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Tiivistelma

Tama vaitoskirja keskittyy supernovien edeltdjatahtien tutkimukseen. Siind
kuvataan erilaisia tapoja selvittda edeltajatdhtien ominaisuuksia painot-
taen supernovien ympéristojen kayttoa. Vaitoskirjan sisaltamissa artikke-
leissa naita erilaisia menetelmié kaytetaan erityyppisten supernovien edelta-
jatahtien tutkimiseen. Tuloksista voi vetda johtopéaatoksia liittyen tahtien
kehityksen teoriaan, erityisesti massiivisten tadhtien kehityksen loppuvai-
heisiin. Namaé vaiheet, ja varsinkin massanmenetyksen rooli kehityksessa,
ovat puutteellisesti tunnettuja.

Artikkelissa I tutkitaan erityyppisten supernovien korrelaatiota niiden
emogalaksien tahtiensyntyalueiden emission valilla, erityisesti paljon tahtia
muodostavissa galakseissa. My06s supernovien sateittéiisjakaumaa tutkitaan
ja verrataan tavallisissa galakseissa rajahténeisiin supernoviin. Menetelméan
tarkentamiseksi artikkelissa I korrelaatiota massiivisten tahtien ja tahtien-
syntyalueiden valilla laheisissd galakseissa verrataan aiempiin vastaaviin
tuloksiin supernoville. Tyypin II-P supernovien ja punaisten ylijattilaisten
vélinen yhteyden ja massiivisten péaasarjatahtien jakauman avulla varmiste-
taan menetelméan paikkansapitdvyys, ja systemaattisia virheitd tutkitaan.

Artikkeli ITI kuvaa vuorovaikuttavan tyypin II-L supernovan SN 2013fc:n
yksityiskohtaisen seurannan tuloksia. Supernovan osoitetaan olevan saman-
kaltainen kuin perusteellisesti tutkittu SN 1998S. Rajahdyksen ymparistoon
sovitetaan tahtipopulaatiomalleja, ja edeltdjatdhden osoitetaan mahdollis-
esti olevan massiivinen punainen ylijattilaistdhti. Artikkeli IV kuvailee
tyyin Ic superkirkkaan supernovan Gaial6apd:n seurantaa ja sen tulok-
sia. Supernovan valokdyradn sovitetaan magnetar-malleja, ja rajahdys on
yvhteensopiva vastasyntyneen magnetarin hidastumisesta vapautuvan ener-
gian kanssa. Se on kehitykseltadn hitaasti ja nopeasti kehittyvien tyypin
Ic superkirkkaiden supernovien vélimuoto ja mahdollisesti merkki siita,
ettd naiden supernovien edeltdjatahdet ovat samankaltaisia.






Abstract

In this doctoral thesis, core-collapse supernova progenitor stars are studied.
Different ways to gain information on the progenitor stars of core-collapse
supernovae are explored, with an emphasis on using the environments of
supernovae. In the articles included in the thesis, various such methods
are demonstrated and utilized to constrain the progenitor stars of different
types of supernovae. The results have implications for the theory of stel-
lar evolution, especially the relatively poorly understood evolution of stars
massive enough to explode as core-collapse supernovae and, in particular,
the role of mass loss in such stars.

In Paper I, the associations between different types of core-collapse su-
pernovae and the emission of their strongly star-forming host galaxies at
different wavelengths are studied statistically. The radial distributions of
these supernova types are also examined and compared to those in normal
galaxies. In Paper II, the associations between different types of massive
stars and star-forming regions in nearby galaxies are compared to studies
using supernovae in an effort to approach the method quantitatively. The
connection between type II-P supernovae and red supergiants, as well as
results from massive main-sequence stars, are used to verify the validity of
the method, and systematic effects are investigated.

In Paper III, the results of a detailed follow-up programme of the in-
teracting type II-L supernova SN 2013fc are presented. The supernova is
found to be similar to the well-studied event SN 1998S. The environment
of the event is compared to stellar population models, and the progenitor
of SN 2013fc is found to be consistent with a massive red supergiant star.
Paper IV describes the follow-up of the type Ic superluminous supernova
Gaial6apd. Magnetar fits to the light curve are performed. The event is
consistent with being powered by the spin-down of a newborn magnetar,
and its spectroscopic and photometric evolution intermediate between fast
and slow type Ic superluminous supernovae hints at similar origins for all
members of this photometrically diverse class.
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Chapter 1

Introduction

Supernova (SN) events have been observed throughout millennia. These
transient events were sometimes bright enough to be observed with the
naked eye. The earliest recorded SN, observed by the ancient Chinese,
dates back to the year 185 — and, using the modern naming convention, is
thus known as SN 185. Other significant historical SNe include SN 1006,
with the highest reported apparent brightness; SN 1054 which produced
the famous Crab Nebula; SN 1572 which, observed by Tycho Brahe, helped
dispel the old world cosmological models with their notion of unchanging
heavens; and SN 1604, the last SN visually detected in our own galaxym
The first extragalactic SN was discovered in 1885 in the Andromeda galaxy.
Tycho Brahe and others considered SN 1572 to be the appearance of a
new star, nova stella, in the sky. This impression resulted in the widespread
use of the word mowva to refer to such appearances of temporary star-like
objects that lasted weeks or months before fading away. Novae were later
distinguished from an intrinsically brighter class of events, called super-
novae, by Walter Baade and Fritz Zwicky in 1934. Novae were found to be
outbursts of white dwarf (WD) stars accreting matter, while the progeni-
tors of the much more energetic SNe were suggested to be the transitions
of massive normal stars into extremely dense neutron stars at the ends of
their lives in tremendously energetic explosions. New observations of SNe
eventually verified this claim. Other types of SNe were also found, caused
by e.g. the terminal explosions of WDs in so-called thermonuclear SNe.
Nowadays, new SNe are discovered by the hundreds each year, as sev-
eral new transient surveys are able to map the entire sky every few days.

'Remnants of SNe that occurred later — such as Cassiopeia A — have been discovered,
but not the explosions themselves.

15



16 Introduction

New technology allows us to study SNe at ever larger distances and with
ever higher cadence. Because of the extreme brightness of SNe, they can be
observed over cosmological distances, and the remarkably uniform class of
thermonuclear SNe, in particular, has been used as a distance indicator, or
‘standard candle’. These SNe were instrumental in discovering the accel-
erating expansion of the universe and the existence of dark energy, which
led to the Nobel Prize in Physics in the year 2011. However, uncertainties
still remain in the progenitor scenarios of thermonuclear SNe. The most
important question is whether the progenitors of most thermonuclear SNe
are single WDs accreting matter from a companion star or merging double
WD systems.

Apart from the cosmological uses of thermonuclear SNe, understanding
SNe is an important part of understanding stellar evolution. Information
about the final stages of a massive star can be gleaned from the light curve
evolution and spectral features of a SN. Mass loss before the SN results in a
circumstellar medium (CSM), signatures of which can in some cases clearly
be seen in the SN. The mutual interaction between stars in a multiple stellar
system also has a profound effect on the evolution of the system, and this
too can be investigated through SNe. As massive stars are rare to begin
with and the time they spend in their final stages relatively very brief, this
final part of a massive star’s life remains poorly understood. Thus SNe are
a potent tool for stellar astrophysics.

Because of the extreme temperatures, densities and radiation fields in
SN explosions, SNe are partially responsible for creating elements that can-
not be produced through nuclear fusion in stars, namely, all naturally oc-
curring elements heavier than iron. Recently it has been found that mergers
of compact neutron stars, remnants of SNe, also play a part in this. As
such, SNe also contribute significantly to the chemical evolution of their
individual host galaxies and thus of the universe in general. SNe also inject
energy and momentum into the interstellar medium (ISM), creating out-
flows and turbulence, quenching star formation but also triggering it, and
thus influencing the dynamical evolution of their host galaxies in a process
known as SN feedback. Therefore, understanding not only how SNe work,
but also their occurrence rates in galaxies all over the observable universe,
can shed light on this field of astronomy as well.

Considering all this, the progenitors of SNe constitute an important
and growing field of study in astronomy. Numerous ways exist to study the
progenitors; from directly observing them prior to the explosion to statisti-
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cal methods that investigate their environments. In Chapter [2} the basics
of stellar evolution are first summarized to provide a background for SNe.
Chapter [3] deals with different types of SNe and related transients, review-
ing our current knowledge of the progenitors of different SNe. Different
ways to study the progenitors of core-collapse SNe (CCSNe) are reviewed
in Chapter [4 with an emphasis on environmental studies. A summary
of the articles included in this thesis constitutes Chapter [5] and finally, in
Chapter [6] plans and possibilities for future work in this field are presented.
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Chapter 2

Basics of stellar evolution

A detailed examination of the properties and internal physics of stars is
well beyond the scope of this thesis. However, the basic terminology and
evolutionary sequence are essential for understanding SNe and their pro-
genitor stars. This brief chapter is based on the book Stellar Structure and
Evolution (Kippenhahn et al.|[2012).

Stars are divided into spectral classes depending on their effective (sur-
face) temperatures, which determine their intrinsic colors. The sequence
from hottest to coolest is O—B-A—F-G-K-M, followed by the even cooler
brown dwarfs. O-type stars are blue, with temperatures T' 2 20000 K, while
red M-type stars have T" ~ 3000 K. Each class is divided into subclasses 0
to 9 from hotter to cooler. In addition, the luminosity class of the star is
expressed with a Roman numeral, with I denoting a supergiant star, IT or
IIT a giant star, IV a subgiant star, V a hydrogen-burning main sequence
(or dwarf) star and VI a fainter subdwarf star. Thus, for example, the
Sun is a G2V-type star. A frequently-used tool for illustrating the stellar
types is the Hertzsprung-Russell diagram (HRD; Figure , where stars
are placed based on their temperature (i.e. spectral class) and luminosity.
Most are clustered on the main sequence, corresponding to the region where
a star spends most of its life-time while burning hydrogen. An additional
sequence for WDs occupies lower luminosities, and luminous, extended gi-
ant stars form the giant branch to the upper right of the main sequence.
Above the giant branch are the even more luminous supergiant stars. These
different types of stars and their evolution are briefly described below.

A star forms through the gravitational collapse of an interstellar gas
cloud. As the cloud contracts it fragments into smaller individual clumps,
resulting in the roughly simultaneous birth of a cluster of stars or multiple-
star systems. Eventually the increasing density of the clump — causing an

19
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Figure 2.1: An example of a Hertzsprung-Russell diagram, constructed using
22000 stars from the Hipparcos stellar catalog (Perryman et al.[1997). The diagram
demonstrates the main sequence and the different branches, and how they relate
to spectral classes. Image credited to Richard Powell, used under the Creative
Commons license.
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increasing opacity and thus optical depth — prevents its thermal energy from
escaping through cooling processes, and its temperature increases, slowing
the collapse. Until this point the gas is practically in free fall. The free-fall
time-scale for a sphere of radius R and mass M is (%wR?’)%(GM)_%, S0
for a Solar-mass clump with a typical radius on the order of 10'® m, the
collapse until this point takes on the order of 10° yr. The efficiency of the
cooling (via various emission lines) depends on metallicity, and thus the
mass of the clump when fragmentation ceases is largest at low metallicity,
resulting in more massive stars in the early universe. The dissociation of
hydrogen molecules into atoms, and then the ionization of hydrogen and he-
lium, expend energy and re-accelerate the contraction until the object, now
called a protostar, reaches almost full ionization. From this point it evolves
more slowly, contracting as it loses energy through thermal radiation from
the surface, moving downward in the HRD. Its core temperature increases
until deuterium fusion reactions begin at a few MK, and its luminosity and
surface temperature increase. As the core temperature further increases to
~10 MK and hydrogen fusion begins, the star then settles into the main
sequenceﬂ The process from the birth of the protostar until the main se-
quence phase takes a few tens of Myr for a Solar-mass star, but depends
heavily on the mass of the protostar: a 15Mg star, where M, is a Solar
mass, only takes tens of thousands of years to reach the main sequence.
The massive stars are typically still contracting when the hydrogen fusion
starts. Evolution in the main sequence is relatively slow: for example, the
luminosity of the Sun has increased by ~ 30 per cent and its temperature
by only a few per cent since the beginning of the main sequence roughly
4.5 Gyr ago.

The mass of a star upon reaching the main sequence is called its zero-
age main-sequence (ZAMS) mass or Mzams, also called the initial mass.
Massive (Mzams 2 8Mg) and low-mass (Myzams < 8Mg) stars are now
examined separately for the purposes of this chapter, as the evolutionary
paths of these kinds of stars are quite different. The multiplicity and metal-
licity of a star also have a significant effect; in the context of SNe, this is
covered in Section[3.1.1] A low-mass star, upon entering the main sequence,
settles into a long period where its energy source is the fusion of hydrogen

into helium. Low-mass stars spend between tens of Myr and tens or even

!Brown dwarf stars are not massive enough to reach the temperature required by
hydrogen fusion, but are thought to be capable of deuterium burning.
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hundreds of Gyr in this stage. This timespan decreases heavily with in-
creasing mass, as a larger mass results in a much higher rate of reactions
and a much higher luminosity. The core gradually runs out of hydrogen
and is replaced with helium, causing it to contract and its temperature to
increase. Hydrogen burning continues in a shell surrounding the core, and
the increased temperature (and thus reaction rate) leads to an increased lu-
minosity. The surface of the star expands and cools — it becomes a red giant
and moves into the giant branch in the HRD. Eventually the temperature in
the helium core is high enough to trigger helium fusion, while the hydrogen-
burning shell continues to propagate outward. The onset of helium burning
halts the cooling and increase of luminosity, moving the star back down and
left in the HRD. As the helium fusion proceeds, this move is reversed again,
as the evolution in the HRD is analogous to the previous red giant phase;
this is called the asymptotic giant branch (AGB) phase. Helium fusion con-
tinues in an outward-moving shell around a carbon-oxygen core, expanding
the outer layers of the star — thus lowering the surface gravity, which is pro-
portional to M R~2 — and blowing them away in the resulting strong windﬂ
The final product is a WD, a gradually cooling mostly electron-degenerate
core supported by the electron degeneracy pressure, composed of carbon,
oxygen, neon and/or magnesium, depending on the initial mass of the star.
Stars below ~ 0.5M never start burning helium or enter the AGB phase,
and leave behind helium WDs.

A massive star, on the other hand, undergoes a series of stages of nu-
clear fusion, from hydrogen through helium, carbon and oxygen to silicon.
The contraction of the core at the end of each burning stage raises the
temperature enough to trigger the fusion of the next element and stall the
gravitational collapse. After the helium-burning phase begins, the outer
layers of the star expand and cool, and it moves to the upper right in the
HRD, becoming a supergiant star. Stellar winds or interaction with a com-
panion can remove the outer layers of the star, moving it back toward the
blue part of the HRD. Depending on their temperature, supergiant stars
are divided into red, yellow or blue supergiants (RSGs, YSGs or BSGs, re-
spectively). If the star is massive enough (Mzams 2 25Me) and its mass
loss through winds, eruptions or mass transfer to a companion star severe
enough, it can lose all its hydrogen and become a Wolf-Rayet (WR) star.

2Mass loss rates caused by AGB winds can be on the order of 10"*Mg yr~!, ten
orders of magnitude more than the current wind mass-loss rate of the Sun.
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The end result of the stages of fusion is iron and other ‘iron group’ elements,
nickel and cobalt, whose binding energy per nucleon is higher than for other
elements, and whose fusion into even heavier elements thus does not pro-
duce energy. An electron-degenerate iron core develops as the burning of
lighter elements proceeds in shells outward from the core. Eventually, as
the mass of the core reaches the Chandrasekhar limit of about 1.4Mg, it
explodes as a SN (see Section [3.1]). The lifespan of a massive star is a few
to roughly 50 Myr.

The SN explosion typically leaves behind a compact remnant, a neutron
star or a black hold’l A neutron star is an extremely dense, neutron-
degenerate object whose electrons and protons have combined into neutrons
in electron-capture reactions — the mass of the object is on the order of a
Solar mass, confined within a radius on the order of 10 km. The nuclear
force and the degeneracy pressure of the neutrons are all that keeps it from
collapsing further under its own gravity. If it accretes more mass, reaching
the Oppenheimer-Volkoff mass of 2 — 3 M, (the exact value is not known),
nothing can stop its final collapse. A black hole is formed, in its center a
singularity, a point of infinite density and spatial curvature, surrounded by
an event horizon, the limit past which nothing can escape.

