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Abstract

Stripped-envelope supernovae were thought to be the explosions of very massive stars (& 20 M�)
that lost their outer layers of hydrogen and/or helium in strong stellar winds. However, recent
studies have highlighted that most stripped-envelope supernovae seem to be arising from rela-
tively lower-mass progenitor stars in the 12 � 20 M� range, creating a mystery about the fate of
the higher-mass stars. In this licentiate thesis, we review our knowledge of stripped-envelope
supernovae, and present the astrophysical problem of their missing high-mass progenitors. The
thesis focuses on observations of unique and rare stripped-envelope supernovae classified with
modern optical surveys such as the intermediate Palomar Transient Factory (iPTF) and the
Public European Southern Observatory Spectroscopic Survey of Transient Objects (PESSTO).
In these surveys we have discovered stripped-envelope supernovae with long-lasting broad
lightcurves, which are thought to be a marker for highly massive (& 20 M�) progenitor stars.
Despite this exciting association, there are only a handful of existing examples of stripped-
envelope supernovae with broad lightcurves published in the literature, not numerous enough to
account for the missing high-mass stars.

During our e↵orts, the first object we focused on was OGLE-2014-SN-131, a long-lasting
supernova in the southern sky initially classified by PESSTO. We re-classified it as a supernova
Type Ibn interacting with a helium-rich circumstellar environment. Unlike all other Type Ibn’s
in the literature, OGLE-2014-SN-131 was found to have a long rise-time and large lightcurve
broadness. By modeling its bolometric lightcurve, we concluded that OGLE-2014-SN-131 must
have had an unusually massive progenitor star. Furthermore, since an ordinary radioactive-
decay model could not reproduce the lightcurve, we investigated both a magnetar and circum-
stellar interaction as potential powering scenarios and favored the latter due to the signatures of
interaction present in the spectra. Next, we looked for similar objects in the supernova dataset
of the iPTF, which contains over 200 stripped-envelope supernovae. Searching in a sub-sample
of ⇠100 well-observed supernovae, we identified 11 to have unusually broad lightcurves. We
also constrained the distribution of lightcurve broadness for iPTF stripped-envelope supernovae.
The 11 with broad lightcurves will be studied carefully in a forthcoming paper. The first part
of this forthcoming paper, which describes the careful statistical identification of these super-
novae, is included in this thesis. In it we identify that ⇠10% of the iPTF stripped-envelope
supernova sample have broad lightcurves, which a surprisingly high fraction given their rarity
in the published literature. Finally, we evaluate whether our estimate of the fraction of broad
stripped-envelope supernovae could help explain the missing high-mass progenitors, and con-
clude that they can only be a small fraction of the missing high-mass progenitors.
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Contents

An exciting part of observational astronomy is the task of evaluating theory with observations.
We can use observations to test and modify theoretical predictions. This is the first category of
an observational paper. In a second category, we try to provide observational measurements and
samples for theory and simulation work to match. Finally, observational work often highlights
unique or unusual objects which may provide a greater perspective and constrain the bounds of
previous thinking on the subject. Paper I, (Karamehmetoglu et al. 2017b), of this thesis falls
precisely in the last category. It reports the discovery and observations of the longest rising Type
Ibn supernova ever observed, OGLE-2014-SN-131.

The second paper included in this thesis is a work in progress based on the stripped-envelope
supernova sample of the combined PTF and iPTF surveys, which is the largest sample of its kind
to date. The second paper fits into both the second and final categories of an observational paper.
It provides measurements of (i)PTF stripped-envelope supernovae and then focuses on a sub-
sample that was discovered to have broad lightcurves, which previously have only been seen
a handful of times in the literature. By necessity, the first part of the paper tries to establish a
quantitative definition of this newly discovered broad sample. The sample-defining statistical
part of the paper is included in this thesis. The second part of this paper will explore the broad
sample in detail by providing measurements of their observational parameters and evaluating
theories of explosion mechanisms and progenitor scenarios which can explain these unique
objects. This latter part of the paper is in preparation and is not included in the thesis. For
this reason, the discussion of the second paper included in this thesis is labeled as Paper IIa,
representing that only the first part of the paper, which distinguishes the broad sample from the
(i)PTF stripped-envelope supernova sample, is included.

The thesis is organized as follows: this section lists the published and in-progress work
included in this thesis, followed by the table of contents. Then a statement on the specific
individual contributions of the author in each work is provided in Section 2. The context needed
to digest the first-author papers is introduced in Section 3 and the specific astrophysical question
of the thesis that was tackled in them is discussed in Section 4. The methods used to study that
question in the papers of this thesis are discussed in Section 5. The results of the papers included
in this thesis are discussed in Section 6. The first half of the second paper, which is included in
this thesis but not yet published, is presented in detail in Section 6.2. The conclusion and future
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prospects for resolving the central astrophysical question of this thesis are in Section 7, with an
emphasis on the ongoing research of the author that will be published in Paper II. Finally, the
published version of Paper I is reproduced with permission from Astronomy & Astrophysics
c�ESO.
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Statement of personal contributions

• Contributions to Paper I The author of this thesis (EK) performed the following: Anal-
ysis of the photometric data provided by OGLE and GROND. Spectroscopic data from
PESSTO were re-reduced (partially using an internal PESSTO Python script) and ana-
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also reduced, but the observations were faulty and were not included in Paper I. Late deep
imaging obtained with the NTT were reduced and upper limits of the host brightness
were calculated. All text of the paper was written, and the spectroscopic and lightcurve
measurements were made. Redshift, distance, and extinction estimates were calculated.
The SN OGLE-2014-SN-131 was classified as a Type Ibn by co-author Francesco Taddia
(FT) and EK, after it was initially thought to first be a superluminous supernova, then
briefly a Type Ib SN. Figure 5 comparing the absolute magnitude lightcurve with other
Type Ibn SNe in literature, and Figures 8 and 9 showing the colors and pseudo-bolometric
lightcurve were made by FT. FT also calculated the bolometric properties of OGLE-2014-
SN-131. FT performed the helium-recombination model fit working along with EK. All
other figures, model fits, discussion, tables, and checking of assumptions, including the
semi-analytical lightcurve modeling, were done by EK. However, significant contribu-
tions were provided by FT and Jesper Sollerman (JS) on the text, on the figures, on the
analysis, and on the results. Feedback from all other co-authors were implemented at the
end, and the discussion on the progenitor was aided by comments from co-authors Mor-
gan Fraser and Stephen Smart. Finally, feedback from the referee was taken into account
and di↵erent assumptions were tested by EK and FT, and references of these checks were
added into the text by EK.

• Contributions to Paper IIa All SE-SNe lightcurves from various telescopes that (i)PTF
had access to were collected together in a group e↵ort by EK, FT, and Cristina Barbarino
(CB), primarily using data and tools from the iPTF extra-galactic transient marshal. While
the raw data reductions were already done by the iPTF collaboration, the production of
science quality data by using iPTF data reduction tools such as FPipe for P60 data, and
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forced photometry with the aid of PTFIDE were done by EK, FT, CB, and Christof-
fer Fremling (CF). Spectroscopic data collected by the collaboration was also collected,
cleaned, and used for classification as well as calculation of k-corrections and for spec-
troscopic analysis to be published with the full paper. Some of the spectroscopic data
from Gemini and SEDM were originally reduced by EK. EK also: examined every sin-
gle lightcurve of every SE SN and characterized the quality of its photometric coverage.
made all of the template fitting, and produced all of the figures from Paper IIa included
in the thesis. Wrote the entire text, and identified the broad SNe. The simulation of iPTF
detection e�ciency was run by collaborator Ulrich Feindt. EK performed all of the other
analysis written in the Paper IIa section. EK wrote a proposal and got nebular and host
spectra of a few of the broad SNe from Keck telescope with service mode observations,
and this data was reduced by the iPTF collaboration. Photometry and spectroscopy from
the NOT were obtained for some of these targets, which were reduced by FT.
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Introduction

3.1 What are supernovae?
When astronomers throughout history looked at the stars, they noted the appearance of ephemeral
guest stars, eventually called Novae, among the multitude of permanent stars and occasional
comets in the night sky. It was Baade & Zwicky (1934), working from the Mount Wilson
Observatory in California, USA, who first used the name Super-novae (later shortened to Su-
pernovae), to refer to Novae that were then recently understood to be located very far away (see
e.g. Lundmark 1919) and thus were extremely bright. They also correctly guessed that these
explosions were the final throes of a dying massive star, which would form a neutron star as a
result.

Today, we know that there are actually two distinct primary supernova explosion mecha-
nisms: core collapse of a massive star and the thermonuclear runaway explosion of a white
dwarf. Core-collapse supernovae are thought to leave behind either a neutron star or blackhole
stellar remnant, although they could also leave no compact remnant. Thermonuclear runaway
supernovae are thought to unbind the whole star and thus leave behind no compact remnant.
There is also a third type, called a pair-instability supernova, which is thought to apply to ex-
tremely massive stars, although this type is very rare (Woosley et al. 2007). On average, super-
novae occur once every ⇠ 50 years per galaxy (Li et al. 2011), although the rate depends on the
type of supernova and the type of galaxy that it originates in. The classification of supernovae
is covered in Section 3.3.

A typical supernova explosion releases ⇠ 1051 ergs of kinetic energy, and 100 times that in
neutrinos in less than a few seconds (Alsabti & Murdin 2017). Due to the extreme energies in-
volved, supernovae disperse the products of massive star evolution throughout the universe and
are also one of the primary places in the universe where explosive nucleosynthesis of elements
heavier than iron can be produced (Meyer 1994). As a result, supernovae have been a leading
candidate for producing fifty-percent of elements heavier than iron, and virtually all elements
heavier than lead in the universe (Alsabti & Murdin 2017). However, recent observations of
the first confirmed double neutron star merger suggest that colliding neutron stars could also
account for much of the heavy elemental abundance usually ascribed the supernovae (Rosswog
et al. 2017), although further observations are needed to constrain their true rates.

11
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3.2 This Thesis
This thesis primarily focuses on a rare type of core-collapse supernova, called stripped-envelope
supernovae. They are thought to be the final explosive displays of the most massive stars. The
introduction here provides the necessary background on supernovae in order to understand the
astrophysical problem studied in the rest of the thesis. In the next section of the introduction, the
classification of supernovae is presented and the class of stripped-envelope supernova is defined.
The introduction continues by describing the modern ways that astronomers study supernovae
today. Then the three primary mechanisms that power the longer-lasting emission of light from
a supernova are taken up.

After the introduction, stripped-envelope supernovae will be discussed in detail in Section 4,
and the current attempts to connect them to their progenitors will be summarized. The problem
of the missing high-mass progenitors of stripped-envelope supernovae, which was the focus of
the papers included in this thesis, will be explained. Then, in Section 5, the methods used in the
work of the author will be introduced and discussed. Finally, the results of Paper I and Paper IIa
will be presented in Section 6.

3.3 Supernova classification
Supernovae (SNe) are primarily classified according to their optical spectra that are obtained
around the peak of their optical lightcurve (Filippenko 1997). A lightcurve is a plot of mag-
nitude or flux versus time, which aims to show how the brightness of an object changes with
respect to time. A spectrum instead shows how the flux at one instant in time varies across the
electromagnetic (EM) spectrum. Representative optical spectra of the di↵erent SN sub-types
taken around the peak of their respective lightcurves are plotted in Fig. 3.1. If the spectrum
prominently displays hydrogen, it is a Type II SN. If there is no hydrogen, it is classified as a
Type I SN, with further sub-classification of a Type Ia if the spectrum displays strong silicon
and no helium, Type Ib if it shows helium, and Type Ic if it shows no helium or hydrogen but
also lacks the strong silicon absorption line of a Type Ia SN. Type Ia SNe are thought to be the
thermonuclear runaway explosions of white-dwarf stars. Both Type II and Type Ibc SNe are
thought to be the core-collapse (CC) SN explosion of massive stars (> 8 M�). There is also
an intermediate case, a Type IIb SN, which originally prominently displays hydrogen, but later
evolves spectroscopically to become a Type Ib SNe with helium but no hydrogen. The long-
lasting emission from both thermonuclear and core-collapse SNe are thought to be powered by
the decay of radioactive 56Ni produced by explosive nucleosynthesis at the instant of the SN
explosion. This process is described in detail in Section 3.5.

3.3.1 Classification of stripped-envelope supernovae, and its interpreta-
tion

Type IIb and Type Ibc SNe are referred to as stripped-envelope (SE) SNe, since they lack hy-
drogen and/or helium in their spectra. This purely observational classification is thought to be
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Figure 3.1: Supernova classification: representative optical spectra of SN sub-types taken around
maximum-light reproduced from Modjaz et al. (2014). Various key identifying spectral line features
have been marked in color.
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a result of a real lack of hydrogen and/or helium in the ejecta of SE SNe, which suggests that
SE SN progenitors are stripped of their outer layer of hydrogen, or possibly helium, before they
explode as SNe. Until recently, it was not known whether this apparent lack of hydrogen and
helium was real, or whether some amount was present in the ejecta but simply hidden in the
spectra. Recent studies have found that even a small amount (⇠ 0.025 M�) of hydrogen would
show up strongly as an H↵ line (see e.g. Hachinger et al. 2012). For helium, which needs to be
excited non-thermally to show up in the optical spectrum of a SN, a similarly low upper-limit
was calculated by Hachinger et al. (2012). However, this widely-accepted interpretation is not
the only one. Recently, Dessart et al. (2012) proposed that a lack of mixing between the lay-
ers of ejecta could hide the spectral signature of helium in Type Ic SNe, thereby reproducing
the physical classification without having a real lack of helium. Even more recent papers have
argued against this low-mixing interpretation on the basis of observations (Taddia et al. 2015;
Liu et al. 2016; Shivvers et al. 2017). They instead favor models in which ordinary Type Ic SNe
lack helium in their ejecta. Thus, the label “stripped-envelope” SN is still widely used and is
probably the physically relevant classification for ordinary Type IIb and Type Ibc SNe.

As can be seen in Fig. 3.1, there are also further peculiar SE SNe, such as broad-lined Type
Ic SNe (IcBL) that have much broader lines due to higher velocity ejecta. The high velocity
nature of the ejecta in these peculiar Type Ic SNe imply a factor of ⇠ 10 higher explosion
energies, as well as a larger mass of radioactive nickel, compared to ordinary SE SNe (Taddia
et al. 2015; Cano 2013; Lyman et al. 2016). Some SNe IcBL are also associated with long
gamma-ray bursts (GRBs), making them the only SN class with such an association (see e.g.
Galama et al. 1998).

3.3.2 Classification of supernovae with narrow emission lines, and its in-
terpretation

If any of the above classes of SNe had a dense layer of relatively stationary material in its cir-
cumstellar environment prior to explosion, then its spectrum might be observed to have narrow
emission lines of hydrogen (or helium depending on composition). This is precisely what has
been observed for some SNe, starting with observations of SN 1978G. They were later compiled
into a class by Schlegel (1990). These circumstellar-material (CSM) interacting SNe are given
the su�x n for narrow-lines in their classification. SNe generally showing hydrogen emission
lines are called Type IIn SNe. While it has been hypothesized that massive stars, such as lumi-
nous blue-variables (LBV), are responsible for creating Type IIn SNe, some rare members that
display underlying Type Ia SN features are now called Ia-CSM SNe (see e.g., Fox et al. 2015;
Inserra et al. 2016).

If instead they show strong helium emission lines, they are called Type Ibn SNe, though
these are much rarer than the hydrogen-rich Type IIn SNe. The first example of an inter-
acting SN with narrow or intermediate-width helium emission lines instead of hydrogen was
SN 1999cq (Matheson et al. 2000). However, it was the discovery of the archetypal SN 2006jc
(Pastorello et al. 2007) that led to the definition of Type Ibn SNe as the class of CSM interacting
supernovae with strong helium signatures. Type Ibn SNe were proposed to be SE SN explosions
interacting with the helium-rich CSM surrounding the massive progenitor star, which was pro-



3. Introduction 15

Figure 3.2: Sequence of spectra near maximum light for Type Ib, Type Ibn, transitional Type Ibn/IIn,
and Type IIn SNe. The location of prominent helium lines have been marked with red-dashed lines. The
location of hydrogen alpha has also marked with a blue line. (Adapted from Pastorello et al. (2015a),
their fig. 11 for Paper I, and is reproduced here.)

posed to be a massive Wolf-Rayet star. However, PS1-12sk, a SN Ibn discovered in an elliptical
galaxy with no apparent star-formation has also led to the suggestion that some SNe Ibn could
be thermonuclear explosions arising from evolved progenitors (Sanders et al. 2013), somewhat
mimicking a similar controversy over Ia-CSM SNe (Inserra et al. 2016).

The interpretation of the narrow lines, which are used as a primary marker to classify Type
IIn and Ibn SNe, is that they arise from the recombination of excited hydrogen or helium atoms
in the CSM that have been ionized by the underlying SN explosion. The CSM was presumably
formed by the outer layers of the massive star that had been ejected before the SN explosion at
velocities associated with stellar winds (see Section 3.6.1), which are much lower compared to
SN ejecta velocities. Since the velocity of the CSM is lower, the lines are narrower compared to
those found in the spectra of an ordinary SN explosion. For a Type IIn SN, the velocity of the
narrow lines can be ⇠ 100 km s�1, while the typical SN ejecta velocity is ⇠ 10,000 km s�1.

