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Abstract

A supernova (SN) is the explosive destruction of a star. Via a luminous outpouring of radiation, the
SN can rival the brightness of its SN host galaxy for months or years. In the past decade, astronomical
surveys regularly observing the sky to deep limiting magnitudes have revealed that core collapse SNe
(the demises of massive stars) are sometimes preceded by eruptive episodes by the progenitor stars dur-
ing the years before the eventual SN explosion. Such SNe tend to show strong signatures of interaction
between the SN ejecta and the circumstellar medium (CSM) deposited by the star before the SN explo-
sion, likely by mass-loss episodes like the ones we have started to observe regularly. The complex CSM
resolved around certain giant stars in our own galaxy and the eruptions of giant stars like η Car in the
19th century can be seen in this context. As the SN ejecta of an interacting SN sweep up the CSM of
the progenitor, radiation from this process offers observers opportunity to scan the late mass loss history
of the progenitor. In this thesis, interacting SNe and eruptive mass loss of their progenitors is discussed.
The SN iPTF13z (discovered by the intermediate Palomar Transient Factory, iPTF) is presented. This
transient was followed with optical photometry and spectroscopy during 1000 days and displayed a light
curve with several conspicuous re-brigthenings ("bumps"), likely arising from SN ejecta interacting with
denser regions in the CSM. Around 200 days before discovery, in archival data we found a clear precursor
outburst lasting & 50 days. A well-observed (but not necessarily well understood) event like SN 2009ip,
which showed both precursor outbursts and a light curve bump, makes an interesting comparison object.
The embedding of the (possible) SN in a CSM makes it hard to tell if a destructive SN explosion actually
happened. In this respect, iPTF13z is compared to e.g. SN 2009ip but also to long-lived interacting
SNe like SN 1988Z. Some suggestions for future investigations are offered, to tie light curve bumps to
precursor events and to clarify the question of core collapse in the ambiguous cases of some interacting
SNe.
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1
Introduction

Skywatchers throughout human history have followed the regular motions of the Sun, the Moon and
the planets against the backdrop of the seemingly fixed and steadily shining stars. Sometimes, comets
appeared and moved across the sky, disturbing the orderliness. On rare occasions, bright and apparently
"new" stars would show up in the sky. They could be visible in daylight and be seen at night for months
before fading from visibility. The bright, rare and fleeting events of this kind are the topic of this thesis.

1.1 The origins of the field

A bright "new" star appeared in the constellation Cassiopeia in 1572 November, with apparent magnitude
≈ −4 (comparable to Venus). This provoked the interest of many observers. At Herrevadskloster in
Skåne, Tycho Brahe used a sextant of his own manufacturing to measure the position of the new star.
From its lack of observable parallax during 6 months, Tycho concluded that the new star was located
"among the other fixed stars" (Brahe 1573). Comparable "new", bright stars had been observed a few
times before in history (Stephenson & Green 2002) but the careful and sustained observations by Tycho
were pioneering in showing that changes could occur among the "fixed" stars. In Latin, the academic
language in Europe at the time, ”nova stella” means ”new star”. Eventually, the word nova alone became
used to designate the phenomenon of a new star suddenly appearing in the sky.

Another bright, new star was seen in the constellation Ophiuchus in 1604 by Johannes Kepler and
others. During the next three centuries ∼ 10 novae were seen (Pickering 1895) but none of them as bright
as the ones in 1572 and 1604. Use of telescopes during the decades around 1900 brought discoveries of
novae in some nebulae, e.g. one in 1885 in what was then called the Andromeda nebula. By the 1930s,
it was known that some "nebulae" actually were galaxies, located at distances ∼ 105 pc and more. To be
seen at such distances, the new stars seen appearing in other galaxies had to very luminous. This insight
led to the distinction between a nova and a supernova1 as it became clear that supernovae are intrinsically
∼ 10 magnitudes more luminous than novae. The new stars of 1572 and 1604 were indeed supernovae.
The mechanism which gave rise to such a luminous event as a supernova (SN) was unknown at the
time, but pioneering work by Baade & Zwicky (1934) suggested that supernovae were stars blowing up,
shedding most of their mass and leaving bodies of much smaller mass behind.

1Fritz Zwicky and Walter Baade ostensibly used the word supernova for the first time, in lectures given 1931 (Zwicky 1940).
Knut Lundmark appears to have been the first to use the word in print (Lundmark 1932).
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Figure 1.1: Galaxy M 101 before and during the thermonuclear SN 2011fe. The yellow arrow points to the SN
position. The field of view in each image is ≈ 14′ × 14′, with north up and east to the left. Image courtesy of PTF.

Understanding of the internal mechanisms of stars, which started developing during the 20th century,
helped understanding SNe. A star is a body in hydrostatic equilibrium maintained by the balance between
inward gravitational pull and the outward gradient in pressure. Nuclear fusion of lighter elements into
heavier ones is the source of energy giving rise to the pressure needed to keep the star stable. It also
makes the star shine, as long as the interior conditions of the star allows fusion to continue. This gives
the star a limited lifespan. A Sun-like star ends its life by expelling its outer layers and leaves behind a
white dwarf star, supported by electron degeneracy pressure and slowly cooling.

We will not discuss the nova phenomenon (e.g. José 2016) further, but note for completeness that
it is caused in close-in binary systems where one component is a white dwarf. When matter from the
non-compact companion star spills over onto the white dwarf, conditions can arise where nuclear fusion
can happen and give rise to a nova outburst. Novae are non-destructive and reach peak luminosities of
∼ 105 L� (solar luminosities). White dwarfs can also be progenitors of SNe, if matter transferred to the
white dwarf leads to runaway nuclear fusion unbinding the white dwarf in a explosion. These so called
thermonuclear SNe reach peak luminosities of ∼ 109 L�, i.e. comparable to the luminosity of a whole
galaxy (Fig. 1.1). A star formed with mass & 8 M� (solar masses) will end its existence by exploding as
a core-collapse SN, which are the topic of the thesis.

SNe play several important roles in the evolution of the universe. They are one of the most important
channels for supplying the cosmos with heavy elements, formed both by the progenitor stars and in
the SNe explosions themselves (Arnett 1996). This is are crucial for e.g. the formation of planets like
the Earth. When radiation and kinetic energy from SNe enter the surrounding interstellar medium, this
contributes to the motion and ionization of the medium (e.g. Efstathiou 2000).

The astronomical uses for SNe are many. They can serve as distance indicators (Riess et al. 1998)
and tracers of star formation history (e.g. Hakobyan et al. 2014) but they are also eminent laboratories
in themselves. Albeit SNe are challenging to find and follow up, observing them gives us intriguing
glimpses into stellar physics. Some SNe even gives us chances to read off the late-time history of their
progenitor stars, as will be examplified in this thesis.
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1.2 Scope of the thesis

All stars loose mass during their existence. Both observational and theoretical results indicate that the
mass loss history of a massive star plays a decisive role in determining which type of SN the star will
end as. Stellar winds are among the most important mass loss mechanisms but eruptive episodes of mass
loss play a crucial role in the evolution of massive stars. Some massive stars have strong mass loss just
before the SN happens, deposing material as a circumstellar medium (CSM) around the star. When such
a star explodes as a SN, the SN ejecta will interact with the CSM. This produces conspicuous radiation
signatures which can help observers probe the structure and geometry of the CSM and thereby the mass
loss history of the star before it exploded. SNe interacting with Hydrogen-rich CSM, so called SN Type
IIn, is the main topic of this thesis.

The supernova iPTF13z is presented in the accompanying paper (Nyholm et al. 2017) and discussed
further in this thesis. This SN was discovered past maximum brightness by the intermediate Palomar
Transient Factory (iPTF) project. The defining feature of this SN are the episodes of re-brightening
happening during its overall decline in brightness. They appear like a series of ”bumps” in the light
curve. The first bump had an amplitude of 0.5 mag in the R band and occurred around 150 days after
discovery. In the 3 years of photometric coverage presented in this thesis, at least five bumps in the
light curve can be discerned. Optical spectra showed iPTF13z to be a SN Type IIn. While light curve
bumps have been observed in some other SNe Type IIn, like SNe 2006jd and 2009ip, the series of bumps
observed in iPTF13z is unprecedented.

For some SNe Type IIn, outbursts taking place in the years before the SN explosion have also been
observed. For the field of iPTF13z, we have pre-discovery archival images from 2009–2012. In these, an
outburst at absolute magnitude −15 lasting & 50 days around 210 days before the discovery of the SN was
found at the location of iPTF13z. This pre-discovery outburst detection is one of the clearest in the SN
Type IIn literature. Based on photometric and spectroscopic observations and a simple analytical model,
the thesis presents an interpretation of the light curve bumps as arising when the SN ejecta encounter
denser shells in the CSM. Mass loss rate estimates for the progenitor star, coupled with the occurrence
of the pre-discovery outburst, makes a Luminous Blue Variable a possible candidate for the progenitor
star of iPTF13z. The major question is if iPTF13z was a true CC SN, where the progenitor star was
destroyed, of if it was the eruption of a star that is still intact. Some questions regarding iPTF13z which
are not discussed by Nyholm et al. (2017) are treated as well. The thesis also describes the procedures of
SN search and follow-up, using the iPTF project as the example.

1.3 Outline of the thesis

Chapter 2 will describe massive stars (the progenitors of CC SNe) and their mass-loss mechanisms, as
well as summarise our knowledge of the different SN types and their progenitor stars. Chapter 3 outlines
how SN searches are conducted and how SNe are followed with optical photometry and spectroscopy.
Chapter 4 gives an introduction to the interaction between SN ejecta and a circumstellar medium, and
describes the SNe Type IIn in terms of their light curves, spectra, environments and possible progenitor
star detections. Chapter 5 discusses SN iPTF13z, the main topic of the thesis, and develops some aspects
of this SN not covered by Nyholm et al. (2017). The reader might find it convenient to read the paper
by Nyholm et al. (2017) before reading Chapter 5. In Chapter 6, we wrap up by pointing to the main
questions regarding iPTF13z and discuss how they can be investigated further and possibly solved.
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1.4 Practical notes

Note on SN names: SNe are generally named in the style SN [discovery year] [letter(s)]. The letter(s)
first run from A to Z and thereafter continue with combinations of lower case letters. Examples: SN
1988Z and SN 2016bdu. Some SN search projects (like the iPTF) have their own name convention for
the SNe they find, but usually include the discovery year and some letter combination.
Note on cosmology and distances: When distances are computed from redshifts of SNe, we assume
a standard ΛCDM cosmology with parameters from WMAP (Wilkinson Microwave Anisotropy Probe,
Hinshaw et al. 2013): H0 = 70.0 km s−1 Mpc−1, ΩM = 0.279 and ΩΛ = 0.721. We make no corrections
for Virgo infall and other such effects.



2
Stars and supernovae

The progenitors of core-collapse SNe – the massive stars – will here be described in some detail. We
will also describe mechanisms by which giant stars loose mass and introduce the various types of core-
collapse SNe and their progenitors.

There is a very rich literature on the stellar evolution leading to SNe. The brief overview in Chap-
ter 2.1 is based on the review by Woosley et al. (2002), the book chapter by Heger (2012) as well as
appropriate parts of the monographs by Arnett (1996) and José (2016).

2.1 Evolution and demise of a massive star

A massive star as defined by Woosley et al. (2002) is a star capable of igniting C and O burning under
nondegenerate conditions and which does not leave a white dwarf as a remnant. Stars formed with a mass
of 8 M� (solar masses) on the main sequence of the Hertzsprung-Russel (HR) diagram (Fig. 2.1) are
generally assumed to be able to ignite C burning, and stars formed with masses & 11 M� can maintain
hydrostatic equilibrium while burning nuclear fuel as heavy as Si in the core, setting the stage for core
collapse. Using Table 1 by Woosley et al. (2002) as our guide, we will consider the burning stages in the
life of a 20 M� star as an example of how a massive star evolves up to core collapse.

After formation, a 20 M� star enters the main sequence as a blue giant, with its Wien peak in the UV.
A 20 M� star spends ≈ 8 · 106 years burning H, sitting on the main sequence. After H is consumed, the
core contraction rises the temperature to 2 · 108 K. This allows He to burn to generate new C and O. The
star expands, becomes a red giant and spends 106 years burning He. The star has now traversed the HR
diagram, cf. Fig. 2.1. After depleting He in the core, C becomes the fuel, fusing at 9 · 108 K, leaving
Ne, Mg and Na as ashes. C burning lasts ∼ 103 years. At the temperature of C burning, an important
change occurs in the star. Now, pair production of neutrinos (γ → e+ + e− → ν + ν̄) becomes feasible.
The neutrinos thus formed can escape the star essentially without interacting with matter and carry away
large amounts of energy. From C burning and onwards, the giant star is now more luminous in neutrinos
than in photons. Due to this, Heger (2012) calls them "neutrino stars". After depleting C, burning of
Ne starts in the core, at temperatures ∼ 109 K. The Ne burning lasts . 1 year, which is comparable to
the diffusion time for a photon leaving the star. From now on, the core therefore develops independently
of the outer layers of the star. At ≈ 2 · 109 K, O burning then commences. It yields more energy per
burnt mass than Ne burning does, and therefore lasts & 1 year (somewhat longer than Ne burning). An
important ash from both Ne and O burning is Si, which will be burnt in the final episode of hydrostatic
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burning in the star. The Si burning is a complex process, occurring at core temperature 3 · 109 K for only
∼ 10 days. After Si burning, the core is composed of the most tightly bound Fe-group elements allowed
by the physical conditions. While 62Ni is the most tightly bound nucleus of all, conditions in the core
favour 54Fe and 56Fe as the primary ash of Si burning.

The giant star of our example is now built up like an onion, with layers of ashes from the different
burning stages surrounding the Fe core. In each of the layers, burning continues. The outermost layer,
of H, now extends to a radius of ∼ 1000 R�. During Si burning, the mass of the (originally) 20 M�
star has shrunk to 15 M�. For its 9 · 106 years since formation, the star had a mass loss on the order of

5 M�
9·106 years ∼ 10−6 M� year−1. This order of magnitude of the mass loss rate is typical for the wind driven
mass loss of a giant star, but the model of Woosley et al. (2002) which we follow used a standardised
mass loss prescription to account for the mass loss. This is a simplification, as recent work has shown
that eruptive episodes of mass loss play an important role in the evolution of giant stars. Eruptive mass
loss will be treated in Chapter 2.2.

Figure 2.1: This Hertzsprung-Russell diagram depicts the evolution tracks for giant stars of a range of masses
(given in solar masses next to the tracks). The areas of red supergiants, luminous blue variables and Wolf-Rayet
stars are indicated. Originally from Smartt (2009).

When the Fe core can no longer support the star, core collapse (Janka 2012) starts. This happens when
the Chandrasekhar mass (MCh) has been exceeded by the core and degeneracy pressure can no longer
be sustained. Two important effects accelerates the collapse. Electron capture by the Fe group elements
in the core reduces the number of electrons contributing to degeneracy pressure, makes the core neutron
rich and sets free a shower of neutrinos. High energy photons in the core can also photodisintegrate
Fe group elements, and photons consumed for this purpose reduces the radiation pressure in the core.
Core collapse takes ∼ 0.1 sec. A proto-neutron star has formed during the core collapse, and the matter
falling inwards bounces against it. This bounce creates a shock wave traveling outwards through the
star, but as the shock moves outwards much of its energy is consumed by photodisintegration of infalling
nuclei. This, and other channels of energy loss, makes the shock stall. What turns the core collapse into
a disruption of the whole star – visible as a SN – is not fully understood, as discussed by e.g. Burrows
(2013) and Müller (2017). Absorption of neutrinos emitted by the proto-neutron star could increase the
pressure and is a promising candidate for explaining how the stalled shock is revived. For a shock moving
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at speed ∼ 1000 km s−1, it takes a few hours to propagate outwards through a giant star. When the shock
breaks out through the stellar surface, the SN becomes visible in electromagnetic radiation to an outside
observer.

To end this introduction, let us consider the energy budget of a core collapse SN. When the Chan-
drasekhar mass (MCh) core with a radius of ∼ 108 cm collapses to form the proto-neutron star (radius
RNS ∼ 106 cm), the gravitational binding energy ∼ GM2

Ch/RNS ∼ 1053 erg is released, most of it carried
away by neutrinos. The characteristic kinetic energy of the SN can be estimated by considering a few
M� of SN ejecta flying apart with a few 1000 km s−1, thereby carrying a kinetic energy ∼ 1051 erg. We
can estimate the energy emitted in visible light by noting that a CC SN can be visible around absolute
magnitude M = −17 (e.g. Li et al. 2011), corresponding to a luminosity ∼ 1042 erg s−1. A SN can main-
tain such luminosity for about ∼ 100 days, which means a energy output in visible light of ∼ 1049 erg. It
is apparent that that the radiated energy we observe as light from a core collapse SN come from a slight
fraction (∼ 0.1 ‰) of the energy from the core collapse itself.

2.2 Mass loss mechanisms

Mass loss is an important process affecting the evolution of a giant star and its environment. The mass
lost from a giant star can form a circumstellar medium (CSM), which is several orders of magnitude
denser than the interstellar medium (ISM) and can dominate the surrounding of the giant star out to radii
. 1 pc (. 1018 cm), i.e. ∼ 104 stellar radii. See Fig. 2.2. Mass loss is a less well understood aspect of
stellar evolution and our poor understanding of some aspects of mass loss prevent us from understanding
SNe properly. On the other hand, as will be demonstrated in this thesis, SNe whose ejecta interact with
the CSM of its progenitor star can help us understand the mass loss of giant stars better. A number of
mechanisms can contribute to the mass loss, on different time scales and at different mass loss rates.
Smith (2014) provide a SN oriented review of giant star mass loss. Meynet et al. (2017) give a summary
of current problems in our understanding of giant star evolution.

A major mechanism behind this mass loss is stellar winds, which are dependent on the metallicity
of the star. Photons emitted by the star can be absorbed by ions in its atmosphere. Their momentum
is transferred to the ions, some of which eventually overcomes the escape velocity of the star. This
is called line driven winds. Mass loss rates of giant stars are usually in the range from 10−7 to 10−4

M� yr−1 (Smith 2014) but can reach ∼ 1 M� yr−1 in extreme cases1 (Chapter 5.3.3). Several studies
of SN environments have shown that some SN types occur more frequently in surroundings of certain
metallicities (e.g. Habergham et al. 2014; Taddia et al. 2015), underlining the importance of metallicity
for understanding SNe.

