curve and limited spectral information*

prevent us from identifying whether iPTF14dpk is a 02es-like, 02cx-like SN Ia or an SN Ic;
2) a starburst host galaxy is different from the hosts of all previously discovered 02es-like SNe
Ia but commonly seen in 02cx-like SNe Ia, and also CCSNe where massive stars are actively
formed; 3) according to the limiting magnitude of the last non-detection of iPTF14dpk, its
R-band magnitude increased to ⇠�17 with a rising speed over �1.8 mag night�1 (Figure 38).
Such a peculiar early light-curve behavior cannot be reproduced by any early-excess mechanism
of SNe Ia but resembles the cooling tail of shock breakout of CCSNe, the rising phase of which
is too short to be caught by a day-cadence survey (e.g. SN 2006aj, Campana et al., 2006;
SN 2011dh, Arcavi et al., 2011; iPTF15dtg, Taddia et al., 2016).

Ambiguous classifications between subluminous SNe Ia and stripped-envelope CCSNe can
happen sometimes. For example, although the spectral and light-curve resemblance between
LSQ14efd and subluminous SNe Ia have been noticed by Barbarino et al. (2017), they classi-
fied LSQ14efd as an SN Ic based on the early-phase light curve (Figure 38) and the incompatible
Si II velocity evolution to that of normal SNe Ia and a 02cx-like SN Ia, SN 2008A. We note that
their argument about the velocity evolution can only exclude a part of SNe Ia but some sublu-
minous SNe Ia (e.g. iPTF14atg) may have similar Si II velocity evolution to that of LSQ14efd.
However, given that both LSQ14efd and iPTF14dpk show unique early-excess features as op-
posed to other EExSNe Ia and the lack of crucial evidence for the SN classification, we argue
that both objects are more likely CCSNe discovered at the shock-cooling phase.

*Spectra of iPTF14dpk were obtained at �10, +20, and +50 days after the R-band maximum, which are also similar to spectra of some
SNe Ic at the same epochs, e.g. SN 2004aw (Taubenberger et al., 2006).
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4.3 Multiple Origins of Early-excess Type Ia Supernovae and
Associated Subclasses

4.3.1 The fraction of EExSNe Ia and its implications

Current early-excess scenarios can be classified into two different types in terms of the
physical mechanism: interaction-induced (i.e. companion and CSM interaction) and surface-
radioactivity-induced (i.e. He-det and “surface-56Ni-decay”) scenarios. Recent simulations
suggest that multiband photometric information during the early-excess phase is crucial for dif-
ferentiating early-excess scenarios (e.g. the color evolution predicted by CSM interaction is
generally faster than other scenarios, the companion-interaction may have relatively blue and
slow color evolution at the early-excess phase, etc.; see Maeda et al., 2018 for details). How-
ever, the scatter of 56Ni-powered early-phase light curves (Firth et al., 2014), the viewing angle
effect, and uncertainties of current simulations (especially in the UV wavelength) may prevent
us from differentiating early-excess scenarios in some cases. Therefore, further evidence from
simulation-independent perspectives is particularly important. Since different early-excess sce-
narios may not only give rise to different early-excess fractions due to the viewing angle effect
but also relate to specific SN Ia subclasses, statistically investigating the fraction of EExSNe Ia
in each subclass can be a good starting point (Table 8).

Under the companion-interaction scenario, the early-excess feature can be observed only from
specific viewing angles, which constrains the observable EExSNe Ia fraction to ⇠10% (Kasen,
2010). Then, the probability of ⇠10�6 for a 100% early-excess detection of six 91T/99aa-like
SNe Ia suggests that the early light-curve excess of 91T/99aa-like SNe Ia should be attributed
to a different early-excess scenario.

The CSM-ejecta interaction through the WD-WD merging channel is also difficult to explain
early light-curve excess of 91T/99aa-like SNe Ia for the following reasons: i) short-lived carbon
absorptions shown in 91T/99aa-like SNe Ia imply a low carbon-abundance environment; ii)
such a high early-excess fraction suggests a spherical distribution of CSM to eliminate the
viewing angle effect, which may be difficult to realize because the CSM-interaction early excess
requires a short lag time between the secondary WD disruption and the SN explosion (Raskin
and Kasen, 2013, Tanikawa et al., 2015, Levanon et al., 2015, 2017); iii) the long early-excess
durations of some luminous SNe Ia require a tremendous amount of CSM that is difficult to
be produced by disrupting a companion WD (Maeda et al., 2018). Therefore, the detection of
early light-curve excess in all 91T/99aa-like SNe Ia suggests the physical connection between
early excess and the explosion mechanism (which may also be related to a specific progenitor
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system) of these luminous objects.
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Figure 41: Early UVW1/U-band excess vs. the pseudo-equivalent width (pEW) of the Si II l6355 line at about
13 days before the B-band peak of 91T/99aa-like EExSNe Ia. In order to maximize the sample size of 91T/99aa-
like EExSNe Ia for the comparison, we use the magnitude variance from about �13 to �5 days after the peak
epoch in the UVW1/U band to describe the early-excess strength (panels (a) and (b)). Two normal SNe Ia that
have both photometric and spectroscopic information at a similar epoch are included as references. In panels (c)
and (d), the correlation between the pEW of the early Si II l6355 line and the early-excess strength is still clear
after normalizing the magnitude variance to the U-band peak magnitude for each SN, suggesting that the proposed
correlation is unlikely to be related to the SN’s intrinsic brightness. The epoch (relative to the B-band maximum)
of each spectrum used for the pEW calculation is shown in the legend.

Although early excess is always shown in 91T/99aa-like SNe Ia, a large scatter of the early-
excess strength can be found in Figures 39 and 40, which is barely related to the luminosity of
main-body light curves. Instead, a likely correlation between the early-excess strength and the
equivalent width of the Si II l6355 line* is shown in Figure 41: a 91T/99aa-like SN Ia with

*In order to maximize the sample size of 91T/99aa-like EExSNe Ia for comparison, we use the magnitude variance from about �13 to
�5 days after the peak epoch in the UVW1/U band to describe the early-excess strength. The smaller the magnitude variance, the stronger the
early light-curve excess. Spectra used for the pseudo-equivalent width (pEW) calculation were taken around �14–�13 days after their B-band
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a shallower Si II l6355 absorption has more prominent EEx. In other words, 91T-like SNe
Ia generally have stronger early-excess features than 99aa-like SNe Ia. Such a correlation is
independent of the peak luminosity (panels (c) and (d) in Figure 41).

Defining a “non-EExSN Ia” is tricky, as it depends not only on the performed early-phase
observations (cadence, imaging quality, wavelengths, etc.) but also on the strength of the early
excess itself. By using the golden early-phase SNe Ia and other SNe Ia which have early-
enough UV/NUV information, we try to present the currently “best” non-EExSN Ia sample for
the early-excess fraction estimation. However, we note that even for some golden early-phase
SNe Ia (e.g. SN 2010jn), it still remains a possibility that the non-EEx detection is due to the
dimness of the early excess and/or unfavorable observing wavelengths (e.g. V and R band). In
other words, the early-excess fraction shown in this thesis is a somewhat lower limit due to the
probable incompleteness of early-excess detections from previous observations. Therefore, an
early-excess fraction of 5.9% (one of a total of 17 normal early-phase SNe Ia, which include 12
golden SNe Ia and five additional SNe Ia, SN 2007af, SN 2008hv, SN 2013gy, SN 2015ak, and
SN 2017erp, that have the earliest UV/blue-optical photometric data among other non-golden
normal SNe Ia*) or 11.8% (by counting both SN 2017erp and SN 2015ak as normal EExSNe
Ia) for normal SNe Ia cannot exclude any early-excess scenario.

There were several attempts at searching for EExSNe Ia with datasets from large supernova
survey projects (Hayden et al., 2010, Bianco et al., 2011, Ganeshalingam et al., 2011), but none
of them reported a positive early-excess detection. We argue that the previous studies are not in
conflict with the high early-excess fraction of 91T/99aa-like SNe Ia proposed in this thesis for
the following reasons. i) Since the purpose of those studies is to find significant early-excess
features for testing the companion-interaction scenario (especially for the red-giant companion
condition) by comparing their early-phase light curves with the model light curve predicted
by Kasen (2010), they do not further investigate the “small” early light-curve scatter in their
plots. ii) Although only six 91T/99aa-like SNe Ia with very limited early-phase data points
are included in Ganeshalingam et al. (2011; see Figure 3 therein), it is clearly shown that the
large light-curve scatter at early phase is related to 91T/99aa-like SNe Ia. iii) The early light-
curve scatter shown in Figure 1 of both Hayden et al. (2010) and Bianco et al. (2011) is similar
to the scatter in Figure 38 of this thesis, which may also relate to 91T/99aa-like SNe Ia in
their samples. Since the sample composition in both papers is not clearly mentioned, further
analysis of those samples may increase the total number of EExSNe Ia and improve the EEx-
fraction estimation. Indeed, our finding about the correlation between early light-curve excess
maxima.

*Given that some normal SNe Ia in our Swi f t/UVOT sample are not early enough for the non-EEx classification, we only include 12
golden normal SNe Ia and five additional normal SNe Ia, SN 2007af, SN 2008hv, SN 2013gy, SN 2015ak, and SN 2017erp, which have
UV/blue-optical information at about 10 days before their maxima in the same band.
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and 91T/99aa-like SNe Ia can be further supported by a very recent work by Stritzinger et al.
(2018), which suggests that 91T/99aa-like SNe Ia tend to show very blue B�V color evolution
in the early phase. In addition to statistical studies, early-phase photometries of two Kepler-
discovered SNe Ia, KSN 2012a and KSN 2012b, give good constraints on the non-EEx detection
of two SNe (Olling et al., 2015), although we exclude them from the fraction calculation due to
a lack of the spectroscopic identification. Given that both are more like normal SNe Ia in terms
of the light-curve behavior, the non-EEx detections of two SNe should not influence the early-
excess fraction of 91T/99aa-like SNe Ia but may slightly decrease the early-excess fraction of
normal SNe Ia.