For Type Ibn SNe, the velocity of the lines are ⇠1,000 km s�1. Such a fast helium-rich
CSM is very similar to the stellar wind of a massive Wolf-Rayet star (see Section 3.6.1). Some
Type Ibn SNe have also been observed to have an underlying Type Ib SE SN explosion after
the signs of interaction disappeared from their spectra (Pastorello et al. 2015b). As a result,
Type Ibn SNe are thought to be SE SN explosions that occur inside a dense helium-rich CSM1,
which was probably recently formed via mass-loss from a massive Wolf-Rayet star (Pastorello
et al. 2015a). A spectral comparison between Type Ib, Ibn, and Type IIn SNe is shown in
Fig. 3.2. The sequence hints that a massive star exploding as a SN within a dense CSM can
be seen as a Type IIn if there is hydrogen in the CSM, or increasingly like a Type Ibn as the
star, and therefore the nearby CSM, loses hydrogen and becomes helium-rich. This means that

1although the CSM can have some hydrogen, see Fig. 3.2
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if the CSM eventually blows away before explosion, then an ordinary Type Ibc SN spectrum
might be observed. Because of this, Pastorello et al. (2015a) have suggested that Type Ibn SNe
might represent a transitional case between ordinary SE SNe (Type Ibc) and Type IIn SNe. It is
important to mention that Type Ibn SNe are rare objects. They make up ⇠ 1 � 2.5% of all CC
SN explosions (Pastorello et al. 2008) and so are 10 � 30⇥ less common than regular SE SNe
(Type Ibc and IIb), although this rate is highly uncertain since it is based on a very small number
of events.

3.3.3 Further di↵erentiation of supernovae based on peculiar lightcurves

Supernova lightcurves have also been used to further classify and di↵erentiate the spectral clas-
sification scheme. For example, SNe that are extremely bright, matching or exceeding the
luminosity of the entire Milky Way at absolute magnitude of . �21 mag, have been classi-
fied as superluminous (SL) SNe. They have further sub-classifications among them inspired by
the spectral classification of their more ordinary counterparts, which are typically fainter than
absolute magnitude ⇠ �20.

SN lightcurves can also be used to di↵erentiate peculiar outlier events from the “ordinary”
classes. Sometimes these peculiar events have interesting physics; other times, they can be
members of entirely new classes. For example, SN 2006gy was identified as a peculiar Type
IIn SN based on its luminous lightcurve (Smith et al. 2007). However, it was later understood
that this was an entirely new class of SNe, the previously mentioned SLSNe. Section 6.2 (Paper
IIa) of this thesis deals with peculiar SE SNe with long-lasting lightcurves. Although these
are thought to have unusually massive progenitor stars compared to an ordinary SE SN, they
can constitute an entirely new observational class of SNe as well, similar to the example of
SN 2006gy. To see how lightcurves can di↵erentiate SNe, typical lightcurves of Type Ibn and
SE SNe are presented alongside peculiar ones with long-lasting lightcurves in Fig. 3.3. A
lightcurve representing SLSNe, which are both brighter and longer-lasting, is also plotted for
reference in this figure.

As demonstrated in the Type Ibn template in Fig. 3.3, most Type Ibn SNe show remarkable
similarity in their photometric evolution and have fast rising and declining lightcurves (Hossein-
zadeh et al. 2017). However, Type Ibn SNe with peculiar lightcurves have also been seen, as
in the case of the slowly-evolving OGLE-2012-SN-006 (Pastorello et al. 2015c) or the double-
peaked lightcurve of iPTF13beo (Gorbikov et al. 2014). A study of OGLE-2014-SN-131, with
the longest rising lightcurve ever observed for a Type Ibn SN, was presented in Paper I. It was
found to have an approximately three times broader lightcurve compared to the average Type
Ibn SN, making it a unique event. Similar to other SE SN with broad lightcurves, the lightcurve
of OGLE-2014-SN-131 was interpreted as implying an unusually massive progenitor star com-
pared to other Type Ibn SNe.
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Figure 3.3: Typical lightcurves of SE SNe including Type Ibn SNe, plotted alongside the more extreme
examples of their respective classes, to illustrate the potential diversity of their lightcurves. This figure
has been reproduced from Paper I, (their figure 6).

3.4 Methods and challenges of observing supernovae in the
modern age

In addition to their characterization capabilities, lightcurves are a useful tool for studying SNe.
They represent all of the EM radiation being emitted in a certain band-pass. Since photometric
epochs are much easier to obtain than spectroscopic epochs, they can be stitched together across
the accessible and relevant EM-spectrum to create a bolometric lightcurve representing all EM
radiation emitted by the SN over time. Section 3.5 will show that the bolometric lightcurve
can be used to easily compare the predictions of di↵erent powering mechanisms of SNe with
observations. But first, how do we obtain these observations of SNe in the modern age? In the
past, most SNe were discovered serendipitously along with other optical transients. Today, the
discovery of SNe and other optical transients is a result of active “hunting”. The two primary
SN hunting strategies used to find new bright point sources are the nightly monitoring of indi-
vidual galaxies for comparison with previously taken images and the scanning of a large area
in the sky with wide-field survey telescopes. The former (targeted method) is more e�cient in
terms of telescope resources and can focus on nearby galaxies with known redshifts to study
easily observable SNe. The latter (untargeted method) can find both a much larger number
of SNe and those not associated with known galaxies. For the targeted method, amateur as-
tronomers often make a sizable contribution (Yamaoka 2017). Meanwhile, surveys are done by
professional collaborations like the Palomar Transient Factory (PTF) (Law et al. 2009; Rau et al.
2009), which has discovered many hundreds of SNe per year. The most recent upgrade to the
PTF, called Zwicky Transient Facility (ZTF; Kulkarni 2018), is predicted to discover more than
a staggering ten-thousand SNe per year. These modern wide-field surveys are already expo-
nentially increasing the number of transients discovered per year, and future planned missions
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like the Large Synoptic Survey Telescope (LSST; Ivezic et al. 2008) will continue this trend by
discovering another two orders of magnitude or more SNe per year.

Typically optical and occasionally near-infrared (NIR) photometry and spectra are obtained
from ground based telescopes after discovery of the transient (e.g., Yamaoka 2017). If the
transient is particularly exciting, more expensive UV and X-ray data can also be obtained with
space telescopes. For some nearby SNe, radio telescopes are also triggered to try to observe
the interaction of the SN ejecta with circumstellar material. These typical observations done
for a SN after discovery have more resources going to SNe that have been either discovered
earlier, are more nearby, or are peculiar and unique in some way. Unfortunately, this set of
observations done after discovery, referred to as follow-up observations, take up significantly
more telescope resources than what is required to discover SNe by the modern surveys. In the
early 1990s, only tens of SNe used to be discovered per year. With the launch of massive wide-
field surveys like the PTF in 2009, this number has dramatically increased to hundreds of SNe
discovered and spectroscopically classified per year. As a result, a glut of spectroscopically
unclassified but likely-SNe transients have begun to form each year. As of early 2018, there
is no solution to this classification and follow-up challenge that will keep increasing with ever
more SNe discovered per year.

Nevertheless, some collaborations have tried to address this classification challenge by clas-
sifying the publicly released SN candidates that do not have spectra. The most successful one
to date is the Public ESO Spectroscopic Survey of Transient Objects (PESSTO; Smartt et al.
2015), which has spectroscopically classified and released to the public almost 1200 SNe as of
2018. The iPTF on the other hand has used its own resources to classify, by a rough count,
three times as many SNe as PESSTO (though they have not all been released to the public
yet). PESSTO gets its transient candidates from so-called feeder surveys such as the Optical
Gravitational Lensing Experiment (OGLE; Wyrzykowski et al. 2014a), which used the 1.3m
Warsaw Telescope located in Las Campanas Observatory, Chile, for the OGLE-IV transient
survey. Surveys like OGLE-IV enable PESSTO to specialize in spectroscopic classification of
SNe by providing the photometric data and transient candidates themselves. The SN studied in
Paper I of this thesis was discovered by the OGLE survey and classified by PESSTO. With the
growth of modern surveys, transient science is at an exciting crossroads where the data we have
access to answer questions about SNe is increasing every year at a significant pace. As a part
of this thesis, the author has been involved in both the iPTF and PESSTO collaborations, which
are respectively described in the next two sections in more detail. Additionally the OGLE-IV
transient survey, the discovery source of Paper I, is described in Section 3.4.3.

Other and less commonly used methods for observing SNe also exist. Spectropolarimetry
has been used to study the polarized light emitted by SNe which, among other things, can be
a test for the asymmetry in the SN explosions (Wang & Wheeler 2008). Cherenkov radiation
emitted by charged particles has been used to study high-energy astrophysical charged particles
themselves or the charged particles produced by high energy astrophysical neutrinos or gamma
rays, which are all thought to be produced by nearby CC-SNe. For the most nearby SN in
modern times, SN 1987A in the Large Magellanic Cloud, neutrino bursts were detected at three
separate locations (Arnett et al. 1989). However, all other neutrino e↵orts have so far only
produced limits (IceCube Collaboration et al. 2011). Another method that is being recently
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Figure 3.4: The field of view of the (i)PTF camera. Image credits: Eric Bellm

employed is to look for the potential gravitational wave (GW) radiation of a nearby CC-SN with
laser interferometric GW detectors such as the American Laser Interferometer Gravitational-
Wave Observatory (LIGO) detectors and the European Virgo detector (Gossan et al. 2016).
While the LIGO and Virgo collaboration does not currently have the sensitivity to detect a
non-Local Group CC-SN, they have recently discovered a new type of transient caused by a
double neutron-star merger event that was concurrently detected and studied across the entire
EM spectrum (Abbott et al. 2017) alongside the GW observations.

3.4.1 iPTF

The iPTF, successor to the PTF (Law et al. 2009; Rau et al. 2009), was a wide-field optical
survey based out of Palomar mountain dedicated to studying transients. The iPTF collaboration
included teams studying everything from near-Earth asteroids to faraway GRBs and active-
galactic nuclei (AGN), but its primary focus was the study of ephemeral extragalactic transients
such as supernovae. Instead of hunting for SNe near known galaxies as was done previously,
the (i)PTF used its extremely wide field camera covering approximately 8 square degrees of
the sky (see Fig. 3.4), to discover transients in an untargeted way. The iPTF camera could
image a significant portion of the northern sky multiple times per night to look for transient
phenomenon, which show up in those multiple images. It normally used a detection criteria
that required a minimum of two subsequent detections (usually in the same night) to establish
a candidate detection as a true extragalactic transient. Even with these constraints, the iPTF
could have several thousands of candidate detections per night; however, only a few of these are
astrophysically interesting (i.e., real) extra-galactic transients such as SNe.

So how did the iPTF collaboration go from a sea of thousands of candidates every night
and get down to identifying those few real transients? The steps involved in going from raw
data to confirmed SNe with the iPTF are shown in Fig. 3.5 and briefly described here. Raw
data taken with the P48 telescope was reduced by “real-time” pipelines that used standard pho-
tometric techniques such as bias and flat-field corrections, as well as performed astrometry on
the images. The “live” or “real-time” reduction pipelines are described in detail by Cao et al.
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(2016) and Masci et al. (2017a). Then, image subtraction was performed on the reduced data
using deeper and higher quality templates taken previously at the same location provided by The
Infrared Processing and Analysis Center (IPAC). As a final step, the image subtraction pipeline
identified candidate transient detections that were seen in the subtracted image. However, most
of these were not real and instead arose due to various artifacts. A machine learning algorithm
trained on spotting these fake candidates (Brink et al. 2013) assigned a “Real-Bogus” score to
the candidate which filtered out more than 99% of bogus candidates based on this score. The
remaining candidates were matched against catalogs of variable stars, space rocks, and associ-
ated with nearby galaxies, which were also cross-matched to known AGN. In the SN hunting
part of the survey, these candidates and their associations were then uploaded to a collabora-
tive marshal, called the Transient Marshal, which filtered out known objects. Finally, the list
of candidates surviving these steps were put in front of human scanners, primarily astronomers
from Stockholm and Israel, who screened for genuine extragalactic transients using the (i)PTF
Transient Marshal. An illustration of how a transient candidate looks on the Transient Marshal
is shown in the bottom panel of Fig. 3.5. In addition, scanners also had access to lightcurves,
image statistics including a history of detections and non-detections, and various other tools
such as astronomical catalogs to aid in screening transients. The promising candidates were
saved and the most promising ones, such as young or nearby ones, were immediately triggered
for follow-up using a plethora of telescopes located at various observatories or in space. The
backlog of less immediately-interesting candidates were also assigned to regularly scheduled
spectroscopic runs, which tried to keep up with the task of classifying the genuine extragalactic
transients that were caught early and had good lightcurve coverage. The approximate median
time from raw data at P48 to a candidate on the scanning page increased from ⇠ 40 mins for
PTF to ⇠ 10 mins for the iPTF (Cao et al. 2016).

As a PhD Student, the author of this thesis was involved in the live-scanning aspect of iPTF
from Stockholm and was responsible for the scheduling of the Stockholm time between 2015 to
the end of iPTF. Additionally, a spectroscopic data reduction pipeline based on the python im-
plementation of the Image Reduction and Analysis Facility (IRAF; Tody 1993) was developed
for iPTF data from the Gemini telescope, working alongside fellow Stockholm PhD Student
Christo↵er Fremling. Similar contributions from other iPTF members has meant that the iPTF
has not only been a survey, but also an on going collaborative environment for coordinating
observations of transients and doing transient science with access to a large number of facilities.
The follow-up data obtained by individual members was often uploaded on to the marshal and
used in the iPTF papers. The success of this collaborative environment also led to the creation
of the GROWTH project2, which is a network of observatories and scientists that are studying
transient phenomenon in the northern sky in a coordinated way. GROWTH will play an active
role in coordinating observations for the ZTF survey.

Internal survey metrics show that the PTF and iPTF combined have spectroscopically con-
firmed over 3000 SNe, with ⇠ 2000 of them being Type Ia SNe, and the rest of CC origin. The
iPTF collaboration has been fortunate and well-prepared with its access to follow-up resources
and systematic scheduled follow-up opportunities. However, other optical surveys, especially in

2
http://growth.caltech.edu

http://growth.caltech.edu
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Figure 3.5: A flow-chart of the reduction steps of the PTF and iPTF surveys. Arrows represent data
flow and boxes explain the key conceptual tasks of each step. The bottom panel is a cut-out from the
Transient Marshal (see text) for an example candidate, which in order shows the newly reduced frame,
the reference frame, the subtracted frame, and the Sloan Digital Sky Survey (SDSS; Ahn et al. 2014)
image for that frame as a reference. Live scanners (some of whom are pictured on the lower left, image
credits: OKC), determine the validity of a transient candidate, then assign follow-up at other telescopes,
which can occur as quickly as a few hours from the ingestion of the candidate into the real-time pipelines.
As indicated, the approximate median time from raw data at P48 to a candidate on the scanning page
has gone from ⇠ 40 mins for PTF to ⇠ 10 mins for the iPTF (Cao et al. 2016). P48 telescope image
credits: c�William C. Keel.
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the southern hemisphere, have discovered hundreds of transients with relatively few opportuni-
ties for spectral classification. Thus, the classification challenge remains a significant problem
for most optical surveys.

3.4.2 PESSTO
The PESSTO3 collaboration was created to meet the demands of the classification challenge
(Smartt et al. 2015). The aim was to classify ⇠2000 SNe and other interesting extragalactic
transients discovered by wide-field surveys between 2012 and 2017 using the European South-
ern Observatory (ESO) New Technology Telescope (NTT) located in La Silla, Chile. PESSTO
was also designed follow-up with spectroscopic time-series and photometry approximately 10%
of the SNe that were deemed most interesting. In the end, PESSTO classified ⇠ 1200 transients
and performed detailed follow-up of more than 300 of them. To date, the PESSTO collaboration
has published 68 papers as a direct result of the follow-up data it has obtained, and research is
still on-going. As a result of its success, a new extended PESSTO (ePESSTO) was approved
to perform a similar task as PESSTO starting at the end of 2017 and to continue for two more
years.

One of the novel elements of PESSTO’s method was the very rapid classification and data
release schedule it followed. Within less than 24 hours of classifying a new SN, PESSTO pub-
lished an Astronomers Telegram (ATEL) with the classification details and made the spectrum
available to the public using the Weizmann Interactive Supernova data REPository (WISEREP,
Yaron & Gal-Yam 2012). In order to achieve this fast turn-around, night-time PESSTO ob-
servers in Chile were supported by a team back at their home institution, who began reducing
the data and classifying the spectra as soon as the night ended in Chile. Due to the time-zone dif-
ference between Chile and mainland Europe, data reduction work began in the morning during
work hours. Reductions were carried out using IRAF-based python scripts developed specifi-
cally for rapid-reduction of PESSTO data (Smartt et al. 2015). The results of the classification
were discussed by the collaboration during the rest of the day, and an ATEL was usually posted
the same afternoon, less than 12 hours after the end of the night on Chile. For an example of a
PESSTO classification ATEL, see Karamehmetoglu et al. (2017a).

In addition to the rapid classification alerts and reduced spectra, all raw PESSTO data were
immediately available to the public via the ESO Archive4. The data were also published in
yearly data releases (Refer to Smartt et al. 2015, for more information) which included all so-
called phase 3 data that were reduced and calibrated along with the originally private follow-up
data used in the PESSTO papers. As a result, all PESSTO data in existence, raw and reduced,
are fully public and freely available.