Typical rotational speeds of many giant stars can bring them close to their break-up velocities (Langer
1998). As discussed by e.g. Groh et al. (2013), rapid rotation increases the mixing in the stellar interior,
bringing ashes of He burning (e.g. C and O) closer to the surface. As mass loss removes the outer layers
of the star, bringing C and O to its surface, such heavier elements make line driven winds more efficient,
increasing the mass loss.

Observations (e.g. Sana et al. 2012) as well as modeling (e.g. Kochanek 2009) demonstrates that a
considerable fraction (& 50 %) of all massive stars are members of a binary system. This can lead to mass
transfer between the stars, as well as co-evolution in a common envelope and possibly stellar mergers.
Binarity can thus heavily influence the evolution of SN progenitors. A star with strong mass loss in a

1For comparison, Sun-like stars have mass loss rates between ∼ 10−15 and ∼ 10−12 M� yr−1 (Cohen 2011).
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binary system can also have its CSM modulated by the companion star, as shown by e.g. Schwarz &
Pringle (1996) based on the radio light curve of SN 1979C.

2.2.1 Eruptive mass loss

Apart from steady stellar winds, eruptive mass loss also plays an important role in shaping the CSM of
giant stars. This is indicated e.g. by the brightening of such stars when the eruptive mass loss happens
(Chapter 2.3.4), as well as via circumstellar nebulae observed around such stars (Fig. 2.2) indicating that
mass loss happened earlier.

Figure 2.2: AG Carinae as an example of a LBV star and its surroundings. The radius of the surrounding CSM
shell is ≈ 1 pc. Composite of Hubble Space Telescope images. Field of view ≈ 30′′ × 30′′. North is towards the
upper, right corner of the field (east towards the upper left). Image processing by Judy Schmidt.

Of particular interest for this thesis are the rare Luminous Blue Variable (LBV) stars, which are prone
to episodes of strong mass loss. Following the classical review by Humphreys & Davidson (1994), we
identify an LBV as an evolved, hot (15000 − 30000 K) and very luminous (∼ 106 L�) supergiant star
which can suffer giant eruptions as well as irregular and less violent eruptions. Canonical values of these
LBV physical properties are based on Vink (2012). The position of LBVs in the HR diagram is shown
in Fig. 2.1. The brightening of the LBV stars P Cygni in 1600 and of η Car in 1843 and 1890 (e.g.
Smith et al. 2011), respectively, has later been shown to have been associated with episodes of drastically
increased mass loss rates. These events were giant eruptions. The ≈ 4 magnitude brightening of η Car
around 1843 was associated with a mass loss rate of & 10−1 M� year−1 (Smith et al. 2003). The prolonged
quiescent phases of LBVs (e.g. lasting since around 1700 for P Cygni) makes it hard to confirm the LBV
identity of all LBV candidates. The number of LBVs and LBV candidates found in the Milky Way and
its neighbouring galaxies is & 50 (Vink 2012). The rarity of LBVs suggests that such stars represent a
short stage in the life of supergiant stars, lasting ∼ 104 to ∼ 105 years (Smith 2014). LBVs are generally
considered to be close to leaving the main sequence, soon to start fusing He and become Wolf-Rayet
stars. The example in Fig. 2.2 shows that a LBV can have a complex circumstellar environment on the
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∼ 1 pc scale and below, showing clear signs of earlier mass loss.
The Eddington parameter is commonly used when discussing the stability of a star to radiation pres-

sure. It is defined as the ratio of radiative to gravitational acceleration (e.g. Vink 2012) which makes it a
function of mass and luminosity of the star. Assuming Solar composition of the star and Thomson scat-
tering by free electrons, the Eddington parameter Γ can be expressed as Γ = 2.3 · 10−5(L/L�)(M/M�)−1.
When Γ = 1, the star is at the limit of its stability to radiation pressure, and some LBVs can have Γ & 0.5,
which is regarded as close to the Eddington limit.

According to Smith et al. (2011), during the 1840s outburst η Car had Γ ≈ 5 for over a decade.
Despite this super-Eddington condition, other mechanisms than radiation pressure are likely needed to
better explain eruptive mass loss. The cause of eruptive mass loss is currently not well understood, but
different mechanisms have been proposed. We will describe some of them, following Smith (2014).

Mass loss driven by acoustics was examined by e.g. Quataert & Shiode (2012). The scenario they
suggest occurs in the late part of a massive star’s life, during C fusion and later, i.e. in the final ∼ 103

years. Strong convection at this stage could excite sound waves in a massive star which could eject
several M� of material from the star. For red supergiant stars, pulsationally driven stellar winds could
also be an important mechanism for episodes of stronger mass loss towards the end of their lives (e.g.
Yoon & Cantiello 2010).

Unsteady nuclear burning could supply energy to eruptive mass loss, as investigated by e.g. Smith &
Arnett (2014). They point out that a small fraction of the energy available from the burning stages after
He burning would be sufficient to drive such eruptions.

The production of electron-positron pairs, with a mechanism as described in Chapter 2.1 during
C burning, can also drive eruptive mass loss via the pulsational pair instability (PPI) mechanism; see
Woosley (2017) and references therein. Such instabilities occur in massive stars with He cores > 30 M�
and can according to Woosley (2017) drive eruptive events lasting from ∼ hours to ∼ millennia.

The geyser model, proposed by Maeder (1992), explain eruptive mass loss from giant stars in a way
analogous to geyser eruptions. This has been applied e.g. to LBVs (Humphreys & Davidson 1994).
The model is based on the existence of the density inversion close to the surface of massive stars (see
references in Maeder 1992). When some giant stars move redwards in the HR diagram, their outer
layers become too cool for H to be ionized there. This leads to a local opacity peak, giving an increased
gas pressure and producing a region of increasing density close to the stellar surface. On the region of
higher density, a thinner layer is thus floating. This thin layer has a very short thermal time scale and the
outermost layer can be ejected from the star quickly. The density inversion can thus move inwards into
the star, on the longer dynamical timescale of the star, and allow new material to be ejected from the star.
This is akin to the boiling front moving down the pipe of an erupting geyser. The geyser model can not
explain the most extreme eruptive mass loss of giant stars, but some of the slighter mass ejections.

Several luminous stellar eruptions have been observed in other galaxies, where their sudden appear-
ance can mimic SN behaviour, without the events being destructive SN explosions. These events are
called "SN impostors" and will be discussed in Chapter 2.3.4.

2.3 Supernova classification and progenitor stars

A SN is characterised by the sudden release of a large amount of energy. This makes it possible for
us to discover them, also at extragalactic distances. The rate of SNe in the Milky Way (2-3 century−1,
Li et al. 2011) and the obscuration by interstellar material in our galaxy would make SN studies highly
unpractical, if we limited them to our galaxy alone. Despite the SNe studied observationally being mostly
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extragalactic, recent developments have provided a somewhat clear picture of the connection between
different SN classes and different progenitor stars (Gal-Yam et al. 2007; Gal-Yam 2016).

SNe have been observed across the electromagnetic spectrum but the signatures used to classify them
are seen in the visual part of the spectrum. The classification system of ubiquitous use for SNe today is
based on SN spectra, with light curve properties used as a secondary aid. The spectrum of a SN undergoes
considerable evolution and the classification is usually determined from the spectrum around the time of
SN maximum brightness.

The first SN to have its spectrum photographed was SN 1895B (Gaposchkin 1936). By 1940, the
spectra of 14 SNe had been documented and it was noted by Minkowski (1941) that some SN spectra
lacked spectral H signatures while others showed it. Minkowski called SNe without H signatures Type
I SNe and SNe with H signatures Type II SNe. When proposing this scheme, Minkowski called it
"provisional". However, this division of SNe into two major types still forms the basis of SN classification
today. See Filippenko (1997); Gal-Yam (2016) and Figure 2.3. New, revised classification schemes have
been proposed. The system suggested by Gal-Yam (2016) resembles the Minkowski system, but also
takes photometric properties and progenitor star properties into account.
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Figure 2.3: The most common SN types, as classified based on spectroscopic and photometric signatures. The
references given indicate the first use of the classification. Red indicate CC SNe with hydrogen, yellow indicate
stripped envelope (hydrogen poor) CC SNe and green indicate thermonuclear SNe.

2.3.1 Supernovae Type I

Spectra of Type I SNe around maximum brightness are dominated by wide absorption throughs. The
absorption throughs give the spectra a irregular saw-tooth shape and can make it hard to distinguish the
black body continuum in the spectrum. Type Ia SNe show no H or He in their spectra, but a pronounced
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Si II absorption through at rest wavelength 6355 Å (Fig. 2.4). The light curves of SNe Type Ia (Fig.
2.5) are rather uniform, with maximum brightness around MB = −19 mag. Among the Type I SNe
discussed here, Type Ia are distinguished by not coming from the core collapse of a massive star. It is
well established that Type Ia SNe arise from thermonuclear explosions of white dwarfs surpassing the
Chandrasekhar mass, but it is unclear which progenitor channel is most common (Maoz et al. 2014). The
Chandrasekhar mass is commonly believed to be exceeded in a binary system, via material transferred
from a non-compact companion star (Whelan & Iben 1973) to the white dwarf or by merger with a
companion white dwarf (e.g. Webbink 1984). Various subclasses of the SN Type Ia class has come into
use, but will not be discussed here.

All Type I (H-poor) SNe except SNe Type Ia are likely arising from giant stars stripped of their outer
layers by different mechanisms of mass loss. The Type Ib SNe are distinguished by lacking H signatures
in their spectra, but showing He signatures (Fig. 2.4). The Type Ib class was proposed by Elias et al.
(1985), who made the distinction between Type Ia and Type Ib SNe. As noted by Wheeler & Harkness
(1990), there are also SNe showing neither H nor He signatures in their spectra (Fig. 2.4). Such SNe
are classified as Type Ic and are assumed to arise from the bare cores of giant stars (e.g. Hunter et al.
2009), stripped of their H and He layers, consisting of C, O and other, heavier elements from what was
previously the core of the star. It appears that the degree of stripping is important for determining if a
giant star eventually explodes as a Type Ib or Ic SN. It has been discussed that a continuum exists across
the Type Ib and Ic SN classes (Elmhamdi et al. 2006; Liu et al. 2016), making the existence of "pure"
examples of these SN classes rare or even nonexistent. The Type Ib and Ic SNe illustrate the importance
of mass loss mechanisms in determining which type of SN a giant star will end as.

2.3.2 Supernovae Type II

The Type II SNe, all showing H signatures in their spectra (Fig. 2.4), are also divided into different
subtypes (Figure 2.3). It is common to use the light curves of Type II SNe to distinguish between the
types IIP and Type IIL SNe. If the SN brightness is roughly constant for a period usually lasting ∼ 100
days after maximum brightness, the SN is classified as a Type IIP, where "P" means "plateau". The nearly
constant brightness is caused by emission from recombining H in the outer envelope (ionized and ejected
by the SN) of the progenitor star (e.g. Popov 1993; Dessart et al. 2013). This recombination front moves
inwards in mass coordinate, but stays at a roughly constant position in radial coordinate, giving rise to the
constant brightness lasting until the bottom of the H envelope is reached. The progenitors of SNe Type
IIP are red giant stars with extended outer envelopes (Smartt 2015). In other cases, where the post-peak
brightness of a Type II SN shows more of a linear slope, such SNe are called Type IIL. Here, "L" means
"linear". The distinction between Type IIP and Type IIL SNe was first made by Barbon et al. (1979). As
the number of well-studied SNe II has increased, it has been suggested that a continuum between the two
types exist (Anderson et al. 2014), determined by the extent of the outer H envelope of the progenitor.

While SN spectra at maximum brightness are most commonly used for classification, some classifi-
cations reflect changes in the spectra with the passing of time. The Type IIb SN classification (introduced
by Filippenko 1988) are used for SNe where H signatures are seen in the spectra at early stages (cf. Type
II SNe), but later disappear (to resemble SNe Type Ib; e.g. Fremling et al. 2016). The progenitors of
Type IIb SNe are believed to be giant stars which have lost almost all of their H envelopes (Liu et al.
2016). Together, SNe Types Ib, Ic and IIb are commonly called stripped envelope SNe.
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Figure 2.4: Left: Spectral characteristics of thermonuclear SNe (Type Ia) as well as core collapse SNe of Types
II, Ib and Ic. Right: Pre-explosion structure of the progenitor stars of SNe Types II, Ib and Ic. Figure by Maryam
Modjaz. Used with permission.

2.3.3 Interacting supernovae

In some cases SNe explode in an ambient medium, the CSM (Chapter 2.2). Interaction between the
SN ejecta and the CSM leaves characteristic signatures in both light curve and spectra. This will be
discussed in detail in Chapter 4. A number of special classifications are used for interacting SNe. SNe
showing a Hα emission line with narrow central component (FWHM ∼ 100 km s−1) are called Type IIn
SNe. The width of this narrow component corresponds to the velocity of the CSM material. The Type
IIn classification was first suggested by Schlegel (1990), who also pointed at a blue continuum and the
lack of a Hα P-Cygni profile as distinguishing marks. The Type IIn SN iPTF13z is the main topic of
this thesis, to be discussed in detail in Chapter 5, but a number of other SN types with circumstellar
interaction (CSI) also exist.

An early example of CSI in thermonuclear SNe was seen in SN 2002ic (Hamuy et al. 2003), where
narrow emission lines superimposed on a SN Type Ia spectrum indicated the presence of CSI in the SN.
Such SNe are classified as Type Ia-CSM (e.g. Silverman et al. 2013). Among stripped envelope SNe,
signs of CSI have also been observed. When He emission with narrow central components was seen in
SN 2006jc, this led to the introduction of the Type Ibn class (Pastorello et al. 2007), as an analogue to
the H cases of SNe Type IIn.

From the above outline, we see that the SN types in use proliferate by branching, with new sub-
categories being introduced as SNe with new characteristics are found. A type of interacting SN which
have been hypothesised, but not yet observed, is the Type Icn SN (e.g. Smith 2016; Woosley 2017), where
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narrow emission lines from interaction with a both H and He poor CSM would be seen.
Spectroscopic SN classification can be ambiguous, as some SNe evolve from one spectral type into

another. The Type IIb classification is a well established example of this, but some single examples also
show transitional behaviour. An interesting example in the context of this thesis is SN 2014C, which
initially showed signs of being a Type Ib but transitioned into a Type IIn around 1 year after explosion
(e.g. Milisavljevic et al. 2015).
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Figure 2.5: An illustrative sample of optical SN light curves in the r/R band. Shown are Type Ia SN 2011fe (Zhang
et al. 2016), Type Ic SN 2007gr (Hunter et al. 2009), Type IIP SN 2004et (Maguire et al. 2010), Type IIn SN 1998S
(Liu et al. 2000), SLSN Type IIn 2006gy (Smith et al. 2007) and likely impostor SN 2007sv (showing Type IIn SN
spectral characteristics, Tartaglia et al. 2015). Distance moduli and extinctions given in the respective papers have
been used for the plot. The outburst epoch of SN 2007sv is not well known, but the transient was likely young when
it was found.

2.3.4 Recent classification developments

In later years, photometric criteria have been put to increasing use when SNe are classified. Recent
SN surveys have revealed several events both fainter and brighter than conventional SNe. The concepts
superluminous supernova (SLSN, Gal-Yam 2012), gap transient (Kasliwal 2012) and SN impostor (Van
Dyk et al. 2000) have become widely used and signify current development in our understanding of SNe.

Conventional SNe usually show brightness at maximum in the range −19 < Mmax < −15 mag,
cf. Fig. 2.5. A SLSN is distinguished by having an absolute magnitude at maximum < −21 in any
photometric band (Gal-Yam 2012), i.e. a factor ∼ 10 − 100 brighter than conventional CC SNe. The
SLSN are rare, happening at a rate of ∼ 10−4 times the rate of conventional CC SNe. Their rarity led
to them being undetected before the start of untargeted SN searches (Chapter 3.1). From their spectra,
SLSNe are nevertheless classified as Type I or II, based on the lack or presence of H signatures. For
SLSN Type I (e.g. Nicholl et al. 2015) one candidate for the energy source are magnetars (young neutron
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stars with strong magnetic fields) which could be formed as the SLSN Type I explodes. Among the
SLSN Type II, a well-studied event is SN 2006gy (Smith et al. 2007). This, and most other SLSN Type II
events, showed spectra with narrow components of the Balmer lines suggesting that interaction between
SN ejecta and a CSM is powering them. The light curve of SN 2006gy is shown in Fig. 2.5.

When discussing transients in brightness interval between novae and faint SNe (−15 < Mmax < −9
mag), Kasliwal (2012) popularised the designation ”gap transients". They come from various progenitor
channels, but are rarer than novae and SNe and have therefore not been possible to study systematically
until in recent years. The gap transients can be both final (disruptive) explosions of stars as well as
eruptive outbursts where the star is left afterwards. Therefore, they do not represent any single class of
transients, but is rather a way to designate transients having luminosities in this previously unexplored
magnitude interval.

Among the gap transients are the so called "SN impostors" (Van Dyk et al. 2000). Such transients
are usually found in SN searches, where they mimic the appearance of SNe by their sudden brightening.
However, their culmination at fainter maximum magnitudes than SNe motivate the "impostor" designa-
tion. From the listings by Smith et al. (2011) and de Jaeger et al. (2015), we see that SN impostors exhibit
maximum magnitudes in the −16 < M < −10 range. An example light curve is shown in Fig. 2.5. The
typical expansion velocities of SN impostors are (Smith et al. 2011, Table 9) ∼ 100 km s−1, i.e. an order
of magnitude lower than expansion velocities usually seen in CC SNe. LBV eruptions, the physics of
which was discussed in Chapter 2.2.1, are commonly given as explanations for SN impostor events. The
observational distinction between disruptive explosions and non-destructive but luminous eruptions is a
formidable problem. It adds to the confusion that impostor spectra are often quite similar to SN Type IIn
spectra, due to the presence of a CSM. A faint CC SN might be mistaken for an impostor, and vice versa.
This will be discussed in Chapters 5.5.1 and 6.
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Observing supernovae

The transient nature of SNe, their comparable rarity and their unpredictable appearances across the sky
poses special challenges for SN astronomy. The early SN discoveries, i.e. the naked eye sightings of
SNe in the Milky Way as well as the early telescopic discoveries of extragalactic SNe, were serendipitous
(Chapter 1.1). As SN astronomy developed, different instrument setups and search strategies were put to
use, allowing efficient SN searches with different scientific objectives. We will discuss how SN searches
have evolved and use the intermediate Palomar Transient Factory (iPTF) as our example (Chapter 3.2) to
describe how a modern, un-targeted SN search operates. Optical photometry and spectroscopy of SNe,
the most common techniques for SN follow-up, will also be described.