4.3.2 From normal to super-MCh SNe Ia, the diversity and their intrinsic
connections

In order to explain the IGE-dominant absorptions in the early spectra of 91T/99aa-like SNe
Ia, a more efficient detonation reaching the outermost region of the ejecta is frequently proposed
(e.g. Zhang et al., 2016). This may account for the early light-curve enhancement due to high
56Ni production in the outer layer of the ejecta (Piro and Morozova, 2016). However, as opposed
to a spike-like early excess powered by a large amount of fast-decay radioactive elements from a
precursory detonation of a thin He-shell predicted by the He-det scenario, a broadened, possibly
bump-like early-phase light curve will be formed due to the radioactivity of substantial 56Ni at
the outermost region of the ejecta. Such a prediction is indeed reminiscent of the early-rising
behavior of luminous EExSNe Ia (Figures 39 and 40).

Such an efficient detonation is expected in an extreme case of the delayed-detonation model,
represented by the so-called gravitationally confined detonation (GCD; Plewa et al., 2004,
Townsley et al., 2007, Jordan IV et al., 2008, Meakin et al., 2009). The buoyantly rising de-
flagration bubble ignited near the stellar core will finally trigger a detonation at the opposite
pole from the breakout location of the deflagration bubble. Thanks to the mild expansion before
the bubble reaches the surface, the detonation is more efficient than the traditional delayed-
detonation scenario (Niemeyer and Woosley, 1997) and thus results in a larger amount of 56Ni
extended to the ejecta’s surface. According to Jordan IV et al. (2012), the detonation happens
at the antipodal point from where the star ejected the ash from its interior, giving rise to approx-
imately azimuthal symmetry upon the system. Therefore, the diversity of element distribution
due to the viewing angle effect can be expected, e.g. more 56Ni will be generated at the sur-
face on the opposite side of the off-center ignition point. Since the asymmetry of the detonation
becomes smaller when getting to the inner region of the WD, the viewing angle effect in the ear-
lier phase is more prominent. Such a prediction is basically in line with recent 3D simulations
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(Seitenzahl et al., 2016).

Although spectra produced by Seitenzahl et al. (2016) show clear distinctions from SN 1991T
after taking into account the viewing angle effect, shallower-than-normal IME absorptions and
luminous and slow-evolving light curves are qualitatively consistent with typical features of
99aa-like SNe Ia. Nevertheless, their simulation shows that only UV/NUV light curves and
spectral features at wavelengths . 5000 Å highly depend on the viewing angle, which suggests
that a main spectral difference between 91T- and 99aa-like SNe Ia, the Si II absorptions, cannot
be completely attributed to the viewing angle effect through the GCD scenario.

Simulations of the GCD scenario also indicate that by switching the offset distance of the ig-
nition point, the total 56Ni amount (and thus the early-excess strength) and spectral features
can be varied. In order to explain the extreme spectral features of 91T-like SNe Ia with the
GCD scenario, an intuitive extrapolation is that 91T-like SNe Ia that have the strongest early
excess and shallowest IME features correspond to the most extreme offset condition. By taking
into account both the off-center level and the viewing angle effect, spectral differences between
91T- and 99aa-like SNe Ia, the correlation between the early-excess strength and the equivalent
width of the Si II l6355 line, and the luminosity scatter shown in 91T/99aa-like SNe Ia could
be promisingly explained with the GCD scenario. In order to further testify to the GCD scenario
and its relation to luminous SNe Ia, it is encouraged to investigate the upper limit of the initial
offset and multiple-bubbles-triggered GCD models in future simulations.

For the progenitor system of 91T/99aa-like SNe Ia, since the GCD-induced early excess can
be realized through both single- and double-degenerate channels if the mass of merged WDs
can reach the Chandrasekhar mass limit, early-excess features of 91T/99aa-like SNe Ia may not
provide direct information on their progenitor systems.

A further question is whether both 91T/99aa-like and normal SNe Ia have the same origin.
In principle, the luminosity and spectral features of normal SNe Ia can be reproduced by de-
creasing the offset distance of the ignition point so that the GCD scenario will finally get back
to the traditional delayed-detonation scenario, which can also give rise to the smooth, small-
scatter rising light curves that we see in normal SNe Ia. For the progenitor system of two SN
Ia subclasses, non-detections of a surviving companion star and hydrogen emission lines in the
nebular phase spectra of normal SNe Ia so far are in conflict with predictions by the SD progen-
itor scenario (Schaefer and Pagnotta, 2012, Mattila et al., 2005, Leonard, 2007, Shappee et al.,
2013, Lundqvist et al., 2013, Maguire et al., 2016), which is in opposition to the growing evi-
dence of the possible connection between 91T/99aa-like SNe Ia and the SD progenitor scenario
(Leloudas et al., 2015). Therefore, even with the same explosion physics (note that GCD in
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nature is a special case of the delayed-detonation scenario), normal and luminous SNe Ia may
originate from different progenitor systems (Fisher and Jumper, 2015).

If the amount of surface 56Ni is moderate compared with that of 91T/99aa-like SNe Ia, we may
see an early-broad EExSN Ia instead of a bump-like one, which not only is in line with the
early-phase light curve of SN 2017erp and previous simulations (Piro and Morozova, 2016)
qualitatively but may also explain some “slow rising,” “fast decline” light curves found in pre-
vious statistical studies (Hayden et al., 2010, Ganeshalingam et al., 2011). However, if the
surface-56Ni-decay scenario accounts for the early excess of the normal SN Ia SN 2017erp and
the candidate SN 2015ak, a further question is why the 56Ni radiation through the traditional
delayed-detonation scenario can realize such a large early light-curve scatter in normal SNe Ia.
One possible explanation is that a small offset degree of the ignition point may also exist even
under the traditional delayed-detonation scenario (Maeda et al., 2010). In order to further under-
stand the origin of such inconspicuous early excess shown in normal SNe Ia, a comprehensive
investigation of SN 2017erp and SN 2015ak is highly recommended.

As we mentioned in §4.1.2, early light-curve excess is also found in a 09dc-like SN Ia, LSQ12gpw,
at ⇠20 days before the B-band maximum. Although the explosion mechanism and progeni-
tor system of super-MCh SNe Ia are still under debate, previous observations show evidence
of dense CSM around super-MCh SNe Ia. Yamanaka et al. (2016) reported the near-infrared
light echo from ⇠40 to 110 days after the B-band maximum of a super-MCh SN Ia candidate,
SN 2012dn, suggesting the presence of a wind from the pre-explosion system, possibly through
the SD channel. If such a dense CSM can be formed nearer to the explosion site, not only the
companion interaction but also the CSM interaction may explain the early light-curve excess of
LSQ12gpw under the SD progenitor scenario.

On the other hand, Taubenberger et al. (2013) pointed out that the discrepancy between the
extremely luminous peak and the faint light-curve tail of the super-MCh SN Ia SN 2009dc may
require additional energy injection at early phase (see also Maeda and Iwamoto, 2009), i.e. the
interaction between SN ejecta and nearby CSM. Such confined CSM could be realized through
the double-degenerate (DD) channel as the envelope predicted by the merger scenario would be
ejected soon after the disruption of the secondary WD (Levanon et al., 2015, Tanikawa et al.,
2015). Under the CSM-interaction scenario through the DD channel, not only the prominent
early light-curve excess of LSQ12gpw but also the persistent C II features that are commonly
shown in super-MCh SNe Ia could be explained. Furthermore, although only one early-phase
super-MCh SN Ia (i.e. LSQ12gpw) has been found, the discovery of early excess in this super-
MCh SN Ia may imply an early-excess scenario that is weakly affected by the viewing angle
effect. Therefore, we speculate that the early light-curve excess in super-MCh SNe Ia is more
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likely powered by the CSM interaction through either the DD or the SD channel. Given that
the CSM components are possibly dominated by different materials in two progenitor systems,
spectroscopy at the early-excess phase may provide new evidence of the progenitor system of
super-MCh SNe Ia.

4.3.3 The companion-interaction EExSNe Ia

The statistical study of EExSNe Ia not only further supports the multiple origins of previ-
ously discovered early excess but also reduces the possibility of the connection between lu-
minous EExSNe Ia and the companion-interaction scenario to a large extent.* However, as
opposed to the bump-like early excess of 91T/99aa-like SNe Ia, a spike-like early excess of
the subluminous EExSN Ia, iPTF14atg, cannot be interpreted by the 56Ni radioactivity from
the outermost layer of the ejecta. Additionally, recent simulations by Maeda et al. (2018) also
indicate a significant discrepancy between the early-phase light curve of iPTF14atg and their
CSM-interaction models.

Although the early excess of iPTF14atg seems to be promisingly reproduced with the compan-
ion interaction (Cao et al., 2015, Maeda et al., 2018), whether its spectral evolution and general
light-curve behavior can be reproduced through the SD channel is still under debate (Kromer
et al., 2016). Alternatively, as we discussed in §4.2.1 (also see Maeda et al. 2018), in terms of
the spectral and early-excess resemblance between MUSSES1604D and iPTF14atg, the He-det
scenario is also promising for explaining 02es-like EExSNe Ia. As the current early-phase in-
formation of 02es-like SNe Ia is too limited to make a comparative analysis or give a stringent
constraint from the statistical perspective, finding more early-phase 02es-like SNe Ia through
ongoing transient surveys will shed light on the nature of this peculiar SN Ia subclass.

4.4 Summary of Chapter 4

In this chapter, we present general information on published, well-observed early-phase SNe
Ia so far and summarize the characteristics of 11 (six reported and five unnoticed) EExSNe Ia
in different subclasses. In particular, by investigating the connections and differences between
these EExSNe Ia, new evidence of multiple origins of early light-curve excess and the implica-
tion for the explosion mechanism of 91T/99aa-like SNe Ia are presented.

*Note that if 91T/99aa-like SNe Ia truly originate from the SD progenitor system, it remains a possibility that the early light-curve excess
of a small fraction of luminous SNe Ia may have multiple components.