3.4.3 OGLE-IV, a feeder survey to PESSTO
As stated previously, PESSTO obtained transient candidates and photometry from feeder sur-
veys such as the OGLE-IV Real-time Transient Search (Wyrzykowski et al. 2014a). In contrast

3
http://www.pessto.org

4
http://archive.eso.org/eso/eso_archive_main.html

http://www.pessto.org
http://archive.eso.org/eso/eso_archive_main.html
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to the iPTF, these feeder surveys often did not follow-up the SNe they discovered, either because
they did not have access to the follow-up resources needed or because they were focused on a
di↵erent topic and only discovered SNe as a byproduct. OGLE itself was started as a variability
survey to monitor microlensing5events, observing primarily in the galactic center, but after up-
grades to the telescope, a dedicated real-time search for transients dubbed the OGLE-IV survey
was launched to focus on areas of the sky near the Magellanic Clouds. These fields are far
away from the galactic center and as a result o↵er a much greater chance to detect extra-galactic
transients instead of being overwhelmed by stellar contamination.

From 2012 to 2014, OGLE-IV operated a transient search survey similar to the iPTF with
near real-time reductions of photometry taken primarily in the I-band with a sampling frequency
of about 2 to 5 days in the chosen fields (Wyrzykowski et al. 2014a). Unlike the iPTF, OGLE
performed only a daily search for new transients after the night’s data were processed and the
known objects were flagged. To reduce the load from artifacts and cosmic rays, it also re-
quired two detections of a brightening signal in the same location which, due to the sampling
frequency, usually occurred within 2 to 5 days. Although as a result of this, OGLE was not
able to find very young events, it still provided excellent photometric coverage for the transients
it discovered due to the high-precision photometry of its instruments developed for detecting
microlensing as well as the the favorable observing conditions in Chile. Out of 238 transients
OGLE-IV discovered, 83 were SNe spectroscopically confirmed by classification surveys such
as PESSTO. In lieu of spectroscopic resources, OGLE also tried to do photometric typing of the
discovered transients because it had access to good lightcurve coverage. By matching model
lightcurves to the observed ones, OGLE provided likely classifications even for those transients
without spectra. The positives and negatives of photometric typing is discussed further in the
next section.

The SN studied in Paper I of this thesis, OGLE-2014-SN-131, was initially discovered by
the OGLE-IV survey as a transient candidate (Wyrzykowski et al. 2014b). It was given a pho-
tometric classification as a likely-SN, which was later confirmed by spectroscopy obtained with
PESSTO (Dimitriadis et al. 2014), although the exact spectral type remained a mystery until our
re-classification (refer to the detailed summary in Section 2, or the shorter version in Paper I).
The results of Paper I are discussed in Section 6.1.

3.4.4 Lessons learned from iPTF and PESSTO

The imminent launch of even bigger and faster surveys such as ZTF necessitates a fresh evalua-
tion of the classification challenge. Neither PESSTO nor the iPTF were able to spectroscopically
classify a majority of discovered transients even when only considering the ones that were likely
SN based on their lightcurves. The task will be even more impossible when multiple faster sur-
veys such as ZTF begin to report transients. Even so, there are a few possibilities in approaching
this problem.

5Microlensing is the gravitational lensing of a bright background source, by a dark (often smaller) foreground
source, such as a planet. It can be used to study optically dark objects. The primary motivation of OGLE for
studying microlensing was to aid in the search for dark matter.
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With current observational capabilities, all bright transients that are brighter than some nom-
inal cut-o↵ brightness could be classified. Due to the logarithmic nature of the magnitude scale,
the number of transients increases exponentially with fainter magnitudes. If ZTF’s estimates of a
ten-fold increase in transient detections hold true, it is currently impossible to take spectra of all
of those fainter transients. In such a data-rich environment, relatively “expensive” spectroscopic
resources can, and probably will, focus on nearby and bright transients that can be studied for
a long time. Of course the interesting individual transients and SNe, such as those discovered
very young, will be able to get follow-up time. A parallel approach is to use so-called photo-
metric typing (see e.g., Richards et al. 2012) particularly with respect to Type Ia SNe, which
make up the largest bulk of SNe in a magnitude limited survey. The leftover CC SNe, which are
harder to sub-type, will then become more manageable. One weakness of photometric typing
is that undiscovered spectral sub-types of SNe can be missed. Another downside is that ac-
curate photometric typing benefits majorly from multi-filter observations (Kessler et al. 2010),
which reduces the survey speed of wide-field surveys and leads to less transients discovered.
Alternative methods could include the creation of more dedicated classification collaborations
similar to PESSTO or the building of fast telescopes and instruments dedicated to spectroscopic
transient follow-up, similar to the specialized survey telescopes, in order to reduce the “cost”
of follow-up6. An example of such an instrument is the Spectral Energy Distribution Machine
(SEDM; Blagorodnova et al. 2018), which was installed on the P60 telescope during the latter
days of iPTF to turn it into a dedicated and e�cient transient classification telescope. SEDM
was tested by the iPTF and will enter full-time operations as a dedicated transient classification
instrument for the ZTF survey (Blagorodnova et al. 2018). One of the promises of SEDM is
that it can be inexpensively replicated because it has been installed in a telescope with less than
half the diameter of the one used by PESSTO, which are generally much cheaper.

One important takeaway is that many of the SNe spectroscopically classified by iPTF and
PESSTO remain unpublished in any detailed studies. This is due to the poor quality of their
lightcurves and spectral coverage, which mainly stem from either late detection and subsequent
low-priority follow-up or the faintness of the objects. Therefore, following the first proposal, a
commitment to following-up the bright, nearby, or young SNe that can be studied in detail along
with a subsequent de-prioritization of all other SNe could be more fruitful in the future with the
limited availability of follow-up resources. These bright and well-observed SNe can then also
be used as training samples for photometric typing e↵orts (Kessler et al. 2010), increasing their
value and allowing the fainter transients to also contribute to the literature by the indirect method
of photometric typing.

In conclusion, PESSTO and iPTF have valiantly tried to meet the classification challenge
brought about by wide-field optical surveys but the follow-up strategies they employed are al-
ready being overwhelmed by the sheer volume of transient discoveries. Future e↵orts can try

6One such proposal was worked on by the author as a part of the Optical Infrared Coordination Network
for Astronomy (OPTICON) Instrumentation Summer School held in Copenhagen, Denmark between July 1st
and July 12th, 2017 http://opticon-schools.nbi.ku.dk/other-schools/instrumentation-school/
programme/. The group project was called ALMOST, A Low-resolution Multi-Object Spectrograph
for Transients, see http://opticon-schools.nbi.ku.dk/other-schools/instrumentation-school/
programme/Presentation_Group1.pdf.

http://opticon-schools.nbi.ku.dk/other-schools/instrumentation-school/programme/
http://opticon-schools.nbi.ku.dk/other-schools/instrumentation-school/programme/
http://opticon-schools.nbi.ku.dk/other-schools/instrumentation-school/programme/Presentation_Group1.pdf
http://opticon-schools.nbi.ku.dk/other-schools/instrumentation-school/programme/Presentation_Group1.pdf
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to: simply scale up the current strategies, use clever methods based for example on photometry,
and/or focus primarily on following up the Crème de la crème of transients partly by neces-
sity and partly to avoid wasting resources. Nevertheless, as the rest of the thesis will highlight,
continued observations of SNe and increased sample sizes are desperately needed to answer
some of the big puzzles in SN science. An answer to the classification challenge will need to be
implemented to achieve this.

3.5 The physics and powering mechanisms of supernovae
To understand the possible powering mechanisms of SNe, it is instructive to first consider what
happens in the first seconds of a SN explosion. In a core-collapse SN, the core collapses to a
neutron star (NS) in less than one second if the mass of the progenitor is lower than a nominal
cut-o↵ upper-mass limit based on metallicity (⇠ 40 M� for solar metallicity; Alsabti & Murdin
2017). Otherwise, it collapses directly to form a blackhole. The collapse releases ⇠ 1053 ergs
of neutrinos which heat the envelope. If a NS has formed, the infalling material collides and
bounces o↵ the NS surface, driving a shock that unbinds the outer layers of the star. However,
calculations show that the shock would stall if not for an additional input to revive it, which is
thought to be provided by the tremendous neutrino flux in a process referred to as the delayed
neutrino mechanism (O’Connor 2017). If the delayed neutrino mechanism is not enough to
re-energize the shock, the proto-NS will accrete the material around it and eventually collapse
into a blackhole. This collapse is also sometimes referred to as a failed-SN in literature (see
e.g., Woosley 1993; MacFadyen & Woosley 1999), which might still power a transient, but not
a full-fledged SN.

However, if the CC-SN is successful, the high temperature and densities will lead to the
generation of a radioactive isotope of Nickel, 56Ni. This isotope will decay into 56Co with a
half-life of 6 days, which in turn decays into 56Fe with a half-life of 77 days (Arnett 1996). The
radioactive decay of these isotopes is thought to power the majority of common SN explosions.
Whereas thermonuclear supernovae explode due to a very di↵erent explosion mechanism, they
also create very large masses of 56Ni and thus are powered primarily by the same long-term
radioactive decay mechanism. The reason both explosion mechanisms create 56Ni is due to
the following: at high temperatures of a SN explosion, nuclear reactions reach an equilibrium
known as nuclear statistical equilibrium (NSE). In NSE, the reaction rates are primarily deter-
mined by temperature and pressure. At temperatures of ⇠109 K, for conditions appropriate to
SNe, the dominant nuclear species are stable iron-group elements such as 56Ni (Clayton 1984;
Meyer 1994). At even higher temperatures of & 1010 K, photo-dissociation creates alpha par-
ticles and eventually naked neutrons and protons, which will dominate the nuclear abundance.
However, once the temperature drops, these nuclei will once again re-assemble into lowest en-
tropy forms, iron-group elements, since they have the highest binding energies. A typical SN
explosion heats the material involved to temperatures of ⇠ 1010 K (Alsabti & Murdin 2017)
which then rapidly cools. During this process that happens in NSE, high mass-fractions of
iron-group elements like 56Ni are produced and freeze-out from the explosion (Meyer 1994)
since they have the highest binding energies and cannot be destroyed during cooling. As a
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result, both core-collapse and thermonuclear SNe create 56Ni due to the extreme temperatures
associated with them which then survives to power their lightcurves.

Some progenitor stars of SNe are surrounded by CSM. As was discussed in Section 3.3.2,
these SNe can be identified by the narrow emission lines produced from the recombination of
hydrogen or helium in the ionized CSM. Interaction with the SN ejecta can drive very strong
shocks in the CSM, which can liberate the kinetic energy of the ejecta and convert it into EM
radiation (e.g., Smith 2017a). The shock-interaction powered lightcurve can greatly outshine
the ordinary radioactively powered SN explosion lying underneath and is therefore the main
powering mechanism for CSM interacting SNe. Additionally, it is thought that very massive
stars (⇠100 M�) eject shells of material at high velocity via the pulsational pair instability (PPI;
Woosley et al. 2007) mechanism. These can show a transient with signs of CSM interaction
when either the ejecta of an eventual SN or a later higher-velocity shell ejection begins interact-
ing with the initially ejected shell creating EM emission.

Another commonly invoked powering mechanism to consider is the magnetar powering
scenario, which is usually used to explain peculiar SNe with lightcurves that are not easily
explained by radioactive decay and also do not show evidence of CSM interaction. In the
magnetar powering scenario, the angular momentum in the core of a massive star is converted
into the birth of a rapidly-spinning magnetized young NS called a magnetar. The spin-down of
this magnetar is thermalized by the SN ejecta (the precise mechanism of this process is not well
constrained) and thus the rotational energy of the compact object is converted into EM radiation
that powers the lightcurve (Kasen 2017).

The luminosity input from accretion on to a central compact object, such as a neutron star
or a blackhole, could be an additional powering mechanism (see e.g., Chevalier 1989; Rees
1988; Müller et al. 2016; O’Connor 2017). Although this scenario is often invoked for adding
a small amount of energy to the initial stages of a SN explosion or in the case of a failed SN
explosion (O’Connor 2017). As a result, accretion on to a blackhole or neutron star as a pow-
ering mechanism is not discussed further in this thesis. Instead, radioactive-decay powering,
CSM-interaction powering, and magnetar powering are considered. Not only are these power-
ing mechanisms important for characterizing various peculiar SNe, but all three of them are also
relevant for understanding SE SNe. The physics of these mechanisms are reviewed in the fol-
lowing sections with an emphasis on how they might create the various lightcurves we associate
with SE SNe.

3.5.1 Radioactively powered SNe
Radioactively powered SNe are powered by the radioactive decay chain of 56Ni)56 Co)56 Fe
which produces high-energy �-rays that are initially trapped in the dense SN ejecta as well as
positrons. The trapped �-rays are thermalized via scatterings based on the optical depth of the
ejecta, while the positron contribution is virtually always thermalized (Arnett 1980). The ther-
mal emission, which typically peaks in the UV or optical, is observed as the SN lightcurve.
Hence, lightcurves of SNe approximate blackbody emission that moves from hotter (UV) to
cooler (optical) as the SN ejecta expand, and due to the decreasing density, trap fewer gamma-
rays. A typical CC-SN event can synthesize between 0.01–0.1 M� of 56Ni, while extreme ex-
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Figure 3.6: The limit where M56Ni = Mejecta for radioactively powered SNe reproduced from Kasen
(2017) plotted in a lightcurve duration vs peak luminosity plane. Colored points show various peculiar
and ordinary SN examples, some of which lie above the limit. As can also be seen by the vertical dashed
lines, increased lightcurve duration requires greater and greater ejecta mass.

amples from very high mass stars can reasonably create ten or more times that amount (Kasen
2017). Synthesizing this mass of 56Ni requires temperatures ⇡ 5 ⇥ 109 K. To estimate the mass
of 56Ni that is synthesized we can assume that in the radiation dominated regime MNi ⇠ ⇢E/aT 4

(Kasen 2017), where ⇢ is the mean density of the star within the radius that temperature T can be
& 5⇥ 109 K, E is the thermal energy deposited, and aT 4 is the energy density with the radiation
constant a related to the Stephan-Boltzmann constant � by a = 4�

c , where c is the speed of light.
The equation shows that the mass of 56Ni synthesized depends on the central density and the
deposited (explosion) energy. For example, only a fraction of a solar mass of 56Ni is synthesized
from the typical explosion energy of ⇠ 1051 erg and a final stellar mass prior to explosion of
⇠ 4 M� for a typical SE SN explosion like iPTF13bvn (Fremling et al. 2014, 2016).

The energy released by the radioactive decay of 56Ni is di↵used through the expanding
ejecta, and as a result, the photosphere moves inwards in mass coordinates as the ejecta expands.
By making reasonable simplifying assumptions such as that ejecta expand homologously, that
radiation pressure dominates in the energy regime of a SN explosion, and that the distribution of
56Ni is centrally peaked, Arnett (1980, 1982) derived analytical lightcurve models based upon
the radioactive decay of 56Ni with the output being mediated by a simple di↵usion model. These
simple analytic models have been used to compare with bolometric lightcurves constructed from
observations to estimate the parameters of the SN explosion such as M56Ni, Mejecta, and explosion
energy. The use of these models to estimate SN explosion properties is discussed in detail in
Section 5.2.1. It is important to mention the trivial limit on these parameters that M56Ni < Mejecta,
which is illustrated in Fig. 3.6. SNe above this limit require another powering mechanism
to explain their lightcurves in addition to the decay of 56Ni. The figure also illustrates that
higher ejecta masses, and therefore more massive stars, are required to explain longer lightcurve
durations, which will be discussed further in Section 4.1.

During the early phase when the gamma-rays are well trapped, the spectrum of a normal CC-
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Figure 3.7: Nebular spectra of SN subtypes reproduced from Filippenko (1997).

SN will be dominated by the Doppler-broadened absorption lines of elements in the envelope
located at or in front of the photosphere. However, as the photosphere recedes inwards and
the optical depth drops, the spectra instead start to become dominated by emission lines of
heavier elements that are a part of the slower moving ejecta, located further inwards in mass
coordinates. This late-time phase is referred to as the nebular phase, and nebular spectra taken
at this time can reveal the nucleosynthesized output of the massive star (see Fig. 3.7 for an
example). The nebular spectra of radioactively powered SNe can also be used to constrain
the explosion parameters. Unlike more exotic powering scenarios such as CSM-interaction or
magnetar powered SNe, radioactive decay powered SNe almost always become nebular in a few
months and the resulting spectra can be compared to models as highlighted in Section 4.1.

3.5.2 CSM-interaction powered SNe
If the supernova is surrounded by a dense CSM at the time of explosion, or if a shell of dense
CSM exists nearby, then the fast-moving SN ejecta will slam into it and lose some of its kinetic
energy. The CSM may be neutral or may have been photo-ionized by the SN explosion, but
the interaction of ejecta moving faster than the speed of sound with the CSM will lead to the
creation of shocks. A forward-shock is created that moves outwards (in-radius) towards the
un-shocked CSM. Meanwhile, a reverse shock is also created, which moves relatively inwards
in mass-coordinates into the ejecta. As a result of these shocks, a contact discontinuity forms
where shocked CSM and shocked ejecta are able to mix via Rayleigh-Taylor instabilities and
e�ciently cool, creating a region called the cold dense shell (CDS). The cooling scales with
density and thus proceeds e�ciently (Chevalier & Fransson 2017), leading to the creation of
the CDS. The X-rays and UV radiation created in the shocks are able to propagate out and in,
ionizing the un-shocked CSM as well as heating the SN ejecta. A basic picture reproduced from
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Figure 3.8: Basic picture of CSM interaction supernovae reproduced from Smith (2017a). The di↵erent
processes mentioned in Section 3.5.2 are enumerated in four zones. From inside out Zone 4 is the freely
expanding SN ejecta, Zone 3 is the ejecta that is being decelerated by the CSM which has encountered
the reverse shock (RS), Zone 2 is the swept-up CSM that has been shocked by the forward shock (FS),
and Zone 1 is the unshocked CSM in front of the forward shock which has mostly been photo-ionized by
either the emission from the shock or the SN explosion. The shocks create a cold-dense shell (CDS) lying
in between them.
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Smith (2017a) is depicted in Fig. 3.8, which shows the zones where the various processes occur.