3Stars more massive than ~ 140Mg may explode without leaving any remnant — see

Section F)ﬁ_?f}
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Chapter 3

Supernova types and their
progenitors

Broadly speaking, SNe are the terminal explosions of stars that may result
in the birth of a neutron star or a black hole or in a complete disruption
of the progenitor star. As our ability to observe SNe has improved, the
heterogeneity of these events has become more and more apparent, making
studies of SN progenitors increasingly important. An illustration of the
variety of time-scales and brightnesses of novae, SNe and related transients
is shown in Figure (Kasliwal 2011). Early on, SNe were separated into
two types based on their photospheric spectra by Minkowski (1941): spec-
tra of type I SNe contained no hydrogen features, while those of type 11
SNe did. These main types were further separated into more and more
subtypes, which are described in detail by [Filippenko| (1997). Type Ia SNe
were distinguished from types Ib and Ic based on the presence or absence
of a strong Si 1I line, respectively; type Ib shows helium features while type
Ic does not; type II was split into II-P and II-L. based on the presence
or absence, respectively, of a ‘plateau’ of nearly constant luminosity until
~ 100 days after the explosion. Some peculiar SNe developed into their
own subclasses: type Iln is characterized by narrow emission lines of hy-
drogen (e.g.|Schlegel 1990); type IIb SNe look like type II to begin with but
evolve to resemble type Ib SNe (e.g. Filippenko et al.[1993)). Even this list
proved not to be exhaustive, as new surveys revealed even more subclasses
of events such as sub- and superluminous SNe, some of them possibly with
wildly different progenitor stars and explosion mechanisms. In this chap-
ter, different transient classes and their proposed physical mechanisms and
progenitors are examined, highlighting the remaining open questions in the

25
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Figure 3.1: Variety of time-scales and brightnesses exhibited by optical transients,

including different types of SNe. Adopted from (2011)).

field.

3.1 Core-collapse supernovae

Type Ib, Ic and IT SNe are together called core-collapse supernovae or CC-
SNe. Their progenitors have long been established as ordinary stars at
the ends of their lives, typically transitioning into neutron stars (or black
holes) in energetic explosions (Baade & Zwicky||1934). Being located in
star-forming galaxies but not in elliptical galaxies (van den Bergh & Tam-|

1991)), their progenitors were assumed to be relatively young and

Peak Luminosity [erg s"]
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therefore massive. Nowadays, the prevalent picture of CCSN progenitors
is that of stars with Myzanms > 8 + 1M (Smartt|[2009). As explained in
Chapter [2| such a star develops an electron-degenerate core composed of
iron-group elements. Eventually the mass of the core reaches the Chan-
drasekhar limit of about 1.4Mg, depending on the exact composition. At
this point the electron degeneracy pressure in the core, now unsupported
by radiation pressure from fusion reactions, can no longer resist the gravita-
tional force within the core, and the core collapses into a proto-neutron star
at a relativistic velocity (see |[Janka 2007, for a review). Once the nuclear
pressure approaches p ~ 10 g cm™3, the neutron degeneracy pressure can
support the structure of the core, and the low compressibility of the proto-
neutron star halts the homologous collapse of the outer core. A shock wave
is formed and propagates back outward through the core.

From this point on, the exact mechanism of the explosion is somewhat
controversial and inadequately understood (Janka|2007)). According to the
dominant view, the energy of the shock is not sufficient to unbind the
star and is spent mostly on the dissociation of heavy nuclei in the outer
core. However, the collapse of the core into a neutron star generates an
enormous number of neutrinos (mostly from the e~ + p — n + v, reaction,
but the p and 7 neutrinos are also created), which carry ~ 10° ergﬂ of
the gravitational potential energy of the star. A small fraction of this
energy (~ 10°! erg) is transferred to the outer layers as kinetic energy
as some of the neutrinos are reabsorbed. This so-called delayed neutrino
heating mechanism possibly works in tandem with the standing accretion
shock instability (SASI) mechanism (Blondin et al. 2003), in which non-
spherical instabilities develop in the stalled shock and deform it, resulting
in asymmetrically enhanced neutrino energy deposition. These processes
are believed to revitalize the stalled shock and finally unbind the star,
creating the observed SN explosion as the shock breaks out through the
surface of the star. Material falling back onto the proto-neutron star can
cause a further collapse into a black hole, provided the ZAMS mass of
the star is above ~ 25Mg (e.g. [Fryer/|1999). It is also possible that the
stalled shock does not receive enough energy to revitalize it, resulting in a
failed SN where a star vanishes without an explosion (see also Section [3.4)).
The characteristic ~ 10°! erg of kinetic energy in the SN, contained in the
expelled matter called ejecta, is converted into radiation roughly at a 1-10

1erg=10"71J.
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per cent efficiency, resulting in total radiated energies of ~10% or ~10° erg
for the common types of CCSNe (Smartt 2009). The conversion happens
through shock heating and ionization in the ejecta followed by blackbody
radiation and emission in various recombination lines.

Radioactive isotopes of numerous elements are synthesized in the explo-
sion through fusion and neutron captureﬂ The decay of synthesized °Ni
through %6Co into °Fe is the primary source of energy for the light curve
of type I SNe from the shock breakout onwards for hundreds of days (Col-
gate et al|[1980; Arnett|[1982; Barbon et al|[1984). 5Ni and %6Co decay
through the electron capture and 3% processes. The ~ photons emitted in
this reaction chain and in the annihilation of the emitted positrons have
energies in the MeV range, but because of a high optical depth they lose
their energy to both free and bound electrons through Compton scattering
in the ejecta. The result is a cascade of ionizations and excitations as the
freed electrons lose their energy, heating the ejecta through further scatter-
ings. The energy is then re-emitted as blackbody emission peaking in the
ultraviolet (UV) or, later, optical range, and through recombination. In
type II SNe this decay is masked by other processes, mainly the diffusion of
thermal energy deposited by the shock heating (e.g. |Grassberg et al.||1971,
see also Section , but visible in late phases. The e-folding time, 7, is
a parameter used to describe the decay rate of an isotope:

_tiy

- 3.1
T= o (3.1)

where 1/ is the half-life of the isotope. The e-folding time for the 5Ni —
%Co + 7 reaction is 8.8 days, while for the 5°Co — ®Fe + ~ reaction it
is 111.3 days. Thus the former reaction dominates early on, and the latter
from ~ 30 d after maximum brightness (Barbon et al.|[1984]). The decline
of the luminosity of a SN powered by radioactive decay is of the form

L(t) = Loe /7, (3.2)

where Ly is the initial luminosity (e.g. Arnett|1982). A change in magnitude

2This is the so-called rapid or r-process, where the density of free neutrons is so high
that radioactive decay from neutrons to protons is typically not possible before a new
neutron capture occurs, resulting in unstable neutron-rich nuclei. The slower s-process,
where the decay timescale is shorter than the time between neutron captures, occurs in
e.g. AGB stars.
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Am corresponds to a change of luminosity as

Am=m—mgy = —2.510g£, (3.3)
Ly

where mg is the initial magnitude corresponding to Ly. Therefore, assum-
ing complete trapping of the v rays and positrons by the ejecta, the decline
of a SN powered by the decay of 6Co is linear (in magnitudes) with a rate
of 0.976 mag / 100 d. The phase of the light curve where %Co decay is
responsible for the luminosity is usually referred to as the tail phase. The
tail-phase luminosity can be used to estimate the amount of 6Ni synthe-
sized in a SN when complete y-ray and positron trapping is assumed. This
is often done by comparing it to the tail phase of the well-studied SN 1987A
whose light curve in the tail phase adhered to theoretical expectations of
%Co decay with 0.069 M, of synthesized 5°Ni (e.g. Bouchet et al. [1991).
The assumption of complete trapping is not always valid, howeverEL and
the actual decline rates during the tail phase can differ from the theoretical
value even when other power sources such as interaction with the CSM are
not important. The light curves typical to each CCSN type are presented
below in their own subsections. Typically the light curve of a SN is divided
into two phases. In the photospheric phase, a dense and thus optically thick
ejecta reprocesses the emission from the inside, which results in a photo-
sphere gradually receding through the expanding ejecta, and the spectrum
of the SN is close to a blackbody. The duration of this phase is on the or-
der of 100 days. In the nebular phase the ejecta has become optically thin
and continuum emission is weak or nonexistent. Nebular-phase emission
originates in spectral emission lines in the expanding ejecta. Figure |3.2
demonstrates typical photospheric-phase spectra and Figure the light
curves of different CCSN types.

The properties of a CCSN depend heavily on the stellar evolution prior
to the explosion. Mass loss — whether through eruptions, winds or mass
transfer to a companion star — is one of the primary factors in determining
the state of a star immediately prior to its death and thus the type of a
CCSN; this in turn is influenced by metallicity, rotation, the presence and
mass of a binary companion and the ZAMS mass of the progenitor star

3The assumption is valid when the optical depth for v-ray absorption 7, > 1, cor-
responding to densities of a few x107*® g ecm™>. The time until v rays are no longer
efficiently trapped depends on ejecta mass and velocity; for example, it is ~ 100 d in

type Ic SNe and was ~ 500 d for SN 1987A.
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Figure 3.2: Photospheric-phase spectra of example CCSNe of the common types
with some prominent spectral lines identified: SN 1999em (type II-P; [Hamuy et
al.[2001), SN 2013fc (type II-L; Paper I1I), SN 2010jl (type IIn;/Zhang et al.[2012)),
SN 2008ax (type IIb; [Pastorello et al|[2008aj; |[Modjaz et al.[2014)), SN 1999dn (type
Ib; Benetti et al.[2011) and SN 19941 (type Ic; [Filippenko et al.[[1995).
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Figure 3.3: Light curves of example CCSNe of the common types: SN 1999em

(type II-P; Elmhamdi et al.[2003), SN 1980K (type II-L; Barbon et al.|1982; Buta,

1982), SN 2008ax (type IIb; Pastorello et al.|2008a)), SN 1999dn (type Ib; Benetti
et al/2011)) and SN 19941 (type Ic; Richmond et al.|[1996). Type IIn is not shown

here, as SNe of this type lack a common light curve shape.
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Table 3.1: Relative CCSN rates from |Shivvers et al.|(2016a). Types II-P and II-L
have been combined. Fractions are in per cent.

All CCSNe
SN type IT Ib/c+1Ib
Fraction 69.6 + 6.7 30.4+5.0
Types Ib/c+1Ib
SN type ITb IIb-pec Ib Ib-pec Ic Ic-BL
Fraction 3244108 3.672%8 37.14+11.7 1.6+16 21.3+86 3979
Type 11
SN type 11 87A-like IIn
Fraction 89.1+10.8 4.2%%1 6.7159

(Smith|2014). Another consequence of mass loss is the possible presence
of a CSM massive enough to considerably influence the evolution of the
SN through interaction (e.g. [Schlegel|[1990; [Wang et al.|2004; Pastorello
et al. |2008b)). The differences between types of CCSNe can be traced to
these properties. The types of CCSNe, their observational properties and
the corresponding progenitor scenarios are summarized below. Table
lists the relative rates of different CCSN types (Shivvers et al. 2016a).
Observational methods that have been used to study progenitors of CCSNe
are examined in more detail in Chapter

3.1.1 Hydrogen-poor CCSNe

Type Ib, Ic and IIb SNe have weak or no hydrogen features in their spec-
tra (e.g. |[Filippenko [1997)). Distinguishing between types Ib and Ic can
sometimes be difficult, resulting in some SNe being classified as type Ib/c;
types Ib and Ic together are also referred to as Ib/c. Collectively, these
three types are also called stripped-envelope SNe (SE-SNe), as the lack of
hydrogen in the spectrum indicates that the outer hydrogen-rich layers of
the star have been lost prior to the explosion through some mechanism.
The nature of this mechanism is still a subject of debate (e.g. Smith|2014]
and references therein), with Roche-lobe overflow (RLOF) in an interact-
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ing close binary star system and line-driven winds in massive evolved stars
(see below) being the leading candidates. This highlights the importance
of understanding mass loss processes in the evolution of massive stars.

The vast majority, at least 80 per cent, of O- and B-type stars are lo-
cated in multiple systems (Kobulnicky & Fryer|[2007), with about 70 per
cent of all O-type stars expected to interact with a companion and ex-
change mass when one of the stars expands outside its Roche lobe (Sana
et al.[[2012). The stars may also enter a common-envelope phase where
both of them expand beyond their Roche lobes, and 20 or 30 per cent of
O-type stars are expected to merge with a binary companion during their
life-times. de Mink et al.| (2014])) further found that less than a quarter of all
massive stars observable at any given time, assuming constant star forma-
tion, should be effectively single (i.e. too far from any possible companion
to interact). Out of all apparently single (radial velocity fluctuations of < 10
km s~!) massive stars, roughly half should either be products of mass trans-
fer and/or merger, or simply pre-mass-transfer binaries too far separated to
detect through radial velocity measurements. Figure demonstrates the
statistics of such a simulated stellar population. Mass transfer rates can be
on the order of 1073 Mg, yr~! or even more over ~ 10* yr (Smith/2014). It is
clear that binary interaction plays a very significant role in the evolution of
massive stars. Paczynski| (1967)) already suggested that mass loss through
RLOF could make a WR star out of a massive star in a binary system, and
that this WR star could then explode as a SN. Binary evolution introduces
new parameters and complexity, and simplifying assumptions have to be
made to reduce the required computing power (Langer 2012). Using such
binary codes, Podsiadlowski et al.| (1992) argued that both type Ib SNe
from exploding helium stars and peculiar type II SNe from post-merger
BSGs could result from binary interaction. Numerous later studies (e.g.
Eldridge et al.2008) have also favored binary stars as progenitors of SE-
SNe. The ZAMS mass range of such progenitors could stretch as low as 8
M@.

Another progenitor scenario, for many years the widely favored one,
for SE-SNe is that of massive WR stars (with Mzanms 2 25M); |(Crowther
2007) that have lost their envelopes through strong winds (e.g.[Maeder|1981}
Gaskell et al[[1986), which are typically on the order of 107> to 10~ M,
yr~! in massive post-main-sequence stars (Smith| 2014). The winds are
caused by the transfer of momentum from photons to the stellar atmo-
sphere through absorption and scattering by metal lines in the UV range.
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Figure 3.4: Statistics of simulated stellar populations from de Mink et al. (2014),
showing the fractions of effectively single stars (i.e. stars without any interaction
with a companion), products of binary interaction and pre-mass-transfer binary
systems among massive stars (2 8M) at any given time, assuming continuous
star formation. The pre-mass-transfer systems will eventually interact or merge.
Semi-detached systems are currently undergoing RLOF.
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As such they are referred to as line-driven winds. A photon coming from in-
side the star is absorbed and re-emitted in a random direction, causing a net
momentum outwards. The strength of the wind depends on the radiative
acceleration over all relevant lines, which in turn depends on the luminos-
ity of the star (and thus temperature); and on the optical depths of the
metal lines, which depend on metallicity. A higher metallicity increases the
optical depth and thus the mass loss rate — for example, Vink et al.| (2001))
predict a % x 7969 or % o 72964 dependence for stars with 7' > 25000
K and T < 25000 K respectively. The metallicity dependence changes with
temperature, as the ionization state of the outer envelope (and thus the
available lines) depends on temperature. The radiative acceleration is op-
posed by surface gravity, so an extended star such as an AGB or RSG star
loses mass faster. The full physics behind line-driven winds is very compli-
cated, and calculating the actual mass-loss rates requires detailed models
incorporating opacities at individual lines that depend on temperature and
abundances. A result of the full treatment, a commonly used theoretical
recipe (in this case, for 7' 2 25000 K) by Vink et al.| (2001)) is

dM
log ~7~ = —6.697 % 0.061 + (2.194 & 0.021)log(Z/10°)

— (1.313 £ 0.046)log(M/30) — (1.226 + 0.037)1ogv°2/10)m
+ (0.933 = 0.064)log(77/40000) — (10.92 = 0.90)[log(T’/40000)]2
+(0.85 £ 0.10)log(Z/Zo), (3.4)

where vy is the terminal velocity of the wind, ves. the photospheric escape
velocity and Zg is Solar metallicity. The unit of log ‘%4 is Mg yr—', L
and M are in Solar units and 7" is in K. This means that roughly speaking,
dd—]\t/[ o L22M 13T (Voo JVese) 122985, The total %4 x Z969 dependence is
due to v also depending on metallicity.