– 96 –



Further Understanding of Early-phase SNe Ia from the Statistical Perspective Jian Jiang

We found that a 100% early-excess detection in six early-phase 91T/99aa-like SNe Ia is signif-
icantly in conflict with the prediction of the companion-interaction scenario but can be promis-
ingly explained by the radioactive decay of a 56Ni-abundant outer layer or, alternatively (but less
likely), interacting with spherically distributed CSM. In addition, the discovered correlation be-
tween the Si II absorption feature and the strength of early excess also suggests an intrinsic
connection between the explosion mechanism and the early light-curve excess of 91T/99aa-like
SNe Ia. By investigating the early-excess behavior, post-EEx photometric/spectroscopic prop-
erties, and explosion models proposed for luminous SNe Ia, the surface-56Ni-decay scenario is
preferred for interpreting 91T/99aa-like EExSNe Ia. Specifically, we argue that the gravitation-
ally confined detonation is a promising scenario for producing 91T/99aa-like SNe Ia with such a
high early-excess fraction. Also, spectral and early-excess differences between 91T- and 99aa-
like SNe Ia and their intrinsic luminosity scatters could be qualitatively explained by taking
into account the variation of the off-center distance of the initial ignition point and the viewing
angle effect. In contrast to the high early-excess fraction of luminous SNe Ia, early light-curve
excess discovered in a normal SN Ia, SN 2017erp, and a possible candidate, SN 2015ak, so
far suggests that early excess may accompany with a fraction of normal SNe Ia. Whether the
early excess shown in normal SNe Ia is attributed to surface 56Ni decay through the traditional
delayed-detonation mechanism requires further investigation.

Even though about a dozen of EExSNe Ia were successfully discovered in various SN Ia sub-
classes, we have not found any crucial evidence to support the companion-interaction scenario,
even for the most promising candidate, iPTF14atg. The multiple origins of early light-curve ex-
cess suggest that EExSNe Ia may not be a superior indicator of the SD progenitor system as we
originally expected, and we need to be more cautious when interpreting any newly discovered
EExSNe Ia. A schematic diagram of the possible connections between different early-excess
scenarios and their corresponding SN Ia subclasses based on our studies (Chapters 3 and 4)
is shown in Figure 42. Further understanding of the early-excess scenarios relies not only on
individual studies of well-observed EExSNe Ia but also on systematical investigations of the
early-phase light-curve behavior of each SN Ia subclass, which can be realized with ongo-
ing survey projects such as the Zwicky Transient Facility (ZTF; Smith et al., 2014), MUSSES
(Chapter 3), and forthcoming transient surveys with the Tomo-e Gozen Camera mounted on the
1.05-m Kiso Schmidt telescope (Sako et al., 2018) and the Large Synoptic Survey Telescope
(LSST; Ivezić et al., 2008) in the near future.
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Figure 42: A schematic diagram showing the possible connections between different early-excess scenarios and
their corresponding SN Ia subclasses. For luminous 91T/99aa-like SNe Ia, their early-excess features can be well
explained by the surface-56Ni-decay scenario. Interaction between extended CSM and ejecta can explain both early
excess and ultra-high luminosity of super-MCh SNe Ia qualitatively. Whether or not the early light-curve excess
shown in 02es-like subluminous SNe Ia originates from the companion-ejecta interaction is still under debate.
The He-shell detonation scenario is likely related to specific SN Ia subclasses, such as MUSSES1604D-like and
possibly, 02es-like SNe Ia.
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5 A Future Plan of Early-phase SNe Ia Study in the
HSC–Tomo-e Era

As the broad adoption of large-array CCD cameras in astronomical observations, great
breakthroughs in time-domain astronomy have been made through various transient survey pro-
grams in the last decade (Nugent et al., 2011, Cao et al., 2015, Dong et al., 2016, Smartt et al.,
2017). In 2019, Japanese astronomical community will have both “deep-wide” (Subaru/HSC)
and “shallow-wide” (Kiso/Tomo-e; Sako et al., 2018) survey facilities. We are now stepping
into a golden era of time-domain astronomy.

Thanks to the large telescope aperture and field of view of Subaru/HSC and the extremely high
survey efficiency of Kiso/Tomo-e, transient studies especially for early-phase SNe and other
faint, rapidly rising transients can be well carried out with these powerful survey facilities.
Therefore, future transient surveys will aim for not only early-phase SNe Ia but also various
kinds of transients that show significant brightness variance in days, hours, or even shorter
timescales (hereafter “rapid transients”), which can be classified into early-phase SNe and tidal
disruption events (TDEs), fast-evolving luminous transients, kilonovae, and unknown types in
general. Rapid transient surveys with HSC and Tomo-e will help us to figure out the nature of
these high-energy phenomena in the Universe.

5.1 Early-phase SNe Ia Study with the Tomo-e Gozen Camera

The next-generation wide-field camera, the Tomo-e Gozen camera (or Tomo-e for short),
will be put into use for the Kiso 1.05-m Schmidt telescope from April 2019. In contrast to
traditional CCD cameras, the negligible readout time of the CMOS sensor enables us to carry
out unique high-cadence survey observations with Tomo-e.

5.1.1 The Tomo-e Gozen camera

The Tomo-e Gozen camera is a mosaic CMOS camera with a field-of-view of about 20.7
deg2 covered by 84 chips of 2k ⇥ 1k CMOS image sensors (Figure 43). The camera consists of
four quadrant units symmetrical to each other, named as Q1, Q2, Q3, and Q4. Each camera unit
has 21 chips of the CMOS sensor. A picture of the camera units Q1 and Q3 are shown in Figure
44. The sensor chips are fixed on a camera base along the spherical focal-plane of the Kiso
Schmidt telescope via height adjustment plates (HAPs), the tops of which are diagonally cut.

– 99 –



A Future Plan of Early-phase SNe Ia Study in the HSC–Tomo-e Era Jian Jiang

A top cover, a window frame, and a bottom part are attached to the camera base. The window
frame has 21 rectangle apertures where transparent windows, optical filters, and grism elements
are installed. Electronics boards for sensor readout are attached on the bottom part. The four
camera units are fixed on a focal plane interface (FPI) unit. The total weight of Tomo-e fixed
on the focal plane of the telescope is about 57 kg. The data production rate of total four camera
units is ⇠830 MB sec�1 at 2-frame-per-second (fps) sampling, corresponding to approximately
30 TB in one night. GPS times are recorded at the beginning and the end of exposures of a
frame set. Camera units Q1 and Q3 have been put into use since November 2018. The other
two units will be completed by April 2019.

Kiso Schmidt 
telescope
D=105-cm, f/3.1 

The Tomo-e Gozen Camera 
84 CMOS sensors; FoV of 20 
deg2

��

��

��

��

Figure 43: The Kiso Schmidt telescope and a schematic diagram of the front-side view of the Tomo-e Gozen
camera. Q1, Q2, Q3, and Q4 correspond to four quadrant units of the camera (with 84 CMOS sensors in total).
The complete Tomo-e Gozen camera will be mounted on the 1.05-m Kiso Schmidt telescope in April 2019.

5.1.2 The Tomo-e Gozen transient survey project

In order to maximize the detection efficiency of rapid transients, we plan to carry out a wide-
field, high-cadence transient survey with Tomo-e from 2019. In general, Tomo-e will monitor
⇠7,000 deg2 sky area with the elevation higher than 40 deg at least 3 times per night.
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Specifically, the on-source exposure time is 6 seconds per visit, reaching a limiting magnitude
(5-s ) of 20 in a dark, clear night. In contrast to Pan-STARRS and ZTF, since the Tomo-e
Gozen survey is designed to find brighter transients, we are able to easily carry out imaging
follow-up observations with 1-m-class telescopes and spectroscopies with 2–4 m telescopes
through domestic and international collaborations. The excellent instrument performance and
the special survey mode make the Tomo-e Gozen transient survey one of the most powerful
rapid transient surveys in the world.

During the Tomo-e Gozen transient survey, more than 1,000 SNe are expected every year. Par-
ticularly, several of them will be discovered within a few days of their explosions. Thanks to the
high-cadence observing mode, a statistical investigation of the intra-night variability of a dozen
of early-phase SNe Ia can be achieved by the end of 2020. In addition to early-phase SNe,
other kinds of rapid transients can be investigated with Tomo-e as well. From 2019 to 2024, we
expect to discover over 60 rapid transients through the Tomo-e Gozen transient survey.

Figure 44: The camera units Q1 and Q3, mounted on the focal plane of the 1.05-m Kiso Schmidt telescope.
Counterweights are installed on focal plane areas of Q2 and Q4 units. North and west directions on the sky
correspond to upside and right-side on the sensors in this picture, respectively. Credit: Institute of Astronomy, the
University of Tokyo.
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5.2 MUSSES-FAST: A New-generation Transient Survey for Early-
phase, Rapidly Brightening Transients

5.2.1 The innovation of Japanese time-domain surveys

Even though lots of scientific outputs have been achieved through time-domain surveys with
a wide, shallow, and day(s)-cadence observing mode in the last decade, its limited observing
depth (i.e. limiting magnitude) and low time resolution indeed prevent us from discovering
early-phase SNe and other faint, rapid transients (e.g. kilonovae, Smartt et al., 2017; SN shock
breakout, Campana et al., 2006, etc.) efficiently. Thanks to the large telescope aperture of
Subaru, such interesting objects can be easily discovered with Subaru/HSC. In particular, as
the brightness of those objects increases promptly, the efficiency of HSC survey can be fur-
ther enhanced by running an synergetic survey with Kiso/Tomo-e. Based on this idea and our
original HSC survey project led by the author, MUSSES (§3.2), we propose an innovative ob-
serving mode to further improve the survey capability of early-phase SNe with Subaru/HSC—
the MUltiple Simultaneous Surveys for Early-phase SNe and FASter Transients (MUSSES-
FAST).