Unlike in the radioactively powered case, the photosphere of a CSM-interacting (CSMi)
SN is much more complex. We can try to unpack it by following the basic outline of Smith
(2017a), which is illustrated in Fig. 3.8. At early times, recombination from CSM lying in
front of the forward shock, which has been photo-ionized by radiation from the shocks, may
dominate the EM contribution. The continuum photosphere created by electron-scattering is
located in the unshocked CSM and blocks the view of the shocked regions. In this stage, the
spectrum is the characteristic Type IIn spectrum with narrow emission lines and broad wings
from electron scattering that are located on top of a featureless blue spectrum. However, as the
density of the unshocked CSM drops with the forward shock traveling through the CSM, the
shocked CSM and shocked ejecta begin to reveal. The CDS located in between these zones
cools e�ciently and is continuously re-heated by the shock emissions. As a result, it emits
strongly in lines such as H↵ and verious lines of He I as the photosphere recedes to it. Even
after the electron-scattering continuum photosphere moves further in, the CDS continues to emit
strongly in line emission due to the re-processing the X-ray and UV radiation from the forward
and reverse shocks. Eventually, the photosphere should reach the unshocked ejecta, and the
CSMi powered SN will begin to look like the “ordinary” SN that was underlying the CSMi
powered SN. In reality, this stage may never be observed as the CSMi might be very strong
or long-lived, allowing the underlying SN to fade too much before such a stage could ever be
observed since the CSMi itself may remain bright for years. A further complication associated
with CSMi powered SNe is the fact that the geometry may be (highly) asymmetric (see e.g.,
Reilly et al. 2017; Andrews et al. 2017). In such a case, due to the density di↵erences from
for example clumping, EM radiation from multiple zones could be contributing to the observed
light of a CSMi SN at the same time and in di↵ering amounts. In addition, the global density
and composition of the CSM will also impact the EM radiation released. Therefore, the basic
picture of CSMi outlined here is only meant to illustrate the various contributing processes, not
to serve as a comprehensive model.

The total luminosity of a CSMi SN is large because, unlike in a normal SN where the total
radiated energy may be ⇠ 1% of the kinetic energy, the e�cient conversion of kinetic energy into
radiated energy via shocks can cause ⇠ 50% of the kinetic energy to be converted and radiated
away. The luminosity L of the CSM depends on the rate at which CSM mass is being chewed-
through by the forward shock, which depends on the mass-loss rate of the progenitor. Following
the simplified analysis of Smith (2017a), the progenitor mass-loss rate can be calculated using
Ṁ = 2LVCSM

V3
CDS

, where VCSM and VCDS are the velocity of the CSM and the CDS respectively. For
typical values VCSM ⇡ 100 km s�1, VCDS ⇡ 2500 km s�1, and a minimum L corresponding to
⇠ �16.5 mag (representing the peak luminosity of a Type II SN,) then Ṁ ⇡ 0.01 M� yr�1 (Smith
2017a). Recall that a CSMi SN should be more luminous than a Type II SN, so this estimate
of Ṁ represents a lower limit. Such high mass-loss rates are not expected from ordinary stellar
winds and instead lie in the mass loss range where eruptions are required, (see text of Section
3.6.1 and the shaded blue region in Fig. 3.10).
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Figure 3.9: Simulation of a magnetar birth from a CC-SN showing the likely highly-aspheric nature of
the event. Credits: adapted from a talk by Philipp Mösta; but see the related paper which has a slightly
di↵erent figure (Mösta et al. 2017).

3.5.3 Magnetar powered SNe
In a SN explosion without a dense CSM, the energy deposited into the ejecta does not have
to only come from radioactive decays. A long-lived central engine, such as a rapidly spinning
young magnetar, could also be injecting energy into the ejecta, which was historically consid-
ered as a possible SN explosion mechanism (Bisnovatyi-Kogan 1971). More recently, magnetar
powering has especially been invoked for SNe with peculiar lightcurves, such as super-luminous
SNe (Kasen & Bildsten 2010), which are much too bright for normal radioactive powering to
explain (see blue points in Fig. 3.6).

The maximum rotational energy stored in a young magnetar is set by the fastest allowed rota-
tional velocity before the outer layers of the NS begin to be ejected and can reach ⇡ 1053 ergs for
a NS mass ⇠ 2 M� (Metzger et al. 2015). This large amount of rotational energy may be liber-
ated from the NS via the pulsar spin-down mechanism to power a SN (Bodenheimer & Ostriker
1974). By enforcing that the spindown timescale should be on the order of the characteristic
SN time-scale (lightcurve duration), a rough constraint and estimate on the properties of such
a rapidly spinning magnetar can be obtained. Kasen (2017) gives B14 ⇠ 0.18Pms

1/4
0.1 M�3/8

1 E1/8
51 ,

where B14 is the strength of the magnetic field in units of 1014 Gauss, Pms is the rotational period
in ms, 0.1 is the opacity fixed to a fiducial value of 0.1 cm2 g�1 appropriate for Type I SNe, M1

is the ejecta mass in solar masses, and finally E51 is the explosion energy of the SN in units of
1051 ergs. For a typical SN lightcurve and a spin-period on the order of milliseconds, the mag-
netic field must be > 1013G, which requires a magnetar. Magnetars with this high magnetic field
exist, and it is possible that at least some fraction were formed with millisecond spin periods
(Kasen 2017).

The final steps of the magnetar mechanism work in the following way: as a magnetar spins
down, rotational energy is thermalized via the pulsar spindown mechanism. In the pulsar spin-
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down mechanism, magnetized wind is carried away from the NS, and is eventually converted
into energetic electrons and positrons either via re-connection of magnetic field lines or via dis-
sipation processes at the wind termination shock (Kasen 2017). The result is energetic electron
positron pairs, which will radiate (via synchrotron and inverse-Compton emission); the high en-
ergy photons radiated via these processes will cause more pair production. The end result of this
entire process is the immediate environment of the magnetar being filled with electron positron
pairs and non-thermal radiation (Metzger et al. 2014). Like the radioactive decay case, this
non-thermal radiation is thermalized by the optically thick ejecta at early times. Both the ther-
malization e�ciency as well as the conversion e�ciency of rotational energy into non-thermal
radiation are areas of active research in the magnetar case (Kasen 2017). As a result, current
magnetar models are usually simplified and assume perfect e�ciency in these steps, which may
not be correct. Additional complexity can arise from the fact that the emitted energy could be
highly asymmetric. The birth of a magnetar can be accompanied by jet formation (Metzger
et al. 2011) which means that magnetar powered SNe could have large viewing-angle e↵ects. A
magneto-hydrodynamic simulation of the birth of a young magnetar from a CC-SN is shown in
Fig. 3.9, highlighting the potential of jet formation and the aspherical nature of the event.

3.6 Progenitor stars of CC-SNe, and their stellar evolution
history

One of the largest unsolved questions in the study of CC-SNe is understanding which stars
create which classes of SNe. The mapping of the progenitor stars to various classes is therefore
a very active area of research. In general, we know that stars that end their lives as CC-SNe
must be massive. They start their lives on the main sequence in the luminous and hot part of the
Hertzsprung-Russell (HR) diagram. Stars with masses greater than ⇠ 10 M� experience very
di↵erent stellar evolution compared to less-massive stars like our sun. These massive stars are
unique both during the early part of their evolution and during the later post-MS part. More
specifically, the early-type stars OB stars and, depending on the mass cut-o↵, A stars. Late-type
stars are blue/red/yellow supergiants (B/R/YSG) as well as Wolf-Rayet (WR) and Luminous
Blue Variables (LBVs). All of these late type massive stars are thought to be the progenitors
of various classes of core-collapse SNe. By grouping them together, we can summarize their
characteristics and possible links to CC-SNe:

• OB(A) Stars

OBA stars are bright early-type (main-sequence) stars characterized by their spectra. They
form the high-mass range of the main sequence. They later evolve into supergiants, such
as blue supergiants (BSG), and further into the other more evolved sub-classes. It can
be quite di�cult observationally to distinguish between main-sequence OBA stars and
their supergiant or early WR-type relatives since they occupy approximately the same
locations in the HR diagram. While main sequence OBA stars are not expected to go SN,
a BSG was unexpectedly discovered to be the progenitor of SN 1987A (Podsiadlowski
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1992), which exploded in the Large Magellanic Cloud. Since then, some evolved BSG’s
are thought to be the progenitors of Type II SNe that are similar to SN 1987A.

• WR Stars
The first evidence for WR stars was discovered in the constellation Cygnus by French
astronomers Wolf & Rayet (1867). WR stars are high-mass, evolved, and therefore more
compact. They show a lack of hydrogen in their spectra, and can be very luminous.
They are the final stages of very massive stars which have lost much of their outer layers
primarily due to stellar winds. Due to the fact that they can lack hydrogen or helium in
their spectra, they have been proposed to be the progenitors of SE SNe, especially for
Type Ib and Ic SNe. Additionally, they are thought to be the progenitors of Type Ibn SNe,
since these SNe show spectral similarity to a WR-wind and are thought to be the CC of
massive stars (Paper I).

• LBVs
LBVs are stars that are similar to ⌘ Carinae, which are spectroscopically variable evolved
stars, often with very high mass envelopes (see Smith 2017b for a recent review). They
can have large ejections of their outer layers along with strong stellar winds. The inter-
action of the eventual SN ejecta with the previously ejected material is thought to create
the spectral signatures of circumstellar interaction observed in Type IIn SNe. Thus, LBVs
have been proposed as a prime candidate to explain a majority of Type IIn SNe.

• Yellow/Red-Super Giants
Stars which do not evolve into BSGs, LBVs, or WR stars end up as yellow and red
supergiant stars. They expand greatly but do not lose most of their outer layers, nor are
hot enough to be blue. Somewhat unexpectedly, the Type IIb SN 2011dh was found to
have a yellow supergiant progenitor star (Maund et al. 2011). We expect that most Type
IIP SNe have RSG progenitors (Smartt 2009).

3.6.1 Mass loss via stellar winds
All massive stars, whether hot like WR stars or cool like RSGs, lose significant mass via steady-
state stellar winds throughout their lifetime. Because SE SNe must lose a significant mass
of hydrogen and/or helium from their outer layers before exploding, understanding the mass-
loss rates of massive stars is crucial for establishing a link between SE SNe and their possible
progenitors. To that end, we review the mass loss mechanisms of massive stars starting with
the well-studied case of steady-state mass loss via stellar winds. Recent results in this area,
which show weaker mass loss for massive stars than previously estimated, have important con-
sequences for the potential progenitor scenarios of SE SNe described in the next chapter. It is
important to note that mass-loss rate is the main unknown in stellar evolution of massive stars.

While there is increasing consensus for the dominant steady-state wind mechanisms as being
line-driven and dust-driven winds for hot and cool massive stars respectively, the specific mass-
loss rates over a given stars lifetime are much more uncertain. Especially uncertain is the role
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of explosive or episodic mass loss, such as seen in LBVs or asymptotic giant branch (AGB)
stars. Ignoring for the moment the complexity of episodic mass loss, there exists empirically
calibrated mass loss prescriptions for both cases of steady-state stellar winds. These show that
with increasing zero-age main sequence mass (ZAMS), a corresponding strong increase of the
overall mass-loss rate via steady-state stellar winds is observed. We now summarize the two
dominant steady-state wind mechanisms.

For hot stars, such as late type WR-stars or early type AB stars, the dominant steady-state
wind mechanism is line-driven winds. Due to very high optical depths, transition lines of el-
ements further out in the envelope e�ciently absorb outgoing photons, thereby gaining the
momentum of outgoing photons which on average point outwards from the star. This starts a
positive feedback loop for velocity whereby lines at higher velocity are red-shifted compared
to the star’s frame and thus e�ciently absorb photons at a slightly lower frequency. So instead
of photons only at very specific wavelength being absorbed, the Doppler shifting of spectral
lines causes photons over a wide range of wavelengths to be e�ciently absorbed which in turn
transfers enough momentum from the photons to drive a stellar wind. (For more details, see
chapter 8 on line-driven winds in Lamers & Cassinelli 1999.) This mechanism tends to drive
a wind with a high mass-loss rate and a high velocity of > 1000 km s�1 due to the e�cient
conversion of photon momentum into gas particle momentum (Smith 2014). The fast wind ve-
locities of WR stars were used to link them to Type Ibn SNe (see e.g., Pastorello et al. 2007,
2016) in conjunction with their hydrogen deficient spectra. Finally, it is important to point out
that since metals are responsible for powering the line-driving due to their numerous transitions,
increasing metallicity creates stronger winds with higher mass-loss rates in hot stars (Kudritzki
& Puls 2000).

For cool stars, such as RSGs, dust driven winds are thought to be the dominant mechanism
of steady-state mass loss. While this is also a radiation driven mechanism similar to line driven
winds, it is the continuum absorption by dust grains that converts the momentum of photons
into a stellar wind in cool stars (Lamers & Cassinelli 1999). Typical dust grains have opacities
that peak in the infrared, making them ideal to absorb the incident flux from cool stars. The
dust is then coupled to the gas via momentum coupling, allowing the radiation pressure on the
dust to drive a wind from the star. For the dust grains to not sublimate from high temperature
or incident flux however, they must form in the upper atmosphere of the star where the radiative
equilibrium temperature is at a suitable level. Therefore, for the dust driven mechanism to
succeed in driving a stellar wind, another process must lift the gas up to where the dust can
safely stick around. One popular process that could be responsible is called the pulsation-
enhanced dust driven winds (Yasuda & Kozasa 2012), where stellar pulsations create shocks via
propagation of acoustic waves and manage to lift gas up to several stellar radii where dust can
safely form, perhaps with the help of other mechanisms such as rotation or magnetic fields. It
is important to mention that the momentum coupling of the dust to the gas imposes a relatively
low maximum velocity limit to dust driven winds. If the wind is too fast, the dust particles will
be destroyed by collisions. On the other hand, if the mass-loss rate of the wind is too low, the
dust particles will not couple to the gas and will not manage to drive a wind. As a result, cool
stars have winds with observed velocities . 100 km s�1 (Höfner 2015).

Unlike the terminal wind velocities, mass-loss rates are more uncertain. In Fig. 3.10 re-
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Figure 3.10: Empirical prescriptions of mass-loss rates for massive stars compiled from various sources
at solar metallicity; reproduced from Smith (2014). The black line represents line-driven winds for main
sequence stars, while the green line is for late type WR stars of WC and WN sub-type. The early type
WR sub-type WNH is marked in purple. Approximate range of LBV winds is marked in blue. The earlier
de Jager et al. (1988) and the more updated van Loon et al. (2005) mass-loss rate determination for
RSGs is marked in red, with yellow hyper giants being shown in a yellow shaded area. The traditional
de Jager determination reduced by a factor of three and ten are also marked, approximating the e↵ects
of clumping on these mass-loss rates. The more recent values from theoretical work done by Vink et al.
(2001) is approximately shown with a purple dashed line. The predicted mass-loss rate for binary mass
loss via Roche-Lobe overflow (RLOF) and LBV-like eruptions are also shown.
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produced from Smith (2014), an overview of empirically calibrated mass loss prescriptions for
stars across the HR diagram at solar metallicity are presented. These empirical calibrations are
primarily based on work done by de Jager et al. (1988), who collected mass-loss rates by nu-
merous methods for 271 stars across the HR diagram. While more recent theoretical work has
superseded these purely empirical determinations (e.g. Vink et al. 2001), modern stellar evo-
lutionary codes use values that are in agreement with the empirically based ones from earlier
studies represented in this plot by solid lines. Crucially, these empirical rates may have been
overestimated due to the e↵ects of clumping, which work to reduce mass-loss rates in radia-
tion driven wind mechanisms (Smith 2014). Recent work suggests that both the contribution of
episodic mass loss to the total as well as mass loss via Roche-Lobe overflow (RLOF) due to the
binarity of massive stars have been underestimated (Smith & Owocki 2006; Sana et al. 2012).

Because of weaker winds, some authors have argued that the singular role of steady-state
mass loss in the evolution of massive stars as highlighted above and as used in most stellar evo-
lution models to explain observables may not be fully explanatory (Smith 2014). In Fig. 3.10,
it is important to notice that higher luminosity stars and therefore generally higher mass stars
drive a higher mass-loss rate. Therefore, if mass-loss rates via stellar winds are weaker, initially
more massive stars are needed to create WR stars with highly-stripped envelopes. Simply put,
weaker winds imply that WR stars must come from initially more massive stars than has pre-
viously been estimated. However, another possibility is that a not-insignificant fraction of the
burden of envelope stripping required to create evolved WR stars falls on other mechanisms as
well. As shown in Fig. 3.10, this mechanism could be the mass-transfer of the outer layers of a
massive star on to a nearby companion star via the binary RLOF mechanism. While the precise
mass-loss rates due to binary RLOF are determined by a complex set of factors, the mass-loss
rates are broadly high enough to be able to produce stripped stars without needing to increase
the initial mass of the star as in the above scenario. (See Pringle & Wade 1985 for a review
of RLOF, or Yoon 2015 for a summary of the cases relevant for SE SN progenitors, and Smith
2014 for an overview of mass-loss rates.)