However, Smith| (2014) pointed out that, according to recent studies
(e.g. Sundqvist & Owocki [2013)), clumping in the wind causes stronger line
emission compared to a homogeneous wind, and since emission lines are
used as wind mass loss indicators, this leads to overestimated mass loss
rates by a factor of about three. Wind mass loss rates that are adjusted
for clumping cannot easily lead to single WR stars. Furthermore, the rates
of type Ib and Ic SNe relative to other types seem too high to be produced
predominantly through wind mass loss in WR stars (Eldridge et al./[2008).
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Because of these caveats in the line-driven winds scenario and because of
mounting observational evidence, the RLOF mechanism has gained popu-
larity in recent years, and SE-SN progenitors are now believed to be mostly
lower-mass interacting binaries, with a possible smaller contribution from
massive WR stars (e.g. Papers I and II, Smartt 2009; |Anderson et al
2012} Eldridge et al.|2013; |Lyman et al.2016). However, RLOF is expected
to leave a small fraction of the hydrogen envelope behind
, indicating that winds should still play a role in addition to RLOF
in order to produce SE-SNe (except type IIb SNe, which still have a small
amount of hydrogen left; see below) and thus metallicity may influence the
pre-SN evolution after the RLOF or common-envelope phase (Yoon et al.

2017).

The spectra of type Ib SNe contain prominent features of helium, but
lack the silicon features typical to type Ia SNe (see Section [3.2)) — for exam-

ple events, see Benetti et al. (2011]), Cao et al.| (2013)) and Roy et al.| (2013)),
!il

to name only a few. Their light curves correspond to the 9Ni-powered

model:

/
L(t) = e U/ P(t 2——e(t)2gi, (3.5)

Tm

where L(t) is luminosity, 7,,, is the diffusion time-scale and P(t) is the total
power absorbed by the ejecta — in this case provided by °°Ni decay. Type
Ib SNe, on average, reach a B-band peak absolute magnitude of —17.5+0.4
mag (Richardson et al.|2014). Although WR progenitors are still favored by
a minority (e.g. |Groh et al|2013a), accumulating observational evidence,
especially in recent years, largely disfavors massive WR stars as the pro-
genitors of type Ib SNe. Instead, using a direct progenitor detection of the
type Ib event iPTF13bvn, ejecta masses, SN rate studies and environmen-
tal methods (e.g. Papers I and II, |Smith et al2011a; |Anderson et al.|2012;
[Kuncarayakti et al.[2015} [Eldridge & Maund| 2016} [Folatelli et al. 2016}
Lyman et al. 2016} Shivvers et al.2016a) the progenitors have been found
consistent with interacting binaries with Myzanms < 20Mo.

Type Ic SNe are characterised by a lack of helium as well as hydrogen in
their spectra. Typical features in the spectra include emission and absorp-
tion lines of oxygen, calcium and magnesium. For well-studied examples,
see e.g. [Filippenko et al.| (1995), Richmond et al| (1996 and (Chen et al.|
(2014). Type Ic light curves are very similar to type Ib, powered by °°Ni
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decay, with an average B-band peak absolute magnitude —17.7 4+ 0.4 mag
(Richardson et al.2014). The environments of type Ic SNe exhibit higher
metallicities than those of type Ib (Kuncarayakti et al|[2013a), hinting at
more powerful line-driven winds contributing to the stronger mass loss prior
to the explosion. Their native stellar populations are also younger, which
indicates more massive progenitors (e.g. Papers I and II, |Anderson et al.
2012; [Kuncarayakti et al.|2013a)). There is observational evidence for both
massive WR stars (van Dyk et al.[2016; |Galbany et al|2016; Maund et
al. |2016; Taddia et al.[2016) and interacting binaries (Chen et al.[2014) as
the progenitors, with some ambiguous cases such as SN 2002ap (Crockett
2007)); the progenitor population of type Ic may well be a combination of
both (e.g. Paper II). In any case, their progenitors seem to be more massive
than those of type Ib SNe.

A subset of type Ic SNe (roughly 15 per cent; Shivvers et al.|2016al)
exhibits spectral lines broader than in normal type Ic SNe, indicating bulk
ejecta velocities of roughly 15000 — 30000 km s~!, and are called broad-
lined type Ic or Ic-BL SNe, also known as hypernovae. Some type Ic-BL
SNe are connected with long-duration (> 2 s) gamma-ray bursts (GRBs),
and all SNe accompanied by a GRB belong to this type (Milisavljevic et al.
2015); the first discovered SN associated with a GRB was SN 1998bw (e.g.
Iwamoto et al.|1998). The host galaxies of type Ic-BL SNe (and GRBs) are
faint and exhibit low metallicities compared to other SNe (e.g. Savaglio et
al.[2009). Whereas a normal type Ic SN has a kinetic energy close to 10°!
erg, the kinetic energies of type Ic-BL SNe are 10°? erg or more (Nomoto
et al. 2001). The high velocities, as well as the accompanying GRB and
its afterglow, are believed to be caused by a relativistic jet launched by a
central engine, breaking out of the stellar envelope (e.g. Piran/2004). The
engine may be accretion onto a black hole formed in a core collapse, or
perhaps the spin-down of a millisecond magnetar (for more details on the
magnetar scenario, see Sect. . The reason why some type Ic-BL SNe
are associated with GRBs and some are not is still an open question — the
easiest explanation, that the GRB jet is simply off-axis, has been ruled
out by Soderberg et al. (2006). It is possible that the central engine is
too weak in some events for the jet to breach the stellar envelope, but still
strong enough to accelerate a part of the ejecta to relativistic velocities
(Milisavljevic et al. 2015)). The events without an associated GRB tend to
be less energetic and less luminous, and have a smaller estimated ejecta
mass, than the ones that do accompany GRBs (Nomoto et al.|2007). They
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are also generally located in higher-metallicity environments (Modjaz et al.
2008]), consistently with the notion that a low metallicity is necessary for
GRBs.

Type IIb SNe are characterised by spectra that resemble hydrogen-rich
type II SNe at first, then evolve to resemble type Ib (e.g. Filippenko et
al. [1993) as the Balmer series features disappear. The average B-band
peak absolute magnitude of this type is —17.0 + 0.5 mag (Richardson et
al.[2014). Apart from a sharp and narrow secondary maximum before the
broader main peak in some cases such as the prototypical type IIb SN
1993J (e.g. |Okyudo et al.|[1993), the light curve is similar to type I SNe.
The photometric and spectroscopic properties, including the narrow initial
peak, have been found consistent with the explosion of a supergiant star
with most, but not all, of its hydrogen envelope stripped (e.g.|[Podsiadlowski
et al.|[1993; Shigeyama et al.|[1994; Ergon et al.[2014)). The spectroscopic
evolution is caused by the photosphere receding through the ejecta as it
becomes optically thinner: hydrogen features from the envelope appear at
first, but the low hydrogen mass causes the photosphere to quickly reach
the helium layer. The initial peak has been interpreted as being caused
by the shock breaking out of an extended supergiant progenitor, and its
absence has been suggested to be due to a less extended progenitor star
(e.g. [Pastorello et al.|2008a; |[Nakar & Piro|2014). The detected progenitors
of type IIb SNe have been YSGs or perhaps BSGs in a ZAMS mass range
of 13 — 19 Mg, generally in interacting binaries (e.g. Aldering et al.||1994}
Maund et al.|[2004; van Dyk et al|2011} |Folatelli et al.|2015} |Tartaglia et al.
2016¢|). Other recent studies of type IIb SN progenitors are also consistent
with this mass range (e.g. Paper II, Shivvers et al. 2013; |Jerkstrand et
al. |2015)). The binary evolution would also produce the small remaining
hydrogen envelopes that type IIb SNe require (Eldridge et al.|2013). Types
IIb and Ib may form a continuum where the SN type is determined by
whether the final layer of hydrogen is stripped by winds after the RLOF
phase (Yoon et al.|2017)).

3.1.2 Hydrogen-rich CCSNe

Type II, or hydrogen-rich, SNe still retain a part of their hydrogen en-
velopes, meaning that they have not been affected by mass loss as strongly
as SE-SNe. Thus their spectra exhibit strong hydrogen features, often in
the form of a line profile with a combination of emission and blueshifted ab-
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sorption, called a P Cygni profile (e.g. de Vaucouleurs et al.|1981; Elmhamdi
et al.| 2003; Hendry et al.|2006). Type IIb SNe, while technically a sub-
type under type II, have been described in Sect. but in their early
phases their spectra resemble other type II SNe as well. Type II SNe are
commonly separated into subtypes II-P (‘plateau’), defined by a phase of
nearly constant luminosity lasting ~ 100 d followed by a sharp decline into
the tail phase, and II-L (‘linear’), defined by a linear brightness decline and
a short or nonexistent plateau phase (Barbon et al[[1979). Type II-L SNe
tend to be brighter (average B-band peak magnitudes —16.8 + 1.0 for II-P
and —18.0 &+ 0.4 for II-L; Richardson et al.|[2014) — some type II-L events
even reach magnitudes brighter than —20 mag (Paper III, |de Vaucouleurs
et al.|[1981)). Additionally, the absorption components in the Balmer lines
of their spectra are generally weak or nonexistent (Schlegel |1996)).

Type II SNe comprise almost 70 per cent of all CCSNe (Shivvers et al.
2016a), even without type IIb SNe included. Most detected SN progenitor
stars are those of type II-P SNe (Smartt|2009)), making type II-P in partic-
ular well understood compared to other types of CCSNe. The progenitors
of type II-P SNe have been firmly established as RSG stars with masses
between ~ 9 and ~ 17Mg (e.g. Smartt| 2009, 2015). The evolution of a
type II-P SN can be explained as follows (e.g. Grassberg et al.[1971)). The
shock wave ionizes the ejecta, drastically increasing its opacity, and the
photosphere at early phases is in the outer part of the ejecta. The P Cygni
shape of the Balmer lines is due to recombination emission from the ejecta
close to the photosphere and absorption in the already-recombined, faster-
moving ejecta further out. As the ejecta expands and cools, the inner parts
of the ejecta gradually reach the recombination temperature of ~ 6000 K,
and the photosphere moves inward as the outer layers recombine and their
opacity decreases. This recombination ‘wave’ receding inward in the ejecta
roughly balances the expansion, and the resulting roughly constant temper-
ature and radius of the photosphere power the plateau in the light curve.
The following sharp drop in brightness is caused by the recombination wave
reaching the helium layer, where recombination has already happened, and
the photosphere recedes more quickly until the nebular phase is reached.
From that point, the decline rate follows the *Co decay.

Recently, the separation between types II-P and II-L has been subject
to debate (e.g. |Arcavi et al.[2012; |Anderson et al.|[2014}; [Faran et al.|[2014;
Sanders et al.|[2015), with some recent studies favoring a continuum of
properties between the two, and /Anderson et al.| (2014) drawing the con-
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clusion that these subtypes should not exist at all. Some type II-P or II-L
SNe have a visible but short ‘plateau’ phase followed by a drop (usually a
modest one) to the tail phase (e.g. Paper III, Valenti et al.2015), while
some type II-P SNe also exhibit II-L-like properties (e.g. Mauerhan et al.|
2016). Very few type II-L SNe keep evolving linearly until the tail phase
(Anderson et al[2014)). This has been interpreted as a continuum of hydro-
gen envelope masses, with smaller envelopes not being able to power the
plateau for a long time. The brightnesses of type II SNe also seem to form a

continuum, with type II-L occupying the higher luminosities (Anderson et
al][2014; [Sanders et al|[2015). These factors and the relative rarity of type

II-L SNe (9.773 per cent of all type IT SNe according to
hint at higher masses for their RSG progenitors than those of type II-P.
[Faran et al.| (2014)) suggest ZAMS masses around 15 Mg, while the only
detected progenitor of a type II-L event, SN 2009hd, had a ZAMS mass
of < 20M; (Elias-Rosa et al.|[2011). A higher ZAMS mass would result
in stronger mass loss and thus a smaller remaining hydrogen mass. Even
more stripping could lead to type IIb SNe, whose progenitors have been
found to have about the same ZAMS mass range as type II-L (e.g. Paper
IT, |Jerkstrand et al.[2015).

The best-studied SN in the history of astronomy is SN 1987A, which
exploded in the Large Magellanic Cloud (LMC) (e.g. Woosley et al.||1987),
and whose identified progenitor was a BSG with a mass of ~ 20M (Wal-
|born et al.|[1987). This star may have been the result of a merger between
two stars with masses 5 and 15 Mg (Morris & Podsiadlowski |2009). The
SN itself, however, was very peculiar, with an initial fast peak followed by a
very slow rise to a second peak and a tail phase consistent with %Co decay
(e.g. Bouchet et al.[1991). The CSM around the SN remnant (SNR) shows
a distinctive hourglass structure, which could have been produced during
the interaction of the pre-merger stars (Morris & Podsiadlowski2009)), but
its formation mechanism remains uncertain (McCray & Fransson! [2016]).
A neutrino detection from SN 1987A (e.g. Aglietta et al|[1987) confirmed
the neutrino-powered shock in the core collapse explosion scenario. Spec-
troscopically, the evolution of SN 1987A was slow, with strong P Cygni
features typical to type II SNe (e.g. |Catchpole et al.|[1987; Menzies et al|
11987). SNe similar to SN 1987A are quite rare (as of 2016, 18 have been
detected; McCray & Fransson 2016), relatively faint with a mean B-band
peak absolute magnitude of —15.1+0.4 (Pastorello et al.[2012) and tend to
favor low-metallicity environments (Taddia et al.2013al). The progenitors
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of these rare SNe seem to generally be BSGs around 20M, (e.g. Pastorello
et al.|2012; [Takats et al.|2016).

Kuncarayakti et al.| (2013b) argued that some type IT SN progenitors
may have Mzams 2 25Mg, and based on the type II-L. SN rate, [Li et al.
(2011a) favored a ZAMS mass range of 18 — 23 M. However, for the most
part, there seems to be a lack of RSG progenitors with Myzams 2 18 M
compared to the initial mass function (IMF) of stars (e.g. Smartt| 2009}
2015). This has been called the ‘red supergiant problem’. This apparent
lack of high-mass RSGs exploding as SNe can be explained in various ways:
the RSGs with Mzams 2 18 M may collapse directly into black holes as
failed SNe (see Sect. ; they may evolve into other bluer stellar types
(BSGs, YSGs or WR stars) before exploding; or they could be highly ex-
tinguished by dust in the CSM, resulting in biased mass estimates. [Smartt
(2015) argued that failed SNe are the most likely explanation, as recent
evidence suggests that most type Ib/c SN progenitors are interacting bi-
naries in the 8 — 20 M, ZAMS mass range instead of classical WR stars
with higher ZAMS masses, and they found no evidence for biases caused by
extinction in their mass estimation. However, Beasor & Davies| (2016) did
find more luminous RSGs in one particular cluster to be more reddened,
casting doubt on the latter point. The existence and rates of failed SNe
still require observational evidence (e.g. Reynolds et al.|2015)), and the ‘red
supergiant problem’ remains an open question with no final answer.

3.1.3 Interaction with CSM

Various subtypes of CCSNe show signs of interaction with their surrounding
CSM. Technically, all CCSNe interact with CSM, as stellar wind is present
in all massive stars to some extent. However, here only those SNe are
considered where the interaction provides a significant early power source
through the conversion of kinetic energy into radiation — in addition to, or
instead of, internal heating or the shock-deposited energy in a SN ejecta.
At very late times (years after the explosion), interaction can take place
far from the initial SN, as is happening in the SNR of SN 1987A, where
the ejecta-CSM interaction is in the process of destroying the main ring of
CSM (Fransson et al. [2015; McCray & Fransson|2016]).

The most common interacting CCSNe are of type IIn (‘narrow’) (Schlegel
1990). SNe of this type exhibit narrow spectral emission lines of hydro-
gen, originating from the recombination of hydrogen in slowly-moving CSM
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shells or winds around the progenitor star. The hydrogen is photoionized by
the initial flash of the SN. This, however, is the only defining feature of this
diverse type, which consists of at least three subgroups (Taddia et al.|[2013b,
2015|) — slowly-evolving events such as the prototype of the class, SN 19887
(Turatto et al||1993), so-called type IIn-P events with a II-P-like plateau
phase such as SN 1994W (Sollerman et al. [1998)), and faster-declining so-
called IIn-L events such as SN 1999el (di Carlo et al. 2002). Figure
illustrates the diversity of type IIn light curves (Taddia et al.[2015]).