5.2.2 MUSSES-FAST: A low-cost and high-yield rapid-transient survey

In general, MUSSES-FAST enables us to make the best use of both HSC and Tomo-e to
study not only early-phase SNe but other rapid transients which show even shorter timescales.
In each observing run, we plan to carry out three full/half-nights multiband Subaru/HSC ob-
servations to cover ⇠200 deg2 sky with a g-band limiting magnitude &25.5. Simultaneously,
Tomo-e will monitor the same region with a 45-min cadence (10–13 runs per night; a limiting
magnitude of ⇠22.5 for 4-runs (20 min exposure) stacked images) for about one week to catch
HSC-discovered/undiscovered rapid transients (Figure 45). Once a rapid transient is discov-
ered, multiband photometric and spectroscopic follow-up observations with over 10 telescopes
all over the world will be triggered immediately. Such a global follow-up network has been
well trained in previous Subaru/HSC observations.

MUSSES-FAST’s advantages mainly include: 1) A unique combination of Subaru/HSC and
Kiso/Tomo-e; The special locations of two telescopes and the high-cadence Tomo-e monitor-
ing observations enable the proposed project to not only study the early-excess behavior (few-
days duration) in great detail but also discover rapid transients with even shorter characteristic
timescales (i.e. from minutes to hours). 2) An extremely high scientific productivity; We expect

– 102 –



A Future Plan of Early-phase SNe Ia Study in the HSC–Tomo-e Era Jian Jiang

to find around 50 early-phase SNe (SNe Ia & core-collapse SNe) and a dozen of other rapid
transients every year (two observing runs). 3) A low dependence on the weather condition;
Even if a portion of HSC observations are canceled out due to the weather issue, the synergetic
observations by Tomo-e will ensure the discovery of some rapid transients. On the other hand,
if the Tomo-e survey suffers the weather issue, MUSSES-FAST will transform to our original
HSC survey mode (MUSSES) and the early-phase SNe Ia study can be carried out as usual.
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Figure 45: The observing mode of MUSSES-FAST. During the multiband HSC survey, Tomo-e will monitor all
HSC-targeted regions every 45 minutes to catch HSC-discovered/undiscovered rapid transients. Most of rapid
transients will be discovered by Tomo-e in the first few days of the monitoring observations (lasting for about one
week). Light curves of typical rapid transients are shown in the plot.
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5.2.3 The early-phase SNe Ia study with MUSSES-FAST

MUSSES-FAST is designed for studying not only early-phase SNe but also other transients
that show significant brightening in a short timescale. In the thesis, only early-phase SNe Ia-
related scientific objectives are given as follows.

I. A further investigation of the He-det SNe Ia

The discovery of a peculiar EExSN Ia, MUSSES1604D, clearly indicates that the so-called He-
det scenario can also produce EExSNe Ia (§3.2). Therefore, the early-excess feature is important
for studying not only the progenitor system but also the explosion mechanism of SNe Ia. As
the first robust evidence of a specific kind of explosion mechanism of SNe Ia, further questions
about the He-det scenario have also been emerged after the discovery of MUSSES1604D.

(i) What is the exact physical mechanism that triggers the He-shell detonation? Although a
general He-det scenario can explain MUSSES1604D quite well, whether such a He-shell det-
onation is triggered by accreting mass from a He star (i.e. the double-detonation scenario,
Nomoto, 1982a,b, Woosley and Weaver, 1994, Fink et al., 2007, 2010) or merging with a less
massive white dwarf (i.e. the violent merger scenario, Shen and Bildsten, 2014, Shen et al.,
2018) is still an open question. (ii) What kinds of SNe Ia originating from the He-det scenario
and their proportions among all SNe Ia? A recent study of hypervelocity WDs which have been
proposed as good candidates of survived WDs through the violent-merger He-det scenario im-
plies that SNe Ia originating from the He-det scenario may occupy a considerable number of
total SNe Ia (Shen et al., 2018). Figuring out the role that the He-det scenario plays in making
SNe Ia is particularly important for the understanding of the origin of the SN Ia diversity and
thus enables us to further purify SN Ia samples used for the measurement of the cosmological
expansion. With MUSSES-FAST, above issues can be well studied by carrying out systematic
investigations (e.g. not only multiband photometry but spectroscopy during the early-excess
phase) of MUSSES1604D-like SNe Ia discovered in the near future.

II. Surface 56Ni decay, the dominant early-excess scenario of SNe Ia?

Our recent work suggested that the majority of early light-curve excesses discovered so far are
likely powered by the radiation from a large amount of 56Ni formed at the outermost region of
the ejecta, known as the surface-56Ni-decay scenario (see Chapter 4 for details). Although such
a scenario can explain the high early-excess fraction of luminous SNe Ia quite well, a further
question is whether the surface-56Ni-decay scenario commonly exists in various kinds of SNe
Ia or exclusively associates with the luminous subclass, the answer of which is crucial to under-
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stand if SNe Ia in different subclasses share the same explosion mechanism. In order to unveil
the physical origin of the surface-56Ni-decay scenario and its associated SN Ia subclass(es), we
are planning to carry out more complete statistical analysis of the early light-curve behavior
and estimate the early-excess fraction of each SN subclass with an enlarged early-phase SN Ia
sample made by MUSSES-FAST.

III. Companion-interaction EExSNe Ia, discovered or not yet?

The debate between two popular progenitor scenarios of SNe Ia (i.e. the single-degenerate
(SD) and the double-degenerate (DD) scenario) has been lasted for a long time. Recently, a
growing number of studies suggested the existence of both scenarios in the Universe, while it
is still an open question that which scenario plays a leading role in making SNe Ia. From the
early-excess perspective, our recent study pointed out that almost all discovered EExSNe Ia
are unlikely related to the companion-interaction scenario, thus implying a low possibility of
the leading position of the SD scenario. Although the early-excess feature of iPTF14atg might
be reproduced by the companion-interaction scenario (Cao et al., 2015, Maeda et al., 2018),
whether or not its spectral evolution and the main-body light curve can be realized through
the SD channel is still under debate (Kromer et al., 2016). Moreover, early-excess detections
in both early-phase 02es-like SNe Ia, PTF10ops and iPTF14atg, may indicate an early-excess
scenario that is less affected by the viewing angle effect. In terms of the weak viewing-angle
dependence of the He-det scenario and the early-excess resemblance between MUSSES1604D
and iPTF14atg, the He-det scenario may be more promising to explain iPTF14atg and other
02es-like EExSNe Ia. In order to figure out the progenitor system of this peculiar SN Ia subclass,
an effective way is to give a more strict constraint on its early-excess fraction and make a further
comparative analysis by using several early-phase 02es-like SNe Ia discovered by MUSSES-
FAST in the near future.

Given that only a certain percentage of early-phase SNe Ia can show early-excess feature
through the companion-interaction channel due to the viewing angle effect, a large number
of non-EExSNe Ia discovered by MUSSES-FAST can be used to further test and improve the
current companion-interaction models. Also, we hope to find robust evidence of the single-
degenerate progenitor system by catching reliable companion-interaction EExSNe Ia in the next
few years.

IV. A more advanced purification of the cosmologically used SNe Ia

Figuring out the long-standing diversity issue of SNe Ia is not only one of the ultimate goals of
SNe Ia study but also crucial for the SN cosmology. In order to confirm the absolute magnitude
of SNe Ia for the distance measurement, light-curve fitting based on previously well-observed
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SN Ia samples are required. In principle, an SN Ia with a larger stretch factor should correspond
to bluer color. However, as more and more SNe Ia have been discovered in recent years, a frac-
tion of SNe Ia, such as MUSSES1604D, show intrinsically redder color while their light-curve
stretch factors are also large. Such kind of objects may introduce the systematical error when
applying SNe Ia as the distance indicator because their intrinsic brightness can be overestimated
during the light-curve fitting. Therefore, figuring out the origin and fraction of such “red-broad”
SNe Ia is important to further improve the accuracy of the cosmological use of SNe Ia. Since the
early-phase information on SNe Ia provides a unique perspective to understand the physical ori-
gin of the SNe Ia diversity, by systematically investigating more than 50 early-phase SNe Ia in
different subclasses, we aim to formulate more stringent selection criteria of the cosmologically
used SNe Ia.

5.2.4 Scientific expectations and prospects

In the next few years, MUSSES-FAST will enable us to build the largest sample of early-
phase SNe Ia. Thanks to the well-established follow-up network, about 32 early-phase SNe
Ia can be investigated every year (assuming two MUSSES-FAST observing runs per year).
Statistical studies of early-phase photometric/spectroscopic behavior can be achieved even for
rare SN Ia subclasses after the three-years survey. For the EExSNe Ia study, assuming an early-
excess fraction of 37.9% from previous observations (11/29), ⇠12.1 EExSNe Ia can be expected
every year. Given a large scatter of the early-excess fraction shown in different SN Ia subclass,
we derive a lower-limit expected number of ⇠5.2 by applying a specific early-excess fraction for
each SN Ia subclass based on the result shown in Chapter 4, which is still an impressive number
compared with the number of EExSNe Ia discovered so far. With over 15 EExSNe Ia discovered
in the next three years, new breakthroughs on the physical mechanisms that account for the He-
det and the surface-56Ni-decay early-excess scenarios will be achieved. On the other hand,
a few of companion-interaction EExSNe Ia can be expected if the single-degenerate scenario
truly dominates the progenitor channel of SNe Ia. In addition to EExSNe Ia, a larger number of
non-EExSNe Ia will be used to study the intrinsic early light-curve scatter and to improve the
estimation of early-excess fraction in each SN Ia subclass. Finally, new understandings of the
SNe Ia diversity will enable us to further improve the accuracy of using SNe Ia in cosmology.