As we will see in the next chapter, the weaker winds implied by the latest results also have
consequences for the proposed progenitor scenarios of SE SNe. Without invoking the binary
scenario, the estimated initial masses of the progenitor stars of SE SNe are not high enough to
strip the outer layers of hydrogen and helium via stellar winds alone.
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Progenitors of stripped-envelope
supernovae

4.1 The traditional picture of stripped-envelope supernova
progenitors

As was discussed in Sections 3.3.1 and 3.3.2, Type Ibc, IIb, and Ibn SNe are considered to be
stripped-envelope (SE) SNe. Their grouping as a class was first done when the Type I classifi-
cation of SNe lacking hydrogen was split up to describe the spectra of Type Ia, Ib, and Ic SNe
(for a review and a historical synopsis, see Filippenko 1997). Then, it was hypothesized that the
progenitors of the Type Ibc SNe would be massive stripped stars, so called Wolf-Rayet (WR)
stars, which are observed in the local universe as massive stars lacking a hydrogen or helium
envelope. (See Crowther 2007 for a recent review of WR stars.)

In the 1970s, the nature and the possible formation channels of WR stars were disputed. For
forming stripped stars, it was theorized that binary interactions or massive-stellar winds could
be responsible, among other more esoteric considerations (the interested reader is referred to the
discussion in Maeder 1996; Smith 2014, for a historical perspective). Conti (1975) showed that,
observationally, WR stars could indeed be formed by mass loss from single massive stars. This
meant that mass loss via steady stellar winds could indeed dominate the mass loss of a massive
star, leading to the creation of WR stars by stripping of the outer layers of a star, forming a
suitable progenitor for SE SNe. At the time, it was already known from previous observations
that all bright and hot stars had strong line-driven winds.

Using the above results on mass loss, stellar evolutionary models were improved so that
they could better explain observables of high-mass stars (Chiosi & Maeder 1986). Further
improvements meant that stellar evolutionary models could even be used to calculate the star
formation history from observables such as color-magnitude diagrams (Gallart et al. 2005),
meaning that they began to be used to explain distributions of observable stellar properties.
Consequently, binaries became somewhat disfavored to create WR stars (even though similar to
almost all other massive stars, WR stars are probably born in binaries; see Crowther 2007 and
references therein). By extension, binaries also became disfavored as a channel to form SE SN
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progenitors (Smith 2014). Instead, solitary massive WR stars became the favored progenitor
channel for SE SNe in the so-called “Conti scenario”.

The advent of modern surveys and an increased observational e↵ort for finding and following-
up SNe, possibly spurred by the discovery of the accelerating expansion of the universe in 1998
(Riess et al. 1998; Perlmutter et al. 1999), greatly increased the number of SE SNe studied.
Note that SE SNe are rare; for an untargeted magnitude limited survey will only make up ⇠ 6%
of the discovered SNe (Li et al. 2011; Smith et al. 2011; Graur et al. 2017). With increased
numbers it became possible to test whether the distribution of explosion parameters for SE SNe
followed what would be expected if they were arising primarily from single stars (i.e., the Conti
scenario). The evidence from these studies and the role they had in re-shaping the consensus
about the favored progenitor scenario of SE SNe is discussed in the next section.

4.2 The ongoing mystery of the progenitors of SE SNe
The nature of the progenitors of SE SNe has long been debated. As summarized in Section
4.1, the favored progenitor scenario of these SNe has traditionally been solitary massive (WR)
stars stripped of their hydrogen and/or helium envelopes by strong line-driven winds. However,
an overview of recent theoretical mass-loss rate results presented in Section 3.6.1 argued for
a factor of 3 to 10 lower mass-loss rates via stellar winds due to the e↵ect of clumping. For
single stars to remain the favored progenitors with these weaker winds, they would have to
be initially more massive for stellar winds alone to strip their envelopes before exploding as
a SN since more massive stars have higher mass-loss rates. Otherwise, they would have to
lose much more mass via episodic or eruptive mass loss than previously thought, which should
be observable (although episodic or eruptive mass loss is usually not significantly included in
stellar evolutionary models, and remains an unknown in its contribution to mass-loss rates). As
another alternative, additional mass loss via the binary RLOF mechanism can be invoked as a
scenario that does not necessitate stars with higher MZAMS. Without invoking alternative mass
loss mechanisms like the above, stars with MZAMS & 20 � 25 M� are required to create fully
stripped WR stars (Smith 2014).

Meanwhile, observational results from the ever-increasing numbers of SE SNe studied seem
to suggest that a large majority SE SN progenitors have MZAMS between 12 � 20 M� (see e.g.,
Smith 2014; Smartt 2015; Lyman et al. 2016). For stars at this MZAMS range, the burden of strip-
ping the envelope from a WR star falls on another mechanism such as binary RLOF or eruptive
mass loss. Therefore, the combined result from weaker winds and relatively lower mass pro-
genitors argues against the traditional picture of the Conti scenario. This situation has led to the
observationally supported tentative conclusion that a majority of SE SN progenitors are formed
as a result of binary mass transfer instead of primarily arising from solitary stars that lose their
envelopes solely via stellar winds (Smith 2014). This conclusion is supported by the observation
of a high binary fraction among young massive stars (Sana et al. 2012). Significant evidence for
binary interactions impacting massive star evolution exists. For example, the observed rotation
rates of massive stars (de Mink et al. 2013), or the existence of a blue straggler sequence in
young clusters (Pols & Marinus 1994; van Bever & Vanbeveren 1998), require massive stars
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in interacting binaries. We observe a high number of massive stars that are interacting with a
companion in the local universe, such as in the form of High Mass X-Ray Binaries (see e.g.,
Liu et al. 2006).

To the knowledge of the author, similar evidence for a high-incidence of significant episodic
or eruptive mass loss in WR stars does not exist. If this form of mass loss was significant
for SE SNe, one possible expectation might be to observe similarly significant brightening of
SE SN progenitors in pre-SN images, as in the case of ⌘ Carinae. ⌘ Carinae is a famous galactic
LBV with eruptive mass loss and subsequent brightening (see Davidson & Humphreys 1997).
In fact, a high fraction of Type IIn SNe, many of which are thought to have LBV progenitors, do
show precursor brightening events in the dataset of the PTF (Ofek et al. 2014), among others.
Although some authors have found a null result in a similar search for pre-cursor events for
Type IIn SNe(Bilinski et al. 2015), suggesting that the observable precursor fraction might not
be as high as the PTF results imply.

In the case of SE SNe, the prototypical Type Ibn SN 2006jc had a precursor event interpreted
as a mass-ejection that created the He-rich CSM the SN ejecta was interacting with (Pastorello
et al. 2007; Foley et al. 2007). Presumably, other Type Ibn SNe also have eruptive mass-loss
events shortly before explosion, since they seem to be surrounded by shell-like CSM (Paper
I;Moriya & Maeda 2016), although no other precursors have been observed for this class and
the role of a binary companion in creating the CSM has not been ruled out. For the Type IcBL

SN PTF11qcj (Corsi et al. 2014), a tentative precursor event was also claimed, although it was
fainter than the one found for SN 2006jc. In another peculiar case, the Type Ib SN 2014C
(Milisavljevic et al. 2015) transformed into a Type IIn SN over the course of a year, when the
SN ejecta began to interact with an H-rich CSM shell. One possible origin of this shell was
eruptive mass loss, although other possibilities exist including the role of a binary companion
(Milisavljevic et al. 2015). Outside of these two cases, no such association with eruptive mass
loss has been made for ordinary SE SNe (unlike Type Ibn SNe). Recall that Type Ibn SNe are
rare. They are thought to make up only ⇠ 1� 2.5% of CC SN explosions (Pastorello et al. 2008,
although this highly uncertain rate estimate was based on a very small number of events), and
thus are 10-30 times rarer than non-CSMi SE SNe. Additionally, most Type Ibn SN observed
to-date have been located at relatively high redshifts, possibly indicating an even lower rate.
As a result of these considerations, the current consensus for the progenitor channel of SE SNe
has been towards favoring the binary progenitor scenario, instead of invoking other mass loss
mechanisms (Smith 2014).

In conclusion, observational results coming from the study of SE SNe have not been con-
sistent with the traditional single star progenitor scenario. Instead, these results have been in-
terpreted to favor the scenario wherein the majority of the progenitors of SE SNe have lost a
significant fraction of their mass via binary mass-transfer to a companion star. The binary na-
ture of the progenitors is usually inferred from observations that on average seem to support
lower-mass stars as the progenitors of SE SNe, too-low to be compatible with mass loss via
stellar winds having rid the progenitor of its envelope. As a result, the binary progenitor sce-
nario has become the favored progenitor scenario for SE SNe, especially for Type Ibc and Type
IIb SNe. Even though massive WR stars are still the favored progenitors for most Type Ibn SNe
(Pastorello et al. 2016), they do not significantly detract from the above conclusion because of
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Figure 4.1: Distribution of ejecta masses of SE SNe, compared to the expected distribution from pre-
dictions of single and binary star progenitor population synthesis models. The predicted ejecta mass
distribution from the population synthesis models (gray lines) were calculated by taking into account
weaker winds due to the role of clumping, (see Section 3.6.1). As a result, the relatively low values of
the ejecta mass distribution, which imply relatively lower mass (. 20 M�) progenitors, can only be rec-
onciled with binary progenitors. This is because some mechanism in addition to mass loss due to steady
stellar winds is required to strip stars with initial masses < 20 M�. The figure was reproduced from
Lyman et al. (2016, their Figure 10).

their low numbers (⇠25 in literature; Shivvers et al. 2017b) and uncertain physics. Additionally,
some Type Ibn SNe have been argued to have intermediate-mass progenitors probably formed
in binaries (Shivvers et al. 2017b). In the study of SE SNe, evidence against the single star
scenario has been interpreted as evidence favoring the binary progenitor scenario. In the rest
of this section we give a current overview of the evidence disfavoring the single-star progenitor
channel in SE SNe, and elaborate on the possible consequences of the binary channel becoming
the favored progenitor scenario. We also mention caveats which may a↵ect the results of these
studies and discuss some contradictory evidence.

4.2.1 Observational evidence favoring the binary progenitor scenario

The primary evidence for the binary progenitor scenario comes from the observations of the
lightcurves of SE SNe. Current stellar evolutionary calculations suggest that single-star progen-
itors with zero-age main sequence mass (MZAMS) greater than approximately 20 M� are needed
to create a SE SN explosion since mass-loss rates of lower MZAMS stars are not high enough.
If such stars were exploding as ordinary SE SNe, then we would expect to observe them from
their broad lightcurves because of their high ejecta masses (Yoon 2015). However, studies of
SE SN lightcurve samples, (e.g., Drout et al. 2011; Cano 2013; Taddia et al. 2015; Lyman et al.
2016; Prentice et al. 2016; Taddia et al. 2018b) have revealed mainly narrow peaked lightcurves
(average rise time of ⇠ 17 � 20 days) compatible with low (⇠ 1 � 4 M�) total masses of ejected
material (see Section 5.2.1). Since the progenitors of SE SNe have been stripped of their H/He
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envelopes, the ejecta mass has been used as a proxy to infer the core mass of the star, which is
largely unchanged by mass loss. Ultimately, the core mass can be extrapolated to the MZAMS

by using stellar evolutionary models. Results from these studies suggest that the progenitors
of SE SNe are not as massive as initially thought but instead are relatively lower-mass stars
(MZAMS . 20 M�) with corresponding lower mass-loss rate. Since such a low mass-loss rate is
too low to strip the entire envelope before core-collapse, these stars would need to be stripped of
their envelope by another mechanism such as binary interaction or episodic mass loss (though
the latter is not currently favored, see Section 4.2). As a result, the distribution of ejecta masses
of SE SNe obtained from these lightcurve studies have been interpreted to strongly argue for
the binary scenario. By comparing the observed distribution of ejected mass with the expected
distribution for binary and single-star progenitor scenarios, Lyman et al. (2016) found that the
observed distribution matched the predictions of a binary progenitor scenario with initial pro-
genitor masses in the range of 8 M� to 20 M�. Figure 4.1 adapted from their paper shows
this fact clearly, with only a very small fraction of the distribution being compatible with more
massive stars and thus a single-star progenitor scenario. It is important to mention again that
for very massive stars (& 20 M�), mass loss via stellar winds are just as prominent as the bi-
nary RLOF mechanism. Therefore, if the observed distribution of ejected masses had matched
higher initial-mass stars, then it would not be possible to distinguish between a solitary massive
star and one in a binary from the ejecta mass alone. However lower ejecta masses (. 4 M�),
and therefore lower initial mass of the progenitors (. 20 M�), strongly imply binary progenitors
without which stars of such mass would have a di�cult time stripping their envelopes via stellar
winds before exploding as SNe.

The result from lightcurve sample studies is also consistent with the result from direct detec-
tion searches of SE SN progenitors (Eldridge et al. 2013; Smartt 2015), which have not found
any evidence for very massive stars. Massive stars near the end of their lives are hot, and as a
result, bright. If deep archival imaging of a nearby galaxy exists with a telescope such as the
Hubble Space Telescope (HST), then a comparison of the SN location before and after the ex-
plosion can be made. The detection of a bright source that disappears after the SN explosion can
be assumed to be the progenitor of the SN. Referred to as a direct detection search (for the pro-
genitors), such undertakings have not been able to find any evidence for luminous massive stars
for any SE SN. In fact, the only direct detection of a Type Ibc progenitor to date, iPTF13bvn
(Cao et al. 2013), was interpreted as coming from a lower mass binary star (Bersten et al. 2014;
Fremling et al. 2014, 2016). Figure 4.2 illustrates the pre-detection identification of the progen-
itor of iPTF13bvn on images taken with the HST. However, there are many uncertainties related
to this search, coming both from the lack of knowledge about the behavior of massive stars at
the very end of their lives and also from the uncertain contribution of extinction along the line
of sight to SN positions in external galaxies. For example, the bolometric calibration of bright
WR stars is made from local WR stars, which are probably still in the core helium burning stage
of their lives. More evolved WR stars could be hotter and more compact; therefore, they may
be optically faint despite high bolometric luminosities (Yoon et al. 2012). Such considerations
indicate that the lack of progenitor direct detections is not su�cient evidence for excluding sin-
gle WR stars and that constraints from other methods (such as lightcurve analysis) are needed
(Yoon 2015).
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Figure 4.2: Illustration of direct detection search for the progenitor of iPTF13bvn, reproduced from
Fig. 1 of Fremling et al. (2014). The left panels show the field with the SN clearly visible, while the right
panels show the pre-detection images which have been used to locate and identify the possible progenitor.
The precise location of the SN is marked with red while stars used for astrometry are marked with black
boxed-circles. This is the only known direct-detection of a Type Ibc progenitor. Fremling et al. (2014)
found that the Type Ib SN iPTF13bvn had an intermediate-mass progenitor (MZAMS ⇠ 12 M�), which
must have stripped its outer layers via binary interaction.

Figure 4.3: Pie-chart of relative observed fraction of core-collapse SNe in a volume limited survey,
reproduced from (Shivvers et al. 2017a).



4. Progenitors of stripped-envelope supernovae 43

Figure 4.4: Fitting a progenitor model to the nebular spectrum of iPTF13bvn. Fits from two models
with MZAMS of 12 M� and 13 M�, labeled as 13G and 12C respectively, are over-plotted on the actual
spectra. The fits favor the lower-mass model. Figure has been reproduced from bottom panel of figure 15
in Fremling et al. (2016).

As can be seen from Fig. 4.3, the observed rate of SE SN explosions compared to other
core-collapse SNe is relatively high (> 30% of the total; Shivvers et al. 2017a). This is too high
to match the observed occurrence of WR stars locally (Smith et al. 2011). Such a high incidence
argues against single massive star progenitors being responsible for a majority of SE SNe. The
SE SN rate is also in good agreement with the estimated percentage of O stars that will have
their envelopes stripped via binary interaction prior to their deaths (Sana et al. 2012). Based on
earlier results, Smith et al. (2011) also argued that the incidence of Type Ic SNe being greater
than Type Ib/IIb SNe was evidence against the massive star scenario, as stellar evolutionary
models had a hard time creating such a distribution. However, re-analysis of the earlier data
was presented by Shivvers et al. (2017a), which showed that the incidences were actually not
so di↵erent and that the problem had been overstated. Regardless, the high ratio of SE SNe
compared to the total number of CC-SNe remains a challenge for the single-star progenitor
scenario.

Late time nebular spectra of a few nearby SE SNe have been used to constrain progenitor
masses as well. If a SE SN is nearby enough to observe when the ejecta become transparent
and reveal the inner material, a comparison of the nebular spectrum with models can be made
to constrain the progenitor mass using the emission lines in the spectra. The oxygen mass of
a star is a direct result of nucleosynthesis in the core and can be used as a proxy for MZAMS.
Therefore, the oxygen emission lines in nebular spectra can be matched to model spectra with
known oxygen mass and MZAMS. For the Type Ib iPTF13bvn and the Type IIb SN 2011dh,
respectively, progenitor masses of MZAMS ⇠ 12 M� and ⇠ 15 M� were obtained using this
method, both favoring a binary progenitor channel to explain the SNe (Fremling et al. 2016;
Jerkstrand et al. 2015). The application of this method to iPTF13bvn is depicted in Fig. 4.4.