3.1 Development of modern supernova searches

The first SN discovered photographically was SN 1895B, found by Williamina Fleming when examin-
ing a photograph of NGC 5253 (Pickering 1895). Dedicated search work, aimed at finding SNe, was
pioneered by Fritz Zwicky and Walter Baade who used the 0.46 m Schmidt telescope at Palomar Obser-
vatory (Zwicky 1938) and found 6 SNe during 1937. The search was done by photographing different
galaxies and comparing those new images with older images of the same galaxies, to identify any SN
candidates. Photographic plates were used to record the images. The style of SN search targeting a se-
lected set of galaxies was a standard procedure in SN searches for decades. As Anderson & Soto (2013)
discuss, this mode of targeted SN search prioritised finding SNe rather than striving for completeness
with respect to types of SNe or host galaxies. To this end, large and nearby galaxies were often targeted.
By the 1960s, SN searches were done at several observatories (e.g. Humason et al. 1961), still using
photographic plates. The advent of computers and the CCD chip transformed the prerequisites for SN
searches. The sensitivity of the CCD (superior to the photographic plate) and the ease of handling digi-
tal images (compared to the manual handling of plates) meant that SN searches became more efficient,
covering larger fields of view to deeper magnitude limits in e.g. a given night. One of the first SN search
programs using CCD was Berkeley’s Realtime Supernova Search (Perlmutter et al. 1988) who found
their first SNe in 1986. Another campaing at the same was run by Nørgaard-Nielsen et al. (1989) in
Chile. On a larger scale, a early SN search using CCD was run by Hamuy et al. (1993). These projects
used reference subtraction to make SN finding easier and this soon became a standard procedure (see e.g.
Hamuy et al. 1993, Perlmutter et al. 1995 and Chapter 3.3.1). Fig. 3.1 shows an example of how host
subtraction make a SN easier to find. In the 2000s, a number of wide-field, untargeted SN searches using

15
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the reference frame subtraction technique were started. This is currently the standard procedure for SN
search; see Rau et al. (2009, Table 1) for a examples of such searches.

Simultaneously with the work by professional astronomers, valuable contributions have been made
by several amateur astronomers doing organised SN searches. In visual searching, Robert Evans in
Australia has been highly successful, finding tens of SNe (Evans 1994). Long-term amateur campaigns
using CCDs have also yielded many new SNe, e.g. by Jack Newton and Tim Puckett in the USA. SN
2010jl, one of the most well-observed interacting SNe (Chapter 4) is among their discoveries (Newton &
Puckett 2010).

Figure 3.1: From left: Discovery, reference and subtracted frame from the P48 telescope and SDSS colour com-
posite of the host for Type IIn SN 2015Z (= iPTF15bky). A green cross marks the position of the SN in the P48
images. The SN was discovered by British amateur astronomer Ron Arbour (c.f. Leonard et al. 2015) and iPTF,
independently, in 2015 June. Images field of view 1.7′ × 1.7′, with north up, east to the left.

Vetting the Open Supernova Catalog (OSC, Guillochon et al. 2017) in 2017 April shows that a total of
≈ 40000 SNe have now been found and made public, of which totally . 20 % have been spectroscopically
confirmed. About half of these SNe have been found in 2011 and later. In Table 3.1, the increase in SN
discovery rate and the technological advances making it possible are summarized. Today, the currently
active SN searches yielding the largest number of SNe made public (by count of 2016 findings in the
OSC) are the ground-based All Sky Automated Survey for SuperNovae (ASAS-SN, e.g. Holoien et al.
2017), the Pan-STARRS Survey for Transients (Chambers et al. 2016), the ATLAS survey (Tonry 2011),
the Catalina Real-time Transient Survey (CRTS, Drake et al. 2009), the OGLE-IV Real-time Transient
Search (Wyrzykowski et al. 2014) and the space-based ESA Gaia astrometry mission (Wyrzykowski
2016). While ASAS-SN and Gaia cover the entire celestial sphere, ATLAS and Pan-STARRS on Hawaii
and CRTS in Arizona (both in USA) searches mainly at declinations between −30◦ < δ < 80◦. From
Chile, OGLE concentrates to the sky around the Magellanic clouds and disk of the Milky Way. The
apertures of the ground based telescopes used ranges from ∼ 0.1 m to ∼ 1 m and the limiting magnitudes
typically lie in the range 18–21 mag, depending on observing conditions. In a year, Pan-STARRS and
Gaia can find ∼ 1000 SN candidates. The surveys ASAS-SN, CRTS, OGLE and ATLAS typically find
∼ 100 SN candidates per year. The Palomar Transient Factory (PTF), and its successor, the intermediate
PTF (iPTF), which ended in 2017, was also a very productive SN search, finding ∼ 1000 SN candidates
per year. A considerable fraction of the SNe found by (i)PTF are still under embargo (Chapter 3.2) which
is why the iPTF is not included in the above listing.

As discussed in Chapter 2.3, spectroscopy is of crucial importance to classify SNe. Spectroscopic
classification is a major bottleneck in observational SN studies, with only a fraction of the found SNe
being classified in this way. In (i)PTF, ∼ 10 % of the found SNe have been spectroscopically types (Ritter
et al. 2014). Some projects, like the iPTF, ran their own internal spectroscopy programs, whereas other
efforts have been public. An example of the latter was PESSTO (Public ESO Spectroscopic Survey of
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Transient Objects, Smartt et al. 2015), run on the 3.6 m New Technology Telescope at La Silla in Chile.

Table 3.1: Discovery rates and technological advances in supernova searches

Time Discovery rate Technological Example
(SN time−1) advance references

< 1800 ∼ 1 century−1 Naked eye Brahe (1573), Stephenson & Green (2002)
∼ 1900 ∼ 1 decade−1 Telescope, camera Pickering (1895)
∼ 1940 ∼ 1 year−1 Schmidt telescope Zwicky (1938)
∼ 1960 ∼ 1 month−1 Several surveys running Humason et al. (1961)
∼ 1990 ∼ 1 week−1 CCD camera Perlmutter et al. (1988), Hamuy et al. (1993)
∼ 2000 ∼ 1 day−1 Host subtraction Perlmutter et al. (1988, 1995)
∼ 2015 ∼ 1 hour−1 Un-targeted searches Law et al. (2009), Rau et al. (2009)

The SN discovery rates (given on the order of magnitude level) above were determined from the OSC (Guillochon et al.
2017). The rates include photometric SN candidates without spectroscopic confirmation.

3.2 The intermediate Palomar Transient Factory

As our example of how a modern SN search project operates, we will describe the PTF, and its successor,
the intermediate PTF (iPTF). In this project, the author was active as a scanner (vetting images for new
transients) and by organising follow-up. The PTF (active 2009–2012) is described by Law et al. (2009)
and Rau et al. (2009) and iPTF (active 2013–2017) is described by Kulkarni (2013) and Cao et al. (2016).

The 1.2 m Samuel Oschin telescope (known as P48) on Palomar Mountain (California, USA) was
used by the iPTF to monitor the night sky, searching for transient astronomical objects. This Schmidt
telescope has been used for SN searches since the 1950s (Humason et al. 1961) and was used by the
(i)PTF 2009–2017. The camera used, called CFH12K, is a mosaic camera consisting of 12 CCD chips
which gave a field of view of 7.9 deg2 and image scale of 1.0′′ pixel−1. The cadence, i.e. the time
between consecutive visits to the same field, usually varied between minutes and days. For the typical
exposure time of 60 sec, the limiting magnitude was R ≈ 20.5 under the median seeing 2.0′′ (Cao et al.
2016) . The filters used were the R Mould (Law et al. 2009)1 and SDSS g (Fukugita et al. 1996) band
filters (Fig. 3.2). Several steps of computer processing took place before the new transients were vetted
by a human scanner, who also initiated follow-up for interesting events.

During a clear night, the P48 obtained about 350 frames (Cao et al. 2016) covering ≈ 3000 deg2 of
sky. After finishing an exposure and reading out the CCDs, the FITS (Flexible Image Transport System,
Wells et al. 1981) files were sent to NERSC (National Energy Research Scientific Computing Center)
in Berkeley, California (USA). There, standard image preprocessing (e.g. application of flat fields) and
introduction of an astrometric solution in the images was done, before image registration is done to make
the pixel coordinates of the newly taken frames coincide with the reference image. Reference image
subtraction was then done, to reveal transient or moving sources. These processing steps are described
closer in Chapter 3.3.1. Permanent archiving of the images is done at IPAC (Infrared Processing and
Analysis Center) at Pasadena, California (USA). Details of the computer processing can be found in Cao

1It is not obvious which the proper reference for the Mould R filter is. Upon email inquiry by the author in 2016 September,
namesake of the filter Jeremy Mould pointed to Peletier (1994) as a reference for the filter.
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et al. (2016) and Masci et al. (2017). A method based on machine learning (e.g. Brink et al. 2013) was
used to filter out real astronomical transients from false (or bogus) ones, by which a set of so called RB
(real-bogus) values were assigned to each candidate. In the range 0 ≤ RB ≤ 1, the value 0 corresponded
to a wholly false candidate and 1 to a wholly true. Using a cut in RB value (typically exceeding 0.4 to 0.7,
depending on which instance of RB value in question) the number of false candidates shown to the human
scanner was reduced. A cut in Galactic latitude (usually |b| < 15◦) was used to reduce the number of false
candidates from crowded fields in the MW and increase the chance of finding extragalactic transients.
The scanner had control over the RB cuts, the galactic latitude cuts and several other parameters to
fine tune the list of candidates presented by the review system. To increase the fraction of potential
SNe among the transients reaching the human scanner, the found transients were matched to different
astronomical catalogues. Using a matching radius of 1′′, known active galactic nuclei from the SDSS
were matched to the transients, and if a match is made such candidates are automatically saved as so
called "nuclear" sources without human intervention. In a similar fashion, known variable stars and
asteroids were also removed from the yield of new transient candidates. As a scanner in the iPTF, it was
a regular task of the author to go through new candidates (”scanning”). Between 2014 March and 2017
February, the author spent 75 days scanning.

3.3 Supernova follow-up

SNe have been observed across the entire electromagnetic spectrum, from γ rays (e.g. Boggs et al. 2015)
to radio (e.g. Chandra et al. 2015), but also in neutrinos (e.g. Hirata et al. 1987). See also Chapter
4.2.1. The first SN detection in gravitational waves (Gossan et al. 2016) is eagerly anticipated. Most SN
observations, however, are done in visible light, where photometry and spectroscopy are the two primary
techniques for following supernovae. The work presented in this thesis rely on these two techniques,
which will be described below.

3.3.1 Optical photometry

The ubiquitous method of taking astronomical images is using a CCD detector located at the focus of
a telescope to obtain images in the FITS format. A filter (Fig. 3.2) is normally used to select a certain
interval of wavelengths to observe.

The fact that SNe are often situated in relatively bright host galaxies calls for special measures. The
photometry of iPTF13z presented in this work (Chapter 5) was produeced from P48 and P60 images with
a pipeline by Fremling et al. (2016) known as FPIPE, which runs in MATLAB supplemented by scripts
from the Ofek (2014) Astronomy & Astrophysics package. We therefore use this pipeline as our example
when we describe the steps leading to a photometric measurement of a SN. To facilitate measurements, it
is common practice to subtract a reference image (taken at an earlier date, without the SN) from the image
with the SN to remove contamination by the host galaxy and make the SN stand out. This subtraction
procedure also facilitates the search for new SNe, which are easier to find (Chapter 3.1) if host galaxy
light is removed.

After using the standard procedures with flat and bias frames to remove instrumental effects in the
FITS frames, a World Coordinate System (WCS) is introduced in the image to establish the location of
the image on the plane of the sky. For this, the tool astrometry.net (Lang et al. 2010) is used to find the
pointing, orientation and scale of the image, introducing this in the header of the FITS file. This step
is necessary, since astrometric calibration based on the pointing of the P48 or P60 telescope usually is
insufficient.
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The brightness of the night sky would make magnitude measurements erroneous if not treated prop-
erly. After identifying the point sources in the image, using SExtactor (Bertin & Arnouts 1996), such
sources are masked in the image and a low-order polynomial is fit to the sky background. This model of
the background is then subtracted from the image.

Making a high quality reference frame is important in order to achieve a useful host galaxy subtrac-
tion. A reference image with a deep limiting magnitude is desirable, to allow even faint sources in a
science frame to be subtracted. To additively stack single frames into a deep reference frame, sources
common to the individual frames are used to shift, rotate and re-scale the individual images to allow
stacking of them2.

To model the point spread function (PSF) in the images, a software like SExtractor can be used. When
the PSF of the reference frame and of the science frame has been determined, it is essential to match to
allow a useful image subtraction. Effects such as atmospheric seeing will make the PSFs different from
each other. Degradation of the PSF in the better image to the quality of the poorer image (Gal-Yam et al.
2008 calls it the common PSF method, CPM) allows subtraction of the reference frame from the science
frame and is a common method. In FPIPE, however, the PSF of both the images are both degraded to
allow a clean subtraction.

By convolving the PSF of the reference frame with the PSF of the science frame, a model of the PSF
in the resulting subtraction can be made. The convolved PSF in the host subtracted frame is fitted to
the source (e.g. the SN), weighting the fit by the photon noise in the image. A brighter source is given
greater weights in the fit.

For the images from the Palomar telescopes used for photometry in this thesis (P48 and P60) and
the SN of interest (iPTF13z), magnitudes of reference stars can be obtained from the SDSS. For this,
at least ∼ 10 stars are used. With these magnitudes from the SDSS, weighted PSF fits of these stars
are made in the convolved science image to get the zero point (ZP) of the image. This is given as
ZP = m + 2.5 log (ADU), where m is the apparent magnitude of the source and ADU is the signal from
the source in ADU counts/second. The ZP is determined in the same way for the convolved reference
image. Knowing the ZP of both images, the counts of the reference frame can be scaled to the counts
of the science frame. After matching the intensity scales of the images, the reference image can be
subtracted from the science image.

Having a subtracted science image, a model PSF is fitted at the location where the SN is expected
to be in the image. The ZP of the image and the counts value from the PSF fit is used to compute the
magnitude of the SN. The statistical error of this magnitude value is found by inserting ∼ 10 artificial
sources around the SN location in the science image, and repeating the subtraction and PSF fitting process
to estimate the error of the SN magnitude. If a PSF fit can not be made for the SN, increasingly fainter
artificial sources are introduced in the science image to estimate the limiting magnitude. The errors on the
iPTF13z magnitudes presented in this work (see Chapter 5) are obtained as the ZP errors and magnitude
errors added in quadrature. The FPIPE pipeline makes the subtracted frames available to the user, which
was crucial for the search for precursor events in our images of iPTF13z (see Chapter 5.1.1).

3.3.2 Optical spectroscopy

Optical spectra of SNe are taken using a narrow slit in the light path centered on the SN in order to block
out other sources and a grism used to disperse the light into a spectrum. The usual procedures using an
arc lamp for wavelength calibration and a spectroscopic standard for flux calibration are applied. Like

2The stacked reference image used on iPTF13z images from the P48 telescope was made with the stacking method described
by Zackay & Ofek (2015).
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Figure 3.2: Transmission profiles of the photometric filters used for the work presented in this thesis.

in SN photometry, the location of the SNe in a host galaxy poses problems when taking a SN spectrum.
Spectral lines from the host galaxy can contaminate the SN spectrum and extinction in both the Milky
Way and in the host galaxy can redden the spectrum. This is schematically shown in Fig. 3.3 and will be
discussed below. While the use of a spectroscopic standard star allows removal of instrumental effects in
the spectral profile and give the spectrum the correct slope, light losses in the slit (also sensitive to seeing
effects) can affect the flux level recorded in the spectrum. For this reason, broad band photometry of the
SN from the same epoch as the spectrum is commonly used to flux calibrate a spectrum.

Via absorption and scattering, the material between us and the SN causes extinction, making the
SN fainter and making the whole spectrum redder. The extinction is well mapped for the Milky Way
(Cardelli et al. 1989; Schlafly & Finkbeiner 2011), making compensation relatively easy. For the host
galaxy, the situation is more complicated. We have to rely on less direct indicators of extinction, such
as Na absorption and the Balmer decrement. Poznanski et al. (2011) showed that the unresolved Na ID
doublet generally is a bad indicator for extinction. The still often used relation between the equivalent
width of the unresolved Na ID doublet and E(B− V) (colour excess) given by Turatto et al. (2003) is not
reliable. However, studies by Poznanski et al. (2012) of the resolved Na ID doublet in the Milky Way
showed that a relation can be found, but its application for other galaxies must be done with caution, as it
uses the value RV ≡

AV
E(B−V) = 3.1 for ratio between total extinction and colour excess in the Milky Way.

The Balmer decrement is a measure of the ratio between the strength of Hα and Hβ line emission
from the host galaxy. As blue light is more sensitive to scattering than red light, light from the Hβ
transition is more prone to scattering than the redder Hα light. In a H II region (with temperature ∼ 104

K), the Balmer decrement is 2.86 (Osterbrock 1989). Empirical formulae relating the Balmer decrement
to the colour excess E(B − V) have been found (see e.g. Xiao et al. 2012 for star forming galaxies), but
differ depending on the types of galaxies or environments they have been determined for.