In addition to the remarkable outcome from early-phase SNe Ia, following studies for other
interesting rapid transients can be carried out. (1) Core-collapse SNe at the shock break-
out phase. (2) The so-called fast-evolving luminous transients, a kind of peculiar transients
which may originate from shock breakouts within dense circumstellar materials surrounding
progenitor stars (Tanaka et al., 2016). (3) Kilonovae; given the light curve of the first kilo-

– 106 –



A Future Plan of Early-phase SNe Ia Study in the HSC–Tomo-e Era Jian Jiang

nova EM170817 (the electromagnetic counterpart of the gravitational wave event GW170817,
Smartt et al., 2017), MUSSES-FAST is able to not only discover EM170817-like kilonovae at
redshift reaching to ⇠0.1 (far beyond the detection limit of the LIGO-Virgo collaboration) but
catch their ephemeral rising phases in optical wavelengths thanks to the unique observing mode.
(4) Other unexpected transients; unknown rapid transients that could be optical counterparts of
neutron star – black hole merger events, fast radio bursts or even something beyond our current
knowledge are potential targets of MUSSES-FAST. Since the duration and intrinsic brightness
of those rapid transients are very uncertain, uninterruptedly monitoring the HSC-observed re-
gion is the best way to catch them. Such an observing mode can be achieved by MUSSES-FAST
thanks to the extremely large field-of-view of Tomo-e and a negligible time interval between the
HSC and Tomo-e survey. Even though the possibility to find these mysterious transients might
be small due to the large uncertainties of their photometric behavior and event rates, we are still
very looking forward to what kind of “byproducts” can be discovered through this innovative
survey project.
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6 Conclusions

In this thesis, the study of early-phase SNe Ia discovered by well-designed early-phase SNe
Ia surveys with Kiso/KWFC and Subaru/HSC (Chapters 2 and 3) and the statistical investigation
with previously discovered/unnoticed EExSNe Ia (Chapter 4) are presented. Further investiga-
tions of early-phase SNe Ia can be well conducted by making the best use of Subaru/HSC and
Kiso/Tomo-e in the near future (Chapter 5). The main conclusions of the thesis are summarized
as follows.

6.1 KWFC-related Early-phase SNe Ia Study

In order to test the feasibility of running an early-phase SNe Ia-targeted survey, a series
of observations were carried out through two supernova projects with Kiso/KWFC, KISS and
SKYS, in 2015. During the seven-months observations, total 13 SN candidates were discovered
and four of them were confirmed as early-phase supernovae. Light curves and spectra obtained
from KWFC and other follow-up facilities indicate that three of them are early-phase SNe
Ia (KISS15m, KISS15n, and SKYS6) and the other one (SKYS9) is an early-phase type IIP
supernova. In particular, three KWFC early-phase SNe Ia, KISS15m, KISS15n, and SKYS6,
belong to subluminous, luminous, and normal type, respectively. The sample diversity enables
us to investigate the early photometric behavior of SNe Ia in different subclasses.

KISS15m is one of the youngest 91bg-like subluminous SNe Ia so far. Although KISS15m does
not show peculiar photometric behavior in the early phase, by comparing KISS15m with a 02es-
like subluminous EExSN Ia iPTF14atg and other subluminous non-EExSNe Ia, we proposed
a set of observables (i.e. the rising time, the post-maximum light-curve profile, and the early
color evolution) for identifying inconspicuous early-excess features. Subluminous EExSNe Ia
discovered in the near future will bring us new ideas about the physical connection between
subluminous SNe Ia and specific early-excess scenario(s).

The high spectral similarity between a luminous early-phase SN Ia, KISS15n, and a super-
MCh SN Ia candidate SN 2006gz suggests the same physical origin of two objects. Given a
comparable brightness but distinct spectral features to those of 91T/99aa-like luminous SNe Ia,
KISS15n (or 06gz-like SNe Ia) probably is a transitional type that bridges the super-MCh and
91T/99aa-like SNe Ia. By statistically investigating the early-phase observational properties of
luminous SNe Ia, we may find out the intrinsic difference/connection between these luminous
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SN Ia subclasses.

The spectral information of an early-phase normal SN Ia, SKYS6, may support a likely corre-
lation between the low Si II velocity feature and the carbon footprint for normal SNe Ia. We
proposed that the “diversities” shown in normal SNe Ia including the early light-curve disper-
sion, carbon-footprint difference, Si II velocity scatter, and disperse NUV�optical color evo-
lution may originate from the off-center explosion scenario. Future 3D numerical simulations
will help us to understand whether or not such diversities can be attributed to the viewing angle
effect caused by the off-center explosion.

6.2 HSC-related Early-phase SNe Ia Study

The discovery of three early-phase SNe Ia in our KWFC observations demonstrated the
feasibility of conducting early-phase SNe Ia-targeted survey with wide-field imagers and thus
inspired us to further investigate early-phase SNe Ia with the best survey facility in the world,
the Subaru/HSC. With the experience accumulated from KISS and SKYS, the advanced early-
phase SNe Ia survey project with Subaru/HSC, MUSSES, was launched out in April, 2016.

The MUSSES project includes survey observations with the 8.2-m Subaru telescope and follow-
up observations with 1–10-m ground-based telescopes. In order to carry out such a large project,
building a global collaboration is necessary. International collaborations with astronomers from
different countries enable us to carry out real-time follow-up observations with more than 10
large aperture telescopes all over the world.

The first MUSSES observing run has been successfully carried out in April 2016. We discov-
ered 12 early-phase SN candidates soon after the HSC survey, and especially, a very special
early-phase SN Ia, the so-called MUSSES1604D (or SN 2016jhr), attracted our attention. The
multiband Subaru/HSC survey and follow-up observations indicated that a prominent but red
early flash followed with peculiar spectral features of MUSSES1604D are in conflict with pre-
dictions by previously proposed physical mechanisms (e.g. the interaction between the SN
ejecta and a companion star or CSM). Further analysis with numerous computational simula-
tions suggested that all peculiarities of MUSSES1604D can be naturally explained by a super-
nova explosion that is triggered by a detonation of a thin helium shell of its progenitor star (the
so-called He-shell detonation scenario). This finding not only indicates the multiple origins of
the light-curve excess found in early-phase SNe Ia but provides robust evidence of one kind of
explosion mechanism of SNe Ia for the first time.
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6.3 Statistical Study of Early-excess SNe Ia

Inspired by the discovery of MUSSES1604D, further investigations of early-phase SNe Ia
that show additional brightness enhancements (i.e. EExSNe Ia) were carried out through the
statistical analysis.

With the largest sample of early-phase SNe Ia discovered until 2018, we presented independent
evidence to further prove multiple origins of EExSNe Ia and discuss the explosion mechanism
and progenitor of specific SN Ia subclasses from the early-excess perspective in Chapter 4. We
systematically investigated 11 early-excess SNe Ia from subluminous to luminous subclasses.
Eight of them were selected from 23 SNe Ia with extremely early-phase optical light curves
(“golden” early-phase SNe Ia), and three of them were selected from 40 SNe Ia (including 14
golden samples) with early-phase UV/NUV light curves. We found that previously discovered
EExSNe Ia show a clear preference for specific SN Ia subclasses. In particular, the early-excess
feature shown in all six luminous (91T- and 99aa-like) SNe Ia is in conflict with the viewing
angle dependence predicted by the companion-interaction scenario. Instead, such a high early-
excess fraction is likely related to the explosion physics of luminous SNe Ia; i.e. a more efficient
detonation happening in the progenitor of luminous SNe Ia may consequently account for the
early-excess feature powered by the radiation from a 56Ni-abundant outer layer. The diversity
of early-excess features shown in different SN Ia subclasses suggests multiple origins of the
discovered early-excess SNe Ia, challenging their applicability as a robust progenitor indicator.
Further understanding of the early-excess diversity relies not only on multiband photometry and
prompt-response spectroscopy of individual early-excess SNe Ia but also on investigations of
the general early-phase light-curve behavior of each SN Ia subclass.

6.4 Future Plan and Prospects

In the next decade, time-domain astronomy will become one of the most popular branches in
astronomy and pioneering work on rapid transients can be achieved by using Subaru/HSC and
Kiso/Tomo-e in the next few years. With the forthcoming Tomo-e Gozen transient survey and
an innovative rapid transient survey, the MUSSES-FAST that uniquely combines two top-level
survey facilities (i.e. Subaru/HSC and Kiso/Tomo-e) to further improve the survey capability
of early-phase SNe, we plan to build the largest sample of early-phase SNe in next 3–5 years.
Thanks to the well-established follow-up network, we are able to carry out systematical inves-
tigations of over 100 rapid transients for the first time. With over 15 EExSNe Ia discovered
by HSC and Tomo-e (more than all EExSNe Ia discovered so far), new breakthroughs on the

– 110 –



Conclusions Jian Jiang

physical mechanisms of the He-det and the surface-56Ni-decay early-excess scenarios will be
made. Additionally, several companion-interaction EExSNe Ia can be expected if the SD sce-
nario truly dominates the progenitor system of SNe Ia. Finally, further understanding of the
diversity of SNe Ia will help us to improve the accuracy of their cosmological use.

The Universe is full of surprises. In addition to scientific outputs from early-phase SNe Ia study
with ongoing and forthcoming time-domain surveys, other interesting transients including the
fast-evolving luminous transients, SN shock breakouts, optical counterparts of gravitational
wave events and fast radio bursts, and even something beyond our current knowledge can be
discovered with these amazing survey projects. Great progress in time-domain astronomy thus
can be expected by using Subaru/HSC and Kiso/Tomo-e in the near future.
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7 Appendix: Supplementary Information on SKYS
Supernovae and Candidates

A-1) Non-early-phase Supernovae and Candidates

During the SKYS observation, nine around/post-peak supernova candidates are selected
based on their relative locations to host galaxies, absolute magnitude, and light-curve behav-
ior. Two of them (SKYS5 and SKYS7) have been spectroscopically confirmed and another two
(SKYS3 and SKYS4) are classified as SNe with relatively low confidence.

We only conducted g-band follow-up observations with the Kiso/KWFC for nine around/post-
peak supernova candidates due to our limited follow-up time. As KWFC was removed on Nov.
24 and the onset of the poor observational condition since Nov. 21, all follow-up observations
with KWFC were terminated since then. Basic information of each object is shown as follows.
Their photometric and spectroscopic results are summarized in Tables 9 and 10 at the end of
this section, respectively.
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Figure 46: g-band observations of SKYS1. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on Oct. 18, the subtracted image and the SDSS DR12 color image at the
same region. The position of SKYS1 (RA 23h12m55s.85, Dec +00:21:55.5) is marked by a cyan star symbol. The
lower panel is the KWFC g-band light curve.
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SKYS1 is the first SN that was discovered in the second night of the SKYS observation (Oct.
7). Since SKYS1 is far away from the host center, we are able to exclude the possibility of an
AGN. The spectrum of the host galaxy indicates that the host is a star-forming galaxy at redshift
of 0.049. The g-band absolute magnitude of SKYS1 is about �17.4 mag around the peak and
we could not discover SKYS1 during our November observing run due to its low brightness.
The photometric behavior of SKYS1 showed the similarity with two Type II SNe, PTF10uls
and PTF12gnn (Khazov et al. 2015).
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Figure 47: g-band observations of SKYS2. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on Oct. 12, the subtracted image and the SDSS DR12 color image at the
same region of SKYS2. The position of SKYS2 (RA 21h14m41s.15, Dec -00:24:37.7) is marked by a cyan star
symbol. The lower panel is the KWFC g-band light curve.