There can be multiple different, simultaneous mechanisms at work in
a type IIn SN. In the early stages, the slow-moving (between 10 and a
few hundred km s=!) CSM is ionized by the initial flash of the SN, its
recombination producing very narrow lines (e.g. Fassia et al. 2001). At
this stage, the photosphere (due to scattering off electrons in the ionized
medium) is in the unshocked CSM and blocks our view of the shock and
the ejecta, resulting in a blue continuum with no features save the narrow
Balmer series emission lines with broad Lorentzian wings from the electron
scattering (Chugai|2001)). Eventually the optical depth of the unshocked gas
decreases and we see further in. Meanwhile, the collision between the ejecta
and the CSM drives a shock wave into the CSM, also resulting in a reverse
shock inward of the CSM-ejecta interface (Chevalier & Fransson|[1994). The
region between these shocks contains shocked, ionized CSM and produces
line components with widths of a few hundred to a few thousand km s—'.
Radiative cooling in this region is efficient and, together with the mixing of
material at the SN-CSM interface, results in the formation of a cool dense
shell (CDS) (Chugai et al.|2004). Radiation and reheating from the shocks
powers the continuing emission from this region. If the CSM interaction
is strong enough, the photosphere may take a long time to recede to the
ejecta. The CSM may very well be asymmetric (e.g. Smith et al.[2015), in
which case multiple (possibly superposed) components of the Balmer lines,
including those from the ejecta, can be seen simultaneously. An H « profile
with multiple peaks can emerge even without asymmetry, as a result of a
combination of emission from the CDS or behind it and absorption by dust
formed in the CDS (Fransson et al.2005). Radio synchrotron emission from
electrons accelerated by the forward shock results in strong radio emission
from CSM interaction, especially at late times (e.g.|Weiler et al.|1989) [1991;
Williams et al.[2002).

Type IIn SNe (of the 1988Z-like subtype) have been connected to lumi-
nous blue variables (LBVs; Humphreys & Davidson |1994), which are very
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massive stars (Mzams 2 50Ms) that experience strong mass loss through
eruptive episodes (where the mass loss rate can temporarily reach 0.1 or
even 1 Mg yr—') and powerful winds (up to 1073Mg yr—1), possibly in the
process of evolving into WR stars (e.g. |Gal-Yam & Leonard [2009; Smith
et al.|2011b; Fransson et al|[2014)). There is evidence, however, that most
type IIn SN progenitors are not LBVs and are more likely to be RSGs or
other lower-mass stars (Paper II; |Anderson et al.[2012)). The metallicities
of SNe in the IIn-L subgroup point toward a similarity with type II SNe
that have RSG progenitors (Taddia et al.|2015). The IIn-L group also in-
cludes objects that look like type II-L apart from the narrow lines, such as
SN 1998S (Fassia et al.[2000, 2001) and SN 2008fq (Taddia et al. 2013b]).
For these events an RSG progenitor similar to that of a normal type II-L
SN seems most likely, and the CSM could be created by a strong wind
(e.g. van Dyk et al.|[1999; Fassia et al. 2001). Interaction is also present
in some type II-L. SNe without strong narrow lines, detected e.g. through
radio emission or a long-lasting blue featureless continuum (e.g. Paper III,
Weiler et al.||1991), and might even be ubiquitous for type II-L (Valenti et
al.[2015)), blurring the line between these SN types. Some bright type II-L
SNe have a tail-phase decline rate faster than expected from %6Co decay
— this could be due to CSM interaction powering the late phases instead
(Blinnikov & Bartunov||1993), or because the -rays from 6Co decay are
not fully trapped in the ejecta (Anderson et al.[2014; [Terreran et al.|2016)).
The progenitors of the IIn-P subgroup may be massive AGB stars explod-
ing as electron-capture SNe (ECSNe; e.g. [Kankare et al.[2012, see also Sect.
, although Dessart et al.| (2009) questioned the SN nature of the pro-
totypical type IIn-P SN1994W, arguing that a transient with the properties
of SN 1994W could be produced by the collision of ejected shells without
a terminal explosion.

Another type of interacting SN is the more recently identified type Ibn.
Type Ibn SNe are rare events that exhibit narrow emission lines of helium
along with normal type Ib SN features, but with no or weak hydrogen
emission (e.g. Shivvers et al.|2016b). The first detected extragalactic SN,
SN 1885 in the Andromeda galaxy, may have been a type Ibn SN, but
the prototypical event for this class was SN 2006jc (Mattila et al.|[2008;
Pastorello et al. 2008b). Type Ibn SNe are analogous to type IIn, but
the explosion is of type Ib and the surrounding CSM consists mainly of
helium. Relatively broad helium lines can also be observed in type Ibn SNe
(Pastorello et al|[2016]), indicating the presence of helium in the ejecta as
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Figure 3.5: Light curves (in the r or R band or unfiltered) of
a sample of type IIn SNe (Taddia et al.|2015), demonstrating
the photometric diversity of this SN type, likely caused by
multiple different progenitor channels.
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well. Thanks to the power source provided by interaction, their luminosities
tend to be higher than those of normal type Ib SNe (Pastorello et al.2016]),
with some events reaching ~ —20 mag (Pastorello et al.2015a), despite
smaller explosion energies and %Ni masses possibly caused by fall-back onto
a black hole (Moriya & Maeda |2016]). Type Ibn SNe tend to decline faster
than type IIn SNe, indicating that the interaction ceases earlier (Moriya &
Maedal[2016). The type is, however, diverse, with some transitional SNe
between the IIn and Ibn types (Pastorello et al.,2008c; [Smith et al.[2012;
[Pastorello et al.[2015a) or between Ibn and Ib (Pastorello et al.[2015b). The
progenitors of type Ibn SNe have been proposed to be massive WR stars
(Pastorello et al.|2008b; |Gorbikov et al./[2014]) — where the helium-rich CSM
would be produced through episodes resembling LBV eruptions — with the
transitional types perhaps being LBV stars evolving toward the WR stage
(Smith et al.|[2012; Pastorello et al.2015al). Two years before SN 2006jc,
an LBV-like giant outburst was detected (Pastorello et al.|2007)), possibly
from a WR star (from which LBV-like eruptions had not been observed
before) or an LBV companion. Maund et al.| (2016) detected a possible
binary companion to the progenitor of SN 2006jc but ruled out an LBV.
The companion was instead consistent with a ~ 10Mg YSG, raising the
possibility of a lower-mass binary progenitor.

Some very rare SNe show signs of interaction along with observed prop-
erties typically associated with type Ia SNe (see Sect. . Their spectra
consist of multi-component hydrogen Balmer emission lines and broad ab-
sorption features of mainly hydrogen, helium, iron and calcium. These rare
SNe are often called type Ia-CSM or Ia/IIn SNe (e.g. [Inserra et al.|2016a;
Kilpatrick et al||2016). The prototype event is SN 2002ic (Wang et al.
2004). The nature of this SN class is under debate, with some studies fa-
voring a type Ia SN exploding in the wind of a red giant companion (e.g.
Dilday et al|[2012; Fox et al|2015a; Kilpatrick et al|[2016]) and others in-
stead proposing a CCSN (Benetti et al.|[2006} [Trundle et al.|2008; Inserral
. More studies of this peculiar class are needed. A combina-
tion of different progenitor populations is also possible: while [Inserra et al.
admitted that PTF11kx (Dilday et al.2012) is indeed consistent
with a WD progenitor like that of a type Ia SN based on its ejecta mass,
they argued that SN 2012ca is best matched by a CCSN. The light curves
of these events are also different, with the fainter PTF11kx exhibiting a
much faster decline similar to the type Ia SN 1991T and most other type
Ia-CSM SNe evolving slower (Inserra et al.|[2016a).
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3.1.4 Superluminous supernovae

A new class of unusual SNe has emerged in the last decade or so, with
the rise of non-targeted SN surveys. Apart from some exceptions (e.g.
Paper III), typical SNe do not exceed brightnesses of Mp ~ —19.5 mag
(Richardson et al.|2014). However, SNe 2005ap (e.g. Quimby et al.[[2007)
and 2006gy (e.g.|Ofek et al.[|2007; Smith et al.2007)) were both determined
to be brighter than M ~ —22 mag in at least one band, making them the
most luminous SNe detected at the time. SNe that exceed an absolute
magnitude of —21 mag in any band (making them typically tens or even
hundreds of times brighter than normal SNe) are called superluminous SNe
(SLSNe). The study of SLSNe is a new, fast-evolving field; SLSNe remain
inadequately understood, but rapid progress has been made in the recent
few years. (Gal-Yam (2012) presented a review of SLSNe, dividing them into
types analogously with normal CCSNe. Type I SLSNe exhibit no hydrogen
features in their spectra, while type II SLSNe do. A third type, SLSN-R,
was also identified — the light curves of these SLSNe were initially found
consistent with being powered by large amounts of radioactive nickel. How-
ever, as these events spectroscopically resemble the faster-declining type I
SLSNe (see e.g. Paper IV, [Inserra et al|2013; Nicholl et al.|2013), they
are now both considered subgroups within the same class of transients. A
typical early spectrum of a hydrogen-poor SLSN shows a series of O 11 ab-
sorption lines around 3500 — 4500 A superimposed on a hot continuum,
which typically later evolves to resemble type Ic SNe (e.g. Pastorello et
al.|2010; | Quimby et al.[2011)). As such, this class is usually referred to as
type Ic SLSNe. The class contains both the slowly-declining SN 2007bi-like
events (e.g. (Gal-Yam et al.|2009; Nicholl et al.|2013) and faster-evolving
SN 2010gx-like events (e.g. Paper IV, |Pastorello et al. |2010; [Inserra et al.
2013)), which may form a continuum (Paper IV, Nicholl et al.[2015). Type
IT SLSNe include both IIn-like events with narrow lines, such as SN 2006gy,
and events with broad hydrogen lines such as SN 2008es that resemble type
II-L. SNe (Gezari et al. 2009; Inserra et al.2016b). Figure shows the
typical light curves of SLSNe compared to normal SNe, while Figure
demonstrates the spectroscopic evolution of a type Ic SLSN.

SLSNe are known to be intrinsically rare, as their extreme luminosity
would allow us to detect them at much larger distances than other SN types
—Prajs et al.[(2017)) estimated the rate of SLSNe at z ~ 1 to be roughly 0.02
per cent of the total CCSN rate, while the rate of type Ic SLSNe has been
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Figure 3.6: Tlustrative R-band light curves of different SLSN types com-

pared to normal SN types (Gal-Yam|[2012). The SLSN-I and SLSN-R

types are now often considered fast- and slowly-declining subclasses of
type Ic SLSNe, respectively.
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Figure 3.7: Two spectra of the type Ic SLSN Gaial6apd (Paper
IV), demonstrating the typical spectroscopic evolution of this SN
type. The earlier spectrum shows O 1I absorption lines around
3500 — 4500 A superimposed on a hot continuum, while the later
resembles a normal type Ic SN close to maximum light. Telluric
absorption lines are marked with the @ symbol. The narrow emis-
sion lines originate from the host galaxy.

estimated as less than 0.01 per cent by |(Quimby et al. (2013 and McCrum
et al. (2015). Their detectability over extreme distances also makes them
a candidate for a cosmological standard candle at distances unreachable
using type Ia SNe (e.g. Inserra & Smartt|[2014), as type Ic SLSNe exhibit
an empirical relation between peak luminosity and time-scale, with brighter
events also tending to evolve slower:

Mygo = (1.19 £ 0.47) AMag — (22.53 + 0.37), (3.6)

where Mg is the peak absolute magnitude in a synthetic bandpass centered
on 400 nm, and AMyg is the brightness decline in magnitudes over 20 days
in this bandpass. The mean peak magnitude is Myg9 = —21.64 +0.46. The
number of observed SLSNe is not yet high enough to distinguish between
cosmology models, however, and the physical reason for the relation remains
unclear.

The host galaxies of type Ic SLSNe are typically faint and metal-poor
(below 0.5 times solar metallicity) dwarf galaxies similar to the hosts of
GRBs (e.g. |[Perley et al.|2016|), with few exceptions, indicating low metal-
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licity to be necessary for producing them. The hosts of the slow and fast
subtypes are indistinguishable (Schulze et al.2016). The hosts of type II
SLSNe are more metal-rich and massive on average, but also more diverse in
their properties (still slightly less massive than average star-forming galax-
ies, but this may be due to selection effects; Perley et al.|2016)).

Several mechanisms have been proposed to explain the extreme energies
unleashed in SLSNe. One such explanation is the so-called pair-instability
SN (PISN) scenario (e.g. |[Barkat et al.|/1967; [Heger & Woosley| 2002)). In
extremely massive stars (with ZAMS masses in excess of 140 M), after the
helium-burning stage, the massive core, composed mainly of oxygen, enters
a temperature and density regime where high-energy photons are converted
into electron-positron pairs in large numbers. This process converts inter-
nal energy into mass, but decreases pressure, resulting in a collapse that
is stopped when explosive oxygen burning begins. This runaway chain re-
action completely disrupts the star, leaving behind no compact remnant.
The luminosity is powered by a large amount of synthesized *°Ni. However,
the PISN models (by e.g. Kasen et al|2011)) have been found incompatible
with recent SLSN observations (both types), where they fail to produce the
observed light curve and/or spectrum (e.g. Dessart et al.|2013; Nicholl et
al.|2013; Lunnan et al.|[2016; |[Yan et al.[|2016]). The decay of a large mass of
%Ni cannot be the primary power source, as both the required peak mag-
nitude and the tail-phase light curve simultaneously cannot be produced
self-consistently (Quimby et al.[2011]).

The most popular power source for type Ic SLSNe is the magnetar spin-
down scenario. A magnetar is a neutron star with a magnetic field of 10
~10' gauss (GED The theory of magnetars was developed by Duncan &
Thompson| (1992). As the star collapses into a neutron star in a SN, an-
gular momentum and magnetic flux are conserved, drastically increasing
the magnetic field and spin of a star as its radius and surface area de-
crease. If the spin period of the newborn neutron star is shorter than its
convection time-scale (i.e. a few ms), helical motions inside it cannot be
suppressed by internal turbulence and they strengthen the magnetic field
through induction. Thus an efficient dynamo process takes place in the
first few seconds of the existence of the neutron star, converting rotational
energy into magnetic energy and boosting the magnetic field to create a
magnetar. As angular momentum is efficiently lost from the core during

1G=10"*T.
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the RSG phase, the progenitors of magnetars have been suggested to be
stars with ZAMS masses in excess of ~ 25M (assuming Solar metallic-
ity) with shorter or nonexistent RSG phases (Gaensler et al.|2005). The
first magnetars were discovered in the late 1990s (Kouvetouliou et al.|[1998,
1999)). Kasen & Bildsten (2010) found that the injection of the rotational
energy of the magnetar into the SN ejecta (in the form of high-energy pho-
tons, through the decay of the magnetic field) would be enough to power a
SLSN. The luminosity in a scenario where the magnetar is assumed to be
the only power source (a reasonable assumption in a SLSN, which will be
dominated by the magnetar output) is calculated semi-analytically as fol-
lows. The rotation period P determines the rotational energy E, ~ 2 x 10°2
erg x (P/1 ms)~2 (assuming a fixed moment of inertia I = 10%° g cm=2),
while B and P together determine the spin-down time-scale 7, ~ 4.7 d
x(P/1 ms)? x (B/10* G)~2. With the assumption of uniform density, the
third input parameter, the diffusion time in the ejecta 7, is determined
by the opacity r, ejecta mass M; and kinetic energy Ey as

N\ 3/4 ~1/4 1/2
= 10d [ e _Bi S—_m— (3.7)
1Mg 1051 erg 0.1 cm?2 g1

Combining the |Arnett, (1982) light curve (Eq. and the magnetar input
by Kasen & Bildsten| (2010), the luminosity evolution L(¢) of the SLSN,
assuming it to be dominated by the magnetar power, is then described by

2F, _ .ty (! 1 et dt!
L(t) = e ) / 1+t gelmn) : (3.8)
Tme 0 ( + t /Tp) Tm

The integral is calculated numerically to obtain the luminosity. The peak
. . . Ep'rp .
luminosity is Lpeak ~ —5z=, which can also be expressed as

Lpeak ~ 5 x 108 B2k M52 EN? erg 577, (3.9)

where Biy is the magnetic field in units of 10" G, k., the opacity in units
of 0.2 cm? g~!, Mj the ejecta mass in units of 5M and Es5; the explosion
energy in units of 10°! erg.