Apart from extinction and reddening caused by the SN host galaxy, there is also contamination of the
SN spectrum by host galaxy lines (Fig. 3.3). Atmospheric absorption and emission will also contaminate
the spectrum, if taken with a ground based instrument. While atmospheric line effects are possible to
compensate for in a controlled fashion, the fact that many SNe are found in galaxies lacking spectra
makes it harder to compensate for galaxy line contamination. A possible solution is to use templates of
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galaxy spectra, unless it is possible to get a host spectrum without SN light from the original 2D spectrum
(e.g. Howell et al. 2005).

The spectra of iPTF13z presented in this thesis (Chapter 5.2) all cover wavelength ranges approxi-
mately between 3000 and 10000 Å, i.e. from the near UV to the near IR, a range which can conveniently
be covered using ground based optical telescopes. The resolution of the spectra presented are approx-
imately 100 to 700 km s−1 (resolving power 400 < λ

∆λ < 3000), which can be considered a rather
low resolution in other areas of astronomical spectroscopy, but sufficient for studying SN spectra where
characteristic line widths can be ∼ 1000 km s−1.

Figure 3.3: Sources of contamination affecting a SN spectrum (in this case, the spectrum of a SN Type Ia). The
observed spectrum is shown in red. Figure by Stéphane Blondin. Used with permission.





4
Interacting core collapse supernovae

An important mechanism driving the light curves of many SNe is radioactive decay. The isotope 56Ni,
generated in explosive nucleosynthesis in the SN explosion, decays to its daughter nuclei. The decays
emit γ rays which can heat the SN ejecta and contribute to the luminosity of the SN. See e.g. Arnett
(1996, Chapter 13) for a discussion of SN light curves driven by radioactivity.

If radioactive decay would not be available, could the kinetic energy of the SN ejecta be sufficient to
make a SN shine for a prolonged time? Considering typical values, a CC SN might eject a mass of a few
M� at a speed of a few 1000 km s−1. This SN ejecta carry a kinetic energy ∼ 1051 erg. If ∼ 1/10 of this
kinetic energy could drive the emission of visible light during e.g. ∼ half a year, that would give the SN
a luminosity of ∼ 1042 erg s−1. Such luminosity corresponds to the absolute magnitude ≈ −18. Half a
year is a typical period during which SNe are observed and absolute magnitude ≈ −18 is brighter than
many CC SNe (Li et al. 2011). The kinetic energy carried by the SN ejecta is thus more than sufficient
to drive light curves like the ones we see in CC SN. We note that far from all SN progenitors have CSM
massive and extended enough to drive a light curve. Radioactively driven SN light curves are thereby
more common.

We will now investigate the mechanism of circumstellar interaction (CSI), which converts kinetic
energy of SN ejecta into electromagnetic radiation visible to a distant observer. For CSI to occur, the SN
progenitor star must be embedded in circumstellar material (CSM) which the SN ejecta can interact with.

4.1 Circumstellar interaction

In SNe Type IIn, the CSM left behind around the progenitor star before SN explosion provides a means
for the kinetic energy of the SN ejecta to reach an observer in the form of electromagnetic radiation and
drive the SN light curve. There is a significant difference in the densities of the SN progenitor and the
CSM. The envelope of a giant star (assumed to be H rich) with mass Menv ∼ 10 M� and a radius of
Renv ∼ 100 R� has a number density of n ∼ Menv

R3
envMH

∼ 1018 cm−3. Characteristic number densities of a

dense CSM are 106 . n . 108 cm−3, for well-observed SNe Type IIn complied by Salamanca (2003). An
early theoretical treatment of SN ejecta ramming into ambient surrounding material was by Oort (1946).
Early theoretical studies of the light curve of a SN driven by CSI was made by e.g. Falk & Arnett (1973)
and Imshennik & Nadyozhin (1974). Several reviews have been written about the theory of SNe driven
by CSI, e.g. Chevalier (1990) and Chevalier & Fransson (2003, hereafter CF03). Reviews by Chevalier
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& Fransson (2016) and Smith (2016) as well as the thesis of Moriya (2013) present newer results.
The density profile of the CSM surrounding a giant star can be described with a power law; e.g.

Chevalier (1982a), Nadyozhin (1985) or CF03. For a CSM generated via the mass loss rate Ṁ through a
stellar wind with velocity vw, the CSM density at distance r from the star is

ρCS M(r) =
Ṁ

4πvwr2
0

(r0

r

)s
(4.1)

where s is the index of the power law and r0 is a reference radius (e.g. Fransson et al. 1996). For the
idealised case of a steady mass loss s = 2 and the expression becomes ρCS M(r) = Ṁ

4πvwr2 (e.g. Imshennik
& Nadyozhin 1974). Based on the density ρ0 of the SN ejecta at time t0 (expanding with speed V0 at that
time), we can write the density of the SN ejecta ρe j as

ρe j(r, t) = ρ0

(
t
t0

)−3 (V0t
r

)n
(4.2)

where n is the index of the power law characterising the SN ejecta (e.g. CF03). Here, n ≈ 10
corresponds to compact progenitor stars of stripped-envelope SNe and n ≈ 12 to e.g. red supergiant stars
(Matzner & McKee 1999). Typical values are 7 < n < 12, but steep ejecta profiles with n ≈ 20 have been
seen (in SN Type IIb 1993J, by Fransson et al. 1996).

The ejecta in a young SN explosion move with between ∼ 103 to ∼ 104 km s−1. Assuming that the
CSM had an electron temperature similar to an HII region (∼ 104 K, Osterbrock 1989) before the SN
explosion, this gives a sound speed in the pre-SN CSM of ∼

√
kBTe/mH ∼ 10 km s−1. Comparing the

speed of the SN ejecta to the sound speed in the CSM, we see that the SN ejecta are highly supersonic
when entering the CSM. This supersonic motion of SN ejecta in the CSM gives rise to shocks. Here, we
will briefly discuss the relevant shock physics and the processes occurring in the ejecta-CSM interaction.
For an introduction to shocks in astrophysics, see a general text (e.g. Dyson & Williams 1997). The CSI
is schematically described in Fig. 4.1.

The surface where the SN ejecta meet the CSM is called the contact discontinuity. Conservation
of mass at the contact discontinuity means that (for a given area at the point of contact) the rate of
mass flowing in must equal the rate of mass flowing out. The pressure between the SN ejecta and the
CSM is balanced at the contact discontinuity, whereas other physical properties such as density changes
discontinuously. This can be expressed as ρejv2

ej = ρCSMv2
CSM; this expression has the dimension of

pressure. The contact discontinuity region is thin and prone to instabilities, giving rise to Rayleigh-Taylor
instabilities extending ”fingers” into the shocked CSM (Chevalier 1982a; Blondin & Ellison 2001).

We can write Eq. 4.1 as the proportionality ρCS M ∝ r−s, ignoring the constants. In a similar way, Eq.
4.2 can be written ρe j ∝ tnt−3r−n. Dividing these proportionalities, we obtain a dimensionless quantity
∝ t(n−3)r(s−n). Solving for the radius, we find r ∝ t(n−3)/(n−s). This is the form of the time dependence of
the radius of the contact discontinuity between the ejecta and the CSM (Fig. 4.1). CF03 or Moriya et al.
(2013) give derivations of an explicit expression for the contact discontinuity radius. We note that for the
present case, where SN ejecta with a power-law density profile expand into a steady progenitor wind, the
radius as a function of time for the contact discontinuity is scale-independent or self-similar, i.e. lacks a
specific characteristic radius.

Outside the contact discontinuity, one shock wave travels outwards into the CSM (in radial coordi-
nate) and is called the forward shock (or blast wave). The forward shock rises the temperature of the
shocked CSM to T ∼ 109 K (CF03) and sweeps up mass in the CSM.
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For an outside observer, at rest with respect to the CSM, the SN ejecta appear to be moving towards
the CSM, giving rise to the forward shock. For an observer at rest with respect to the SN ejecta, it is
the CSM which appears to be approaching, giving rise to a reverse shock traveling inwards (in mass
coordinate) into the SN ejecta (Maoz 2016). The reverse shock also sweeps up mass, from the SN ejecta.
The characteristic temperature at the reverse shock becomes ∼ 107 K (CF03). For early discussions of
the reverse shock, see e.g. McKee (1974) and Gull (1975).
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Figure 4.1: The interaction of SN ejecta with the CSM gives rise to a forward shock, affecting the CSM, and a
reverse shock affecting the SN ejecta. Horizontal, dashed arrows indicate direction of shock propagation in mass
coordinate. Characteristic electron temperatures and particle densities are indicated at the bottom on an order of
magnitude level. The shocked material emits radiation across the electromagnetic spectrum, as indicated at the
top. Figures like this are ubiquitous in the literature on interacting SNe; the present figure is based on such figures
in Lundqvist & Fransson (1988), Chevalier & Fransson (1994) and Bauer et al. (2008). The figure is not to scale.

When solving the fluid equations for the interaction region (Chevalier 1982a), plotting the density
around the contact discontinuity (cf. Fig. 4.2) shows that a thin region of increased density is formed
behind the contact discontinuity. For SN ejecta expanding into a CSM caused by steady mass loss, a
steeper density gradient in the SN ejecta gives a thinner and denser shell. Characteristic pre-cooling
conditions of the dense shell in the CSM-ejecta interaction region are electron temperature Te ∼ 107 K,
electron density ne ∼ 1012 cm−3 and a canonical cooling rate Λ(Te) ∼ 10−22 erg s−1 cm−3 (for Solar
composition) from the cooling function by Schure et al. (2009). This gives a characteristic cooling time
of tc ∼ kBTe/neΛ(Te) ∼ 10 sec. A wider range of typical density and temperature values give cooling
time scales of minutes or hours, i.e. considerably shorter than the expansion time scale of a SN (∼ days or
months). This inequality means that the dense shell can undergo catastrophic radiative cooling, making
the shell increasingly denser and cooler while it radiates away energy. This is called a cold dense shell
(CDS). Via this cooling, temperatures of the order Te ∼ 104 K are typically reached in the CDS.



26

Figure 4.2: Circumstellar shocks in the energy conserving case, showing the interaction region between a uniformly
expanding SN ejecta (described by a density power law with index n) and a CSM (described by a power law with
index s) assumed to be stationary. The panels show pressure p, gas velocity u and density ρ (all three parameters
normalised to their values at the forward shock. The solutions are self-similar and the radii been scaled to the
radius RC of the contact discontinuity. Left: Shocks for s = 2 (steady wind) and n = 7. Right: Shocks for s = 2,
n = 12. From Chevalier (1982a). © AAS. Reproduced with permission.

The X-rays emitted by both the reverse and forward shocks contribute to the heating and ionisation of
the SN ejecta and the CSM. For typical conditions (sensitive e.g. to the density profile of the progenitor
star), the shocked ejecta will emit radiation below ∼ 20 keV (> 0.6 Å) and the shocked CSM will emit at
energies even above ∼ 50 keV (< 0.3 Å), i.e. softer and harder X-rays (CF03). The radiation emitted by
the reverse shock is, to a large extent, blocked from detection by the CDS just outside the reverse shock
(Chevalier & Fransson 1994). The soft part (2 − 4 keV, 6 − 3 Å) of the SN X-ray spectrum is dominated
by contributions from the reverse shock (Chevalier & Fransson 1994). As discussed by CF03, ionisation
by the X-rays from the ejecta shocked by the reverse shock (T ∼ 107 K) eventually gives rise to Balmer
emission lines as well as Mg II and Fe II lines, which are characteristic of the optical spectra of SNe
Type IIn (Fig. 4.4). In the vicinity of the reverse shock (inwards into the ejecta, in mass coordinate) the
temperature is lower, T ∼ 104 K. There, the radiation emitted is from the UV domain, as line radiation
from highly ionised species like C III − IV, N III −V and O III as well as lines from the Lyman series of
H (CF03).

The shocked CSM has a lower density and higher temperature than the shocked SN ejecta, giving
rise to radiation with different properties than from the shocked ejecta. For a young SN Type IIn (∼ 10
days after explosion), emission from the circumstellar shock dominates the spectrum of the SN, with
an important contribution from hard X-rays at energies & 100 keV (. 0.1 Å), CF03. As pointed out
by Chevalier & Fransson (1994), the material shocked by the circumstellar shock emits radiation with
too low flux to be able to cause much ionization compared to the reverse shock (even taking the CDS
absorption into account). An exception is inverse Compton scattering in the shocked CSM during . 100
days after explosion which can contribute to ionizing radiation, cf. Lundqvist & Fransson (1988, Fig. 3).

As emphasized by e.g. Chatzopoulos et al. (2012), the CSI can only contribute to the luminosity
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of a SN Type IIn for a limited time. When the forward shock has swept up the CSM and the reverse
shock has swept up the SN ejecta, no more heating is contributed from any shock. After the end of CSI,
diffusion of energy deposited by the interaction is what remains to drive the SN. In the case of SNe Type
IIn, the ”limited time” can be long. As will be discussed in Chapter 5.3.2, some SNe Type IIn have been
observed showing signatures of CSI for decades.

Observations of radiation outside the optical range from SNe Type IIn will be discussed in Chapter
4.2.1. The properties of the shocks and the CDS and the radiation emitted from the shocked regions is
sensitive to the density profiles and geometry of the SN ejecta and the CSM as well as to the properties of
the SN explosion (velocities, ejecta mass etc.). The example outlined above (assuming the Eqs. 4.1 and
4.2 density profiles) is highly idealized. Such analytical treatment, while useful for qualitative work, can
not capture all the details of the CSI. For a fuller treatment, simulations employing numerical methods
are necessary. For examples of such work, see e.g. van Marle et al. (2010) and Dessart et al. (2016).

4.1.1 Luminosity of the interaction

Analytical models of the light curves of SNe Type IIn have been presented by Chugai (1992), Chatzopou-
los et al. (2012) and Moriya et al. (2013), among others. Of particular interest for this thesis (Chapter
5.4) is an expression for bolometric luminosity of the CSI in a SN Type IIn, cf. e.g. Chugai (1991) and
Moriya et al. (2013). Following the reasoning of Salamanca et al. (1998), such an expression can be
understood as follows.

When a moving material of density ρ and velocity v moves past a point, the mass transportation
per area and time becomes v · ρ = ṁ. If the total area is A, the mass transportation per time becomes
v · ρ · A = Ṁ. For a spherical surface with radius r and area A = 4πr2, we get

Ṁ = vρA = vρ4πr2. (4.3)

We note that Eq. 4.3 is the same as Eq. 4.1 for steady mass loss. Assuming that the mass loss Ṁ of
the progenitor star is associated with a stellar wind having velocity vwind, going from mass loss in time
(e.g. g s−1) to a measure of density requires the division Ṁ

vwind
. The amount of CSM material which can

be swept up by the SN ejecta along a certain length, if the SN shock moves with vshock, is

ṀCS M = (
Ṁ

vwind
) · vshock. (4.4)

The luminosity of the interaction between CSM and SN ejecta is proportional to the kinetic energy
dissipated per unit time (c.f. e.g. Sect. 3.1 in Salamanca et al. 1998) across the shock front

Lshock =
1
2

ṀCS M v2
shock. (4.5)

By inserting Eq. 4.3 (expressed as Ṁ = vwind ρ 4 π r2) into Eq. 4.4 to eliminate Ṁ, we get the
equation ṀCSM = vshock ρ 4 π r2. Using ṀCSM expressed in this way to eliminate ṀCSM in Eq. 4.5, we
get

Lshock =
1
2

(vshock ρ 4 π r2) v2
shock = ρ 2 π r2 v3

shock (4.6)

By inserting a factor ε (with values 0 < ε < 1, cf. Chapter 5.4) to specify the fraction of the kinetic
energy transferred to radiated energy, we obtain the equation
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Lshock = ε ρ 2 π r2 v3
shock, (4.7)

which gives bolometric luminosity of the CSI and is the same as Eq. 21 in Moriya et al. (2013) and
corresponds to Eq. 1 in Chugai (1991). The model of iPTF13z discussed in Chapter 5.4 will use Eq. 4.7.

4.2 Observational properties of Type IIn supernovae

The different mass loss mechanisms and mass loss histories of massive stars can give rise to a wide range
of geometries and density profiles in their CSM. SNe driven by the interaction between SN ejecta and
CSM with such a wide range of properties can thereby display a broad variety of light curves. Apart from
offering rare glimpses into the circumstellar environments and mass-loss histories of giant stars, they can
also serve as indicators of star formation earlier in cosmic history.

During the 1980s, a number of SNe Type II were also observed displaying possible optical signs of
CSI. Spectra taken of SN 1984E showed a narrow component of the Hα line (cf. Sect. 4.2.3) interpreted
as a signature of CSI (Dopita et al. 1984). The SN spectra compiled by Branch (1990, Table 2.1) shows
the status of spectroscopy of SNe before 1990. At that time, about 40 SNe had been spectroscopically
classified as Type II. Among them, some Type II SNe stood out as spectroscopically peculiar. For a set of
such peculiar Type II SNe, Schlegel (1990) proposed a class based on 8 SNe Type II which he pointed out
as sharing some peculiar features. They displayed Hα emission with a narrow central component sitting
on a broad base, lacking P-Cygni profiles and showed a blue continuum. Schlegel tentatively proposed
that they should form a SN class called SN Type IIn (n for narrow). To Schlegel, it was not immediately
clear that CSI caused the spectral signatures he used for his classification. Later investigation showed
that the Hα line profile did indicate CSI and the influential review by Filippenko (1997) established the
Type IIn designation1 for SNe Type II which showed optical signs of CSI.

SNe Type IIn are regularly discovered at redshifts > 0.1 (OSC, Guillochon et al. 2017) and the most
distant spectroscopically confirmed SN Type IIn was reported by Cooke et al. (2009) at z ∼ 2. In 2017
April, vetting of the OSC showed that there were about 400 published Type IIn SNe having spectroscopic
classification and determined redshifts.

4.2.1 Outside visible wavelengths

Electromagnetic radiation from SNe Type IIn have been detected across the energies from X-rays to
radio. This thesis deals mainly with SN Type IIn observations in visible light, but results from other
wavelengths have been important for our understanding of SNe Type IIn and the processes in their CSM.
Here we will briefly mention some important results.