SKYS2 was discovered on Oct. 8. The spectrum of the host galaxy indicates that the host is a
late-type galaxy at redshift of 0.032. The g-band absolute magnitude of SKYS2 is about �16.5
mag around the peak. According to the luminosity and light-curve profile of SKYS2, it is likely
to be a CCSN. The light curve of SKYS2 also suggests that our first detection was within about
10 days after the explosion.
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SKYS3

20”

Reference image Image on Oct. 15th Subtracted image SDSS DR12 image

N

E

 18.5

 19

 19.5

 20

 20.5

 21
 0  5  10  15  20

-19

-18.5

-18

-17.5

-17

g-
ba

nd
 A

pp
ar

en
t M

ag
ni

tu
de

g-
ba

nd
 A

bs
ol

ut
e 

M
ag

ni
tu

de
 (m

-M
=3

7.
9)

Time since the first detection of SKYS3 (MJD=57304.39176)

SKYS3

Figure 48: g-band observations of SKYS3. The upper panel (from left to right) includes the SDSS g-band refer-
ence image, the KWFC g-band image taken on Oct. 15, the subtracted image and the SDSS DR12 color image at
the same region. The position of SKYS3 (RA 16h39m46s.56, Dec +40:50:18.4) is marked by a cyan star symbol.
The lower panel is the KWFC g-band light curve.

SKYS3 was discovered on Oct. 9. The image clearly showed that SKYS3 located at the edge
of the host galaxy. According to the photometric redshift of the host galaxy (photo-z ⇠0.085)
we calculated the g-band absolute magnitude of SKYS3 is about �19.1 mag around the peak,
which is a typical value of a normal SN Ia. Given that the visible time of SKYS3 is too short
in November, we could not successfully follow up SKYS3 during the November observing run.
However, since the absolute magnitude of SKYS3 was derived by using the photometric redshift
of the host and the light-curve behavior of SKYS3 is quite strange compared to normal SNe Ia
around the peak, SKYS3 could be a CCSN or a non-SN transient, e.g. a foreground luminous
blue variable (LBV, Smith et al. 2010, 2011).
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SKYS4
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Figure 49: g-band observations of SKYS4. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on Oct. 20, the subtracted image and the SDSS DR12 color image at the
same region. The position of SKYS4 (RA 22h07m24s.92, Dec +22:08:40.7) is marked by a cyan star symbol. The
lower panel is the KWFC g-band light curve.

SKYS4 is the last SN found in the October observing run. Since there was no observing time
from Oct. 22 to Nov. 5, the follow-up observation of SKYS4 cannot be well performed. Ac-
cording to the photometric redshift of the host galaxy (photo-z ⇠0.08) we calculated the g-band
absolute magnitude of SKYS4 is around �18.3 mag on Oct. 20. In addition, SKYS4 was fainter
than the observational limit during the November observation. The relatively high declining
speed of SKYS4 also suggests that SKYS4 could be a post-maximum SN or quickly varying
transient. Given the limited information of SKYS4 and its host galaxy and the relatively close
distance of SKYS4 to the center of its host galaxy, we cannot rule out the possibility that SKYS4
is a non-SN transient, e.g. a rapidly varying AGN.
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Figure 50: g-band observations of SKYS5. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on Nov. 12, the subtracted image and the SDSS DR12 color image at the
same region. The position of SKYS5 (RA 01h10m24s.10, Dec +23:21:27.0) is marked by a cyan star symbol. The
lower panel is the KWFC g-band light curve.

SKYS5 was discovered in the first day of our November observing run (Nov. 5) and spectro-
scopically followed by the LT/SPRAT on Nov. 13. The spectral fitting suggests that SKYS5
is a 91T-like SN Ia in a few days after the peak or a normal SN Ia at about �7 days to the
B-band maximum mainly due to a blue SED and relatively weak Si II l6355 absorption feature
(Figure 51). The redshift predicted by the spectral fitting is about 0.048. Given a g-band peak
absolute magnitude of �19.3 and a slow evolving light curve, we suggest SKSY5 is more likely
a 91T-like SN Ia.
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Figure 51: A spectrum of SKYS5 taken by SPectrograph for the Rapid Acquisition of Transients (SPRAT)
mounted on the Liverpool Telescope (LT) on Nov. 13 (Table 10). Clear Si II and other IME absorptions indi-
cate that SKYS5 is an SN Ia. However, the relatively weak SiII 6355 line suggests it could be either a 91T-like SN
Ia around the peak epoch or an early phase normal SN Ia. By combining with the light curve profile of SKYS5,
we finally confirmed SKYS5 is a 91T-like SN Ia discovered at about one week before the B-band maximum.
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Figure 52: g-band observations of SKYS7. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on Nov. 12, the subtracted image and the SDSS DR12 color image at the
region of SKYS7. The position of SKYS7 (RA 22h04m02s.75, Dec +09:30:50.0) is marked by a cyan star symbol.
The lower panel is the KWFC g-band light curve.

SKYS7 was detected on Nov. 10 and spectroscopically followed by the LT/SPRAT on Nov. 15.
The relatively red spectrum and blended S II and Si II absorption features indicate that SKYS7
could be a 91T-like or normal-type SN Ia around two-weeks after the maximum (z=0.048).
By using common Dm15(B) value of 91T-like SN Ia (⇠0.8), we obtained that the g-band peak
absolute magnitude of SKYS7 (�19 mag) is too faint in terms of a 91T-like SN Ia. Therefore,
we classified SKYS7 as a normal SN Ia. However, Given that SKYS7 is embedded in the host
galaxy, we cannot completely rule out that SKYS7 is a luminous SN Ia by taking into account
the possible extinction from the host galaxy.
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Figure 53: A spectrum of SKYS7 taken by LT/SPRAT on Nov. 15 (Table 10). The blended S II and Si II absorption
features around 5600 Å and the red SED imply that SKYS7 was a post-maximum SN Ia during our observation.
However, such a late-phase spectrum prevents us from confirming SKYS7 is a normal-type or a 91T-like SN Ia.
According to a g-band absolute magnitude of SKYS7 around two weeks after the maximum (�18.2) and a typical
Dm15(B) value of a 91T-like SN Ia, we finally classified SKYS7 as a normal-type SN Ia which was discovered
around 10 days after the B-band maximum.
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Figure 54: g-band observations of SKYS8. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on Nov. 10, the subtracted image and the SDSS DR12 color image at the
same region. The position of SKYS8 (RA 23h48m24s.37, Dec +15:50:44.2) is marked by a cyan star symbol. The
lower panel is the KWFC g-band light curve.

SKYS8 located at the spiral arm of the host galaxy at z=0.113 was also discovered on Nov.
10. We only observed SKYS8 on Nov. 10, 12, and 15 due to the limited KWFC follow-
up time in our November observing run. However, a light curve around the peak can be easily
distinguished even with three data points, suggesting a g-band peak absolute magnitude of about
�19.3. Therefore, we classified SKYS8 as a normal SN Ia candidate.
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Figure 55: g-band observations of SKYS10. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on Nov. 12, the subtracted image and the SDSS DR12 color image at the
same region. The position of SKYS10 (RA 22h37m02s.12, Dec +20:42:31.9) is marked by a cyan star symbol. The
lower panel is the KWFC g-band light curve.

SKYS10 showed a peculiar light-curve behavior during our observations. We discovered SKYS10
on Nov. 12 and did not find any signature at the same position in the 6-days-earlier image of
which the limiting magnitude is about 21.1 mag. Such a finding implied that SKYS10 should
be a very early SN during our first observation. According to the photometric redshift of the
host galaxy (z=0.059), the absolute magnitude of SKYS10 during the discovery is about �18.2.
However, SKYS8 did not show significant brightness variation in our follow-up observations,
in contrast to our expectation that SKYS10 is an early-phase SN Ia. The light curve of SKYS10
is more similar to a fast rising early-phase SN IIP with a relatively high luminosity than normal
SNe IIP. One possible reason is an over-estimation of the host redshift. However, due to the
missing of the spectroscopy of SKYS10, it is hard to fully exclude the possibility that SKYS10
is a supernova imposter, e.g. a foreground LBV.
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Figure 56: g-band observations of SKYS11. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on Nov. 15, the subtracted image and the SDSS DR12 color image at the
same region. The position of SKYS11 (RA 01h05m47s.75, Dec +24:59:01.0) is marked by a cyan star symbol. The
lower panel is the KWFC g-band light curve.