Magnetar models similar to the one described above have been success-
fully employed to reproduce the light curves of type Ic SLSNe (e.g. Paper
IV, Nicholl et al.|[2013; Inserra et al.|2013} McCrum et al.|[2014; Lunnan et
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al.[2016)). The magnetar model may also be responsible for the type Ic-BL
SNe connected with GRBs (e.g. Wheeler et al.|2000), implying a contin-
uum between these transient classes. The central magnetar engine blows a
‘bubble’ inside the SN ejecta, sweeping most of it into a thin shell (Kasen &
Bildsten|2010). This results in fairly constant observed photospheric veloc-
ities as, unlike in normal SNe where the expansion is homologous and the
photosphere recedes deeper into the ejecta, the photosphere remains at the
shell for some time. This velocity evolution is indeed observed in type Ic
SLSNe (Nicholl et al.|2015)) — although this was disputed by Liu & Modjaz
(2016) using a different method for measuring the velocities and taking line
blending into account. Some (possibly all) type Ic SLSNe exhibit a pre-
peak ‘bump’ in their light curve, which can be explained by the magnetar
model as the breakout of a shock driven by the formation of the central
bubble (e.g. Nicholl & Smartt 2016) — however, more detailed simulations
are needed. The ejecta masses of type Ic SLSNe (of both subtypes) seem
to be consistent with single WR stars exploding in what would be a normal
type Ic SN, but combined with the magnetar input (e.g. Paper IV, Nicholl
et al. 2015} Jerkstrand et al.|2016b), which is consistent with (Gaensler et
al. (2005)) if the progenitor mass is determined to be above ~ 35M,. Signs
of the presence of a massive binary companion have also been found in the
ejecta of a type Ic SLSN, however (Moriya et al. 2015)), in which case the
early bump in the light curve could be explained by the collision between
the ejecta and the companion star.

Another plausible power source is interaction with a CSM, analogous to
the process in normal type IIn SNe. For type Ic SLSNe, CSM interaction
requires some fine-tuning in the mass and structure of the CSM to produce
the light curve (Nicholl et al.2015)), and furthermore, no signatures of
interaction are visible in the spectra of type Ic SLSNe (Nicholl et al.|2014]).
For type IIn SLSNe, interaction is a natural explanation: SN 2006gy and
its evolution over several years can be explained with a ~ 10Mg dusty
shell of CSM (Fox et al[[2015b]). A possible way to produce a massive
CSM is pulsational pair instability, a process where pair production creates
an instability that does not lead to a PISN explosion but a non-terminal
eruption (Heger & Woosley|2002; Woosley et al.[2007)). Tolstov et al.| (2016])
used the CSM interaction model, with the CSM originating from pulsational
pair-instability, combined with °Ni decay, to reproduce the light curve of
PTF12dam. Eruptions in an LBV can also cause this kind of mass loss.
In any case, a very massive star is required to create a type IIn SLSN.
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The other, smaller group inside type II SLSNe, the II-L-like events with
broad hydrogen lines, may be explained by magnetar powering and /or CSM
interaction (although the velocity evolution of SN 2008es disfavors the CSM
scenario; |Gal-Yam|[2012)), possibly a combination of both (Inserra et al.
2016b). Whatever the mechanism powering the light curve, it seems that
the progenitor star has retained a significant hydrogen envelope (Gal-Yam
2012)). More work is needed to understand this small subclass of SLSNe.

A class of transients called tidal disruption events (TDEs) has been re-
cently discovered (Gezari et al.2003). In a TDE, a star is disrupted by
tidal forces as it approaches a black hole of sufficient mass and approxi-
mately half of the star is ejected (assuming Newtonian tidal forces), while
the rest is accreted by the black hole (Rees||1988)). These events are outside
the scope of this thesis, but it is worth mentioning that they can exhibit
SLSN-like light curves and temperatures (e.g. |Arcavi et al.[2014), and a
classification of a transient at the nucleus of its host galaxy as a SLSN or
a TDE can be ambiguous. SN 2015L (commonly called ASASSN-151h),
initially considered the brightest SN ever discovered (Dong et al.|2016]), is
more likely to have been a TDE, where a spinning supermassive black hole
disrupted a star (Leloudas et al.|[2016).

3.1.5 Electron-capture supernovae

The minimum ZAMS mass for the progenitor of a normal CCSN seems to
be around 8 or 9 Mg (e.g. [Smartt|2009). Below this limit, nuclear fusion
does not continue past magnesium and the electron-degenerate core of the
star in its final stages consists of oxygen, neon and magnesium. A core
such as this can, however, also explode through a different mechanism. As
the core grows, its density increases until a critical value of ~ 4 x 10° g
cm ™3 is reached; at this point the protons in magnesium nuclei begin to
capture electrons from the core, the electron degeneracy pressure suddenly
decreases and the core collapses (e.g.|[Miyaji et al.|1980; Nomoto| 1984, |1987}
Tominaga et al. 2013). As in normal CCSNe, this collapse is followed by
a bounce and shock breakout, resulting in the explosion of the star in an
electron-capture SN (ECSN). The explosion energy of an ECSN would be
on the order of 10°° erg. However, [Jones et al.| (2016) argued that the
collapse may trigger a thermonuclear explosion of the oxygen and eject a
part of the core, leaving behind a WD instead of a neutron star.

Stars in the phases immediately before an ECSN are massive AGB
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stars, also called super-AGB (sAGB) stars, in a narrow ZAMS mass range
of roughly 7 — 8 My, (assuming solar metallicity and convective overshoot in
the core; Siess|[2007)). Such stars still retain a massive hydrogen envelope,
and SNe from sAGB progenitors are expected to be of type II (Nomoto
1987). Strong mass loss is also present in sAGB stars, and some type IIn
SNe have been associated with ECSNe, e.g. the subluminous SN 2008S
(Botticella et al.2009) and the subclass of type IIn-P SNe (e.g. Kankare
et al[2012). Simulations by Moriya et al. (2014) support the association
between type IIn-P SNe and ECSNe from sAGB progenitors; the plateau in
the light curve would be analogous to normal type II-P SNe. In addition,
SN 1054, which produced the Crab Nebula, may have been an ECSN (Smith
2013; [Moriya et al. 2014). Because of the large fraction of binary systems
among O- and B-type stars, Moriya & Eldridge| (2016) also investigated
the possibility of stripped-envelope ECSNe and found them to possibly
be related to faint, peculiar so-called type Iax SNe. However, despite the
aforementioned candidates, the existence of ECSNe is still uncertain.

3.2 Thermonuclear supernovae

Type Ia SNe are defined by a lack of hydrogen or helium signatures in their
spectra and the presence of broad absorption features of several metals,
mainly silicon (especially Si 11 at 6155 A), iron and calcium, around the time
of maximum light (Filippenko||1997). They constitute roughly a quarter
of all SNe in a volume-limited sample (Li et al|2011a)). They are, on
average, nearly 2 mag brighter than CCSNe other than type IIn ((Mp 1) =
—19.3+0.2 compared to <MB,H_p> = —16.8+£0.4 or <MB,IC> =—-17.7£04,
for example; Richardson et al. [2014)), and as such they are detected at a
larger distance, resulting in a fraction of almost half of all known SNe.
Figure demonstrates a typical photospheric-phase spectrum of a type
Ta SN.

Hoyle & Fowler| (1960) suggested, based on the chemical compositions of
type Ia SNe and their remnants, and the energy budgets of the explosions,
that the origin of such a SN is the thermonuclear burning of an electron-
degenerate stellar core. Type Ia SNe, unlike CCSNe, are not preferentially
located in young stellar populations (van Dyk [1992)), which points toward
progenitor stars much older and thus less massive than those of CCSNe.
The lack of light elements in these events, in addition to the ages of the
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Figure 3.8: Spectrum of a normal well-studied type Ta event, SN 2014J,
near maximum light with some prominent spectral lines identified (Srivas-
tav et al.||2016)). Telluric absorption lines are marked with the @& symbol.

stellar populations, points toward carbon-oxygen WD progenitors. This is
indeed the present established picture of type Ia SN progenitors: a WD
accreting matter until its mass is ~ 1.4M (depending on rotation), close
to the Chandrasekhar limit but not quite reaching it (e.g. Maoz et al.|2014]).
At this point the temperature in the core of the WD is high enough to start
carbon fusion (Nomoto| 1982). The degenerate matter of the WD then
undergoes an unstable runaway thermonuclear reaction that completely
unbinds the star and fuses ~ 0.6M, of the carbon and oxygen into ®°Ni.
The details of this chain reaction are not completely understood, but one
leading scenario is that the fusion begins as a front propagating at subsonic
velocities (deflagration), perhaps starting slightly away from the center of
the WD, before somehow turning into a supersonic shock wave (detonation).
This is the so-called delayed detonation model introduced by |[Khokhlov
(1991)). As with type Ib/c SNe, the radioactive decay of °Ni into **Co and
then °6Fe powers the characteristic light curve. A secondary red peak is
caused by absorption of blue wavelengths in Fe 11 ions, and re-emission in the
near-infrared (NIR), when the temperature declines and the recombination
of Fe 111 to Fe 11 increases (Kasen|2006). The uniform progenitors of type Ia
explosions result in their usefulness as cosmic distance indicators (but see
below for caveats); although the luminosities of different type Ia SNe are
not identical, a tight empirical relation exists between the peak absolute
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magnitude of the SN and the decline rate of the B-band light curve (Phillips
1993):

Miax.p = (—21.726 + 0.498) + (2.698 = 0.359)0m,5(B) mag,  (3.10)

where dmy5(B) is the decline in B-band magnitude in the first 15 days after
the peak. This relation has made it possible to use type Ia SNe to measure
cosmological distances relatively precisely and to thus infer the acceleration
of the expansion of the universe (Riess et al.[[1999; Perlmutter et al.[|1999).

The WD can accrete matter either from a companion star such as a red
giant (the single-degenerate or SD scenario Whelan & Iben (1973), or by
merging with another WD in a tight binary after having lost angular mo-
mentum through gravitational waves (the double-degenerate or DD scenario
Iben & Tutukov|1984), and the uncertainty of which channel is dominant is
called the ‘SN Ia progenitor problem’ (Maoz & Mannucci |2011). Too much
fine tuning may be required in the SD scenario to keep the mass accretion
in a range where the WD does not grow into a red giant (e.g. Maoz et al.
2014)); however, the DD scenario is not without its own problems. Colli-
sional DD events should be rare, while less violent mergers (whose numbers
could be sufficient) may result in a collapse to a neutron star instead. The
SD scenario was long considered the dominant channel, but the tide has
been turning against it in recent times. Recent observations of nearby type
Ia SNe 2011fe and 2014J favor the DD scenario at least for these particular
events, as no material from the non-degenerate companion has been de-
tected (Pérez-Torres et al.|2014; Lundqvist et al.|2015)), nor can a red giant
companion be found in pre-explosion images of the location of either SN (Li
et al.|2011b; Kelly et al.|2014)). Conversely, as|Maoz et al.| (2014)) conclude,
currently DD progenitors cannot be ruled out, and the DD channel may
turn out to be dominant. This would make type Ia SNe problematic as dis-
tance indicators since the total mass of the two WDs is not necessarily close
to the Chandrasekhar limit. The progenitor problem is still not sufficiently
resolved, however.

Models for sub- or super-Chandrasekhar type Ia SNe also exist. A so-
called double-detonation scenario involves the slow transfer of helium from a
non-degenerate or helium WD companion, resulting in an explosive helium
ignition that then causes a carbon ignition even in a sub-Chandrasekhar-
mass WD (Livne|[1990). Some observations, on the other hand, suggest
a super-Chandrasekhar-mass progenitor based on the ejected mass of *°Ni
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(e.g. Howell et al. 2006). If the WD rotates fast enough, it may be able
to support a super-Chandrasekhar mass without igniting. Explosions of
such nonstandard progenitors would not comform to the brightness-decline
relation of normal type Ia SNe and thus could contaminate cosmological
distance measurements that use type Ia SNe. Multiple kinds of peculiar
type Ia SNe, such as the low-luminosity, so called type lax (e.g. [Foley et
al.|2013)), the overluminous SN 1991T-like SNe (e.g. |[Filippenko et al.|1992)
and the spectroscopically peculiar SN 1991bg-like SNe (Leibundgut et al.
1993), have been observed, which further complicate the thermonuclear SN
picture but are outside the focus of this thesis.

3.3 Supernova impostors

Some SN-like transients are instead non-terminal outbursts of massive stars
similar to the Great Eruption of n Carinae in the 19th century. These
events were named ‘SN impostors’ by [van Dyk et al.| (2000), as they are
sometimes mistaken for type IIn SNe and discovered serendipitously by
SN searches. However, SN impostors are fainter than true SNe, reaching
absolute magnitudes roughly from —10 to —15 mag, and their spectra lack
the signatures of metals synthesized in CCSNe (e.g. van Dyk et al. [2000;
Maund et al.|2006; Tartaglia et al.2015; Kankare et al.|[2015} [Tartaglia et
al.|2016ab)). Taddia et al| (2015) found lower metallicities for impostors
than for type IIn SNe. Like the eruption of n Carinae, they have been
connected to the giant eruptions of LBVs. An impostor event sometimes
immediately precedes a true type IIn (or Ibn) SN (e.g. |[Pastorello et al.
2007; Smith et al.|2014} | Tartaglia et al.[|2016b)), and such eruptions may be
responsible for the ejection of the CSM that the SN ejecta interacts with. A
particularly controversial event, SN 2009ip, may have been a SN preceded
by an impostor (e.g. Smith et al.|[2014), or it may instead have been caused
by two colliding shells ejected in SN impostor eruptions (e.g. [Pastorello
et al. 2013)) — neither has been conclusively disproven (Fraser et al.[[2015).
Dessart et al.| (2009) suggested the colliding shell scenario instead of a true
SN for SN 1994W as well. In addition to LBVs, lower-mass stars such as
RSGs or BSGs could cause SN impostor eruptions (e.g. Smith et al.|2015)).
Kankare et al. (2015) suggested a yellow hypergiant (YHG) progenitor for
one SN impostor, and Tartaglia et al. (2016a)) found another consistent with
a YSG with a mass of 18 — 20 M.
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The mechanism for the eruptive mass loss is uncertain. Luminosities
near the Eddington limit (beyond which the gravity of the star cannot re-
sist the radiation pressure from inside the star), caused by a sudden unex-
plained increase in the luminosity of the star (e.g. Humphreys & Davidson
1994), have long been considered the immediate cause, but the eruptions
of non-LBYV stars, which should never approach the Eddington limit, have
cast doubt on this view (Smith| 2014). The diversity, type IIn SN-like
spectra and high ejecta velocities of SN impostors (Smith et al.|2011c|) sug-
gest hydrodynamic explosions and subsequent interaction between a shock
and CSM - or possibly eruptions caused by binary interaction — instead of
super-Eddington winds (Smith/|2014). In both cases the trigger of the sud-
den brightening or the shock remains unexplained, and in case of the CSM
interaction the CSM would have to be ejected through winds or prior erup-
tions. Pulsational pair instability eruptions would also create SN impostors
(e.g. [Heger & Woosley|2002]).

3.4 Failed supernovae

It has been suggested that some massive stars fail to explode as a CCSN
(e.g. \Woosley |1993; [Fryer|1999; |O’Connor & Ott [2011). In this case the
energy deposition from neutrinos (or other power source) that would nor-
mally revive the stalled shock is too weak to do so, and fall-back onto the
formed neutron star causes it to collapse into a black hole. [Fryer| (1999)
found that stars in their simulations collapsed into black holes above ZAMS
masses of ~ 25M, and failed to produce a SN above 40M,. Horiuchi et
al. (2014) found that a core compactness parameter

M/Mg
R(M = 2.5M)/1000km’

2.5 = (3.11)

where R(M = 2.5M) is the radius containing a mass of 2.5M¢, determines
whether the star is able to explode. A compactness of 25 2 0.2 was found
to lead to a failed SN. As a solution to the problem of missing high-mass
RSG progenitors of type II SNe, Horiuchi et al.| (2014) and Smartt| (2015))
suggested that stars above ZAMS masses of ~ 16.5Mg, or ~ 18 M, respec-
tively (and depending on metallicity), would collapse directly into black
holes, apart from islands of explodability caused by the complex relation-
ship between mass, metallicity and core compactness. Different theoretical
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studies disagree on where these islands should lie (e.g. Heger et al.||2003;
Pejcha & Thompson! 2015; Ertl et al|2016). As an example, Ertl et al.
(2016)) predict explodability at several initial masses around 20M, in the
25 — 27 Mg, range and at 60, 80, 100 and 120 M, at Solar metallicity.