Radio observations of SNe 1979C and 1980K showed that the SNe became detectable at increasingly
longer wavelengths, interpreted as the CSM of the SN becoming transparent to radio emission of shorter
wavelengths at early times and later longer wavelengths, due to the decreasing free-free absorption in
the CSM caused by the expansion of the emitting region (Chevalier 1982b; CF03). Several SNe Type
IIn have been followed in radio, among them the long-lived SNe 1988Z (Aretxaga et al. 1999), 2005ip
(Smith et al. 2017) and 2010jl (Chandra et al. 2015). The relativistic electrons in the interaction region

1Other designations were already in tentative use before the Type IIn designation became established in the late 1990s.
Examples: Type V (Zwicky 1964), Seyfert I-like (Filippenko 1989), Type II-superwind (Chugai 1994), Type IIdw (dw: ”dense
wind”, Chugai 1997) and Type IId (d: ”double”, due to presence of both broad and narrow emission, Benetti et al. 1999). Type
IIpec (pec: "peculiar") was also used in some cases (Branch 1990).
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give rise to radio emission. The free-free absorption (FFA) modifies the synchrotron emission spectrum
as discussed by e.g. CF03. The CSM density and temperatures are decisive for the properties of the
FFA. The synchrotron emission spectrum and self-absorption (SSA) observed in SNe Type IIn can yield
information about electron column densities and magnetic fields in the emitting region.

Apart from observing the radio light curves to infer CSM properties, it has also been possible to
resolve some nearby (. 10 Mpc) SNe Type IIn as extended sources using radio VLBI interferometry.
Type IIn SNe 1978K (Ryder et al. 2016), 1986J (Bietenholz & Bartel 2017) and 1996cr (Bauer et al.
2008) have all been resolved in this way. This puts them among the few extragalactic SNe observed
as resolved sources. Observed at ages of a few decades, they have all been found to have radii around
∼ 1017 cm. Observing SNe Type IIn with VLBI puts constraints on the evolution of expansion velocity
and interaction physics.

Infrared (IR) observations of SNe Type IIn have yielded valuable information about dust in their
environments (Fox et al. 2011). Follow-up by Fox et al. (2013) gave non-detections in the IR for some of
the SNe, which has been interpreted as signs of dust shells generated by the progenitor stars eventually
being overtaken and destroyed by the SN shock.

As mentioned, an early example of a CC SN showing a radio signature of CSI is SN 1979C, comple-
mented by observations in the UV and upper limits on X-rays also indicating CSI (Panagia et al. 1980).
Ultraviolet (UV) light curves of SNe Type IIn are comparatively rare in the literature, but a sample of 10
SNe Type IIn at redshifts . 0.02 in the UV was presented by de la Rosa et al. (2016). In the UV, young
SNe Type IIn tend to decay faster than in the optical. Catching the early UV signature might provide
information about a young SN Type IIn which would be hard to gain in other wavelengths.

As suggested in Chapter 4.1, X-rays are important for characterising the CSI. Emission in X-rays
from SNe Type IIn is discussed in greater detail by e.g. Nymark et al. (2006). Examples of SNe Type IIn
well-observed in X-rays are 1996cr (Bauer et al. 2008), 2005ip (Smith et al. 2017) and 2010jl (Chandra
et al. 2015), all of them long-lived (visible for ∼ years) both in X-rays and in the optical. X-rays are good
tracers of CSM structure and the softening of the X-ray spectrum, coupled with appearance of emission
lines, can serve as a probe of the CDS. From a compilation of 10 SN Type IIn light curves presented
by Dwarkadas et al. (2016), it is evident that the X-ray luminosity in the interval from ∼ 1000 days to
∼ 10000 days after explosion is remarkably homogenous. This sets the X-ray light curves apart from the
heterogeneous optical light curves (Chapter 4.2.2).

The CSI has been hypothesised (Murase et al. 2011) to accelerate cosmic rays and emit γ rays, apart
from emitting radiation at lower energies. A search for γ ray emission from a sample of 147 SNe Type IIn
at redshifts . 0.3 gave no conclusive detections (Ackermann et al. 2015) in this region of the spectrum.
SNe Type IIn as possible neutrino sources will be discussed in Chapter 5.5.3.

4.2.2 Optical light curves

Since the SN Type IIn classfication is based on spectral signatures, the Type IIn class is spectroscopically,
if not uniform, then at least with a degree of intrinsic similarity between objects. Otherwise, they would
not be classified as SNe Type IIn. The light curves of SNe Type IIn, on the contrary, show a great
variety in maximum absolute magnitudes, rise times, decline rates and in exhibiting different kinds of
re-brightenings during the post-max decline (Chapter 5.1). A sample of light curves is shown in Fig. 4.3.

The samples of SNe IIn presented by Kiewe et al. (2012), Taddia et al. (2013) and Ofek et al. (2014a)
show that the typical range of maximum absolute magnitudes displayed by these SNe are in the interval
−20 . MR . −17. There is thus a significant spread in maximum luminosities. For a volume limited
sample of 21 SNe IIn (distance moduli < 35), Richardson et al. (2014) showed the mean of the maximum
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B band magnitude to be −18.62, with a 1.48 magnitude standard deviation of the mean. For the 7 SNe
IIn in the volume limited sample by Li et al. (2011) (distance moduli < 34), the mean of the maximum
unfiltered absolute magnitude is −16.86, with a 0.59 magnitude standard deviation of the mean. The
fainter mean maximum found by Li et al. is most likely a bias effect caused by the greater ease of
finding faint events when the surveyed volume is smaller. In both the Richardson et al. and Li et al.
studies, the standard deviation of the mean is the largest found for any of the SN types studied. As
examples of the extremes, let us consider SNe 2011A (de Jaeger et al. 2015) and 2006gy (Smith et al.
2007). They both fulfill the spectroscopic criteria for being SNe IIn, but reached maximum magnitudes
of MR . −15.3 and MR = −22, respectively. SN 2011A could possibly be a SN impostor (Chapter 2.3.4),
i.e. a nondestructive but luminous outburst of a star. SN 2006gy is a SLSN (Chapter 2.3.4).

The rise times of SNe Type IIn are generally short (. 20 days), but exceptions exist. For the 15 SNe
IIn in the main sample of the Ofek et al. (2014a) rise-time study, the average rise time is 17 ± 12 days.
Ofek et al. found their rise times by fitting an exponential function to the pre-max portions of the SN
light curves. Ofek et al. (2014a) suggest that the more luminous SNe IIn may have a correlation between
peak luminosity (R band) and rise time, with brighter SNe rising slower to peak. The longest rise time
observed for a SN Type IIn was ≈ 400 days, for SN 2008iy (Miller et al. 2010). An example of a short rise
time SN Type IIn is PTF10achk (Ofek et al. 2014a), which rose to maximum in ≈ 5 days. Interestingly,
both SN 2008iy and PTF10achk reached maximum brightness Mr ≈ −19 mag, which suggests that a
correlation between peak luminosity and rise time is not always present.
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Figure 4.3: Sample of SNe IIn LCs from the literature. Sources of the plotted photometry are given in parenthesis
after the SN names. SN 1998S (Liu et al. 2000; Fassia et al. 2000), SN 1988Z (Aretxaga et al. 1999) and SN
1994W (Sollerman et al. 1998, and references therein) are commonly used to examplify light curve behaviour
which is often seen. SN 2006gy (Smith et al. 2007) represent the SLSN Type IIn SNe and SN 2007sv (Tartaglia
et al. 2015) serve as an example of SN impostors. To illustrate the moderately luminous events with symmetrical
light curves, PTF10hbf (Ofek et al. 2014a) is used. Note the diversity in rise times, peak magnitudes and durability.

The durability of the light curves, i.e. the rate at which they decline from peak brightness, is com-
monly used to distinguish between a set of different SN Type IIn subtypes. Three light curve classes
are commonly identified, by e.g. Taddia et al. (2013, 2015) and Habergham et al. (2014), and usually
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given names after prototypical objects (names in parenthesis): they distinguish SNe IIn being fast de-
clining ("1998S-like"), slow declining ("1988Z-like) and having plateaus in their light curves followed
by a swift decline ("1994W-like"). The fast decline rate of ≈ 4 mag (100 days)−1 after peak showed
by SN 1998S (Liu et al. 2000; Fassia et al. 2000) and the slow decline rate of ≈ 0.2 mag (100 days)−1

past 100 days after after peak showed by SN 1988Z (Stathakis & Sadler 1991; Aretxaga et al. 1999) are
quite common among SNe Type IIn. A rarer type of light curve behaviour has its prototypical event in
SN 1994W (Sollerman et al. 1998), which had a ∼ 100 days light curve plateau followed by a very fast
decline (≈ 10 mag (100 days)−1). See Fig. 4.3. Smith (2016) reviews SN Type IIn subtypes.

Durable interaction of SN ejecta with extended CSM can make SNe IIn visible for decades, on the
brink of becoming young SN remnants. Examples of SNe Type IIn which have been followed at & 1
decade are SNe 1978K, 1986J, 1988Z and 2005ip (Kuncarayakti et al. 2016; Milisavljevic et al. 2008;
Smith et al. 2017).

Historically, the light curve of a SN has covered the evolution in luminosity from the discovery of
the SN (in the best case, before maximum light) to a time when the SN becomes too faint to follow
further. The start of untargeted SN searches (Sect. 3.1) with large fields of view (∼ several deg2), deep
limiting magnitudes (mR ∼ 20) and frequent visits to the same fields has revealed that transient events
occur at the sites of eventual SNe Type IIn, a few magnitudes fainter than the SNe themselves. These
precursor events, which have been seen ∼ years before the SNe themselves, have been studied by Ofek
et al. (2014b), who claim them to be common. A precursor outburst was found for iPTF13z, see Chapter
5.3.3, likely connected to a episode of progenitor star eruptive mass loss (Chapter 2.2).

4.2.3 Optical spectra

The Schlegel definition of the Type IIn SN classification warrants that a SN classified as a Type IIn
displays a blue continuum at early times and Hα emission lines with narrow central components. Typical
line widths seen in the Hα emission have FWHM ∼ 100 km s−1 for the narrow component of the
emission, FWHM ∼ 1000 km s−1 for the intermediate component and up to FWHM ∼ 10000 km s−1

for the broad component. See Fig. 4.4 for a compilation of representative SN Type IIn spectra. Among
papers dealing with individual SNe Type IIn, discussions of the line formation physics can be found in
the studies of e.g. SN 1997eg by Hoffman et al. (2008), SN 2006gy by Smith et al. (2010) and SN 2010jl
by Fransson et al. (2014). Numerical modeling of spectra has been made by e.g. Dessart et al. (2016).

Several mechanisms contribute to the formation of spectral lines in SNe IIn. The narrow component
of the Balmer emission arises from the recombination of H ions in the unshocked CSM, photoionised by
the emission from the SN ejecta-CSM interaction. The intermediate component arise in the CDS or from
slower shocks propagating in clumps in the CSM; e.g Chugai & Danziger (1994). The broad component
arises from Doppler broadening due to the motion of the shocked and/or photoionised SN ejecta (e.g.,
Chugai & Danziger 1994) or from photons undergoing multiple scatterings off electrons in the dense
CSM (Chugai 2001; Fransson et al. 2014). In cases where the broad Balmer emission component has
Lorentzian shape, electron scattering is the more likely explanation for the broadness of the line. The
evolution of Type IIn SN spectra as the SNe evolve is showed in Fig. 4.4, where spectra from two
well-studied 88Z-like events, SNe 2010jl and 2007rt, are plotted along iPTF13z spectra (Chapter 5.2).

From the early, blue phase to the later (e.g. & 100 days) phases, the blackbody temperature of SNe
IIn usually decrease from ≈ 1.5 · 104 K to ≈ 5 · 103 K. The blackbody radii are usually ∼ 1014 cm at early
epochs (∼ 10 days) and grow to ∼ 1015 cm at later epochs, usually stalling around this radius at & 100
days. For plots showing SN Type IIn blackbody evolution, see e.g. Taddia et al. (2013). As long as the
CDS remains optically thick, the blackbody radius can be seen as an approximation of the CDS radius.
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(a) SNe IIn spectra at ages ∼ 10 to ∼ 100 days.
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(b) SNe IIn spectra at age ∼ 1 year.

Figure 4.4: Spectra of iPTF13z compare to spectra of durable (88Z-like) SNe Type IIn 2007rt (by Trundle et al.
2009) and 2010jl (by Zhang et al. 2012). The age (in days) is given in parenthesis in the figures. The age of is
given after explosion for SNe 2007rt and 2010jl and after discovery for iPTF13z.

Eventually, as portions of the CDS starts becoming optically thin, the blackbody radius appears to stall
or even decrease (Smith et al. 2010; Smith 2016).

Elements giving rise to optical spectral lines typically seen in SNe IIn are H, He, C, N, O, Ne, Mg, Na,
Si, Ca, Sc, Ti and Fe. From the lists with line identifications in e.g. Fassia et al. (2000) and Fransson et al.
(2002) and the models by Dessart et al. (2016), we see that for commonly seen lines, typical ionization
states are e.g. He I, Ca II and Fe II. Spectral features similar to those from species with higher ionization
states in Wolf-Rayet star are sometimes observed during early epochs (Liu et al. 2000 and Chapter 4.1).

4.3 Type IIn fractions, hosts and environments

Type IIn SNe are intrinsically rare, shown to make up 9 % of all Type II SNe and about 5% of all SNe in
the volume limited LOSS (Lick Observatory Supernova Search) sample by Li et al. (2011). In magnitude
limited samples, SNe Type IIn are more common, amounting to & 25 % of all SNe Type II (Li et al.
2011). The considerable spread in peak magnitudes of SNe IIn (increasing the probability that they will
be more luminous than other SNe II) makes this an expected bias effect. It is confirmed by the fraction
found in the magnitude limited (i)PTF sample: Of the 686 SNe Type II found and classified 2009-2017,
the fraction of SNe IIn in the (i)PTF was ≈ 17 %.

Li et al. (2011) suggested, based on the LOSS sample, that SNe IIn have host galaxies less luminous
than the hosts of SNe IIP. The same authors also proposed that SNe IIn might have a preference to
be hosted by small, late-type spiral galaxies. In a follow-up study of the LOSS sample, Graur et al.
(2017) found indications that SNe IIn are overrepresented in dwarf galaxies (Mgal < 1010 M�). This
possible effect is interesting, since LOSS mostly targeted massive galaxies, and was less sensitive to
dwarf galaxies. In Chapter 5.3.4, we discuss the dwarf galaxy hosting iPTF13z.

In their study of environments of interacting SNe, Habergham et al. (2014) had a sample of host
galaxies which was skewed towards larger galaxies. Of their 39 galaxies, 32 had absolute magnitudes
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brighter than MB = −18 (their most luminous host having MB = −21.6). Habergham et al. found that
SNe IIn seem to be lacking from the centre of host galaxies. Only 1 of their 26 sample SNe IIn was
located inside the central 20 % of host galaxy light. The same study also indicated that SNe IIn seemed
to be less associated with Hα regions than other types of CC SNe (in particular, Type Ic SNe, which
trace the Hα regions). Strengthening the conclusions drawn by Habergham et al., it was demonstrated
by Taddia et al. (2015) that SN impostors (Chapter 2.3.4) appears to occur in environments with lower
metallicity than SNe IIn. Within the SN Type IIn class, the fast (98S-like events) seem to prefer higher
metallicity locations compared to the slow (88Z-like) events (Taddia et al. 2015). For their 35 SNe IIn
and 18 SN impostors, Taddia et al. (2015) found average metallicities of 12 + log(O/H)IIn = 8.47 ± 0.04
and 12 + log(O/H)IMP = 8.33 ± 0.06 at the transient distance from respective host galaxy centre. The
found higher average metallicity of SNe IIn is thus statistically significant.

4.4 Type IIn progenitor star candidate observations

A major goal of observational SN studies is to identify the progenitor star which gave rise to the SN. In
most cases, this must be done by indirect means, trying to connect the properties of the SN explosion to a
possible progenitor type. In a small number of cases, however, an archival search for a progenitor can be
done if images of high resolution and deep limiting magnitude exists of the site where the SN eventually
appeared. Images from the Hubble Space Telescope (HST) have been valuable for this. Tens of CC
SNe have had progenitor candidates identified via archival studies of their explosion sites (Smartt 2015).
The pioneering effort was the identification of a blue supergiant progenitor of SN 1987A (Walborn et al.
1987) in the Large Magellanic Cloud. Beyond ∼ 10 Mpc, this method is not practical, due to the limited
resolving and light gathering power of our telescopes. The largest fraction of these are SNe Type II(P/L)
which have had strong observational evidence for red supergiants with extended envelopes being their
progenitors. The relative rarity of SNe IIn (Chapter 4.3) make them less likely than SN Type II to occur
at distances practical for archival progenitor searches. A handful of such cases have occured, of which
the most studied will be summarised below.

SN 2005gl in the spiral galaxy NGC 266 (luminosity distance dL = 66 Mpc) had an LBV progenitor
identified by Gal-Yam et al. (2007) and Gal-Yam & Leonard (2009) in an archival study using HST
images (Fig. 4.5). At maximum brightness, SN 2005gl reached MR = −17. The location of SN 2005gl
was coincident with a MV = −10.3 mag source observed in 1997. A new observation of the field in
2007 gave non-detection at the V > 25.6 mag limit (3σ confidence), corresponding to MV = −8.5. This
suggests that the progenitor seen for SN 2005gl was a single star (and no stellar cluster), and that the
progenitor was disrupted by the SN explosion. The luminosity of the progenitor candidate (1.1 · 106 L�)
suggest it was possibly a LBV (Chapter 2.2.1). The result benefit from the same instrument (Wide Field
and Planetary Camera 2, WFPC2) and filter (F547M ∼ V band) on HST being used for the observations
in both 1997 and 2007.