The last SN candidate of SKYS, SKYS11 was discovered on Nov. 12. We ruled out the pos-
sibility that SKYS11 is an AGN in terms of its far distance to the host center. The light curve
of SKYS11 suggests that our first observation was close to the peak by adopting an absolute
magnitude derived from a photometric redshift of the host (z=0.094). We reported that SKYS11
is a normal SN Ia because the light-curve declining speed is comparable or slightly higher than
another normal SN Ia, SKYS7.
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Table 9: Photometric Information on KWFC Non-early-phase SNe and Candidates

Object MJDa UTa Filter Magnitudeb Exp. Time (s) Telescope

SKYS1 57302.59 2015 Oct. 07 g 19.54 ± 0.06 180 Kiso/KWFC
SKYS1 57309.39 2015 Oct. 14 g 19.54 ± 0.06 180 Kiso/KWFC
SKYS1 57313.43 2015 Oct. 18 g 19.54 ± 0.06 180 Kiso/KWFC
SKYS1 57332.47 2015 Nov. 06 g > 19.49c 180 Kiso/KWFC
SKYS1 57341.54 2015 Nov. 15 g > 20.21c 180 Kiso/KWFC
SKYS2 57303.49 2015 Oct. 08 g 19.70 ± 0.10 180 Kiso/KWFC
SKYS2 57307.53 2015 Oct. 12 g 19.44 ± 0.08 180 Kiso/KWFC
SKYS2 57310.47 2015 Oct. 15 g 19.48 ± 0.08 180 Kiso/KWFC
SKYS2 57311.47 2015 Oct. 16 g 19.28 ± 0.06 180 Kiso/KWFC
SKYS2 57312.53 2015 Oct. 17 g 19.31 ± 0.06 180 Kiso/KWFC
SKYS2 57314.42 2015 Oct. 19 g 19.39 ± 0.16 180 Kiso/KWFC
SKYS2 57329.43 2015 Nov. 03 g 20.54 ± 0.13 180 Kiso/KWFC
SKYS3 57304.39 2015 Oct. 09 g 18.91 ± 0.16 180 Kiso/KWFC
SKYS3 57310.43 2015 Oct. 15 g 18.89 ± 0.15 180 Kiso/KWFC
SKYS3 57315.41 2015 Oct. 20 g 18.88 ± 0.17 180 Kiso/KWFC
SKYS3 57316.43 2015 Oct. 21 g 19.14 ± 0.30 180 Kiso/KWFC
SKYS3 57317.38 2015 Oct. 22 g 19.19 ± 0.25 180 Kiso/KWFC
SKYS3 57321.44 2015 Oct. 26 g 19.44 ± 0.29 180 Kiso/KWFC
SKYS4 57313.57 2015 Oct. 18 g 19.58 ± 0.20 180 Kiso/KWFC
SKYS4 57315.63 2015 Oct. 20 g 19.56 ± 0.20 180 Kiso/KWFC
SKYS4 57337.49 2015 Nov. 11 g > 19.90c 180 Kiso/KWFC
SKYS5 57331.65 2015 Nov. 05 g 17.69 ± 0.08 180 Kiso/KWFC
SKYS5 57336.52 2015 Nov. 10 g 17.22 ± 0.07 180 Kiso/KWFC
SKYS5 57338.43 2015 Nov. 12 g 17.23 ± 0.07 180 Kiso/KWFC
SKYS5 57341.45 2015 Nov. 15 g 17.23 ± 0.07 180 Kiso/KWFC
SKYS5 57346.45 2015 Nov. 20 g 17.40 ± 0.07 180 Kiso/KWFC
SKYS5 57346.60 2015 Nov. 20 g 17.38 ± 0.07 180 Kiso/KWFC
SKYS7 57336.44 2015 Nov. 10 g 18.05 ± 0.10 180 Kiso/KWFC
SKYS7 57337.50 2015 Nov. 11 g 18.12 ± 0.12 180 Kiso/KWFC
SKYS7 57338.40 2015 Nov. 12 g 18.00 ± 0.10 180 Kiso/KWFC
SKYS7 57341.39 2015 Nov. 15 g 18.36 ± 0.12 180 Kiso/KWFC
SKYS7 57342.48 2015 Nov. 16 g 18.36 ± 0.12 180 Kiso/KWFC

Note:
a The median time for a single exposure.
b AB magnitudes for SDSS g-band filter.
c 5s upper limit.
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Object MJDa UTa Filter Magnitudeb Exp. Time (s) Telescope

SKYS8 57336.61 2015 Nov. 10 g 19.48 ± 0.20 180 Kiso/KWFC
SKYS8 57338.44 2015 Nov. 12 g 19.34 ± 0.19 180 Kiso/KWFC
SKYS8 57341.44 2015 Nov. 15 g 19.43 ± 0.20 180 Kiso/KWFC

SKYS10 57331.50 2015 Nov. 05 g >21.09c 180 Kiso/KWFC
SKYS10 57337.57 2015 Nov. 11 g 18.50 ± 0.14 180 Kiso/KWFC
SKYS10 57338.41 2015 Nov. 12 g 18.40 ± 0.12 180 Kiso/KWFC
SKYS10 57341.41 2015 Nov. 15 g 18.38 ± 0.12 180 Kiso/KWFC
SKYS10 57341.52 2015 Nov. 15 g 18.36 ± 0.12 180 Kiso/KWFC
SKYS10 57342.49 2015 Nov. 16 g 18.40 ± 0.12 180 Kiso/KWFC
SKYS11 57338.43 2015 Nov. 12 g 18.82 ± 0.15 180 Kiso/KWFC
SKYS11 57341.45 2015 Nov. 15 g 18.96 ± 0.16 180 Kiso/KWFC
SKYS11 57346.45 2015 Nov. 20 g 19.38 ± 0.20 180 Kiso/KWFC
SKYS11 57346.60 2015 Nov. 20 g 19.39 ± 0.21 180 Kiso/KWFC

Note:
a The median time for a single exposure.
b AB magnitudes for SDSS g-band filter.
c 5s upper limit.

Table 10: A Summary of Spectroscopic Follow-ups of SKYS5 and SKYS7

Object UT Exp. Time (s) Telescope slit width (”) grism/filter

SKYS5 2015 Nov. 13 1800 LT/SPRAT 1.8 Red/4020longpassa

SKYS7 2015 Nov. 15 1800 LT/SPRAT 1.8 Red/4020longpassa

Note:
a LT/SPART Red configuration has much better performance above ⇠6000Å, “4020longpass” is the abbrevi-

ation of “Edmund Optics 400nm longpass filter”. The wavelength coverage and resolution is 400-800 nm
and 350 respectively.
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A-2) SKYS9, an Early-phase Type IIP Supernova

An early-phase SN IIP, SKYS9, has been well followed by space/ground-based telescopes
from UV to NIR wavelengths. In this section, we show a part of preliminarily reduced data
and briefly introduce the observational properties of SKYS9. Photometric and spectroscopic
information on SKYS9 is summarized in Tables 11 and 12 at the end of this section, respectively.
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Figure 57: g-band observations of SKYS9. The upper panel (from left to right) shows the SDSS g-band reference
image, the KWFC g-band image taken on Nov. 10, the subtracted image and the SDSS DR12 color image at the
same region. The position of SKYS9 (RA 03h11m16s.73, Dec +01:11:35.1 ) is marked by a cyan star symbol.
The lower panel is the KWFC g-band light curve. The fast brightening suggests that SKYS9 is an early-phase SN
candidate.

SKYS9 was classified as an early-phase SN candidate one day after the discovery. Multi-
band photometric follow-ups have been conducted by Kiso/KWFC, LJT/YFOSC, and OISTER
members. In particular, we triggered Swi f t/UVOT UV+optical follow-up observation lasted
for about one month. The complete spectral evolution of SKYS9 has been obtained by us-
ing LJT/YFOSC, LT/SPRAT, and Subaru/FOCAS. Finally we confirmed that SKYS9 is an SN
IIP discovered in a few days after the explosion based on both photometric and spectroscopic
information. A part of preliminarily reduced data are given in section.
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A very bright object was discovered at the edge of a likely host galaxy on Nov. 10, 2015. Ac-
cording to the spectroscopic redshift of the host galaxy candidate (z=0.027), the g-band absolute
magnitude of the object was about �16.8 mag during the discovery, implying a (either early-
phase or post-early-phase) CCSN or an early-phase SN Ia candidate. Therefore, we carried out
both g- and r-band follow-up observations with KWFC in the second night and the photometry
showed that the g-band magnitude was increasing with a speed of about �1 mag day�1. Such a
fast brightening light curve suggests this object is a very likely early-phase SN and we immedi-
ately required SKYS collaborators to carry out multiband imaging and spectroscopic follow-up
observations for this amazing transient, SKYS9.

The first spectrum of SKYS9 was taken by LJT/YFOSC on Nov. 12, 2015 (Figure 58, Table
12). The featureless blue continuum suggests that SKYS9 is an early-phase CCSN candidate.
Given the importance of the early UV information in supernova study, we immediately triggered
the UV/Optical Telescope (UVOT) mounted on the Swi f t satellite to carry out 6-bands imaging
observations as a complement of our ground-based follow-up observations. As we expected,
KWFC follow-up observations clearly showed that the brightness of SKYS9 quickly reached
the peak and then became relatively stable, which makes a reminiscent of an SN IIP. Until Nov.
23, the Ha emission line and other Balmer line features were identified in the spectrum of
SKYS9, indicating the identity of a typical SN IIP.
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Figure 58: The first spectrum of SKYS9 taken by LJT/YFOSC on Nov. 12, 2015. The featureless blue continuum
makes a reminiscent of an early-phase CCSN.
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Ground-based multiband photometries of SKYS9

As what we mentioned in Chapter 2, the OISTER and LJT/YFOSC were in charge of the
photometric follow-up (both optical and NIR) of early-phase SN candidates discovered by
SKYS. Figure 59 presents the first 23-days multiband light curves of SKYS9 taken by KWFC
and MITSuME.
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Figure 59: Multiband light curves of SKYS9 taken by KWFC and MITSuME in the first 23 days after the dis-
covery. According to the g-band light curve, a “plateau” phase of SKYS9 happened at about 12 days after the
discovery. For the multiband light curves, a longer rising phase can be found in redder wavelengths.
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UV/optical photometry with Swi f t/UVOT

Given that the early-phase spectrum indicates a blue featureless continuum of SKYS9, we
immediately triggered the Swi f t/UVOT observation from 5 days after the discovery to fur-
ther investigate SKYS9 with the early-phase UV photometric information. The preliminary
Swi f t/UVOT UV/optical light curves are shown in Figure 60.
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Figure 60: One-month UV/optical light curves of SKYS9 taken by Swi f t/UVOT. The UV and u-band brightness
of SKYS9 keep declining in the first month with relatively high decline rate. In contrast, the b- and v-band light
curves show slow evolution during the observation.
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Spectral evolution of SKYS9