From our perspective, the progenitor of a failed SN would simply seem
to disappear (or perhaps produce a faint transient and/or a GRB;
[1993; Lovegrove & Woosley|[2013). A pre-collapse eruption observable as
a SN impostor is also a possibility (e.g. |Smith et al.2011c). Reynolds et|
searched for vanished massive stars in Hubble Space Telescope
(HST) archival data, checking if stars were visible when images of galax-
ies with multiple epochs of observations were subtracted from each other.
With a distance limit of 28 Mpc, 15 galaxies were included and one plausible
candidate for a failed SN was found. Another survey using the Large Binoc-
ular Telescope (Adams et al|[2016a]b), which included data of 27 galaxies
within 10 Mpc over a period of seven years, also produced one candidate.
The subject of failed SNe remains debated, however, and more definitive
detections are needed to confirm their existence.




Chapter 4

Supernova progenitor studies

4.1 Direct progenitor detection

The most straightforward way to study the progenitors of CCSNe is to
find deep, high-resolution pre-explosion images of the explosion site, such
as images from the HST. If the spatial resolution is good enough, a source
corresponding to the precise location of the SN can be detected and placed
on a Hertzsprung-Russell diagram. Later on, when the SN has faded below
the brightness of this source, its disappearance may be confirmed and it can
be firmly connected to the SN progenitor. Endpoints of stellar evolution
models can then be compared to the progenitor to constrain its mass and
spectral class. An example of such a progenitor detection is presented in
Figure [4.1] and comparisons to stellar evolution tracks are presented in
Figure Recent reviews by |Smartt| (2009, 2015) detail the results of
such progenitor searches.

Currently, no direct detections of type Ic SN progenitors exist, possibly
because of their faintness in the optical bands (Yoon et al. 2012) — most
of the radiation from such hot stars would be in the UV instead. One
type Ib SN progenitor, that of iPTF13bvn, has been detected (Cao et al.
2013)). The disappearance of the progenitor was confirmed by [Folatelli et
al. (2016), and it was constrained to be a 10 — 12 My star in a binary
system (Eldridge & Maund|2016) instead of a more massive WR star. In
addition, a few type IIb SN progenitors have been detected (e.g. Aldering
et al|/1994; Maund et al.|2004; van Dyk et al.|2011}; [Folatelli et al.|[2014;
Fox et al.|[2014; Maeda et al.[2014; [Folatelli et al.|2015; Tartaglia et al.
2016¢)). They tend to be consistent with interacting binary YSGs or BSGs
(although the proposed binary companion of the SN 2011dh progenitor was
disputed by Maund et al.[2015a)) with ZAMS masses in the 13 — 19 Mg

59
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PRE ACS/WEC Fo55W % =

Figure 4.1: HST pre-explosion (left panel) and post-explosion (middle panel)
images of the site of the type Ib SN iPTF13bvn, and a subtraction between the
two (right panel). The images show the progenitor star and its disappearance
(Eldridge & Maund2016)).

range (van Dyk et al.[2011; Maund et al.[2011} van Dyk et al.[2014; [Folatelli
et al|2015). A WR progenitor was ruled out for SN 2008ax (Folatelli et al.
2015)). [Maeda et al] (2015) found that the more extended progenitors may
still be undergoing binary interaction, while for the less extended ones this
phase would be over. A few type IIn events have been connected to an LBV
progenitor (e.g.|Gal-Yam & Leonard [2009; Smith et al.[2011bj Fransson et|
, along with events such as SN 2009ip and SN 1961V where the
disappearance of the progenitor has not yet been firmly ascertained (e.g.
Dyk & Matheson |2012; [Fraser et al|2015). The (probably) only detected
progenitor of a type II-LL SN, that of SN 2009hd, was likely a high-mass
RSG (Elias-Rosa et al.[2011]).

Thus most of the directly detected SN progenitors so far are those of

type II-P SNe (Smartt[2015), yielding a well established progenitor scenario

for this type. Well-constrained examples include SN 2008bk (Mattila et al.
2008; Maund et al2014), whose progenitor was determined to be a highly

reddened RSG with Mzams = 12.97] M, and SN 2012aw (Fraser et al.
2012} [Fraser|[2016) with another initially 12.5+1.5M RSG progenitor. 26
progenitors with either determined mass ranges or upper mass limits are

reported in (2015), who used these masses to infer RSGs in a mass

range of 9.5f‘ Mg to 16.5 £ 2.5Mg to be the type II-P progenitors, in

reasonable agreement with earlier estimates (e.g. 2009).

The peculiar type IT SN 1987A is an extremely well-studied case. The
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Figure 4.2: Effective temperatures and luminosities of detected SN progenitors
in the HRD, compared to STARS single-star evolution models by [Eldridge & Tout
(2004) from [Smartt| (2015]), showing the cluster of type II SN progenitors in the
8 — 16 My ZAMS mass range and the lack of other progenitor detections. The
lines correspond to evolutionary tracks and are labeled with ZAMS masses. The
endpoints of the tracks correspond to where a star should be at the time of its
death.
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closest SN discovered since the 17th century (excluding SN remnants), it
exploded in the LMC, only 50 kpc away (e.g. Woosley et al.|[1987), close
enough that its progenitor could be precisely pinpointed to be the BSG
Sk -69° 202 (e.g. Walborn et al. |1987). The 20M, progenitor was later
suggested to have been the result of a merger of two stars with masses of 5
and 15Ms (Morris & Podsiadlowski [2009), which would also produce the
distinctive triple-ring pattern of CSM in the SNR.

Despite the demonstrated effectiveness of the direct detection method,
there are some caveats. Because of the optical faintness of type Ic SN pro-
genitors, whether they are WR stars or not (Yoon et al.[2012; |Groh et al.
2013Db)), detecting them is currently very difficult. As very few progeni-
tors of SNe other than types II-P and IIb have been detected (e.g. [Smartt
2015)), studying types II-L and Ib, not to mention peculiar subclasses, is
also difficult using this method. In addition, a very good spatial resolu-
tion is required to resolve the individual progenitor stars (in both the pre-
and post-explosion images), necessitating the use of a space telescope such
as HST or ground-based adaptive optics facilities, the observing time for
which is in short supply. Even with these telescopes, only the progeni-
tors of relatively nearby SNe can be studied, sometimes only in one or a
few bands, and the stars themselves are in a relatively poorly understood
phase of their evolution and possibly variable, resulting in uncertainties
in the models. The extinction toward the SN may be lower than toward
the progenitor as well, as the explosion evaporates dust around it, causing
more uncertainty. These limitations make it necessary to seek other ways
of studying SN progenitors.

4.2 Environmental studies

In addition to directly detecting progenitors in pre-explosion images, in-
direct methods can be employed to study the progenitors through various
indicators in their environments. The advantages of indirect methods are
that pre-explosion images of the SNe do not need to exist, and that the
requirements for spatial resolution can be much less stringent, allowing the
inclusion of more distant SNe. Therefore large samples of SNe can be stud-
ied statistically. Types without progenitor detections, such as type Ic, can
also be studied in these ways. Some of these methods, and results obtained
using them, are detailed below.
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4.2.1 The NCR method

The basis for using the H « emission of SN host galaxies to study the masses
of the progenitors is, at first glance, simple. Young, massive stars (mostly of
spectral type B1 and earlier) create UV radiation energetic enough to ionize
the hydrogen in the surrounding ISM, the recombination of which produces
emission in the Balmer series, most predominantly the H « lineﬂ H o emis-
sion thus traces star formation on timescales of < 20 Myr, corresponding to
Myzams 2 10M (Kennicutt||1998). Large star-forming complexes can host
multiple generations of stars, making their life-times potentially several tens
of Myr (Crowther|[2013). CCSNe originate in stars with Mzams 2 8Mo),
with lifespans < 38 Myr according to the Geneva group stellar evolution
tracks assuming Solar metallicity (Ekstrom et al.|2012)). Many of these
stars are massive enough to produce their own region of ionized ISM, called
an H 11 region, and some of the rest are born in large complexes with mul-
tiple stars and longer H « emission time scales. Therefore there is a clear
qualitative connection between CCSNe, massive stars and H « emission.

James & Anderson (2006)), hereafter JA06, developed the pixel statis-
tics method that makes use of this connection to statistically constrain the
masses of CCSN progenitors. They asserted that, as a CCSN progenitor
star evolves, its native H 1I region, created by it and other massive stars
around it, gradually dissipates as the stars in it eventually die, and the
star itself may drift out of it over its lifespan. Therefore, the H o emission
around the star will gradually diminish before it explodes as a CCSN. How-
ever, the more massive the progenitor, the less time there is for the H 11
region to dissipate, as well as for the star itself to moveﬂ Therefore, only
the most massive stars should still accurately trace the H o emission at the
times of their explosions. To investigate the masses of the progenitors of
different types of CCSNe, JA06 introduced the normalized cumulative rank
pizel value function, or NCRPVF, which was shortened to NCR in later pa-
pers (e.g.|Anderson et al.|2012, hereafter A12). A very similar method was
used slightly earlier to study GRB host galaxies in the B band by |[Fruchter
et al.| (2006)), who found long GRBs to correspond to the brightest spots in

!This line originates from the transition of the electron in the hydrogen atom from
the n = 3 energy level to n = 2. Most of the emission from the n =2 — n = 1 transition
is absorbed through the reionization of the hydrogen.

2 As previously mentioned, the lifespan of a 8 M star is 38 Myr; on the other hand, a
20M star only lives for 8 Myr and a 50 M star for 4 Myr (Ekstrom et al.|2012).
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their host galaxies and thus to extremely massive stars.

Assume that the pixels of a continuum-subtracted H « emission map of
the CCSN host galaxy are ranked from faintest to brightest in an ascending
sequence. The definition of NCR, explicitly formulated in Paper I, is then

=1  j=1

i=1

NCR,, =0 ,Whenz P; <0. (4.2)
i=1

Here n is the rank of a pixel, NCR,, the NCR value of this pixel, P; the flux
in a pixel with rank 7, and m the total number of pixels in the image. Thus
each pixel in the image is assigned a value running from 0 (‘background’; no
H o emission) to 1 (the brightest pixel of the galaxy). Assuming that the sky
background and the continuum emission of the galaxy have been properly
subtracted, the average value of pixels outside the H a-emitting regions of
the host galaxy is zero, with not necessarily an equal number of positive
and negative pixels, but with an equal amount of positive and negative flux
(i.e. counts); in this case there is no difference between different image
sizes as long as all of the galaxy emission is included. When the pixels are
arranged in a sequence of ascending value, the sum of all pixels at the rank
corresponding to the faintest H a-emitting region (pixel) of the galaxy is
the sum of the values of all pixels with no H o emission (the background
pixels) and thus zero. All pixels below this rank are thus assumed to be
background pixels and are assigned an NCR of zero. An example of an H
map used in an NCR calculation is shown in Figure [£.3] and an illustrative
example of this is presented in Figure [4.4]

An object whose location is known can be pinpointed to a pixel in its
host galaxy and assigned an NCR value. From the definition of NCR, it
follows that the NCR wvalue of a pixzel measures the fraction of the galaxry
flux that originates in fainter pizels. Therefore, if a population of objects,
such as a hypothetical population of CCSN progenitors of a certain mass
range, perfectly traces the H a emission, the distribution of their assigned
NCRs is uniform between 0 and 1 and has an average value of exactly 0.5.
Thus, for example, 60 per cent of these hypothetical objects are located
in pixels containing 60 per cent of the host H o emission, and have NCR
values lower than 0.6.
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Figure 4.3: An example H « image of a galaxy pair (NGC 2207
and IC 2163, at a distance of ~ 25 Mpc), observed with the Nordic
Optical Telescope (NOT), to be used in an NCR calculation. The
locations of two SNe hosted by the system are marked. The an-
gular size of the system in H « is roughly 5 arcmin. In this case,
SN 2003H is located in an area with relatively weak H « emis-
sion, and has NCR = 0.364, while SN 2013ai, at a more strongly
star-forming region, has NCR = 0.790.



66

Supernova progenitor studies

NCRPVF 7
A

100
I

NCRPVF value 0.401

SN pixel value 4.5

PIXEL VALUE/CUMULATIVE VALUE
50
I

—T | 1 | |

0 1000 2000 3000 4000 5000

PIXEL NUMBER

Figure 4.4: Tllustrative image of how the NCR of a pixel is calcu-
lated. The ascending sequence of individual pixel values is plotted
in dots, while the sum of all pixel values up to the correspond-
ing pixel number, normalized by dividing by the sum of all pixel
values, is represented by the thin line. The zero-point of the thin
line corresponds to the rank where the background pixels end and
the H a-emitting galaxy pixels begin. In this example, a pixel
containing a SN has a number (i.e. rank) close to 4000; the value
of the pixel is 4.5; and the corresponding NCR value, obtained by
dividing the sum of all pixel values up to this rank by the sum of
all pixel values in the image, is 0.401.
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In practice, however, the background and continuum subtractions are
not perfect, resulting in some background pixels with nonzero NCRs and /or
galaxy pixels with zero NCRs. Additionally, the locations of SNe and other
objects may have uncertainties which affect their assigned NCRs. There
are some caveats in the basis of the method as well: projection effects,
especially in galaxies that are inclined with respect to the line of sight,
can result in a SN being apparently located in an unrelated bright H 11
region; multiple ‘generations’ of stars can be hosted by the same large
H 11 complex (Crowther|2013)), resulting in stars with low masses but high
NCRs; conversely, a high-mass star can be located in a small H 11 region and
have a low NCR; a long-lived star may drift from its native H 11 region into
another; and the star-formation histories of different galaxies may have
an effect on which mass corresponds to which mean NCR. In addition,
some systematic effects are caused by the quality of the image (high noise
decreases low NCRs, while low spatial resolution increases them) and the
distance of the galaxy (large distances increase low NCRs) — see A12 and
Papers I and II for more details. However, as the likelihood of a star having
a high NCR is still dependent on its ZAMS mass, the method can be used
to constrain CCSN progenitor masses when applied statistically to large
samples of SNe. Distributions of NCR values can be compared to each
other using statistical tests such as the Kolmogorov-Smirnov (KS) test and
using mean NCRs.

Apart from my own work, described in Papers I and II and in Chapter
the NCR method has been used in several papers since its introduction.
JA06 applied the method to a sample of 63 SNe (12 type Ia, 8 Ib/c, 30 type
IT and 13 unclassified) in 50 galaxies with recession velocities of < 3000 km
s~!. Using this sample, they found a sequence of rising NCR (and thus
presumably rising progenitor mass) with SN type: Ia — II — Ib/c. Types
Ta and II were found to have a low degree of association with recent star
formation, while type Ib/c SNe were found consistent with the underlying
H « emission of their host galaxies, with a mean NCR of 0.490 + 0.121
(where the uncertainty is the standard error of the mean), close to 0.5. The
sample was increased for the following study by (Anderson & James||2008),
who found a similar result, with the addition that type II-P SNe were found
consistent with a large fraction of their progenitors having Mzanms < 10Mg.
A12 continued this work further, also applying the NCR method to the
near-ultraviolet (NUV) emission of the SN host galaxies. NUV emission
traces star formation at a longer time scale of ~ 100 Myr, since stars
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not massive and blue enough to create H II regions (i.e. with a spectral
class roughly B2 or later and Mzams < 10Mg) can still emit in the NUV
(Gogarten et al.2009). The A12 sample of SNe was the largest, and the
results thus most reliable, in an NCR study to date, with 260 CCSNe in
host galaxies with recession velocities of < 10000 km s~! (median recession
velocity 1874 km s~!) — 58 of type II-P, 13 II-L, 48 simply classified as type
I1, 19 IIn, 13.5 IIb (one had an uncertain Ib/IIb classification), 39.5 Ib, 52 Ic
and 5 Ib/c. In addition, they included 98 type Ia SNe for comparison. Their
main results were as follows (the results from H « images are presented in

Figure :

e in H o, type Ic SNe were found consistent with the host galaxy emis-
sion (and thus recent star formation) with a mean NCR of 0.469 +
0.040, establishing their progenitors as the most massive;

e types Ib and II-P were found to show a significantly lower correlation
(mean NCR 0.318 £ 0.045 for type Ib and 0.264 + 0.039 for type
II-P) with H « emission, and consistent with each other within 2
o, indicating that both types had progenitors with lower mass than
those of type Ic;

e in the NUV, type II-P SNe were found consistent with the host galaxy
emission and thus with older star formation, supporting the H « re-
sults;

e type IIn SNe, surprisingly, had the lowest NCR values of all CCSNe,
contrary to the popular claims that their progenitors are massive stars
such as LBVs.