SN 2010jl occurred in the irregular galaxy UGC 5189A (dL = 49 Mpc). This SN was luminous,
with maximum brightness Mr ≈ −20.5 (see e.g. Fransson et al. 2014 for a detailed discussion). Using
HST pre-explosion data from 2001, Smith et al. (2011) found a M = −12 mag (HST F300W filter, in
the UV) source at the eventual SN site which they suggested was either the progenitor (likely a LBV)
or a young star cluster. From later observations, made with HST in 2014-2015 when the SN had faded
somewhat, Fox et al. (2017) found that the SN position is offset by & 20 pc from the source which Smith
et al. (2011) suggested possibly was the progenitor. This shows that the Smith et al. (2011) source was
not the progenitor star, but might suggest that the progenitor of SN 2010jl was associated with a young
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Figure 4.5: Progenitor detection for SN 2005gl, SN Type IIn in galaxy NGC 266. The white circle shows the
position of SN progenitor star candidate NGC266_LBV 1. In November 2005, SN 2005gl was observed in the near
IR with the 10 m Keck II telescope. In 2007, HST detected nothing at the progenitor location. The images have
north up and east to the left. Image from Gal-Yam & Leonard (2009). Reprinted by permission from Macmillan
Publishers Ltd: Nature, vol. 458, issue 7240, pp. 865-867,© 2009.

and probably massive (> 30 M�) stellar cluster.
SN 2009ip in the outskirts of spiral galaxy NGC 7259 (dL = 20 Mpc) is one of the most ardently

studied and controversial astronomical transients. Since its discovery in August 2009 (Maza et al. 2009)
SN 2009ip has been the topic of over 20 refereed papers and the persisting question is wether this transient
led to a destructive SN explosion or is still an intact star. From the compilations of photometry presented
by Pastorello et al. (2013) and Fraser et al. (2015), we can follow the brightness of SN 2009ip from
2009 August to 2014 December. We see that SN 2009ip reached MR ≈ −15 mag in 2009 and faded to
again re-brighten in a series of episodes reaching MR ≈ −11 mag in 2011. In 2012 August, a plateau
of brightness at MR ≈ −15 mag was reached, before SN 2009ip brightened to MR ≈ −18 mag in 2012
October. Since this time, the transient has been fading. From observations with HST, Smith et al. (2016)
report photometry with the Wide Field Camera and the filter F814W (∼ I band) giving MR ≈ −9 mag
in 2015 May. Using HST archival data, Smith et al. (2010) found the progenitor of SN 2009ip, reporting
its brightness a MV ≈ −10 mag in 1999 June. This is similar to the brightness of a LBV in outburst
(Chapter 2.2.1). It seems that SN 2009ip has now (≥ 2015) faded below its progenitor luminosity in
1999. This could either mean that a disruptive SN explosion took place, that the star was in outburst
already in 1999 and now has returned to this state, or that a possible outburst in 1999 was followed by
the 2012 brightening and that the star has now returned to a quiescent state.

As discussed by e.g. Fraser et al. (2013) and Margutti et al. (2014), the limit on the amount of
56Ni synthesised in the (possible) SN explosion of SN 2009ip is . 0.02 M�. This upper limit is based
on the light curve of SN 2009ip, which still appears driven by CSI. For Type IIP/L and Ib/c SNe, the
corresponding 56Ni mass is typically in the range 0.02 − 0.3 M� (see e.g. Sect. 7.1 in Smartt 2015).
The limit found is therefore not sufficient to distinguish between a CC SN and stellar eruption case.
Another diagnostic, attempted by Fraser et al. (2015), uses a possible detection of emission from [O I]
(λλ 6300, 6364) which could have been synthesised in the progenitor star and typically appears in late-
time (nebular) spectra of CC SNe. See e.g. Fremling et al. (2016, Fig. 15) for an example. The SN 2009ip
[O I] emission seen in 2013 October remained weak with time. If it had been coming from synthesised
O, the emission would likely had been growing stronger as the optical depth in the SN decreased with
time. It seems less likely that the [O I] emission came from SN synthesised material. From Eq. 4.7,
we see that the luminosity of a CSI driven light curve is sensitive to how efficient the conversion from
kinetic energy of the ejecta to radiated energy is. A less energetic eruption with slowly moving and/or
less massive ejecta can give rise to a possibly bright transient, making a case like the 2012 major event
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of SN 2009ip possible even when driven by a non-terminal explosion. The progenitor, as seen in 1999,
could have been a LBV with mass > 50 M�.

The bump in the light curve of SN 2009ip which appeared after the peak of its 2012 October bright-
ening is of particular interest for our study of the bumpy light curve of iPTF13z (Chapter 5.3.1).

SN 2015bh in spiral galaxy NGC 2770 (dL = 27 Mpc) displayed a series of events strongly remi-
niscent of SN 2009ip. Photometry presented by Thöne et al. (2017) shows that the progenitor stayed at
absolute magnitude −12 < MR < −10 during 1994-2014, consistent with an LBV in a state of outburst.
In 2013, the iPTF found it and labelled it iPTF13efv (Ofek et al. 2016). In 2015 May, a brightening
took place, via a short plateau at MR ≈ −14 mag, reaching maximum at MR ≈ −17 followed by a de-
cline in brightness. From the photometry by Elias-Rosa et al. (2016) and Thöne et al. (2017), we see
that SN 2015bh had the magnitude MR ≈ −12 in early 2016. The comprehensive studies by Elias-Rosa
et al. (2016), Ofek et al. (2016) and Thöne et al. (2017) do not allow any strong conclusion to be drawn
whether SN 2015bh was a destructive CC SN or a strong eruption of e.g. an LBV.

SN 1961V in the outer parts of spiral galaxy NGC 1058 (dL = 9 Mpc) remains debated, even after
decades of follow-up observations (see e.g references in Kochanek et al. 2011). Zwicky (1964) noted that
a star of magnitude Mphot ≈ −11.5 (using dL given earlier) was photographed in 1937 at the later location
of SN 1961V. Until ca 1955, this star remained around this magnitude. In 1961 July, it brightened and
was reported as a SN. After ∼ 100 days on a plateau around absolute magnitude −16, SN 1961V reached
a peak brightness of M ≈ −18 mag, whereafter it declined, fast during 200 days after maximum, but later
at a slower pace, being monitored down to M ≈ −8 mag in 1968 (e.g. Kochanek et al. 2011). SN 1961V
has been claimed to have been a major LBV outburst survived by the star (eg. Van Dyk & Matheson
2012) but also claimed to have been a core-collapse SN (eg. Kochanek et al. 2011; Smith et al. 2011).
Despite being nearby and having 80 years of photometry (including followup with HST), the nature of
SN 1961V remains elusive.

The relative faintness and irregular behavior of SNe 1961V, 2009ip and 2015bh has led some authors
to classify them as SN impostors (Chapter 2.3.4). While the progenitor case for SN 2005gl seems quite
solid, and this appears to have been a destructive explosion, the question of the finality of SNe 1961V,
2009ip and 2015bh remains unresolved. In coming years, it should be addressed by renewed deep imag-
ing (by e.g. HST or the upcoming James Webb Space Telescope, JWST). If the SNe eventually fade
significantly below luminosities expected for quiescent giant stars, this would strongly indicate that the
transients were CC SNe. As discussed in Chapter 4.2.2, SNe Type IIn can remain in a bright, photo-
spheric phase for decades. Confirming via imagining that even a nearby SN Type IIn was a true CC SN
might therefore require patience.

A connection between LBV stars (Chapter 2.2.1) and SNe Type IIn seems likely from the above
observational evidence, but the question of the finality of the discussed transients is not resolved. The
status of LBVs as SN Type IIn progenitors has been discussed by several authors (e.g. Smith et al. 2011;
Dwarkadas 2011; Smartt 2015). RSG stars have also been suggested as SNe Type IIn progenitors (e.g.
Fransson et al. 2002; Smith et al. 2009; Mackey et al. 2014) and will be discussed in Chapter 5.5.1.
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Supernova iPTF13z

In this chapter, we will introduce SN iPTF13z. The main properties of this SN will be presented, based
on the paper by Nyholm et al. (2017) which constitutes a part of this thesis. This SN is of Type IIn,
i.e. a H-rich SN showing signatures of CSI. A series of pronounced re-brigthenings is the characteristic
feature of iPTF13z, appearing as ”bumps” in its light curve. An outburst taking place before the time of
discovery is also a major trait of this SN. The contents of this chapter is intended as a complement to the
material in Nyholm et al. (2017, hereafter Paper I), giving a summary of the main results and elaborating
on some aspects of iPTF13z not covered in Paper I. Before reading this chapter, the reader could find it
useful to first read Paper I.

5.1 Light curve with bumps

The iPTF discovered iPTF13z in an image taken with the P48 telescope on 2013 February 1. At this time,
the SN was already declining after its maximum brightness. The magnitude at discovery allows us to put
the limit Mr . −18.3 on the absolute magnitude at max, which puts iPTF13z in the brighter portion of
conventional SN Type IIn maximum magnitudes (Chapter 4.2.2). Photometry of iPTF13z during the first
3 years after discovery, based on observations with the P48 and P60 telescopes on Palomar Observatory,
is plotted in Fig. 5.1. The light curve of iPTF13z is distinguished by the series of light curve bumps, by
the long durability of the light curve and by the occurrence of a progenitor star outburst before the SN
was discovered.

The initial 170 days of the light curve, covered only in the Mould R band by the P48, captured the
first bump (called B1, following terminology in Paper I). During the first 90 days after discovery, the
decline in brightness was mostly smooth (at 0.016 mag day−1), except for a possible small kink in the
light curve around 50 days1. Around 100 days, the light curve reached a plateau for ∼ 10 days which was
broken off by renewed decline in brightness, at rate 0.027 mag day−1. At 130 days, the decline stopped
and turned into a brightening at rate −0.027 mag day−1 which went on until 152 days. This was the rise
of bump B1 of iPTF13z. After bump peak, decline resumed at rate 0.032 mag day−1. The amplitude of
the conspicuous bump B1 was 0.48 mag. Until 166 days, only Mould R band data was available, but
the occurrence of the bump provoked interest and led to follow-up in the SDSS gri and Johnson B band
filters being triggered on the P60 telescope from 203 days and onwards.

1Following Paper I, the age of iPTF13z is given in days after the time of discovery (JD 2456324.98).
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The light curve of iPTF13z was durable and exhibited at least 4 more bumps, some of them detected
in the g, r/R and i bands simultaneously. The biggest bump (B3) had an amplitude of 0.9 mag in the r/R
band and lasted > 123 days. By fitting power laws to the early and late portions of the light curves (see
Fig. 3 in Paper I) and subtracting the declining trend, as done by Martin et al. (2015) for SN 2009ip, the
bumps stood out as more pronounced. Whereas plateaus as well as undulations on shorter timescales with
lower amplitudes are quite common in SN light curves, the series of long bumps with high amplitudes
seen in iPTF13z are exceptional. The diversity of the bump’s properties makes it difficult to formulate a
criterion for what constitutes a bump. In Paper I, footnote of Table 5, we suggest that light curve bumps
are ”re-brightenings breaking the decline of the SN light curve, followed by renewed fading.”. This
criterion is formulated so that a single change in the decline rate, e.g. with the SN brightness entering a
plateau, does not constitute a bump. In Chapter 5.3.1 the bumps of iPTF13z will be compared to other
cases of SN Type IIn light curve bumps from the literature.
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Figure 5.1: The light curve of iPTF13z, drawn from observations with the P48 and P60 telescopes on Palomar
Observatory. Figure based on Fig. 1 in Paper I.

Using the terminology described in Chapter 4.2.2, the durability of its light curve makes iPTF13z
a 88Z-like SN Type IIn. Considering the overall trend (neglecting the bumps) an initial decline of 1.7
magnitudes took place during the first 150 days, fading another 1.7 magnitudes until 1000 days. We also
note that the colours of iPTF13z were evolving very slowly, as in the case of SN 1988Z. After 1000 days,
the magnitude of iPTF13z in the r band was ≈ 21. Preliminary photometry on images the P60 telescope
shows that the magnitude at 1200 days in the r band was ≈ 22. This implies a decline in brightness
at 0.01 mag day−1. If real, it suggests that the late time plateau of iPTF13z ended between 1100 and
1200 days.

We estimated the bolometric energy output of iPTF13z by integrating low-order (1st to 3rd) polyno-
mials fitted to the r band light curve of and using an approximate expression for bolometric luminosity
(Eq. 1 in Paper I) based on solar values. Following Ofek et al. (2014b), we assumed the bolometric
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correction to be zero. This was partly necessary due to the lack of colour information for the SN during
its first ≈200 days after discovery, making it hard to determine the bolometric correction for the evolving
SN. For the entire 0−1085 days photometric dataset, this gave & 6 ·1049 erg as a lower limit for the bolo-
metric output of the SN. To evaluate the Paper I approximation of the bolometric luminosity, we used the
function fit_blackbody_spec (Ofek 2014) to make blackbody (BB) fits to the specific fluxes from gri
photometry from in Sect. 3.2.2 in Paper I. While a BB fit is a simplification, the BB spectra we produced
allowed us to estimate the bolometric luminosity going beyond the gri filters. Numerical integration
under the bolometric light curve estimated from the BB fits gave a bolometric output of 3.5 · 1049 erg
for the period 200 − 950 days. As a comparison for the same period of time, the low-order polynomials
fitted to the r band light curve used with Eq. 1 in Paper I gave the bolometric output of 3.0 × 1049 erg.
The difference is of the order ∼ 10 % and suggests that the zero bolometric corruption used in Paper I
is a useful approximation. For the earlier (< 200 days) epochs of the SN, the bolometric correction was
likely larger than at later epochs, but the & 6 × 1049 erg found in Paper I is still useful as a lower limit to
the bolometric output.

5.1.1 Pre-discovery outburst

Prompted by the occurrence of pre-explosion eruptions of SN Type IIn progenitor stars (Chapter 4.2.2),
we did an archival search for such outburst possibly captured by the P48 during 2009 March - 2012 July.
As shown in Paper I (Fig. 5) the PSF fits made at the eventual location of the SN in the archival images
suggested that an eruption of the progenitor star happened around 2012 July, i.e. around 210 days before
discovery of the SN. The duration of the outburst was & 50 days and the average absolute magnitude was
Mr ≈ −15, giving a bolometric energy output of 1×1048 erg (assuming bolometric correction zero). This
is ∼ 1 % of the (lower limit of the) SN output. The precursor is shown in Fig. 5.2.
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Figure 5.2: The precursors outburst of iPTF13z, with comparison frames. a) Stacked reference frame of the host
galaxy. b) Early (−1417 to −242 days) stack, without precursor. c) Later stack (−238 to −188 days) stack, with
precursor. d) Stack of the > 0 days images of the SN, for reference. The white + indicates the position of the
precursor. Figure based on Fig. 6 in Paper I.

If the CSI driving the light curve of a young SN Type IIn involves CSM deposited byt the observed
precursor event, such properties as SN rise time and peak brightness could be correlated with the precur-
sor properties (Ofek et al. 2014b). They examine possible correlations between SN Type IIn properties
and precursor properties. Possible correlations were found, albeit sensitive to the removal of single objets
from their sample. For iPTF13z, we estimated the value of the CSM mass parameter (eq. 4 in Ofek et al.
2014b) used by Ofek et al. as a measure of precursor properties. The parameter is a function of precursor
luminosity and duration as well as CSI conversion efficiency ε and CSM velocity. Characteristic values
of the parameter lies in the range 10−3 to 10−1 for most of the SNe studied by Ofek et al.. The value
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for the CSM mass parameter for iPTF13z precursor is found to be ∼ 1, exceeding the values for the
7 precursor events of Ofek et al.. As we only have lower limits of iPTF13z values of peak luminosity
and total electromagnetic energy, we can not properly place iPTF13z in Fig. 19 of Ofek et al. (2014b).
However, it is likely that iPTF13z is an outlier of the correlations given. This is not unexpected, since
CSM from the precursor event of iPTF13z was likely swept up by the SN ejecta before the discovery of
the SN (Paper I, Sect. 3.6.2) and the start of our light curve.

5.2 Spectra

The optical spectra of iPTF13z were obtained between 17 and 957 days after discovery and showed the
spectral characteristics of a SN Type IIn (Schlegel 1990). In the classification spectrum, the continuum
was blue and the Hα emission line had a narrow central component sitting on a broad base. Apart from
the Balmer emission, the spectra also showed He I in emission, as well as Ca II and Fe II lines with
P Cygni profiles. Compared to Chapter 4.2.3, this is all typical for SN Type IIn spectra. The evolution of
the iPTF13z spectra was slow, which was also reflected in the slight variation in the colour indices of the
SN. Figure 4.4 shows spectra of iPTF13z at early and later epochs. In Paper I, we measure and discuss
the evolution of the Balmer, He I, Ca II and Fe II lines.

Fitting a BB to the spectrum of iPTF13z at 17 days (with the Hα line excluded from the fit) gives a
BB temperature of 6700 K and a BB radius of 1.2 × 1015 cm. These are typical values for SNe Type IIn
(Chapter 4.2.3). Making BB fits to the remanding 8 SN dominated spectra of high quality to obtain BB
radius and temperature, we see that the BB radius stayed ≈ 1× 1015 cm during 200− 500 days, dropping
to ≈ 0.6 × 1015 cm past 500 days. Repeating this exercise with the gri BB fits (Chapter 5.1) confirms
this picture of the BB radius evolution. The BB temperatures from spectra and the P60 gri photometry
differ a bit from each other, but give a spread of BB temperatures between 5000 K and 7000 K in the
200 − 1000 day interval. The BB temperatures are in the characteristic interval for older SNe Type IIn
(Smith et al. 2010, Fig. 7). The order of magnitude of the BB radii found are typical for SNe Type IIn
(Taddia et al. 2013). The drop in BB radius > 500 days could be due to the CDS of the SN becoming
increasingly optically thin (Chapter 4.2.3).

5.3 Comparison to other Type IIn supernovae

The light curve of iPTF13z is remarkable, but not without predecessors in the literature. SNe Type IIn
with durable light curves are rather common and are usually referred to as 1988Z-like (Chapter 4.2.2).
Precursor outburst, happening ∼ 1 year before the SN, have been observed in a number of cases. In
a few cases, bumps in the light curves of SNe Type IIn have been seen, but they are uncommon. The
combination of multiple light curve bumps (Chapter 5.3.1), a durable (slowly declining) light curve
(Chapter 5.3.2) and a clear precursor outburst (Chapter 5.3.3) makes iPTF13z an outstanding SN Type
IIn. In iPTF13z, we can see many different kinds of SN Type IIn behaviour appearing in one and the same
SN. The question if iPTF13z was a CC SN or some kind of violent but non-destructive stellar outburst
(Chapter 5.5.1) also makes it interesting in the discussion on SN impostors.