Even more evidence that more intermediate-mass binary stars, rather than high-mass single
stars are responsible for the majority of ordinary SE SN explosions can be found in their envi-
ronments. For example, the delay-time distribution of CC-SN explosions supports the binary
channel because most CC-SNe seem to occur 50-200 Myr after birth, long after the deaths of
most massive stars have already happened (Zapartas et al. 2017). However, statistical studies
of H↵ in SN environments have favored Type Ic SNe to occur in regions where massive stars
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(> 20 M�) exist, while they favor more intermediate mass progenitors for other CC-SNe (Kan-
gas et al. 2017). Earlier environmental studies looking at HII region associations of nearby
CC-SNe, compiled in to a meta-study by Anderson et al. (2015) also favored the binary progen-
itor channel for a majority SE SNe, especially Type IIb and Ib SNe. The meta-analysis of these
studies notes a propensity for Type Ic SNe to be associated with younger (and more massive) re-
gions compared to Type Ib SNe, though without rigorous statistical significance. Studies of SN
environments can thus be an important and independent way to constrain progenitor channels.
Similarly, studies measuring the host metallicity at or near the SN position have argued that the
fact that the SE SN to Type II SN ratio decreases with metallicity is consistent with the binary
scenario (see Galbany et al. 2016 and references therein). In the single-star scenario, increased
mass loss via line-driven winds at higher metallicity should lead to an increase in the ratio, not
a decrease. Though the same study by Galbany et al. (2016) also found that the ratio of Type
Ib to Type Ic SNe decreases with metallicity, indicating that at higher metallicity stripping via
stellar winds is greater. This result would imply that at least a fraction of Type Ic SNe might
be originating from very massive progenitors that are more stripped via stellar winds at higher
metallicity, which can have a single-star origin. Overall however, both Anderson et al. (2015);
Galbany et al. (2016) found that metallicity only seems to weakly correlate with SN subtype,
indicating that steady-state winds are not the major di↵erentiator for the SN subtypes. If most
SE SNe were coming from single star progenitors, then metallicity would be expected to play a
large role in their stripping since mass loss via line-driven winds scales strongly with metallicity
(see Section 3.6.1). As a result, the fact that highly statistically significant correlations between
metallicity and SN subtypes are not seen has been interpreted to support the binary progenitor
scenario for a majority of SE SNe.

Caveats

There are some important caveats for the observational evidence presented in the preceding
section. There are additional alternatives to the binary progenitor scenario that can at least
individually explain some of the above results. The primary evidence comes in the form of
lightcurve studies, which have found that the ejected mass, and therefore the implied initial
progenitor mass, is too low to have come from stars over approximately twenty solar masses.
In order to derive this ejecta mass, varying simplifying assumptions are made in models with
which the lightcurves are fit. The most common and dangerous assumptions are spherical sym-
metry in the explosion, and the assumption of a constant e↵ective opacity used to calculate the
di↵usion of photons through the ejecta. Since the papers included in this thesis also make use
of these simplified models, we discuss them further in Section 5. However, an alternative which
can get around some of the limitations of the simple parametrized models is the use of mod-
ern hydro-dynamical simulations, which for example do not have to make the same assumption
about opacity (Dessart & Hillier 2010; Dessart et al. 2016). While creating a grid of these simu-
lations to match observations is much more computationally expensive, it has become possible
for less-sophisticated versions in recent times with the development of parallelized codes and
increased computing power (see e.g. Ergon 2015; Piro et al. 2017; Taddia 2018; Taddia et al.
2018b). In most cases, the results from using both the parametrized semi-analytical models
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and hydrodynamical simulations broadly agree (Taddia et al. 2018b), and are often included in
the lightcurve studies together. However the more detailed work of Dessart et al. (2016) does
not show this agreement, though this work currently also does not reproduce observations of
SE SNe. A final caveat of lightcurve studies is confusion from multiple powering mechanisms.
As Paper I in this thesis shows, a similar lightcurve can be produced from a combination of
powering sources on top of just radioactive decays. So, other evidence is often needed to dis-
entangle the possibilities, and to rule out contributions by more esoteric powering mechanisms
such as CSMi and magnetars.

There are a few important caveats for the other studies which support the binary progenitor
scenario as well. The direct detection searches are not yet statistically significant given that
there are fewer stars at the higher-mass end of the initial-mass-function (IMF), and they could
be e↵ected by significant host extinction (Maund 2018). It is also uncertain how optically bright
extremely massive stars will be at the last few years of their lives (Yoon 2015). The evidence
based on relative SN rates does not use a true volume-limited survey, but instead constructs one
using knowledge of the underlying galaxy distribution. Additionally, if the initial-mass-function
(IMF) was top-heavy as implied by some studies (Schneider et al. 2018), the over-representation
of SE SNe would be expected even in the single-star scenario. (Though a top-heavy IMF would
strengthen the evidence from direct-detection searches, since there would be more stars at the
higher-mass end.) Environmental studies rely on correlations to young HII regions, without any
info in the radial direction. As a result, a bright HII region could be coincidentally located near
the SN, even if it is not directly on top of the SN due to the depth of the host galaxy. Finally,
studies of nebular spectra su↵er from the low number of high quality nebular spectra available.

4.2.2 Evidence against the binary scenario and caveats
Observational evidence from a multitude of studies, despite the caveats of each individual study,
seem to favor the binary progenitor scenario for a majority of SE SN progenitors (Section 4.2.1).
However, there are a few results which clearly argue against the binary scenario by favoring
highly-massive progenitors, which do not require binary RLOF for envelope stripping. A recent
paper by Maund (2018) studied the resolved environments of known SE SNe, and found that
most SNe Ibc coincided with very young stellar populations, implying that to have exploded
as SNe, they should have been initially very massive stars, & 25 � 30 M�. Maund (2018) also
finds, however, that some Type IIb SNe do correlate with slightly older stellar populations,
implying that those specific ones are relatively lower mass, in agreement with the progenitor
mass estimates from other studies for those specific Type IIb SNe. On the whole, Maund (2018)
concludes that host extinction in SE SNe has been underestimated, which argues against the sta-
tistical limits from direct detection searches. Additionally, he finds that the correlation of Type
Ibc SNe with young stellar regions is in conflict with results from previous work claiming lower
MZAMS progenitors, such as lightcurve studies. Similar caveats as before apply to this environ-
mental study, with the possibility of coincidence of HII regions, among other caveats such as
uncertainties with the underlying method and the relatively high host extinction estimates used
in the study. However, it currently stands as the strongest published observational evidence
for very massive progenitors. Note that as mentioned before, very massive SE SN progenitors
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(& 20 M�) can be single or in binaries, but intermediate mass SE SN progenitors (< 20 M�) are
strongly expected to only form in binaries. So the above paper is not necessarily an argument
for or against the binary scenario, but the binary scenario was originally invoked to explain the
relatively lower mass progenitors which are not found in this study. Additionally, the results
of the paper contrast with earlier results which studied HII regions mentioned in Section 4.2.1,
though the di↵erence could be explained by the nearby resolved population studied by Maund
(2018).

As mentioned before, some metallicity studies have also claimed to find a statistically sig-
nificant di↵erence between the Type Ib and Ic fraction and metallicity, with higher metallicities
favoring Type Ic SNe (Modjaz et al. 2011). While other studies found no statistically signif-
icant di↵erence between the populations (Leloudas et al. 2011; Sanders et al. 2012), a more
fine-tuned di↵erence was also found by Galbany et al. (2016), who combined their data with all
other metallicity studies in the literature. Galbany et al. found that while the average metallicity
of Type Ib and Ic SNe were not di↵erent, there was a statistically significant di↵erence in the
fraction of Type Ib

Ic SNe at higher metallicity, with Type Ic SNe being more common at higher
metallicity. A major caveat of this study is that the meta study does not represent a volumetric
sample, thus the rate of Type Ib and Ic SNe in their sample could be di↵erent from the actual
absolute rate. Regardless, their results suggest that while a significant fraction of SE SNe favor
the binary progenitor channel, a small fraction of Type Ic SNe could be coming from massive
stars via the single-star channel.

4.3 The astrophysical problem: SE SNe and the case for the
missing high mass stars

The pile-up of evidence against the (massive) single-star progenitor channel for SE SNe has
been accompanied by the lack of direct detections of any stars > 20 M� for the progenitor of
any core-collapse supernova save one: the rare and unique case of SN 2009ip, which was found
to have a progenitor mass 50 � 80 M� (Graham et al. 2017). SN 2009ip is probably a Type IIn
SN, but could also be a non-terminal LBV eruption, (see for example Graham et al. 2017). This
has led to Smartt (2015) making “the case for the missing high mass stars”, suggesting that most
stars > 18 M� do not explode as SNe, but instead directly form blackholes. However, the case
has not gone cold yet. So far, only four SE SNe with remarkably broad lightcurves, and thus
potentially arising from massive stars, have been presented in the literature (SN 2005bf, Folatelli
et al. 2006; SN 2011bm, Valenti et al. 2012; iPTF15dtg, Taddia et al. 2016; and iPTF11mnb,
Taddia et al. 2018a). Since they have broader than average lightcurves, their intrinsic rate must
be even lower than the observed one as their broader lightcurves favor their detection. Such a
low number of events does not argue against the case for the missing high mass stars, however,
a search in current surveys for similar events must be made to constrain their rate. Paper IIa
included in this thesis attempts to find more of them in the large data-set of the combined PTF
and iPTF surveys.

The possible absence of massive stars in producing CC-SNe poses several important con-
sequences worth focusing on. First, it a↵ects the formation of stellar-mass blackholes, and
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stellar-mass blackholes in binaries. If most massive stars form in binaries, and form blackholes
without losing as much mass as previously thought, then the number of blackhole pairs acces-
sible by gravitational wave detectors greatly increases (Mirabel 2016). Similarly, the formation
of blackholes from massive stars would mean that the production of cosmic oxygen by SN ex-
plosions of the most massive stars can no longer happen (Smartt 2015). Focusing on precisely
this consequence of the missing high-mass stars, Suzuki & Maeda (2018) found that the cosmic
oxygen abundance requires a majority of stars from 9� 100 M� to explode as SNe, or somehow
eject the bulk of the oxygen they create. For this calculation, they relied on a Salpeter-like IMF
with a power law exponent of �2.3. The fact that we do not find these massive stars exploding as
SNe is thus a serious problem for reproducing the cosmic oxygen abundance via massive stars.
Another consequence of the lack of massive stars exploding as SNe is that models of galaxy
evolution assume a certain amount of massive stars to explode as CC-SNe. However, it is worth
recalling that simulations of the explosion mechanisms of SE SNe have great trouble success-
fully exploding massive stars, and instead expect a good fraction to directly form blackholes
(O’Connor 2017), in line with the findings presented from the observational evidence.

In summary, observational evidence seems to favor relatively lower mass progenitors for the
vast majority of SE SNe, probably located in interacting binaries. This creates the astrophysical
problem of the missing high-mass stars, which were previously thought to be exploding pri-
marily as SE SNe. If most of the missing high-mass stars are truly not exploding as SNe, then
this may pose a problem for several other fields which will need to be reconciled with the new
results. In Section 5, we discuss our e↵orts looking for the missing high-mass progenitors of
SE SNe.
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Hunting for the missing high-mass
progenitors of SE SNe

The previous sections gave an overview of the evidence that intermediate mass stars are the
probable progenitors of SE SNe, which supports the binary channel for creating them. With the
increased data available on SE SNe due to modern surveys (see Section 3.4.1), we decided to
take up the case for the missing high-mass stars created by this evidence, focusing on trying to
find their observational signatures in the modern data-sets. If very massive (& 20 M�) stars are
exploding as SE SNe, then we would expect to be able to single them out from their broader
than usual lightcurves (Yoon 2015).

Besides the caveats mentioned in Section 4.2.1, lightcurve studies for such broad and rare
objects have the additional uncertainty of the powering mechanism assumed for the lightcurve.
For well-behaved and regular SN lightcurves, radioactive decay of 56Ni has been shown to be a
good fit for the primary powering mechanism. However, the broad-lightcurve supernovae with
massive progenitor stars we are searching for could also display their unusual lightcurves due to
additional powering mechanisms such as the spin-down of a young rapidly spinning magnetar,
or from circumstellar interaction, in addition to the “ordinary” 56Ni powered lightcurve lying
underneath. Since we know the decay rate of 56Ni, and that most CC-SNe follow this decay
rate when corrected for the leakage of gamma-rays as the ejecta expands and becomes more
transparent (Section 3.5.1), a test for additional powering mechanisms can be made by checking
if the decay rate is too slow to be 56Ni. While decreasing opacity in the ejecta can create a faster
decay rate, there is no process to slow the decline below the fundamental decay rate of 56Ni,
outside of added luminosity from an additional powering source. In the case that a SE SN
lightcurve deviates significantly from a simple radioactive decay powered one, then models of
other powering mechanisms, such CSMi and magnetar powering, can be fit to the data either
solely or in combination with a 56Ni powered lightcurve. Similarly, if the decline rate is too steep
even after accounting for gamma-ray leakage, then another powering source can be suspected
(see Paper I).
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5.1 Constructing a bolometric lightcurve

In order to fit lightcurve models to data, and to study other properties of the SN such as total
luminous output, it is useful to construct a bolometric lightcurve. Ideally, constructing a full
bolometric lightcurve would happen by taking data across the entire EM spectrum for a given
SN, and simply summing the flux contained in the bands across the spectral range. In reality
however, we often have to rely on optical and NIR data obtained from smaller ground-based
telescopes, and fill in the missing flux in a transparent way via approximations. One way to
do this is to use nearby SNe for which we can calculate a bolometric lightcurve as calibrators.
Using a sample of such SNe, Lyman et al. (2014) calculated the bolometric corrections to the
observed lightcurves as a function of color, where color refers to the di↵erence in flux measured
in one spectral band, say r-band, and another, say g-band. As a result, a bolometric correction
can be calculated on the observed lightcurve of other SNe by comparison of the color to those
of the sample of known SNe with known bolometric corrections from Lyman et al. (2014).
However, if the SN in question is peculiar in some way, then the accuracy of the correction
greatly decreases, and might be wrong to use.

Another way to construct a bolometric lightcurve is to assume the SN emits roughly as a
blackbody, and to fit a blackbody to the observed SED to obtain a bolometric lightcurve. This
approach also has the nice property that the temperature and radius of the blackbody, and thus of
the photosphere, are derived during the fit. Of course, SNe have broad emission and absorption
lines and a pseudo-continuum, which make the blackbody approximation inaccurate. This e↵ect
is worse in the UV due to line blanketing, which is also the part of the blackbody fit that has to be
extrapolated to, increasing the error greatly. Still, a blackbody fit to the SED can be motivated,
and if a good fit is found, can be used to construct a bolometric lightcurve, in order to estimate
parameters such as temperature and radius.

A final method is to live with the unknowns, and instead create a quasi-bolometric lightcurve,
which either sums the flux of the SED for just the observed lightcurve, simply not including the
parts outside of the optical/NIR regions. Or, some artificial prescription is often made such as
linearly decreasing the flux to be zero below for example 2000 Å (Lyman et al. 2014). It is im-
portant to mention that as a SE SN cools, the importance of the UV region quickly diminishes,
and the optical regime becomes the primary driver of the bolometric lightcurve. Only at very
late times does the NIR start to become important. Therefore, a quasi-bolometric lightcurve can
be a conservative and reproducible estimate of the bolometric lightcurve, which makes it easy to
use for comparing the bolometric lightcurve properties of SE SNe from di↵erent sources. It is
possible to combine a quasi-bolometric lightcurve method in one part of the spectrum that con-
tains little information, with one of the above methods, such as fitting a black-body to the SED,
to instead create a pseudo-bolometric lightcurve. The subtle di↵erence is that the lightcurve is
approximately bolometric for some parts of the spectrum, but only uses a reasonable mathemat-
ical prescription for others. In Paper I, we used a similar method to create a pseudo-bolometric
lightcurve for the Type Ibn SN OGLE-2014-SN-131. We fit a blackbody to the SED of the
epochs with multi-band observations, and then combined that with a mathematical bolomet-
ric correction applied to the early epochs which only had single-band observations, stitching
together a pseudo-bolometric lightcurve.
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For a majority of SE SNe it is common to assume thermalized emission during the photo-
spheric phase and a blackbody fit is commonly performed (see e.g. Taddia et al. 2015). The
blackbody temperature and radius obtained from this procedure is presumably representing an
e↵ective radius and temperature for the SN photosphere, although multiple caveats exist. SNe
do not emit as blackbodies, even though the emission can be thermalized. Nevertheless, there
are obvious non-thermal components to the SED such as spectral lines, which primarily a↵ect
the UV where there is significant line blanketing. Therefore it is important to check the validity
of a blackbody fit carefully. If the SED seems well fit by a blackbody, then a fair assumption can
be made that some process is thermalizing the radiation, and making it show up as a blackbody
in the optical regime, even though we do not expect the SN spectrum to be a true blackbody (see
next paragraph). In Paper I, we noticed that the SED from optical to NIR was very well fit with a
blackbody at all epochs with multi-band data, increasing our confidence in using the blackbody
fit to construct the pseudo-bolometric lightcurve. So while a blackbody fit can be reasonably
used to construct a bolometric lightcurve, the interpretation of the blackbody parameters such
as the e↵ective temperature (of the photosphere) is much more complex.