The A12 results were corroborated by |Galbany et al. (2014), who had
a smaller sample but applied a number of methods (see below), and by
Paper I which concentrated on CCSNe in strongly star-forming galaxies
specifically. In Paper II, the NCR distributions of stars in nearby galax-
ies were compared to those of SNe, and both type Ib and II-P SNe were
found consistent with progenitor ZAMS masses 2 9M, while type Ic SNe
were consistent with ZAMS masses 2 20Ms. The NCR method was also
employed by Habergham et al.| (2014) to study type IIn SNe and SN im-
postors in more detail than A12, but with similar results. Type IIn SNe
were confirmed to have the lowest NCR of all CCSNe (mean NCR 0.225
+ 0.058), while the NCRs of SN impostors were even lower (although still
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Figure 4.5: Cumulative NCR distributions of different types of
SNe from A12, demonstrating the trend of increasing NCR, (and
thus progenitor mass) from type Ia through IT and Ib to Ic. A
distribution with higher NCR values is located toward the bot-
tom right of the figure, while the diagonal line corresponds to a
population perfectly tracing the underlying H « emission of the
host galaxy.
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consistent within 2 ¢; mean NCR 0.133 £ 0.082). The conclusions were
that the progenitor systems of both classes of transient are most likely di-
verse instead of predominantly being very massive (Mzams 2 50Mg) LBV
stars. Additionally, |Anderson et al. (2015) used the method to analyze
the environments of 102 type Ia SNe in H « as well as in the NUV, B,
R, J and K bands. Their result was that, while type Ila SNe follow the
B-band light of their host galaxies, no subclass among them is associated
with star formation on time scales of less than a few hundred Myr, ruling
out progenitors younger than this for all but a small minority of type Ia
events.

4.2.2 Radial distributions of supernovae

Another way to study SN progenitor environments is to use their radial
distributions inside their host galaxies. JAO6 used a normalized fractional
flux method, simply dividing the H o and R-band flux of the part of the
galaxy closer to its nucleus than the SN by the total flux. The resulting
number, abbreviated as Fr(\) where A stands for the wavelength band,
gives a normalized measure of how far a SN is from the galaxy nucleus
relative to the underlying emission; Fr(\) ~ 1 corresponds to an explosion
site outside the galaxy, while Fr(A) = 0 corresponds to the nucleus. As
with NCR, a population perfectly tracing the galaxy star formation would
have a uniform Fr(H «) distribution with a mean of 0.5. JA06 found a
lack of type II SNe in central regions of galaxies relative to the H o emis-
sion, and considered strong nuclear H a emission not associated with star
formation, extinction effects or other biases against detecting type II SNe
in nuclear regions. Type Ib/c SNe were found more centrally concentrated
than type II, possibly indicating a higher metallicity in their progenitors,
as spiral galaxies tend to have metallicity gradients with highest metallic-
ities in the nuclear regions (e.g. |Zaritsky et al.|[1994). The JA06 analysis
was taken further by |Anderson & James (2009), Habergham et al.| (2010))
and [Habergham et al.| (2012), who employed the same method with larger
samples of SNe. |Anderson & James (2009) found a similar central deficit
of type II SNe and a central excess of type Ibc SNe, attributing these ef-
fects to a difference in progenitor metallicity. Habergham et al. (2010) and
Habergham et al. (2012), on the other hand, found the central excess of
type Ib/c SNe to be more pronounced in ‘disturbed’ (interacting or show-
ing clear signs of recent interaction) galaxies. They found it difficult to
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explain this with a metallicity effect, as disturbed galaxies exhibit a shal-
low metallicity gradient. They instead proposed a top-heavy IMF in the
centers of disturbed galaxies, resulting in larger numbers of massive type
Ib/c SN progenitor stars than elsewhere. The results of Habergham et al.
(2012)) in the R-band are presented in Figure This phenomenon could
be fueled by a gas inflow caused by the gravitational interaction with an-
other galaxy. |[Klessen et al. (2007) found that a strong starburst episode
could result in a top-heavy IMF.

Radial distances between SNe and host galaxy nuclei have also been
analyzed in different ways. [Hakobyan (2008) and [Hakobyan et al. (2009)),
for example, normalized the distances between SNe and host galaxy nuclei
to Ras, the radius at which the surface brightness of the galaxy in a given
wavelength band (often B) reaches 25 mag arcsec!. They then calculated
the normalized surface density distributions of different types of SNe. These
were assumed to be exponential functions (Barbon et al.|[1975; [Bartunov et
al.|1992) of the form YV (r) = B§Ne™/PsN | where r is the distance to the
nucleus normalized to Rs5 and corrected for effects of inclination, Eg N is the
surface density at the galaxy nucleus and hgy is the Ros-normalized scale
length. They found type Ib/c SNe to be more centrally concentrated (with
a shorter normalized scale length) than type II SNe; type Ib/c SNe were
additionally found to be unusually concentrated in active (Hakobyan!/2008)
or very luminous (Hakobyan et al.|2009) galaxies, possibly due to starburst
activity in the nuclei. Additionally, no significant difference between types
Ib and Ic was found. These results were generally consistent with those
from |[Habergham et al.| (2012)); however, metallicity differences between
progenitors were cited as the favored explanation. |Herrero-Illana et al.
(2012) applied the method to SNRs and radio SNe in starburst galaxies
and luminous infrared galaxies (LIRGs) to infer the presence of nuclear
disk structures and a strong excess of SNRs in the nuclear regions of these
galaxies. This method can also be used in reverse, to study galaxies using
SNe: Hakobyan et al.| (2016) studied the effect of a bulge or bar in the host
galaxy on the radial distributions of 500 CCSNe and found strong bars to
disrupt star formation in the inner regions.

Both of these methods were also employed in Paper I of this thesis,
where they were applied to strongly star-forming galaxies. This paper was
motivated by the study of |Anderson et al.| (2011), who found a possibly ab-
normal population of SNe in the ‘SN factory’ galaxy system Arp 299, where
seven SNe (six CCSNe) have been detected. In Paper I, type Ib/c SNe were
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found to be abnormally centralized in strongly star-forming galaxies, pos-
sibly as a result of an increased close binary fraction in regions with dense
star formation (see also Section[5.1). The dynamical interactions of stars in
a dense environment would disrupt binary systems easier than elsewhere,
but also bring other binary systems closer together (Heggie||[1975).

A caveat needs to be taken into account when discussing radial distri-
bution studies. Mattila et al.| (2012) estimated the fractions of missing SNe
due to obscuration by host galaxy dust, especially at optical wavelengths.
In normal, moderately inclined galaxies, the fraction of missing SNe is be-
tween 5 and 36 per cent, while in dusty regions of LIRGs and ultraluminous
infrared galaxies (ULIRGs), the missing SNe may constitute as much as 70
or 90 per cent of the total SN population. As an example, SN 2008cs was
located in a LIRG and had an extinction of over 15 mag in the V band,
but was detected in the NIR (Kankare et al.|2008). SNe close to or coinci-
dent with the nuclei of galaxies can also be missed because of inadequate
spatial resolution: [Mattila et al. (2013 reported two SNe missed by opti-
cal surveys in the central regions of the starburst galaxy M 82. This may
introduce a bias into the studies comparing the radial distributions of SNe
— especially in more dusty actively star-forming galaxies — as type II SNe
are intrinsically fainter on average than type Ib/c SNe (Richardson et al.
2014)) and thus may be preferentially missed.

4.2.3 Other environmental methods

In addition to the NCR method, associations between SNe and star forma-
tion have been studied in other ways. van Dyk]| (1992) used the distances
between SNe and H 11 regions to confirm the low-mass progenitors of type
Ia SNe, but found no significant difference between types II and Ib/c, at
least partly because of small number statistics and poor positional accu-
racy of the locations of some events. van Dyk et al.| (1996)) confirmed these
results with a larger sample and concluded that most type Ib/c progen-
itors are not WR stars but close binary stars. |Crowther| (2013) studied
the distances between 39 nearby CCSNe (within 15 Mpc) and H 11 regions
using both ground-based and space-based observations of their host galax-
ies, finding type Ibc SNe more closely associated with star-forming regions
than type II. However, 12 of the 18 CCSNe closely associated with star
formation were located in or close to giant H II regions, only indicating
weak progenitor constraints of Myzams > 12Mg. |Aramyan et al| (2016])
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instead studied the association between SNe and the spiral arms in their
host galaxies. Type Ib/c SNe were found to be located closer to the leading
edges of the spiral arms, where star formation is triggered, than type II
SNe, indicating more massive progenitors. Type Ia SNe were found to be
disconnected from the spiral arms. |Galbany et al.| (2014) used the equiva-
lent width of the H « line at the explosion sites of SNe and the distances
between SNe and H 1I regions, in addition to the NCR method. Their
sample of 81 SN host galaxies was imaged using integral field spectroscopy
(IFS), where an entire galaxy can be imaged simultaneously at a range of
wavelengths, effectively obtaining a separate spectrum for each pixel. Type
Ib/c SNe were found to be more closely associated with star formation than
type II regardless of the method used.

Smith et al.| (2015)) studied the distances between different stars and
their nearest massive O-type stars. They found LBV stars to be relatively
isolated from O-type stars — and, contrary to expectations, more isolated
than WR stars — arguing that LBV stars are kicked mass gainers originating
in binary systems instead of a stage of evolution following WR stars. The
implication for SNe could be that some type IIn SNe could explode in low-
NCR environments while still being the results of LBV evolution. However,
Humphreys et al. (2016) pointed out flaws in this argument, including the
inclusion of different types of LBVs with different ZAMS masses in their
sample. When the LBVs were separated into bins based on luminosity
(and likely ZAMS mass), the luminous and massive LBVs were found to be
closely associated with O-type stars.

The metallicities of the explosion sites of CCSNe have been examined
by e.g. |Galbany et al|(2016). They studied a sample of 115 host galaxies
with 74 CCSNe and 58 type Ia SNe, observed using IFS, and found the
progenitors of type IT and Ic SNe to have a higher metallicity than the pro-
genitors of types Ib and IIb. They concluded that at least some type Ic SNe
originate in single massive progenitors stripped by metallicity-driven winds.
On the other hand, the lower metallicity of type Ib SNe suggests that their
progenitors are instead stripped by interaction with a binary companion.
This is in line with earlier results by |[Kelly & Kirshner| (2012)). Sanders et al.
(2012)), on the other hand, found the metallicities of type Ib and Ic SNe not
to be different enough for metallicity to be the deciding factor between the
two. (Taddia et al| (2015 studied the metallicities at the sites of interact-
ing transients in particular — type IIn SNe and SN impostors. They found
type IIn SNe to have a metallicity distribution consistent with a mixture of
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RSG and LBV progenitors (high and low metallicity, respectively), while
impostors were found to correspond to LBVs alone. |Modjaz et al. (2008))
studied the metallicities of type Ic-BL SN sites, and found the events not
associated with a GRB to be located in more metal-rich environments.

General properties of host galaxies have also been used to study SN
progenitors. Lunnan et al. (2014), for example, found the host galaxies of
SLSNe to be similar to those of long GRBs in terms of mass, luminosity,
total star formation rate and metallicity. The masses, luminosities and
metallicities of these galaxies were found to be significantly lower than
those of other CCSN hosts, consistently with earlier results by [Neill et al.
(2011)).

In some cases, even with pre-explosion imaging of a CCSN host galaxy,
the progenitor star cannot be pinpointed and instead the source at the
SN location is a cluster (this was the case for e.g. SN 2009kr; Maund et
al.2015b). Sometimes no pre-explosion imaging is available, but the stellar
population at the SN site can be studied in post-SN high-resolution imaging
when the SN no longer contributes significantly to the local brightness. In
such cases, stellar population fitting can be used. For example, van Dyk
et al. (1999)) fitted the Padova group stellar models (Bertelli et al.|[1994])
to HST photometry of the site of SN 1979C and found the progenitor
consistent with an initially 17 — 18 Mg RSG, while [Maund et al. (2015b)
found the progenitor of SN 2009kr consistent with Mzamg < 25Mg. Both of
these SNe were of type II-L. The stellar population of the host association of
the type Ic SN 2007gr was used by [Maund et al. (2016)) to imply an initially
~ 30Mg, progenitor, possibly a WR star. [Kuncarayakti et al.|(2013aib) used
IFS and stellar population modeling to infer that at least some type II SNe
have progenitors similar to those of type Ib/c SNe (2 25M).

4.3 Nebular spectra

Information about the progenitor of a SN can also be obtained through its
late-time spectra. In the nebular phase, when most of the light from a SN
is due to emission lines from the ejecta, those lines can be used to estimate
ejecta masses and expansion velocities. Synthetic spectra are produced
using radiative transfer models, taking into account ejecta heating by y-rays
and positrons from the **Co decay and cooling by line emission to obtain the
temperature and ionization state, with chemical abundances and the ejecta
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mass as parameters. These can be compared to the observed spectra to
draw conclusions about the chemical abundances and masses in the ejecta.
These, in turn, can be compared to stellar evolution and nucleosynthesis
models to find the mass and evolutionary path of the progenitor star.

Jerkstrand et al.[(2012) studied the nebular spectra of the type II-P SN
2004et. The output was compared to hydrodynamic explosion and nucle-
osynthesis models by Woosley & Heger| (2007). They showed that several
lines in the nebular spectra of type II-P SNe are sensitive to the progen-
itor mass, especially [O 1] AA6300, 6364, but also Na 1 AA5890, 5896, Mg
1] M571, along with several NIR lines of carbon, silicon, neon and mag-
nesium. Models at different masses were compared to the nebular spectra
and a progenitor mass of 15 My, with 0.8 Mg of oxygen, was found to
provide the best match. Shivvers et al. (2013)) studied the nebular spectra
of type IIb SN 2011dh and compared them to a code developed by [Mazzali
et al| (2001), which takes into account the *°Co decay and line cooling,
but ignores recombination emission. In this way, the °Ni mass of 0.07 M
powering the explosion could be obtained as well. A progenitor mass of
13 — 15 Mg was estimated. Jerkstrand et al. (2015) performed a detailed
examination of the nebular spectra of type IIb SNe (including SN 2011dh)
similarly to |Jerkstrand et al.|(2012), and found progenitor masses between
12 and 16 My . Generally these results are consistent with direct progenitor
detections.

Kuncarayakti et al.| (2015]) used the [O 1] AA6300, 6364 line fluxes in par-
ticular to estimate an oxygen mass of 0.8 My, for the type Ib SN iPTF13bvn
using the Uomoto (1986)) relation. In the high-density limit, the minimum
mass of oxygen to produce the observed line luminosity depends on the
temperature as

Mo (M) = 108 £([O 1)) D%exp(2.28/T), (4.3)

where f([O 1)) is the line flux in erg s~ em™2, D is the distance in Mpc
and T} is the temperature of the oxygen-containing region in units of 10* K,
which can be estimated from line ratios and has an effect on transition rates.
Using several nucleosynthesis models the progenitor mass was estimated as
15 — 17 My, indicating a binary progenitor instead of a single WR star.

Late-time spectra of SLSNe have also been studied. |Jerkstrand et al.
(2016a) found spectra of slowly-declining type Ic SLSNe SN 2007bi and
PTF12dam incompatible with PISN models by [Heger & Woosley| (2002]):
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emission lines of oxygen, iron and magnesium not predicted from models
with > 65M¢ helium cores were observed. Nicholl et al.| (2016b|) compared
SN 2015bn, another SLSN of the same type, to the Jerkstrand et al.| (2016a))
spectra to reach the same conclusion, and based on the similarity to less
luminous type Ic SNe, its 7°Ni mass was found to be too small for its decay
to explain the extreme brightness. |Jerkstrand et al. (2016b) showed that
the late-time spectra of slowly-declining type Ic SLSNe in general require
large oxygen ejecta masses (= 10Mg, which is, however, too small for PISN
models) and thus are consistent with newborn magnetars from massive WR
progenitors (Mzams 2 40M).

4.4 Supernova searches and rates

Another statistical way to gain information about SN progenitors is to study
their relative rates. How these rates change with redshift and host galaxy
properties, and how they compare to statistics about stellar masses, binarity
and other factors, can help constrain the progenitor systems. However, a
caveat worth mentioning is that the relative rates may be skewed by the
missed SNe (Dahlen et al.[2012; Mattila et al.|2012)). This is not a problem
if the fraction of missed SNe is the same for all types, but this is not likely
to be the case.