We did spectroscopy for SKYS9 from very early phase by using LJT/YFOSC and LT/SPRAT.
The spectral evolution from Nov. 12, 2015 to Jan. 7, 2016 is shown in Figure 61.
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Figure 61: The two-month spectral evolution of SKYS9. At the beginning, a blue featureless continuum SED
lasted more than one week after the explosion. About 10 days later, the weak Balmer series can be marginally
discriminated and we finally confirmed that SKYS9 is a Type IIP supernova based on both light curve and spectral
features.
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Table 11: Photometric Information on SKYS9

Object MJDa UTa Filter Magnitudeb Exp. Time (s) Telescope

SKYS9 57336.77 2015 Nov 10 g 18.63 ± 0.13 180 Kiso/KWFC
SKYS9 57337.55 2015 Nov 11 g 18.01 ± 0.10 180 Kiso/KWFC
SKYS9 57337.62 2015 Nov 11 g 17.92 ± 0.09 180 Kiso/KWFC
SKYS9 57341.50 2015 Nov 15 g 17.44 ± 0.03 180 Kiso/KWFC
SKYS9 57341.66 2015 Nov 15 g 17.44 ± 0.03 180 Kiso/KWFC
SKYS9 57346.56 2015 Nov 20 g 17.52 ± 0.08 180 Kiso/KWFC
SKYS9 57346.61 2015 Nov 20 g 17.55 ± 0.08 180 Kiso/KWFC
SKYS9 57346.67 2015 Nov 20 g 17.65 ± 0.08 180 Kiso/KWFC
SKYS9 57346.68 2015 Nov 20 g 17.62 ± 0.08 180 Kiso/KWFC
SKYS9 57337.62 2015 Nov 11 r 18.31 ± 0.11 180 Kiso/KWFC
SKYS9 57337.62 2015 Nov 11 r 18.30 ± 0.12 180 Kiso/KWFC
SKYS9 57341.50 2015 Nov 15 r 17.73 ± 0.09 180 Kiso/KWFC
SKYS9 57341.66 2015 Nov 15 r 17.70 ± 0.09 180 Kiso/KWFC
SKYS9 57346.57 2015 Nov 20 r 17.62 ± 0.08 180 Kiso/KWFC
SKYS9 57346.62 2015 Nov 20 r 17.60 ± 0.08 180 Kiso/KWFC
SKYS9 57341.64 2015 Nov 15 i 17.92 ± 0.10 180 Kiso/KWFC
SKYS9 57346.63 2015 Nov 15 i 17.83 ± 0.09 180 Kiso/KWFC
SKYS9 57346.68 2015 Nov 20 i 17.65 ± 0.09 220 Kiso/KWFC
SKYS9 57331.70 2015 Nov 20 i 17.58 ± 0.08 220 Kiso/KWFC
SKYS9 57338.47 2015 Nov 21 i 17.60 ± 0.10 220 Kiso/KWFC
SKYS9 57341.51 2015 Nov 15 z 18.17 ± 0.12 180 Kiso/KWFC
SKYS9 57346.58 2015 Nov 20 z 17.90 ± 0.10 220 Kiso/KWFC
SKYS9 57346.69 2015 Nov 20 z 17.88 ± 0.10 220 Kiso/KWFC
SKYS9 57353.46 2015 Nov 12 g 18.38 ± 0.15 60 MITSuME
SKYS9 57354.55 2015 Nov 20 g 18.47 ± 0.16 60 MITSuME
SKYS9 57357.46 2015 Nov 22 g 18.72 ± 0.17 60 MITSuME
SKYS9 57353.46 2015 Nov 28 g 18.38 ± 0.15 60 MITSuME
SKYS9 57354.55 2015 Dec 01 g 18.47 ± 0.16 60 MITSuME

Note:
a Median time for single exposure.
b AB magnitudes for SDSS ugriz filter.
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Table 12: A Summary of Spectroscopic Follow-ups of SKYS9

Object UT Exp. Time (s) Telescope slit width (”) grism/filter

SKYS9 2015 Nov. 12 2400 LJT/YFOSC 2.51 #3a

SKYS9 2015 Nov. 14 2400 LJT/YFOSC 2.51 #3a

SKYS9 2015 Nov. 16 2400 LJT/YFOSC 2.51 #3a

SKYS9 2015 Nov. 21 2400 LJT/YFOSC 2.51 #3a

SKYS9 2015 Nov. 23 2400 LJT/YFOSC 2.51 #3a

SKYS9 2015 Dec. 02 1800 LT/SPRAT 1.8 Red/4020longpassb

SKYS9 2015 Dec. 09 2400 LJT/YFOSC 2.51 #3a

SKYS9 2016 Jan. 03 2400 LJT/YFOSC 2.51 #3a

SKYS9 2016 Jan. 07 2400 LJT/YFOSC 2.51 #3a

Note:
a The wavelength coverage and resolution of Grism#3 on LJT/YFOSC is 340-910 nm and 150 respectively.
b LT/SPART Red configuration has much better performance above ⇠6000Å, “4020longpass” is the abbrevi-

ation of “Edmund Optics 400nm longpass filter”. The wavelength coverage and resolution is 400-800 nm
and 350 respectively.

– 131 –



References Jian Jiang

References

Iair Arcavi, Avishay Gal-Yam, Ofer Yaron, Assaf Sternberg, Itay Rabinak, Eli Waxman,
Mansi M Kasliwal, Robert M Quimby, Eran O Ofek, Assaf Horesh, et al. Sn 2011dh: discov-
ery of a type iib supernova from a compact progenitor in the nearby galaxy m51. ApJL, 742
(2):L18, 2011.

David Arnett. Supernovae and Nucleosynthesis: An Investigation of the History of Matter from
the Big Bang to the Present. 1996.

David Arnett and Eli Livne. The Delayed-Detonation Model of Type IA Supernovae I. The
Deflagration Phase. ApJ, 427:314, May 1994.

W. D. Arnett. Type I supernovae. I - Analytic solutions for the early part of the light curve. ApJ,
253:785–797, February 1982.

W. David Arnett. A Possible Model of Supernovae: Detonation of 12C. ApJS, 5:180–212,
October 1969.

W. Baade and F. Zwicky. On Super-novae. Proceedings of the National Academy of Science,
20:254–259, May 1934. doi: 10.1073/pnas.20.5.254.

D. D. Balam and M. L. Graham. ATel 7529: DAO spectroscopic classification of PSN
J13003230+2758411 in the Coma Cluster. ATel, 7529:1, May 2015.

C. Barbarino, M. T. Botticella, M. Dall’Ora, M. Della Valle, S. Benetti, J. D. Lyman, S. J.
Smartt, I. Arcavi, C. Baltay, D. Bersier, M. Dennefeld, N. Ellman, M. Fraser, A. Gal-Yam,
G. Hosseinzadeh, D. A. Howell, C. Inserra, E. Kankare, G. Leloudas, K. Maguire, C. Mc-
Cully, A. Mitra, R. McKinnon, F. Olivares E., G. Pignata, D. Rabinowitz, S. Rostami, K. W.
Smith, M. Sullivan, S. Valenti, O. Yaron, and D. Young. LSQ14efd: observations of the
cooling of a shock break-out event in a type Ic Supernova. MNRAS, 471:2463–2480, October
2017.

K. Barbary, G. Aldering, R. Amanullah, M. Brodwin, N. Connolly, K. S. Dawson, M. Doi,
P. Eisenhardt, L. Faccioli, V. Fadeyev, H. K. Fakhouri, A. S. Fruchter, D. G. Gilbank, M. D.
Gladders, G. Goldhaber, A. Goobar, T. Hattori, E. Hsiao, X. Huang, Y. Ihara, N. Kashikawa,
B. Koester, K. Konishi, M. Kowalski, C. Lidman, L. Lubin, J. Meyers, T. Morokuma, T. Oda,
N. Panagia, S. Perlmutter, M. Postman, P. Ripoche, P. Rosati, D. Rubin, D. J. Schlegel, A. L.
Spadafora, S. A. Stanford, M. Strovink, N. Suzuki, N. Takanashi, K. Tokita, N. Yasuda, and
Supernova Cosmology Project. The Hubble Space Telescope Cluster Supernova Survey. VI.
The Volumetric Type Ia Supernova Rate. ApJ, 745:31, January 2012.

– 132 –



References Jian Jiang

Cesare Barbieri. The Galileo Italian National Telescope and its Instrumentation. Experimental
Astronomy, 7:257–279, January 1997.

S. Benetti, E. Cappellaro, P. A. Mazzali, M. Turatto, G. Altavilla, F. Bufano, N. Elias-Rosa,
R. Kotak, G. Pignata, M. Salvo, and V. Stanishev. The Diversity of Type Ia Supernovae:
Evidence for Systematics? ApJ, 623:1011–1016, April 2005.

E. Bertin and S. Arnouts. SExtractor: Software for source extraction. A&AS, 117:393–404,
June 1996.

Emmanuel Bertin. SWarp: Resampling and Co-adding FITS Images Together. Astrophysics
Source Code Library, October 2010.

FB Bianco, DA Howell, M Sullivan, A Conley, D Kasen, S González-Gaitán, J Guy, P Astier,
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Peter Höflich, Christopher L. Gerardy, Robert A. Fesen, and Shoko Sakai. Infrared Spectra of
the Subluminous Type Ia Supernova SN 1999by. ApJ, 568:791–806, April 2002.

G. Hosseinzadeh, I. Arcavi, S. Valenti, C. McCully, and D. A. Howell. FLOYDS Classification
of PSN J22151967-6532534 as a Young Type Ia Supernova. ATel, 7928:1, August 2015.

Griffin Hosseinzadeh, David J Sand, Stefano Valenti, Peter Brown, D Andrew Howell, Curtis
McCully, Daniel Kasen, Iair Arcavi, K Azalee Bostroem, Leonardo Tartaglia, et al. Early
blue excess from the type ia supernova 2017cbv and implications for its progenitor. ApJL,
845(2):L11, 2017.
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Željko Ivezić, Steven M. Kahn, J. Anthony Tyson, Bob Abel, Emily Acosta, Robyn Alls-
man, David Alonso, Yusra AlSayyad, Scott F. Anderson, John Andrew, James Roger P.
Angel, George Z. Angeli, Reza Ansari, Pierre Antilogus, Constanza Araujo, Robert Arm-
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