Of course in reality a SE SN does not have a true photosphere, since the photons come from
many di↵erent layers and components of the SN, and thus does not emit as a true blackbody. For
example, even in a spherically symmetric simplification, line blanketing e↵ects, the wavelength
dependence of the radius of last scattering, or the fact that the radius at which photons are
thermalized will be di↵erent from the photospheric radius all create deviations from an ideal
blackbody. As a result, the SN SED can instead be modeled as a diluted blackbody using a
multiplicative dilution factor in order to match the observed flux (see e.g., Eastman et al. 1996).
Detailed modeling of SN atmospheres can yield the dilution factor as a function of the observed
blackbody temperature, usually called the color temperature, though this has only been seriously
investigated for Type II SNe (Eastman et al. 1996; Dessart & Hillier 2005). Since a blackbody
fit also yields a radius, precise estimates of the radius of a SN photosphere corrected for the
deviations from an idealized blackbody can be made using the above, which is useful for trying
to use Type II SNe for cosmology, (see e.g., Dessart & Hillier 2005). When such precision is
not needed however, an ideal blackbody approximation is almost always used for calculating
the bolometric lightcurve.

5.2 Modeling lightcurves

5.2.1 Semi-analytical lightcurve modeling: simple Arnett models
The evidence for low ejecta masses in SE SNe, summarized in Section 4.2.1, was obtained
by fitting semi-analytical or hydrodynamical lightcurve models to the estimated bolometric
lightcurves. These models can be used to estimate the explosion and stellar parameters, such
as ejecta mass Mej, the mass of 56Ni produced in the explosion MNi, and the kinetic energy Ek

of the SN explosion. Typically, a semi-analytical simple Arnett (1982) model has been used in
the literature, which was developed for SNe powered by the radioactive decay of 56Ni into 56Co.
Details of the implementation of this model can be found in Valenti et al. (2008); Chatzopou-
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los et al. (2012); Cano (2013); Lyman et al. (2016). The simple semi-analytical version of the
model was also extended to include the decay of 56Co into iron by Valenti et al. (2008).

To calculate the power input from radioactive decays, the Arnett model assumes that: the
SN ejecta are homologously expanding with a characteristic expansion velocity that is often
taken to be the photospheric velocity vph, the SN is spherically symmetric, the powering source
(nickel) is located at the center, and that radiation pressure dominates due to the incredibly
high luminosities. vph is degenerate with other fitted lightcurve parameters such as Mej, and the
derived quantity Ek. Therefore, it must be provided as a separate input into the equation to be
able to derive the ejecta mass. vph is often estimated from spectra, by typically calculating the
velocity from broadness of a well known spectral line of a heavy element that should be located
close to the photosphere, such as Fe II �5169, or by simply using the average velocity of any
observed lines near maximum light. However, a known average value from similar SN types
can also be used if the photospheric velocity cannot be derived from the spectra (Cano 2013).

To calculate the di↵usion of this input through the ejecta and the subsequent lightcurve,
the radiation di↵usion approximation is used. In this approximation, photons travel through
the ejecta via scattering, but are not absorbed before they leave the ejecta. As a result of the
scatterings, any individual photon takes a random walk through the ejecta with a mean free
path of 1

⇢ , where ⇢ is the density and  is the e↵ective opacity. The Arnett model assumes a
constant e↵ective opacity, which is sometimes taken to be  = 0.07 cm2 g�1 for H-poor SNe,
based on modeling work done by Chugai (2000). Though other approximate values typically
. 0.2 cm2 g�1 have been used for SE SNe, since that is the limit of Thompson scattering (see
e.g Lyman et al. 2016 and the discussion in Cano 2013). The assumption of a constant opacity
can be valid if electron scattering is the dominant opacity source (Cano 2013; Chevalier 1992).
In more complicated hydrodynamical models, opacity is treated with respect to radius (depth),
wavelength, and time, though ignoring the radial component was found to not e↵ect the result of
a Monte-Carlo simulation significantly (Chugai 2000). Regardless, the assumption of a single
time-invariant opacity is a major weakness of this simple model (Taddia 2018; Lyman et al.
2016). Additionally, the di↵erent opacities used are problematic for an absolute determination
of explosion parameters, though using the same value allows for a relative comparison (Cano
2013). Thus, comparing Mej and MNi values from di↵erent studies should not be done naively,
without accounting for the di↵erent assumptions and approaches taken in the modeling.

The Arnett model assumes that the initial radius is small, which can cause a mismatch with
the data at early times. To account for this fact, often only the time around peak is included in
the fit. Furthermore at early times, there could be luminosity input from shock breakout (Piro
& Nakar 2013), which is not included in the Arnett model. At late times, a simple Arnett model
will over-estimate the luminosity due to the leakage of gamma-ray photons. If some fraction
of gamma-rays escape without significant multiple scatterings in the ejecta, this can reduce the
observed luminosity in the bolometric lightcurve. To account for this leakage, a scaling relation
can be used as either an additional fitting parameter (Chatzopoulos et al. 2012), or calculated
using the form / 1 � 0.965exp(�⌧) where:

⌧ ⇡ [t/(0.05M2
ej/Ek)(1/2)]�2 (5.1)
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Figure 5.1: Comparison of the pseudo-bolometric lightcurve of the Type Ibn SN OGLE-2014-SN-131
with semi-analytical lightcurve model fits. In order they are: a simple Arnett model, a magnetar model,
and a CSMi model. The fact that Mej and MNi approximately e↵ect the broadness and the brightness of
the lightcurve, respectively, has been shown with arrows. This figure has been adapted from Figure 10 in
Paper I, Karamehmetoglu et al. (2017b).

and where t is the time in a unit corresponding to the time units of Mej/Ek (often seconds).
This relationship was initially derived by Clocchiatti & Wheeler (1997), but has been modified
to account for 3.5 percent of kinetic energy released by positrons (e.g., Sollerman et al. 1998).

With all those considerations, a model lightcurve can be fit to the bolometric lightcurve
to derive Mej and MNi. An example from Paper I is shown in Fig. 5.1, with the simple Arnett
radioactive decay model plotted with red-dashed lines, and the fit values as well as the explosion
energy reported in the legend. As illustrated in the figure, Mej is connected to the width of
the lightcurve, and can be derived exactly when vph and explosion epoch are fixed. MNi is
connected to the absolute brightness of the lightcurve. The two parameters have also been
found to be correlated in SE SNe, with higher nickel mass correlating with a higher ejecta mass
(Lyman et al. 2016; Taddia et al. 2015). It is important to note that this positive correlation
is not imposed by the model, but is instead an inherent property of SE SNe. For example in
the opposite case, SNe that evolve faster and are brighter than SE SNe have high MNi but low
Mej, (see e.g., Whitesides et al. 2017). As long as the fundamental limit that Mej & MNi is
not violated (see Fig. 3.6), SNe could be brighter and thus have more nickel, without needing
greater ejecta masses.

From the distribution of ejecta masses obtained via this method in several studies, we learned
in Section 4.2.1 that SE SN progenitors were favored to be formed in mass-transfer binaries
instead of being single massive stars losing their envelopes by stellar winds. The ejecta mass
is a probe of the mass of the star immediately before explosion, with the addition of a neutron
star remnant, typically between ⇠ 1.4 � 2.0 M�. The final progenitor mass before collapse can
then be used to first distinguish the type of the evolved star, and then to relate the initial mass
of the star that turned into the progenitor by comparison to stellar evolutionary models. Either
a similar star can be created by simulations (e.g., Paxton et al. 2015), or a grid of known stellar



54

evolutionary endpoints can be used for comparison. The metallicity and composition of the
star are also important in this step, and are often taken into account. For example in Paper I we
found that a 60 M� star, which turned into an evolved WR star, could have been the progenitor of
OGLE-2014-SN-131. In this process, we compared to model grids at a similarly low metallicity
from the Binary Population and Spectral Synthesis code (BPASS, Eldridge & Stanway 2009).

In a very recent study of 34 SE SNe, Taddia et al. (2018b) found that the ejecta masses
they obtained via a simple Arnett model were in agreement with the ejecta masses obtained
via hydrodynamical simulations. This result gives confidence in the outcome of some earlier
lightcurve studies which have solely relied on semi-analytical lightcurve modeling. Other pa-
rameters, such as the kinetic energy of the explosion or the peak bolometric luminosity, are
also obtained from the lightcurve fits and the bolometric lightcurves themselves. The interested
reader is referred to the lightcurve studies listed in Section 4.2.1, which often compare and
contrast their results with each other.

5.2.2 Semi-analytical lightcurve modeling with other powering mecha-
nisms

The Arnett model can be generalized as the power input from any arbitrary source, modified
by a di↵usion term to create the typical bell-shaped lightcurve (Chatzopoulos et al. 2012). At
early times, the di↵usion is slow, causing a build-up of photons. However as the ejecta expand
and the opacity falls, the lightcurve begins to decline in all bands, starting with the bluest. For
the case of 56Ni powered lightcurves as discussed above, the fitting parameter Mej mediates the
di↵usion of the power produced by MNi. However, if the lightcurve is not well fit by radioactive
decay with its characteristic bell-shaped curve and subsequent decline, then another powering
mechanism might be dominating the lightcurve. As shown in Fig. 5.1, this is what we found
for OGLE-2014-SN-131 in Paper I, with the radioactive-decay powered lightcurve not able to
explain both the long rise and fast decline simultaneously. For superluminous SNe which have
a similar problem, an additional powering mechanism from a rapidly young spinning magnetar
has been proposed, (see Section 3.5, and e.g., Kasen & Bildsten 2010; Kasen 2017). We also
know from well-studied Type IIn SNe that CSMi can be a significant powering mechanism, and
thus has been studied as a possible explanation for superluminous SNe. For the Type Ibn SN
2001gh, Elias-Rosa et al. (2015) studied the possibility that a magnetar or CSMi could be the
main powering source.

Simple semi-analytical lightcurve models have been developed that can try to fit the explo-
sion parameters of CSMi and magnetar powering to bolometric lightcurves. Chatzopoulos et al.
(2012) provides a method which can use any arbitrary luminosity input that is then mediated by
di↵usion. In Paper I we use their model for CSMi to fit the lightcurve of OGLE-2014-SN-131.
The model calculates the e↵ects of forward and reverse shock energy deposition, taking into
account di↵usion, through an optically-thick CSM, assuming that the typical shock crossing
timescale is larger than the e↵ective di↵usion timescale. Interested readers are referred to Chat-
zopoulos et al. (2012); Chatzopoulos et al. (2013) for details. The key takeaway is that CSMi is
much more complicated, and thus can have more than 6 fitting parameters, along with numerous
possible assumptions of ejecta and CSM structure. Therefore, these models are not very con-
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straining, but they show the possibility that CSMi could be powering certain lightcurves, such
as those of some Type Ibn SNe. More detailed modeling work is needed to make way in this
regime.

In a similar way, Kasen & Bildsten (2010) and Woosley (2010) developed models for the
luminosity input from a magnetar, assuming that some unknown fraction of the spin-down en-
ergy released by the newly formed and rapidly spinning magnetar comes out in the bolometric
lightcurve. In our Paper I, we followed the implementation of Inserra et al. (2013), who based
their work on these simple magnetar models. The magnetar model also has fewer constraints
than the radioactive-decay model, due to the fact that it both has more fitting parameters (mag-
netic field strength, spin period, ejecta mass), and that those parameters can span a much wider
range. It is able to easily fit most SN lightcurves. As a result, while magnetars are a possible
powering source for SE SNe, they are neither favored nor ruled out by these fits. The ability for
these simple magnetar models to fit almost any lightcurve means that they can be easily invoked
in cases of unique and extreme objects, such as SE SNe with broad lightcurves. Magnetars
have also been invoked to explain double-peaked lightcurves in SE SNe (see e.g., Folatelli et al.
2006), where the first peak is expected to be due to magnetar powering, and the latter peak is
a slower 56Ni powered lightcurve. Magnetar lightcurves were also fit to possibly explain the
unusually broad lightcurve of iPTF15dtg (Taddia et al. 2016;Taddia et al., in prep.).

One additional factor is that recombination emission, from ionized hydrogen or helium, can
be an additional source of early luminosity in combination with any other primary powering
mechanism. For Type IIP SNe, recombination emission from hydrogen has been used to ex-
plain the plateau-like photospheric lightcurve (Utrobin 2007). We also tested this possibility to
explain the unusually broad lightcurve of OGLE-2014-SN-131 in Paper I, using values appro-
priate for a He-rich environment by implementing a model from Imshennik & Popov (1992).
We found that it can indeed create a longer lasting early lightcurve, but the result will converge
with the simple Arnett model after peak in the radioactive decay scenario.

The fact that a variety of powering mechanisms can explain the bolometric lightcurves of
unusual SE SNe, either by themselves or in conjunction with each other, is a source of major
uncertainty in the search for the massive progenitors of SE SNe. While ordinary lightcurves can
be assumed to be nickel dominated, broad and unusual lightcurves could also be explained by
additional powering mechanisms. Therefore, looking for these broad lightcurve SE SNe must
be done in conjunction with careful observational e↵ort in taking spectra, and trying to find
independent ways of obtaining information on their progenitor masses. Our Paper II will also
study the SE SNe with broad lightcurves from the (i)PTF in detail, in addition to identifying
and presenting them.
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The number of SNe discovered per year is increasing rapidly. Currently, the most promising
way to elucidate the progenitor-SN connection lies in statistical studies of samples constructed
from the ever increasing population of known SNe. To this aim, Paper II attempts to study the
sample of SE SNe with broad lightcurves, which as mentioned before could be associated with
very massive progenitor stars. The results from earlier studies such as direct detection searches,
lightcurve studies, and environmental studies have all also been increasing in statistical weight.
As a consequence, Smartt (2015) was able to convincingly argue a case for the missing high
mass progenitors. In the next section, the results of Paper I are discussed, which used the
methods from Section 5 to study a single SE SN with a very massive progenitor, the Type Ibn
SN OGLE-2014-SN-131. Then the first part of Paper II is presented, (Paper IIa), where we
systematically look for these high mass progenitors in the SE SN combined sample of the PTF
and iPTF surveys.

6.1 Paper I
In Paper I, we classified a SE SN with an unusually broad lightcurve, OGLE-2014-SN-131, as
a Type Ibn SN, which shows signs of interaction with a He-rich CSM. The helium emission
lines used to classify the SN had velocities of ⇠ 3000 km s�1, hinting at a very fast WR-like
wind origin for the CSM. We measured the lightcurve broadness of OGLE-2014-SN-131 by
calculating the width in days at 0.5 mag below peak (see Fig. 3.3 for an illustration). We found
that this SN was just as broad as the broadest SE SN known at the time, SN 2011bm, and was
more than twice as broad as the typical Type Ibc or Type Ibn SN. Using the optical and NIR
lightcurves, we constructed a pseudo-bolometric lightcurve for OGLE-2014-SN-131, by fitting
a blackbody to the SED. However, we did not have color information (and therefore an SED)
during the rise. So for this part, we calculated a bolometric correction to the I-band lightcurve,
by fitting it to the pseudo-bolometric lightcurve from only the latter points with observations in
multiple bands. We assumed a constant color term, so applied a constant bolometric correction
to the entire I-band lightcurve, which was the only band that covered both the rise and decline
of the SN.
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We then modeled the pseudo-bolometric lightcurve under the assumptions of radioactive
decay, magnetar, and CSMi powering (Section 6). We found that it was not possible to fit both
the long rise and fast decline of OGLE-2014-SN-131 by using a radioactive decay model. We
also tested whether adding in He-recombination emission could solve this problem, but found
that it can not explain the relatively fast late time decline while fitting the rest of the lightcurve.
Both the magnetar and CSMi models were able to fit the lightcurve well, though we favored the
CSMi model due to the fact that we observed signs of CSMi in the spectra. Additionally, we
tested what parameters in the CSMi model would have to be changed to make our fit to OGLE-
2014-SN-131 more suitable for an average Type Ibn SN, which have much faster and narrower
lightcurves (OGLE-2014-SN-131 is more than twice as broad). We found that simply reducing
the CSM and ejecta mass parameters we obtained for OGLE-2014-SN-131 by a reasonable
amount gave us an acceptable fit to the average Type Ibn SN. This result indicated that OGLE-
2014-SN-131 is probably coming from a much more massive progenitor star, one that created
more CSM and ejecta mass than the average Type Ibn, which also had fast WR-like winds. By
comparison to stellar population synthesis model grids, we favored the progenitor of OGLE-
2014-SN-131 to be a ⇠ 60 M� WR star, located in a low metallicity galaxy. The low metallicity
allowed this very massive star to keep much of its envelope, thus showing a high ejecta and CSM
mass. We also searched for the host of OGLE-2014-SN-131 in images taken two years after the
explosion but did not detect any galaxy down to a limit of 24.2 mag in B-band, corresponding
to an absolute magnitude of �13.6 mag. By empirical relations (Tremonti et al. 2004), this
constrains the host metallicity of OGLE-2014-SN-131 to be less than the metallicity of the
Small Magellanic Cloud, a very low metallicity.

While we believe that we have found a massive progenitor to a SE SN with OGLE-2014-
SN-131, the rate of Type Ibn SNe are too low for them to make a di↵erence in the case for the
missing high mass stars. In the complete collection of Type Ibn SNe published by Hosseinzadeh
et al. (2017), the total number of Type Ibn SNe number just 22. Many of them are also bright
SNe from relatively higher redshifts, implying that this sub-class is very rare indeed. They were
not seen in the volume limited sample of the Lick Observatory SN Search (LOSS; Shivvers
et al. 2017a).