One important source of SN rates is the Lick Observatory Supernova
Search (LOSS) project and studies based on it (Li et al.|2011ayc)). In these
studies, a volume-limited sample of CCSNe was constructed within 60 Mpc;
with 106 CCSNe, the completeness within this distance was estimated by
Li et al. (2011a) to be ~80 per cent. Correcting for this incompleteness,
the relative rates of SNe were computed. |Smith et al.| (2011a) discussed
the implications of these rates by comparing them to expectations from the
IMF and binary fractions. The fraction of SE-SNe (36.5f§:i per cent of
all CCSNe when including type IIb and 26.023:51; per cent for types Ib/c)
was found to be too high to be explained by single WR progenitors, even
with overly generous estimates for mass loss efficiency; instead, interacting
binary stars in the ZAMS mass range of 8.5 — 25 M were estimated to
produce the observed type Ib and IIb SNe. Type Ic SNe were suggested
to arise from more massive stars, as the removal of both the hydrogen
and helium envelopes would still require line-driven winds even with binary
interaction. Scenarios of direct collapse into black holes were disfavored as
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Figure 4.7: Illustration of the updated CCSN rates from lShivverS et al (]20163b
(‘this work’), compared to earlier results by m (2011al) (‘previous’). The
relative fraction of type Ib has increased significantly, while the fraction of type Ic
has decreased and types II-P and II-L. are no longer separated.

unnecessary. [Eldridge et al. (2013) arrived at only slightly different rates
within a 2000 km s~! radial velocity limit, with similar indications for the
progenitors.

More recently, the types of some SNe have been updated after a more
detailed study (e.g. [Modjaz et al. 2014, who found many type Ib events
to be mislabeled as Ic), and the LOSS statistics were revisited by
. The rates presented earlier in Table and illustrated in
Figure [4.7] are the updated ones. The new relative rates of type Ib vs. Ic,
with type Ib actually being roughly 1.7 times more common than Ic instead
of roughly 0.5 times as common (as reported by [Smith et al.|2011a), offer
even more support to the conclusion that type Ib SNe have lower-mass
progenitors than type Ic SNe do.

New high-cadence all-sky transient surveys such as the All-Sky Auto-
mated Survey for SuperNovae (ASAS—SNE[) and large programs dedicated
to classifying SNe such as the Public ESO Spectroscopic Survey for Tran-
sient Objects (PESSTCE[) now allow for larger and larger samples of SNe
to study their relative rates. In time, such surveys will allow the relative
rates of even rarer transients to be constrained.

3http://www.astronomy.ohio-state.edu/~assassin/index.shtml
“http:/ /www.pessto.org/



Chapter 5

Summary of the articles

The publications included in this thesis are summarized below. They show-
case different observational methods of studying CCSN progenitors, and
mostly deal with the environments of CCSN progenitors in some way. Pa-
pers I and II concern the environments and statistical distributions of CCSN
progenitors in their host galaxies. Paper III describes a case study and pro-
posed progenitor of a particular unusual CCSN, making use of similarities
to other CCSNe and an analysis of its environment. In Paper IV, magne-
tar model fits and late-time spectra are used to infer the progenitor of an
unusual SLSN.

In all sections ‘we’ refers to the authors of the paper in question. My
contributions to each paper are summarized at the end of each section.

5.1 Paper I

In Paper I we present a statistical analysis of the environments of CCSNe
in strongly star-forming host galaxies. The absorption cross section of dust
in the ISM peaks in the UV range, while UV radiation is produced by
young stars. The absorbed energy is re-emitted in the far-infrared (FIR)
range, making FIR emission a tracer of star formation (Kennicutt 1998)H
As such, the galaxies were chosen from among the TRAS Revised Bright
Galaxy Catalog (Sanders et al.|2003), selected to have a high FIR luminosity
(defined here as the luminosity between 40 and 400 pum) of Lprr > 1.6 x
10'°Le; this is the total FIR luminosity of the NGC 4567/8 galaxy pair.
Additionally, the galaxies had to be at a distance of less than 75 Mpc

'For starbursts with ages less than 10% yr, where the UV and optical emission is
dominated by young stars, SFR (Mg yr~') = 4.5+ 1.4 x 107" erg s™*.
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and observable from the Roque de los Muchachos Observatory (ORM) at
La Palma, resulting in a declination of 2 —35°. The sample included 57
galaxies, 22 of which are brighter in FIR than the ‘prototypical’ starburst
galaxy M 82.

The galaxies were observed in the H « line using a narrow-band H «
filter and another narrow-band filter in the nearby continuum with the
2.56-m NOT, and in the Ks band with both the NOT and the William
Herschel Telescope (WHT); both telescopes are located at the ORM on La
Palma. Additionally, NUV images were obtained from the public GALEX
space telescope data archive. The continuum-filter images were subtracted
from the H « images with the 1S1S 2.2 package using the Optimal Image
Subtraction (OIS) method by |Alard & Lupton (1998) and |Alard, (2000)).

The environments of the CCSN sample were analyzed using the NCR
method, the JA06 fractional flux method and the [Hakobyan et al. (2009)
method of calculating the scale length of their surface density distribution.
The SE-SNe in the strongly star-forming galaxies in our sample were found
to have a shorter scale length than those in normal galaxies, and are thus
concentrated closer to the nuclei of their host galaxies, possibly because of
an increased close binary fraction in dense regions. No difference was found
for type II SNe, which are located further away from the host galaxy nuclei
regardless of the star formation rate of the galaxy. The NCR results were
mostly consistent with those of |Anderson et al.|(2012), with the exception
of type Ic, whose mean NCR is higher in strongly star-forming galaxies.
Type Ib and II progenitors were found similar to each other in terms of
mass, with type Ic progenitors being the most massive. The NCR sequence
was found in H o, NUV and the NIR Ks band.

I performed roughly half of the observations (the rest being existing
data) and the bulk of the optical data reduction. I carried out all of the
statistical analysis of the data. As the main author, I contributed the bulk
of the material in the paper.

5.2 Paper II

In Paper II we compare the NCR results of Paper I, Anderson et al.| (2012)
and Habergham et al.| (2014) to those of massive stars in order to more
quantitatively constrain the CCSN progenitors. Public H o emission maps
of two nearby, different galaxies, the irregular LMC and the spiral galaxy
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Messier 33 (M33), were obtained. Coordinates of evolved stars in both
galaxies were obtained from catalogues, mainly those of RSGs and YSGs
(Drout et al.|2012; Neugent et al.|2012) and of WR stars (Bonanos et al.
2009; Neugent & Massey|2011}; Hainich et al.[2014). In addition, coordinates
of O- and B-type main-sequence stars (corresponding to > 8Mg) were
obtained from the SIMBAD database. The NCRs of stars were calculated,
and the means and distributions of NCR values were compared to those of
CCSNe. In addition, systematic effects on the NCR distributions, such as
the host galaxy distance, uncertainties in SN coordinates and the addition
of noise, were simulated and investigated. The galaxy images were degraded
to correspond to the distances of the SN host galaxies in order to make the
distributions comparable.

Both main-sequence and evolved stars exhibit a sequence of increasing
NCR with increasing ZAMS mass, although the sample of main-sequence
stars is most likely spatially biased. The results were mostly found con-
sistent between the LMC and M33, despite the inherent differences such
as the masses and metallicities between the galaxies. Type II-P SNe were
found to match the distribution of RSGs with Myzanms 2 9Me), consistently
with the established II-P progenitor scenario, thus confirming the validity
of the NCR method.

Type Ib SNe were found to be consistent with the same progenitor mass
range as type II-P. Type II-L and IIb SNe were both found consistent with
higher-mass YSGs, although the sizes of the type IIb and II-L samples
result in large uncertainties in their NCRs. The differences between types
Ib and II-P on one hand, and between IIb and II-L on the other, are thus
indicated to result not from progenitor ZAMS mass differences, but from
the presence or lack, respectively, of an interacting binary companion. Type
Ic SNe were found consistent with early-type WN stars — WR stars with
strong nitrogen features and ZAMS masses of 2 20M,. This indicates that
the progenitors of type Ic SNe are single WR stars, interacting binary stars
of higher ZAMS mass than the progenitors of type Ib SNe, or a mix of both.

I initiated the project, obtained the necessary data from public sources
and performed the overwhelming majority of the statistical analysis. As
the main author, I contributed the bulk of the material in the paper.
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5.3 Paper III

In Paper III we present the results of the follow-up campaign of the un-
usual, bright type II-L. SN 2013fc. This includes optical spectroscopy and
photometry covering roughly five months and NIR photometry covering
roughly seven months. The classification and follow-up were a part of the
PESSTO program, of which I am a member.

Using integral field unit (IFU) spectroscopy of the explosion site, we
established that SN 2013fc exploded in a star-forming ‘knot’ in the cir-
cumnuclear ring of its host galaxy, the LIRG ESO 154-G010; using both
a stellar population model and a comparison to SN 1998S, we determined
this to be a highly reddened region with Ay = 2.940.2. The location of SN
2013fc resulted in heavy host galaxy contamination in its spectra and pho-
tometry, requiring not only template images but a template spectrum to
be subtracted from the images and spectra of the SN. The template images
and spectra of the galaxy were observed 1 — 1.5 years after the explosion,
when the SN had faded.

Despite an initial classification as type IIn, the light curve of SN 2013fc
reveals it as a type II-L. SN similar to interacting SNe 1998S (e.g. [Fassia et
al.|[2000, [2001) and 1979C (e.g. |de Vaucouleurs et al.|[1981; van Dyk et al.
1999), but brighter, with a peak absolute magnitude of B = —20.46 + 0.21
mag. With an initially featureless blue spectrum, SN 2013fc gradually de-
veloped a strong broad (FWHM ~ 8000 km s~!) H « emission line without
a P Cygni absorption profile. This is consistent with other type II-L SNe.
The similarity to SNe 1998S and 1979C suggests a similar progenitor star;
this would mean an extreme RSG with Mz anrs ~ 17Mg. A stellar popula-
tion model was fitted to the SN location, with an estimated age of 103 Myr
suggesting Mz aars = 19+ 4M), which is consistent with the progenitor of
SN 1979C.

Signs of dust condensing in a CDS caused by CSM interaction were
seen in the NIR photometry. Additionally, the high peak luminosity and
the late-phase decline, faster than expected if it was powered by *°Co decay,
may be explained by CSM interaction. The similarity to interacting SNe
provides further circumstantial evidence of interaction with CSM. Narrow
lines from the SN were not detected — if they existed, they would have been
completely dominated by the host galaxy contamination. A recent strong
RSG wind may be responsible for the mass loss that created this CSM.

I was one of two people who classified SN 2013fc and initiated its follow-
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up. I was responsible for the coordination of the optical and NIR follow-
up campaign as a part of PESSTO. I reduced a significant part of the
photometric and most of the spectroscopic data and performed most of the
analysis. As the main author, I contributed the bulk of the material in the

paper.

5.4 Paper IV

In Paper IV we describe the follow-up campaign of the hydrogen-poor SLSN
Gaial6apd, including optical, UV and NIR photometry and optical spec-
troscopy, over a period of more than half a year in the rest-frame of the SN.
The classification and observations were performed as a part of the NOT
Unbiased Transient Survey (NUT SED collaboration.

This event exhibited an unusual early UV brightness (with a peak
Myym2 ~ —23.6 mag) and high temperature (> 18000 K) even for a SLSN.
Its early optical evolution resembled that of the fast-declining type Ic SLSN
SN 2010gx, which may also have evolved similarly in the UV — although
there is a lack of early UV data for it and other fast-declining events.
Spectroscopically it exhibited the O 11 absorption lines typical to type Ic
SLSNe around 3500 — 4500 A, and evolved to resemble normal type Ic SNe
after maximum light. At late times, the decline time-scale and rate are
between fast- and slowly-declining type Ic SLSNe, making Gaial6apd a
link between the two subclasses. Another intermediate event, LSQ12dIf,
was also identified in the literature. The host galaxy of Gaial6apd is faint
and metal-poor, like those of other SLSNe of this type. A public HST far-
UV spectrum was used to constrain the extinction in the host galaxy to
E(B — V)post = 0.010 £ 0.005 mag.

Yan et al. (2016) excluded a PISN scenario as the power source of
Gaial6apd based on its UV spectra. As such, magnetar spin-down models
described by Kasen & Bildsten (2010) were fitted to the pseudo-bolometric
light curve of the SLSN. The transient was found consistent with the birth
of a magnetar with a period of P = 1.9 + 0.2 ms and a magnetic field of
B =1.9+0.2 x 10 G, with an ejecta mass of 8 — 16 My, depending on
opacity, for the SN itself. The high early UV luminosity is consistent with
the heating power expected from such a magnetar.

A comparison between the late-time spectra of Gaial6apd and the

http://csp2.co.cl/not/
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slowly-declining event PTF12dam (Nicholl et al.[2013]) revealed a striking
spectroscopic similarity between these SLSNe, apart from a faster temper-
ature evolution for Gaial6apd, despite the differences in their photometric
evolution. This points toward a similar progenitor scenario for both classes
of events. Jerkstrand et al. (2016b)) showed that the late spectra of slowly-
declining type Ic SLSNe require large oxygen ejecta masses (2 10M) and
thus massive WR progenitors (Mzams 2 40Mg); such a progenitor is con-
sistent with Gaial6apd as well.

I classified Gaial6apd and was responsible for most of the coordination
of the optical and NIR follow-up campaign as a part of the NUTS program.
I reduced a part of the photometric and all of the spectroscopic data and
performed most of the analysis. As the main author, I contributed the bulk
of the material in the paper.



Chapter 6

Future work

With the new all-sky surveys replacing targeted SN searches, thousands of
SNe are being discovered each year, including peculiar events in unexpected
locations. SNe can be caught very young much more reliably than before,
yielding important information about the early phases. Future telescopes
such as the James Webb Space Telescope (JWST, a 6.5-m infrared space
telescope planned for launch in late 2018) and the Large Synoptic Survey
Telescope (LSST, an 8.2-m telescope designed specifically to map the entire
sky in a few days, scheduled for the early 2020s) will further improve our
ability to detect fainter, more distant events in larger numbers and in a less
biased manner.

It is difficult for the direct progenitor detections to keep up with this
surge of data, however, as the method requires particularly powerful tele-
scopes, nearby SNe and a confirmation of the disappearance of the pro-
genitor star. Although follow-up campaigns of SNe will continue to be a
reliable source of information on individual SNe, statistical methods capa-
ble of dealing with large samples are expected to rise in importance. In this
light, I aim to continue my work with environmental and statistical studies
of CCSN progenitors using the tools developed during my earlier projects.
For example, an ongoing project deals with extending the NCR method to
normal galaxies in the NIR.

One interesting future development is the Javalambre Physics of the
Accelerating Universe Astrophysical Survey (J-PAS), which aims to map
over 8000 square degrees of the sky in 56 narrow-band filters. This survey
will make it possible to map H « emission — among other spectral lines — in
thousands of galaxies at different redshifts and, in conjunction with the new
SN discoveries, increase NCR and radial distribution statistics by an order
of magnitude. This will allow us to extend both methods to rarer subtypes
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of SNe as well as to better quantify the effects of host galaxy properties.
The project will be undertaken in collaboration with several researchers
from multiple countries. This survey will take a few years to complete.
A preliminary survey, the Javalambre Photometric Local Universe Survey
(J-PLUS), is already underway, and will provide maps of the same area of
the sky, albeit with broader and fewer filters. I will take this opportunity
to expand on my environmental studies in the coming years.

In addition, the public VISTA survey of the Magellanic Clouds sys-
tem (Vqul) is in the process of mapping both Magellanic Clouds using
the ESO-operated Visible and Infrared Survey Telescope for Astronomy
(VISTA), and is nearing completion. I am a member of the survey team.
We have initiated a project, in collaboration with researchers from the
universities of Cambridge and Dublin, that will allow us to construct an
unbiased catalog of massive main sequence stars in the LMC and deter-
mine their probable masses based on VISTA NIR photometry and stellar
evolution models. This will improve the mass constraints corresponding to
different NCR values, and thus further improve the precision of the NCR
method. A pilot study for this project using a cluster of stars with spec-
troscopically determined spectral classes is underway.

"http://star.herts.ac.uk/~mcioni/vmc/
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