5.3.1 Bumpy light curves

The bumps seen in the light curves of SNe Type IIn are rare and mutually quite dissimilar. No other SN
Type IIn among the publicly known events have displayed as many bumps as iPTF13z did, which makes
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its series of (at least) five bumps exceptional. Light curve bumps have provoked some interest in the SN
Type IIn literature, with the discussion by Martin et al. (2015) being the most exhaustive. The bump
of SN 2009ip was given special attention by Graham et al. (2014). Also discussing SN 2009ip, Reilly
et al. (2017, Sect. 5.2) gives an overview of mechanism proposed to cause the bumps. The most popular
scenario in the literature is that the bumps happen when SN ejecta encounters denser regions in the CSM.

The Type IIn light curve bumps known from the literature are described in Table 5.1, where we
applied the bump criterion from Paper I cited in Chapter 5.1 when selecting the bumps for inclusion. We
see that the bumps have a wide variety of start epochs, durations and amplitudes.

Table 5.1: Bumps in the R/r band light curves of SN Type IIn from the literature

SN SN character Bump Bump Approx. bump Comments
start (days) duration (days) amplitude (mag)

SN 2005la IIn/Ibn hybrid 16 5 0.2 Possibly two bumps
SN 2006jd 88Z-like 200 & 500 1 Bump driven by Hα
SN 2009ip 09ip-like 24 10 0.5 Bolometric bump;

after 2012 Oct outburst
SN 2010mc 09ip-like 35 & 10 & 0.3 Only bump start seen
The properties of the SN Type IIn bumps have been deduced from light curves plotted in the referenced papers. Epoch of
bump start is given relative to the light curve maximum. The bump amplitude is the bump height from the turnover point
(where the declining light curve turns over into the rise of the bump) to the peak of the bump. References: SNe 2005la
(Pastorello et al. 2008), 2006jd (Stritzinger et al. 2012), 2009ip (Graham et al. 2014) and 2010mc (Ofek et al. 2013).

It was demonstrated by Stritzinger et al. (2012) that the long bump displayed by SN 2006jd was
coincident with a increase and subsequent decrease in Hα emission of the SN, indicating that the bump
(which was only seen in the r band) was caused by the dominance of Hα emission in the r band. A
possible parallel exists in the 88Z-like SN 2005ip. Late spectra by Smith et al. (2017) shows that the Hα
luminosity of SN 2005ip increased by a factor ≈ 3 in flux (i.e. & 1.2 magnitudes) during ∼ 100 days,
starting in 2015 December (when the SN was about 3700 days old). If observed in a r band optical filter,
this increase might have been seen as a r band bump, like in SN 2006jd.

The extensive sets of observations of SN 2009ip presented by Graham et al. (2014) and Margutti
et al. (2014) are made in UV, optical and IR bands. The bump after the 2012 October outburst of SN
2009ip appear in all the covered bands, suggesting that it was a bolometric event and therefore somewhat
different from the long bump seen in SN 2006jd. The bolometric nature of the SN 2009ip bump makes
it comparable to the bumps of iPTF13z in this respect, if not concerning duration. The study by Martin
et al. (2015) shows numerous undulations happening on a smaller scale in the SN 2009ip light curve.
By subtracting the overall declining trend of the light curve, the smaller undulations are brought out, and
from the periodogram of the undulations, Martin et al. (2015) find indications that they might be periodic.

The bumps of SN 2005la (and possibly SN 2010mc) had lower amplitudes than the bumps of SNe
2006jd and 2009ip. Based on the light curve by Pastorello et al. (2008), we could possibly claim that SN
2005la had two bumps, i.e. one bump before the one mentioned in Table 5.1. Due to a gap in the light
curve about 5 days after maximum, this possible bumps is hard to quantify.
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5.3.2 Durable light curves

Interaction between SN ejecta and an extended CSM can in some cases drive the light curves of SNe
Type IIn for years or decades. The prototypical (but not necessarily typical) durable SN Type IIn is SN
1988Z (Stathakis & Sadler 1991; Aretxaga et al. 1999) which has been observed for over 23 years (Smith
et al. 2017) and still display signs of CSI. The light curve of iPTF13z, which we followed for 3 years,
is suitable to compare to this subgroup of SN Type IIn. In Paper I (their Fig. 7) we compare the r-band
light curves of a selection of durable SNe Type IIn and see that iPTF13z evolve in a similar way to them.
SN 2005ip (Stritzinger et al. 2012), in particular, shows a similar initial decline rate as iPTF13z and
eventually ends up on a plateau in brightness which is comparable to the one of iPTF13z at 700 − 900
days.

5.3.3 Progenitor outbursts

It has been shown observationally that progenitor outburst are preceding some SNe Type IIn (Ofek et al.
2014b) in their last ∼ 1 year before exploding. The iPTF13z precursor presented by Paper I agrees
with and stengthens this notion. While the mechanism behind the outbursts (Chapter 2.2.1) is poorly
understood, they seem to share observational signatures with LBV outbursts. As shown in Chapter 4.4
there are cases where SN Type IIn progenitors were observed ∼ 1 to ∼ 10 years before the SN outburst.
These progenitors showed properties consistent with LBV stars.

For comparison, we plot the precursor and SN of iPTF13z in Figure 5.3. As discussed by e.g.
Tartaglia et al. (2016), the luminosity and evolution of SNe 2009ip, 2010mc and LSQ13zm are remark-
ably similar. This also holds for SN 2015bh. In contrast to this, the precursor and SN of iPTF13z evolves
at comparable luminosity, but on a slower time scale.
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Figure 5.3: The precursors outburst of iPTF13z and a set of comparison events. Photometry taken from Pas-
torello et al. (2013); Fraser et al. (2013, 2015, SN 2009ip), Ofek et al. (2013, SN 2010mc), Tartaglia et al. (2016,
LSQ13zm) and Elias-Rosa et al. (2016, SN 2015bh). For the plot, we assume that iPTF13z was discovered at peak
brightness. Figure based on Fig. 8 in Paper I.

Recent additions to the zoo of SNe Type IIn with precursors are ASASSN-16jt (Brown et al. 2016),
discovered by ASAS-SN at absolute magnitude M ≈ −17 in 2016 August and found to be coincident
in location with an earlier transient from 2016 June, SN 2016cvk (M ≈ −15 mag). A similar recent
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case is SN 2016bdu, found by PanSTARRS 2016 Feb at M ≈ −13 mag and later found by ASASSN
at M ≈ −18 mag in 2016 May (Terreran et al. 2016). Both ASASSN-16jt and SN 2016bdu have been
spectroscopically confirmed as SNe Type IIn, have lumiosities and evolution time scales similar to earlier
cases and warrant further study.

Depending on how the different precursor candidates are assessed, their total number differs slightly.
From the literature, we see that ∼ 10 SNe Type IIn precursors are now known. Considering this, we also
note that the SN Type IIn precursor search by Bilinski et al. (2015) used LOSS survey data from 12 years
for 6 SNe Type IIn, finding no brighter precursors for them. The lack of precursors for this sample of
SNe Type IIn indicates that some of these SNe may have progenitors of a more quiescent kind. RSG
stars have been suggested as SN Type IIn progenitors (Chapter 5.5.1) and their less extreme photometric
behaviour (Kiss et al. 2006) could fit the lack of progenitor outburst for some SNe IIn

5.3.4 Dwarf host galaxies

The iPTF13z spectra are also rich in host galaxy emission lines, which were used in Paper I to study
the host galaxy (SDSS J160200.05+211442.3, hereafter J1602). It was found that J1602, at redshift
z = 0.0328, is a star-forming irregular dwarf galaxy with sub-solar metallicity. These properties makes
J1602 comparable to the Magellanic clouds.

The SN Type IIn environment studies by Habergham et al. (2014) and Taddia et al. (2015) selected
their targets from host galaxies of SNe mostly found in targeted surveys. This gives them a strong bias
towards large and luminous host galaxies. No dedicated sample study of dwarf hosts2 of SNe Type IIn is
available in the literature. To put J1602 into context, a compilation of dwarf galaxies hosting SNe Type
IIn was therefore made for this thesis from the OSC (Guillochon et al. 2017) for galaxies in the SDSS
footprint. For the compilation, as dwarf galaxies we regard those with Mr & −18 mag. SNe at z < 0.04
was to be considered, to allow host galaxies in the compilation to have a discernible morphology in the
images even at the far edge of the redshift interval (where the angular scale is 0.8 kpc [′′]−1). Using the SN
redshifts, cosmological parameters from Chapter 1.4 and extinction values from Schlafly & Finkbeiner
(2011) via NED3 we calculated absolute magnitudes as well as colours based on SDSS photometry. The
compilation is shown in Fig. 5.4 (including the host of iPTF13z) with SN positions overplotted.

The hosts we see in Fig. 5.4 are all blue and irregular. The exception is the host of ASASSN-15ik,
which is the most luminous in the compilation and which possibly shows a tendency of spiral structure.
The SN positions on the plane of the sky in this small compilation gives the impression that there is a
preference for the SNe Type IIn included to reside in the outer parts of their hosts. As the astrometry
used to indicate the SN positions in Fig. 5.4 is preliminary (mostly from astronomical circulars) it is hard
to draw conclusions from this.

Of the SNe whose hosts are included, iPTF13z, LSQ13zm and SN 2016bdu had precursor outbursts
(Chapter 5.3.3). To find 3 such SNe among a compilation of 8 might just indicate that the apparently dim
precursors are easier to find in faint dwarf galaxies, rather than in brighter and larger galaxies. Whereas
the light curve of iPTF13z is exceptional, the compilation in Fig. 5.4 suggests that there is nothing
unusual about its host galaxy J1602.

2We note that in one of the earliest SN reviews, Lundmark (1939) briefly discusses the possibility of SNe occurring in dwarf
galaxies (in the case of Lundmark, exemplified by the Magellanic clouds).

3NASA/IPAC Extragalactic Database (https://ned.ipac.caltech.edu).

https://ned.ipac.caltech.edu
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Figure 5.4: Compilation of SDSS Data Release 12 images of SN Type IIn dwarf host galaxies at z < 0.04. Each
image has field of view 40′′×40′′, with north up and east to the left. The white ”+” shows the location of the SNe
(which themselves are not in the images). In each frame, galaxy colours and absolute magnitudes are given, com-
pensated for MW extinction. The compilation include SN 2016bdu (Terreran et al. 2016), ASASSN-15ik (Brima-
combe et al. 2015; Challis et al. 2015), LSQ13zm (Benitez et al. 2013; Tartaglia et al. 2016), iPTF13z (Paper I),
SN 2011iw (Tomasella et al. 2011), SN 2006ag (Subbarao et al. 2006), SN 2006L (Aldering et al. 2006) and SN
1997ab (Hagen & Reimers 1997; Salamanca et al. 1998).

5.4 Analytical model

In Paper I, a simple analytical model is used to estimate the CSM properties and map the mass-loss
history of the iPTF13z progenitor. The model used the relations expressed in Eqs. 4.1 and 4.7. The bolo-
metric luminosity and the velocity of the shock needed in the model can be obtained from the iPTF13z
photometry and spectra, respectively. The efficiency ε of the conversion between kinetic energy of the
ejecta and radiated energy is unknown and the velocity of the mass loss vwind could only be constrained
by the width of the narrow component of the Hα line (Chapter 4.2.3). We found the weakly constrained
explosion epoch of iPTF13z to have little impact on the estimated values of the obtained CSM properties.
The model made a number of simplifying assumptions which are discussed in Paper I.

Even in a conservative scenario, the progenitor mass loss rate was found to be 0.01 M� yr−1 (higher
during outbursts). The CSM mass is ∼ 10 M� and the CSM density at least ∼ 10−16 g cm−3, with higher
densities in the shells giving rise to the bumps. This is a massive and dense CSM. To estimate the error
range of our CSM parameter estimates, a simple Monte Carlo experiment was done, running the model
10000 times while drawing values of ε and vwind from uniform distributions, the ranges of which will be
motivated below.

ε: Based on the efficiencies used by van Marle et al. (2010, Sect. 7.2) in their modeling, a realistic
upper limit is ε = 0.5. For the lower limit, the canonical value ε = 0.1 often used in the literature (e.g.
Moriya & Maeda 2014).

vwind: A lower limit for the wind velocity (∼ mass loss velocity) can be set by considering the RSG
progenitor scenario for SNe Type IIn, where a bloated RSG with a radius around ∼ 1000 R� and mass
around ∼ 10 M� has an escape velocity of & 40 km s−1. This means that the mass lost from such
a progenitor likely has at least this velocity. A LBV is smaller, likely has higher mass than a RSG
progenitor and does therefore not have to be considered for the lower limit of vwind interval. Inspection
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of Figs. 9 and 10 in Paper I hints that the narrow component of the iPTF13z Hα might be marginally
resolved, implying that the upper part of our vwind interval is the more realistic.

5.5 Discussion

5.5.1 Progenitor scenarios and the SN nature of iPTF13z

A major question regarding iPTF13z is if the light curve was powered by CIS with ejecta from a CC SN
or from a violent outburst by a still intact star. This problem is general for SNe Type IIn (Chapter 4.4).

We have photometry from later epochs than was included in Paper I. Photometry using r band images
of iPTF13z taken with the P60 telescope at 1200 days (Chapter 5.1) indicates that the SN had absolute
magnitude Mr ≈ −14 at this time. This is fainter than the precursor event observed at −210 days. It is not
clear if this observed fading below the luminosity of the progenitor outburst means that the progenitor
is gone and iPTF13z was a CC SN – or if we see a return to a less active (or even quiescent) state of a
surviving star.

Comparing the limit found for the maximum brightness of iPTF13z (Mr . −18.3) to the range of
maximum brightness of SNe Type IIn discussed in Chapter 4.2.2 (i.e. −20 . MR . −17), we see
that the iPTF13z limit sits comfortably inside this interval. It is also & 2 magnitudes brighter than the
typical SN impostor maximum brightnesses (Chapter 2.3.4). The expansion velocity of iPTF13z is hard
to determine, partially due to the likely contribution of electron scattering to the Hα emission broad
component. From Fig. 13 in Paper I, a cautious lower limit of the expansion speed can be assumed as
≈ 2000 km s−1 during our first year of coverage. Comparison to expansion speeds in the sample of LBVs,
SNe Types IIn and IIP plotted by Smith et al. (2011, Fig. 11) shows that the assumed & 2000 km s−1

expansion speed puts iPTF13z above the range of typical impostor expansion speeds.
The bolometric output of iPTF13z during the first ∼ 1000 days was estimated as & 6×1049 erg (Chap-

ter 5.1). Considering the signatures of CSI, we assume that the radiated energy ES N
Rad is extracted from the

reservoir of kinetic energy ES N
Kin carried by the SN ejecta. After Eq. 4.7, we can write ES N

Rad = εES N
Kin. The

range of efficiencies 0.1 < ε < 0.5 (Chapter 5.4) thereby gives ES N
Kin ∼ 1050 erg as the order of magnitude

of the kinetic energy carried by the iPTF13z ejecta. The canonical value of SN ejecta kinetic energy
(Chapter 2.1) is ∼ 1051 erg, suggesting that the possible SN explosion behind iPTF13z might have been
less energetic, or that our used value of ε is outside the range assumed in the Monte Carlo experiment.

A SN explosion inside a dense and structured CSM is one straightforward explanation of iPTF13z. As
long as we do not know if the progenitor star survived, other explanations can not be disregarded. One
candidate is the pulsational pair instability (PPI) mechanism (Woosley 2017), which can cause heavy
mass loss and energetic outbursts which could make a bright, durable transient dominated by CSI.

Table 5.2: Fulfilment of RSG and LBV properties by the iPTF13z progenitor

Diagnostic iPTF13z value RSG LBV iPTF13z value fulfilled?
vwind (km s−1) . 130 ≈ 10 − 100 ≈ 50 − 600 Fulfilled by both RSG and LBV

Mass loss rate (M� yr−1) & 0.01 ∼ 10−7 − 10−3 ∼ 10−4 − 1 Hardly fulfilled by RSG, but by LBV
Precursor outburst Yes (Mmax ≈ −15 mag) Not seen Seen Fulfilled by LBV

RSG properties from Mauron & Josselin (2011) and Smith (2014). Ditto for LBV stars from Vink (2012) and Smith (2014).

While both observational (Chapter 4.4) and theoretical (Chapter 2.2.1) work points to LBV stars
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as SN Type IIn progenitor candidates, the trends found in environment studies (Chapter 4.3) and the
apparent lack of SN precursor events in the ∼ 1 years before some SN Type IIn (Chapter 5.3.3) suggests
that other progenitor channels must be considered as well. A RSG enshrouded in a CSM could also
give rise to a SN Type IIn when exploding (Fransson et al. 2002; Smith et al. 2009; Yoon & Cantiello
2010; Mackey et al. 2014). In Table 5.2 canonical properties of RSG and LBV stars are compared to
the inferred properties of the iPTF13z progenitor. While the limit on the wind speed and estimated mass
loss rates can not rule out either progenitor channel, the occurrence of a precursor outburst points to a
LBV progenitor of iPTF13z. Light curves of RSG stars (Kiss et al. 2006) does not seem to suggest such
eruptive behaviour to be common.

5.5.2 Mechanisms generating bumpy light curves

The characteristic Hα narrow component of iPTF13z and the durable light curve with its bumps are all
strong indications that CSI is driving the light curve. A particular property of some of the iPTF13z bumps
gives another pointer to a CSM with denser regions causing the bumps.

Studying the early light curve dip of SLSN 2006oz, Moriya & Maeda (2012) proposed that the cause
of the dip could be increased opacity of a dense CSM shell. This opacity increase, they propose, could
be caused by ionization of the dense CSM shell by radiation from the forward shock encountering the
shell. This radiation would increase the ionization of the the CSM, and increase the optical depth due to
Thomson scattering. Eventually, when the shock breaks out through this denser CSM shell, the brightness
of the SN rises. The similarity of the decreases in brightness of iPTF13z bumps B1, B2, B3 and B5 (Paper
I) to the light curve dip of SLSN 2006oz strengthens the case that CSI in denser regions of CSM causes
the bumps.

It is pertinent to recall that other mechanism giving rise to SN light curve bumps exist4 (Martin et al.
2015; Reilly et al. 2017). Light echoes from dust curtains surrounding a SN can, with some fine tuning,
give rise to light curve bumps (Roscherr & Schaefer 2000).

The topic of this thesis is light curve bumps in SNe Type IIn, but we recall that light curve bumps
have been observed also in some SLSN Type I. In SN 2012aa (a SLSN Type Ibc, Roy et al. 2016) a
multi-band bump around 40 data after maximum was seen, for which a CSI scenario was proposed.
Nicholl et al. (2014) report a bump at 100 days after peak in the r band light curve of SLSN Type I
SSS120810:231802-560926. This bump had an amplitude of ≈ 0.5 mag and a duration that is hard to
constrain. The bolometric light curve of SLSN Type Ic SN 2015bn (Nicholl et al. 2016) showed a bump
around 50 days after peak. For the two above cases by Nicholl et al., no signs of prominent CSI were
seen. The light curve bumps in some SLSNe has been explained by invoking a magnetar as a energy
source for the light curve (e.g. Nicholl et al. 2016, and references therein).

Even when assuming that CSI with denser strata of CSM would generate the light curve bumps,
we note that such denser regions in the CSM can be generated without eruptive mass loss. Disks with
required masses (1−10 M�) and radial extensions (1015−1016 cm) around SN Type IIn progenitors have
been proposed (Metzger 2010). A significant fraction of massive stars are members of binary systems
(Chapter 2.2) and a SN progenitor in such a system can have its stellar wind modulated into a spiral
pattern (sometimes called a pinwheel nebula; Tuthill et al. 2008) by its company star. When a massive
star in such a system explodes as a SN, this modulated CSM can lead to a bumpy light curve. This was
Schwarz & Pringle (1996) interpretation of the modulations in the Type II SN 1979C radio light curve.

4The secondary maxima commonly seen in SN Type Ia light curves in the r band and redder bands (due to opacity effects,
e.g. Kasen 2006) around 25 days after maximum brightness will not be discussed here.
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5.5.3 Old Type IIn supernovae as neutrino sources

The possibility of cosmic rays being accelerated in SN Type IIn CSM is discussed by e.g. Murase
et al. (2011), who propose that neutrinos at TeV energies might be detectable from luminous SNe IIn
at distances . 60 Mpc. On 2012 March 30, the IceCube neutrino detector in Antarctica detected two
neutrinos of ∼ TeV energies arriving within 1.79 s of each other (Aartsen et al. 2015). They came
from a position 0.2 degrees away from PTF12csy, a SN Type IIn at dL ≈ 300 Mpc which was at least
158 days old at the time. Aartsen et al. (2015) concluded that the apparent correlation with PTF12csy
was probably coincidental. For PTF12csy, it seemed improbable that a SN Type IIn at > 150 days after
explosion would host processes giving rise to neutrinos. From iPTF13z, we now know that a SN Type IIn
at late (> 150 days) epochs can re-brighten in a way suggesting intensified CSI. This increased interaction
might give rise to neutrino emission. At dL = 144 Mpc, iPTF13z lies at half the distance of PTF12csy.
An archival search for neutrino events related in time and direction to iPTF13z could thus be worthwhile.



6
Outlook

Even among the heterogeneous SNe Type IIn, the bumpy and durable light curve and the precursor out-
burst makes iPTF13z stand out. Comparing to the features of the slowly evolving 1988Z-like SNe Type
IIn and the more rapidly evolving 09ip-like SNe Type IIn with their precursors, it seems that iPTF13z
is the first well-documented case where the behaviour of these two different SN Type IIn subtypes are
seen so pronounced in one SN. The campaign of iPTF13z observations has been fruitful, providing some
insight into the origin and evolution of this event, but several unanswered questions remain. The funda-
mental question is if iPTF13z was a driven by a CC SN, destroying the progenitor star, or by a massive
eruption of a still intact star. Here, we will outline some important questions, related to iPTF13z, recog-
nising that the same problems concern other SNe Type IIn as well.

Was iPTF13z a genuine CC SN? Continued photometric monitoring of iPTF13z is essential to see
if new light curve bumps happens or even major outburst happen, or if it just continues to fade. A fading
below the luminosity of a quiescent giant star would be a strong indication that iPTF13z was a CC SN.
Prolonged bright CSI in iPTF13z will likely provide excess luminosity for ∼ decades (Chapter 4.2.2), but
a sequence of deep photometric observations can give valuable constraints on the nature of iPTF13z.

Considering the Near-Infrared Camera (NIRCam) on the JWST, its expected performance in the
r band (Bouchet et al. 2015, Table 2) should give it the limiting magnitude Mr ≈ −8 (absolute) at the
distance of iPTF13z, assuming a ∼ 10000 sec exposure. This limit corresponds to ∼ 105 L�, for which the
HR diagram (Fig. 2.1) indicates that a surviving quiescent LBV could be ruled out by a non-detection at
this limiting magnitude. Repeated observations would be required, first to obtain the necessary reference
frames and later to follow the evolution of iPTF13z.

In which local environment did iPTF13z occur? High-resolution images of the iPTF13z location,
if possible coupled with spectroscopy, would allow us to study the local environment where the event
took place. The metallicity of the site as well as the (lack of?) association of iPTF13z with H II regions
would allow interesting comparisons to earlier SN Type IIn studies (Chapter 4.3). Telescopes like HST,
JWST or the ∼ 10 m class ground-based telescopes would be suitable for such observations.

How common are the bumps in SNe Type IIn? Among the 114 spectroscopically classified SNe
IIn found by (i)PTF in its magnitude-limited search as of 2009-2017, SN 2010mc and iPTF13z had
bumps1 during the decline phase of their light curves. This allows us to estimate the lower limit of the
fraction of SNe IIn with light curve bumps as ≈ 2 %. Treating the 2 bumpy SNe as "successes" from 114

1From the last years of the iPTF, other SN Type IIn with candidate light curve bumps exists, but they are not included here
due to their preliminary nature.
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independent "trials", we assume binomial distribution and get a 68 % confidence interval [0.6, 4.0] % for
the fraction of bumpy SNe. Partially, the apparent rarity of the bumps in SNe IIn light curves can be
explained by observational bias (lack of suitable photometric coverage). The visibility of a interaction-
driven light curve bump can also be sensitive to the geometry of the CSM, as well as the viewing angle
of the observer. Progenitor outbursts of SN IIn progenitors seem to be common (Chapter 5.3.3). Such
outbursts could generate CSM with regions of increased density, which can give rise to light curve bumps
driven by intensified CSI as in iPTF13z. That bumps are rare, while progenitor outbursts seem to be
common, calls for further investigation.

How can we improve the bump statistics? The series of images used to study the precursor event
and the durable light curve of iPTF13z covers ≈ 7 years. This underlines the importance of perseverance
in returning to the same fields in the sky for long stretches of time, giving an important guideline for
future work. There are no strong preferences for cadences and filters, as long as each field is revisited at
least every . 10 days. Such cadence would capture e.g. bump B1 in iPTF13z.

The Zwicky Transient Facility (ZTF, Smith et al. 2014) which will run on the P48 telescope from
2017 and the upcoming LSST (Large Synoptic Survey Telescope) (LSST Science Collaboration et al.
2009) are among the upcoming surveys which will help us explore the light curves of SNe Type IIn.
It has been estimated that LSST will discover ∼ 107 SNe (LSST Science Collaboration et al. 2009).
Making the conservative assumptions that ∼ 1 % will be SNe Type IIn (Chapter 4.3) and that ∼ 1 % of
these SNe Type IIn will display a bumpy light curve (c.f. above) means that the LSST might provide
us with ∼ 103 SNe Type IIn with bumpy light curves (allowing for uncertainties in the LSST cadence,
yet to be set). Such a sample, coupled with the possibility of searching for precursor outburst during
the expected ∼ 10 year lifetime of LSST should greatly improve our understanding of how precursor
events and CSI generated light curve bumps are coupled. Spectral classification of all SNe found in the
LSST era will be impossible and call for classification based on photometry (Lochner et al. 2016, and
references therein), which poses challenges for SNe as heterogeneous as the SN Type IIn.

How does iPTF13z fit in the zoo of SNe Type IIn? Sample papers about SNe Type IIn exist (e.g.
Kiewe et al. 2012; Taddia et al. 2013; Ofek et al. 2014a; de la Rosa et al. 2016) but hundreds of SNe
Type IIn have only been sparingly documented in astronomical circulars. The tendency in the SN Type
IIn field is to write single object papers, where authors fall for the temptation to study oddball events
(such as iPTF13z). While the luminosity extremes (SLSN Type IIn and SN impostors) have attracted
considerable attention from the community, SNe Type IIn in the ”conventional” peak brightness interval
−20 . MR . −17 have attracted less. Also, the samples presented mostly deal with light curves of . 180
days duration, due e.g. to the SNe fading too much or the seasonal gap interrupting. In the (i)PTF sample
of Sne Type IIn, there is ≈ 20 SNe of ”conventional” peak brightness with useful photometric coverage
past 180 days after discovery. The author is planning a sample study of them to improve our knowledge
of slowly evolving (88Z-like) SNe Type IIn and help establishing where iPTF13z belongs in the SN zoo.

Could we predict bumps, or even whole SNe Type IIn? If a precursor event is well observed and
the eventual SN is discovered early, it should be possible to predict when the SN ejecta will encounter the
CSM deposited by the precursor. In this way, it should be possible to predict a light curve bump generated
by intensified CSI. The pinnacle of sophistication would be to predict the SN itself, after observing its
precursors. It will require vastly improved statistics of the events themselves and much more refined
models of massive star evolution, not least of the mechanisms behind the precursor outbursts. If at least
some of the precursor outburst are related to processes in the stellar cores and an imminent core collapse,
a proper understanding of the precursors might provide rare glimpses directly from the processes leading
up to the demise of the star, maybe allowing us to forecast some SNe.



7
Populärvetenskaplig beskrivning

I en stjärnas inre slås lättare grundämnen samman till tyngre, vilket avger energi. Denna inre energikälla
gör att stjärnan kan balansera gravitationen, så att stjärnan hålls stabil. Den får även stjärnan att lysa.
Under det mesta av stjärnans liv slås väte samman till helium. En stjärna av solens massa gör detta under
flera miljarder år, medan en stjärna på tio solmassor eller mer brinner slut mycket fortare. På bara några
miljoner år slår en sådan s.k. superjättestjärna samman allt tyngre grundämnen för att kunna fortsätta
utvinna energi, tills den når järn. Tyngre grundämnen än järn går inte att slå samman för att utvinna energi,
vilket betyder slutet för superjättestjärnan. Stjärnans inre kan inte längre spjärna emot gravitationen och
superjätten rasar bokstavligen samman. Mot det material som trycks ihop i mitten studsar de yttre delarna
av den kollapsande stjärnan. Dessa slungas ut i en väldig explosion som vi ser som en supernova. Den
sprider nybildade tunga grundämnen i rymden, vilket kan bilda råmaterial till nya planeter, som jorden.

Supernovor är sällsynta och extrema händelser. Vår hemgalax Vintergatan, där solsystemet ligger,
består av över hundra miljarder stjärnor. I en galax som denna smäller en supernova av i storleksordningen
en gång per sekel. Under några veckor eller månader kan den utstrålade energin från supernovan tävla
med den hos alla andra stjärnor i galaxen sammanlagt. Att slutet för en stjärna kallas supernova (där
”nova” är latin för ”ny”) har historiska skäl. När astronomen Tycho Brahe och hans samtida 1572 plötsligt
såg en stjärna i stjärnbilden Cassiopeia där ingen stjärna synts förut föll det sig naturligt att tala om den
som ”ny”. När man under 1900-talet började lista ut mekanismerna bakom sådana fenomen stod det klart
att det inte var nya stjärnor som siktats av Tycho och andra förbryllade astronomer. Snarare var det gamla
stjärnor som förintades i explosioner och ljusnade kraftigt.

Sedan supernovan i Ormbärarens stjärnbild 1604 har ingen supernova siktats för blotta ögat i vår
galax. Fastän supernovor händer sällan i en given galax hittar vi idag ungefär en supernova i timmen
genom att, med känsliga teleskop och kameror, fotografera stora delar av himlen. När man jämför de ny-
tagna bilderna med äldre arkivbilder kan man se om något ändrats mellan bilderna. Syns en ny ljuspunkt
i eller invid en fjärran galax är chansen god att det är en ny supernova man hittat. Betraktar vi ett dygn
på senare tid, säg 29 januari 2017, ur Internationella Astronomiska Unionens lista ser vi att 51 super-
novakandidater upptäcktes detta dygn. För att bekräfta att det faktiskt är en supernova man hittat brukar
man ta ett spektrum, alltså bryta upp ljuset från supernovan i dess olika färger för att på så vis kunna se
vilka grundämnen som finns i supernovan. Att ta spektra av supernovor är en flaskhals i arbetet, då det
kräver större teleskop och mer tid än när man fotograferar himlen – från vårt exempeldygn är det bara tre
supernovor som klassificerats med spektroskopi. Inom detta arbete har avhandlingen och den ingående
artikeln kommit till. Författaren har varit verksam inom intermediate Palomar Transient Factory (iPTF,
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ett sökprojekt lett från USA) och Public ESO Spectroscopic Survey of Transient Objects (PESSTO, ett
spektroskopiprojekt lett av Europeiska Sydobservatoriet, ESO).

Ett viktigt mål för supernovaforskningen är att ta reda på vilka typer av stjärnor som föregick olika
typer av supernovor. Det kan i viss mån liknas vid att studera arkitektur genom att uteslutande besöka
eldsvådor och iaktta övertända byggnader. När vi väl finner en supernova i en fjärran galax är det redan
för sent – stjärnan är förstörd – men genom olika metoder kan vi resonera bakåt och försöka lista ut
vilken typ av stjärna som exploderade.

Under loppet av sin tillvaro förlorar superjättestjärnor stora delar av sin massa. Denna så kallade
massförlust drivs delvis av stjärnornas eget ljus och kan uppgå till hundratusendelar av en solmassa per
år. Det leder till att superjättestjärnor kan förlora flera solmassor av sina yttre höljen ut i rymden. Vissa
superjättestjärnor har inte bara jämn massförlust utan kan också råka ut för kraftiga utbrott då en solmassa
eller mer material kan kastas ut i rymden under kort tid. Orsaken till sådana utbrott är inte klarlagd, men
vi har sett exempel i Vintergatan. Stjärnan η Carinae på södra stjärnhimlen ljusnade markant på 1840-
och 1890-talen. Material från dessa utbrott kan nu ses i en nebulosa (med en uppskattad massa på över
tio solmassor) som omger stjärnan. Under senare år har olika projekt som letar efter supernovor i andra
galaxer i ett tiotal fall funnit kortare utbrott som föregår den slutliga supernovasmällen. Det intressanta
är att supernovorna som har dessa förelöpare visar tydliga tecken på att materialet som supernovan kastar
ut plöjer in i ett omgivande material. Detta omgivande material har sannolikt kommit på plats genom
ryckig och kraftig massförlust hos föregångarstjärnan. Förelöparhändelserna kan alltså troligen liknas
vid η Carinaes utbrott.

Genom iPTF upptäcktes februari 2013 en supernova i en liten galax på 450 miljoner ljusårs avstånd
i stjärnbilden Herkules. På grund av upptäcktsåret och att det var den 26:e nya supernovakandidaten
som iPTF hittade detta år fick den namnet iPTF13z (z är bokstav 26 i alfabetet). Teleskopet på Palomar-
observatoriet i USA som använts för att hitta supernovan fortsatte att följa den under loppet av ett halvår.
Under de första månaderna sjönk ljusstyrkan oavbrutet, vilket man kunde vänta sig. Ett spektrum visade
att denna supernova var omgiven av ett material som lagrats runt stjärnan genom massförlust. Drygt fyra
månader efter upptäckten hände något underligt: iPTF13z började ljusna! Under loppet av över två veckor
steg supernovans ljusstyrka en halv magnitud (astronomspråk för 1,5 gångers ökning i ljusstyrkan) för
att sedan avta lika hastigt under lika lång tid. Dessvärre avbröts observationerna av iPTF13z sedan en
tid, men supernovan hade väckt intresse och inom kort började man observera den med ytterligare ett
teleskop på Palomar-observatoriet. Under loppet av tre år mätte man ljusstyrkan hos supernovan. Ritar
man ljusstyrkan som funktion av tiden (ljuskurvan i figur 5.1) ser man att iPTF13z ljusnar vid minst fyra
ytterligare tillfällen. Att supernovor ljusnar på nytt är inte helt okänt sedan tidigare, men det är sällsynt
och iPTF13z är hittills ensam om att ljusna på nytt så många gånger. Dessa ”gupp” i ljuskruvan beror
sannolikt på att materialet som supernovan slängt iväg stöter på förtätningar i de lager av material som
föregångarstjärnan förlorat. Det leder till att mer ljus sänds ut. I bilder som togs från Palomar juli 2012
har vi kunnat se att iPTF13z hade en förelöpare, vilket tyder på att stjärnan var orolig och hade ryckig
massförlust innan den blev en supernova. Sådan ryckig massförlust kan ha omgivit stjärnan med tätare
skal av material. När supernovamaterialet stöter in i skalen kan vi läsa av stjärnans massförlusthistoria
under ca ett sekel innan det small. Detta ger en sällsynt inblick i vad superjättar gör innan de smäller av.

Fast var iPTF13z en riktig supernova? Ett stjärnutbrott som η Carinaes skulle, inuti sådant tätt ma-
terial som verkar omge iPTF13z, under vissa förhållanden kunna se ut som en supernova utan att stjär-
nan förstörs. Vi får anledning att återkomma till iPTF13z med större teleskop under kommande år. Om
iPTF13z med tiden falnar så pass att den blir svagare än vad vi kan väntas oss att en superjättestjärna
är, då kan vi vara ganska säkra på att iPTF13z var en äkta supernova – och att vi såg en väl inbäddad
superjättestjärna sluta sina dagar.
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