6.2 Paper IIa

The forthcoming Paper IIa attempts to analyze the combined PTF and iPTF SE SN sample for
SNe having broad lightcurves, which could have progenitors that are much more massive than
those of ordinary SE SNe. These SNe will then be studied in more detail using all of the data
that has been collected on them by the (i)PTF collaboration, including multi-band lightcurves,
optical and other spectra, as well as contextual information such as host metallicity and distance.
In this section, we present and discuss the first part of this paper, which contains the statistical
description of the sample of broad lightcurves, and implications of their relative rate (fraction)
to SE SNe.
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6.2.1 Sample description
The combined PTF and iPTF stripped-envelope SN sample, observed from the start of PTF
in 2009 to the end of iPTF in 2017, numbers 208 SNe. It is comprised of 58 Type IIb, 46
Type Ib, 69 Type Ic, and 35 Type IcBL spectroscopically identified SNe. These classes will
be individually analyzed and presented in upcoming sample papers by Barbarino et al. (in
prep.), Taddia et al. (in prep.). The spectral identification was done by the (i)PTF survey
collaboration using telescopes such as Palomar 60-inch (P60) and Palomar 200-inch (P200) on
Palomar Mountain, Nordic Optical Telescope (NOT) and Telescopio Nazionale Galileo (TNG)
on Canary Islands, and Keck and Gemini on Hawaii. The entire spectral sample for all ordinary
SE SN, (without Type IcBL), will be presented in a statistical analysis paper by Fremling et al.
(accepted).

Their full lightcurves were constructed in g and r-band using the (i)PTF survey data from
the Palomar 48-inch (P48) survey telescope as well as data from other telescopes such as the
P60, the NOT, and the Las Cumbres Observatory Global Telescope (LCOGT) network (Brown
et al. 2013).

6.2.2 Data reduction
The data from the main survey telescope, P48, is reduced using the forced photometry technique
with PTFIDE (Masci et al. 2017b). In forced photometry, a fixed aperture at the position of the
known transient is applied for all epochs of data that P48 has obtained. This data is template
subtracted and in either g and/or r-band. In order to convert this to magnitudes, we take the
observations when the transient was known to not be there, and calculate the mean and variance
to use as a baseline flux level of what is in the aperture. Then, any points that are located
three standard deviations above this baseline are considered detections and are converted to
magnitudes. The 3-sigma upper limit of the remaining points is considered as an upper limit to
the brightness of the transient at that epoch. The rest of the multi-band data primarily come from
the NOT and the P60. These are reduced in a more standard manner using FPIPE (Fremling
et al. 2016), with cross-matching the field to catalog stars, primarily from the SDSS (Ahn et al.
2014), then obtaining template subtracted point-spread-function (PSF) photometry.

The spectra are reduced in the standard manner of long-slit spectroscopy reductions by var-
ious (i)PTF collaboration members and uploaded to a shared marshal. The spectra taken with
the P60 integral field unit (IFU) camera SEDM are reduced using an A/B subtraction method.

6.2.3 Selection of the broad sample
In order to test whether SNe that can match the predictions of broad lightcurves that can be asso-
ciated with massive progenitors exist in the (i)PTF SE SN sample, a well observed sub-sample
of these SNe was created in both g and r bands, with the aim of fitting template lightcurves
to this sample. The criteria for inclusion in this sample was based on whether the SNe were
“templatable” or not, which is defined as follows. First, the typical bell-shaped lightcurve of a
SE SN is split into three sections, the rising part, the peak, and the declining part. This is done
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Selection # of SNe remaining
(i)PTF CC-SN sample 910

SE SNe 208
Only Type Ibc/IIb 173

Cut on templatability 92
Stretch > 1.5 11

Table 6.1: The number of SNe left after each step of the sample selection process.

by eye where the points that are part of an obvious rising and declining trend are included in
their respective categories. The brightest points in between them, which were separated from
the trend of the obviously declining part of the lightcurve, and where appropriate, the obviously
rising part of the lightcurve, are defined to be in the peak1.

Next, we checked for two templetability criteria. First, the trend established by multiple
points on the rise and decline constrains a template fit, and will yield both accurate fitting
parameters and a peak. As a result, if the SN had a well covered rising and declining lightcurve
(minimum 5 detections on di↵erent days on each part of the lightcurve), then it was included in
the sub-sample as a part of the first criterion. However if coverage during the rising lightcurve
is sparse and does not fit the first criterion, a good template fit can still be obtained if there are
points also at peak, in conjunction with the sparse early rising lightcurve and a well covered
declining lightcurve. Therefore, if the lightcurve had at least 1 point on the rise, 1 point at
peak, and multiple points on the decline, then it was included in the sub-sample as a part of this
second criterion. In practice, this second selection meant discarding many SNe which only had
declining (post-peak) lightcurves.

With these cuts, the total number of SNe declined from 208 to 92. Of these, 85 had r-band
lightcurves, and 38 had g-band lightcurves, with 7 of the 38 having only a g-band lightcurve and
not an r-band one. The sample selection process is also cataloged in Table 6.1. The lightcurves
of the remaining sample were converted to absolute magnitude, and fit with template lightcurves
(see Section 6.2.4). In the fitting process, the amount a template had to be stretched by to fit
the data was measured as the stretch parameter. The distribution of this stretch parameter in the
g and r bands is shown in Fig. 6.3. Then, a cut at a nominal stretch value of 1.5 was applied
in both bands to separate the majority of “regular” broadness SE SNe from those with broad
lightcurves. This cut is motivated by the fact that there seemed to be a bi-modal distribution of
stretch values that are separated around a stretch of ⇠ 1.5, which is tested below.

In order to test whether the high stretch tail of the distribution included in this cut clusters
together compared to the rest of the sample, a k-means clustering algorithm2 (Lloyd 1982) with
two initial seeds was applied. K-means works by randomly placing the seeds throughout the
distribution and trying to grow them by adding the closest value to the cluster, while minimizing
the intra-cluster distance of each cluster. It repeats until a minimum is reached. The outcome

1The definition of the peak was later iteratively improved during the template fitting process (Section 6.2.4).
If after this process a lightcurve does not fit the “templatability” criteria described in this section, it should be
removed, but in practice this did not happen as there were no edge-cases.

2using the SKLearn package in Python. http://scikit-learn.org

http://scikit-learn.org
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with two initial seeds is two clusters where the distance between the points in a cluster is the
lowest possible one for any combination of cluster tried3. As shown in Fig. 6.4, the result fits
remarkably well with the hard cut at a stretch of 1.5. The data clusters into two populations,
which are labeled regular and broad.

The 11 SNe with broad lightcurves as selected by the above method constitute the final
sample of the (i)PTF broad SE SNe. They will be studied in more detail in the forthcoming paper
to try to uncover whether these SNe could indeed have progenitor stars which are more massive
than has been previously found for most regular SE SNe. Here, we will focus on presenting
the fitting we have done, and in trying to constrain the fraction of (i)PTF SE SNe with broad
lightcurves and potentially massive progenitor stars. If a significant fraction is found, they could
partially or fully explain the missing high-mass progenitors.

6.2.4 Lightcurve fitting
We fit the g and r-band rest-frame lightcurves with template SN lightcurves in the same band,
using a three parameter fit of shift, stretch, and scale. The shift is an additive time shift, the
stretch is a multiplicative factor to match lightcurve shape (measuring broadness), while the
scale is an additive factor in magnitude-space to match the brightness of the template with the
SN. Figure 6.1 illustrates what each parameter does to the template to get it to fit the observed
SN data. For Type Ibc SNe we are using a template presented by Taddia et al. (2015), and for
Type IIb SNe we used the well-observed and well-behaved SN 2011dh (Ergon et al. 2015) as
a template. We were confident in using a single SN as a template since Fremling et al. (2016)
have shown the remarkable similarity of the simple observed lightcurves of two ordinary Type
Ibc and IIb SNe, which were observed to occur in the same galaxy at the same distance. The
template fitting was done near peak only, so the variable early cooling phase seen in some Type
IIb SNe does not have an e↵ect on the fits. The fitting was done in python, using a least squares
linear regression fitting algorithm, where the template was stretched, shifted, and scaled until
the square of the di↵erence from the observed lightcurve of the SN was minimized.

The algorithm worked in the following way: first, the observed lightcurve of the SN in a
single band was converted to rest-frame absolute magnitudes by correcting for distance as well
as for the stretching of the lightcurve due to the cosmological redshift of the light. A certain
interval around the peak of approximately 30–100 days was picked for fitting the template to
the peak. With the aid of a simple polynomial fit, the template’s maximum light was made
to correspond to the estimated maximum from the polynomial fit, thereby making the initial
guess for the shift and scale parameters much closer to the actual values, and increasing the
fitting power for the physically relevant and more sensitive stretch parameter. The template was
interpolated to the data points of the SN falling in the previously mentioned interval. Finally,
the template was fit by minimizing the square of the residuals, using a least square (Levenberg-
Marquardt) minimizer. However, if the fit visually failed, a slightly di↵erent fitting algorithm
that explores a wider parameter space and is less likely to be stuck in local minima, called

3The one-dimensional case used here is trivially solved, so while the k-means clustering algorithm is not a great
statistical arbiter, it does show the natural clustering present in our dataset.
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Figure 6.1: Illustration of the template fitting procedure employed in Paper IIa. The interpolated Type
Ibc or IIb SN template lightcurve was fit to the rest-frame absolute magnitude lightcurve of the SN, by
shifting additively in phase and scaling additively in magnitude to center the template and the SN. Then
the template lightcurve was stretched by a multiplicative factor to fit the characteristic bell-shaped peak.
The only true physical parameter of the peak is thus the stretch parameter, which measures whether a
lightcurve is broad (or narrow) compared to a regular SE SN lightcurve. The black triangles represent
upper limits while the red filled dots represent detections in a single band such as the r-band. Image
credits: Emir Karamehmetoglu.
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“di↵erential evolution” (Storn & Price 1997) was employed. The two methods are qualitatively
described in Appendix I (Section 6.2.7).

Since the template lightcurves have well-behaved and constrained characteristics, such as
explosion epoch, we can use the fit to estimate the explosion epoch of the SN as well. This
method was used to aid the phase determination in Fremling et al. (accepted). Most importantly
however, the fits give an estimate of the broadness of a SN lightcurve as a single parameter,
the stretch value. We repeated the above process for the entire iPTF sample of well-observed
SNe, with visual verification of the fits, and obtained the observed distribution of lightcurve
broadness in g and r bands. This distribution is analyzed in Section 6.2.5.

6.2.5 Summary of statistics
The measured stretch parameter in g and/or r-band for our sample is plotted in Fig. 6.2, with fit-
ting errors indicated. They are also presented as a histogram showing the underlying distribution
in Fig. 6.3. As reported in Section 6.2.3, the distribution of stretch values seems to indicate the
presence of two populations. The majority of SE SNe cluster around a stretch value of 1.0, with
a secondary distribution located at high broadness values. One possible natural interpretation
of this result is that the distribution shows the SE SNe from two di↵erent progenitor channels,
with the broad lightcurve SNe arising from more massive and potentially solitary stars, while
the more ordinary SNe are probably created via the binary channel.

A caveat is that these SNe, while generally being located between a redshift of 0.02 to 0.08,
can have redshifts as large as ⇠0.2. At higher redshifts, k-corrections can become important
(Hogg et al. 2002; Oke & Sandage 1968). Applying proper k-corrections, obtained by compar-
ing synthetic photometry from a spectrum at rest-frame with the observed photometry, to the
entire iPTF sample is both costly and might very well be impossible due to the lack of spec-
tral coverage. If the e↵ect of k-corrections substantially varied with respect to phase, then the
stretch values we obtained could be somewhat impacted by the fact that we have not applied k-
corrections. However, we have run several tests to show that this is in fact not a large problem,
and at the least its impact can be meaningfully constrained.

First of all, the larger the redshift, the higher the k-correction will be. To test whether large
k-corrections are impacting our stretch parameter, we studied the theoretical impact of redshift
on the k-correction of a spectral template of a Type Ibc SN obtained from Levan et al. (2005),
the results are plotted in the right-hand panel of Fig. 6.5. We plot k-correction as a function
of phase, for varying redshifts, computed on these template spectra. The figure shows that for
a majority of our SNe, the k-correction around peak is both limited in its absolute e↵ect to be
< 0.1 mag, and that it does not vary significantly around peak. The calculated k-corrections
only vary by ⇠ 0.01 mag for 10 days around peak for SNe at z . 0.18, which describes all
but one of our SNe. It is important to realize that the absolute value of the k-correction will
not impact the stretch parameter at all; only a fast evolution of the k-correction near peak could
have an e↵ect. Restated in another way, our SNe are relatively nearby, and the k-correction
around peak does not evolve fast enough in absolute terms. Therefore, k-corrections should not
be a major source of error in the template fits when obtaining the stretch value. Additionally, we
check for positive correlations between redshift and the stretch parameter in Fig. 6.5, left-hand
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Figure 6.2: Bar plot of stretch values in g (top panel) and r-band (bottom panel) for the selected (i)PTF
SE SN sample. Notice the disconnect in the trend at high stretch values (& 1.5), which might represent a
sample of broad SNe. The error bars represent fitting errors.
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Figure 6.3: Normalized histogram of stretch parameter measured in g (left) and r (right) bands. A kernel
density estimate using a Gaussian kernel, which shows an estimate of the continuous density, has been
over-plotted as a line of matching color. Each individual measurement from a SN is also indicated as a
short tick. The distribution in both bands shows a main peak that is centered around a stretch of 1.0, with
a tail of high stretch events which may indicate a second population of broad lightcurves. On the whole,
the g-band is narrower than the r-band.

Figure 6.4: Histogram of the distribution of stretch values plotted after running a k-means clustering
algorithm on the one-dimensional stretch parameter dataset. The SNe put into a second cluster by the
algorithm have been plotted in blue, and labeled as broad. The regular (non-broad) SNe in each band
have been plotted with the respective color of that band. The histogram was not normalized so the counts
represent the number of SNe in each bin.
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Figure 6.5: Left: Linear regression testing for correlation between redshift and stretch values for g and
r bands. Right: The k-correction in magnitudes as a function of phase since maximum light calculated
from template Type Ibc spectra from Levan et al. (2005). The k-corrections were calculated at varying
redshifts from 0.02 to 0.2. The lower absolute values of the k-correction are to the center of the plot,
and they also come from lower redshifts. As redshift increases, the k-correction function shows greater
variance in the k-correction value between di↵erent phases, and has an overall greater magnitude. It is
important to notice that the k-correction does not vary by more than 0.1 mag around peak for the vast
majority of (i)PTF SE SNe, assuming that they behave similarly to the Type Ibc template.

panel. However, we find that if any trend exists, the impact on the stretch parameter is within the
standard errors associated with the fits (i.e significantly < 0.1 mag for all but the most extreme
redshift di↵erences). This finding is corroborated by the result from the right-hand panel in Fig.
6.5. The figure also highlights that the majority of our SNe are at low (< 0.1) redshift. The
correlation and distribution of redshift, stretch, and brightness are also plotted in the pairplots
included in Appendix II in Figs. 6.10 and 6.11.

With the possibility that the two populations of lightcurve broadness (ordinary and broad)
reflect two separate progenitor channels or powering scenarios, then it is vital to understand the
real fraction of SE SNe belonging to either group for a few reasons. With either case, first,
the relative fraction of broad SNe can be used to constrain the potential progenitor channels by
comparison to binary and single star progenitor population synthesis models. Second, it can
give a new constraint for the statistical argument from direct detection searches, which have
so far not found a single massive progenitor of a SE SN (Eldridge et al. 2013). If the potential
massive progenitors in fact make up some percent (say 10%), then the number of direct detection
searches needed to reach the expectation value for these progenitors increases by ten-fold. As
discussed before, the absence of these massive progenitors in the direct detection searched has
been used as evidence for the direct-to-BH collapse scenario (see e.g. Smartt 2015). In the case
that the two populations reflect the binary vs. single star scenario, the relative over-abundance
of SE SN compared to predictions has been used as an argument for the binary channel scenario
(Sana et al. 2012). However a lower number of SE SN arising from single stars implied by our
result for the broad sample could fit these rate constraints.
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Figure 6.6: The combined distribution of stretch parameters for the g and r-bands, plotted as a smoothed-
probability distribution function (PDF). The figure has been adjusted to match the fact that g-band
lightcurves are narrower on average, by narrowing the r-band stretch values down to match the mean
of the g-band for easier visualization of the distribution. Additionally, this might be a possible way to
combine the results from g and r-band data. The PDFs have been calculated assuming that the fitting
errors are normally distributed.

Calculating the relative fraction of broad versus ordinary SE SN requires correcting for the
observational bias that slowly evolving lightcurves can be more readily observed (Karamehme-
toglu et al. 2017b). We used an internal iPTF/ZTF survey simulation tool (Feindt priv. com-
munications) to simulate observing 105 template Type Ibc SNe with the iPTF, whereby each
template was placed in a random redshift between 0.01 and 0.2, and was stretched by a value
between 0.5 and 3.0, with a uniform distribution. Then the tool essentially places these SNe in
the sky, and observes them with a typical iPTF cadence, where a detection is classified as two
observations in the same night over a certain brightness. We randomly apply realistic weather
and down-time data based on the last three years of iPTF operations to find the number of SNe
that actually would have become classified by iPTF. We do indeed find that as the lightcurve
gets broader, the chance of catching that SN with the iPTF becomes higher (Fig. 6.7; Panel 1).
A SN with a stretch value around 2.0 is approximately 30% more likely to be observed than one
with a stretch value around 1.0, though the e↵ect tapers o↵ at higher stretch values.

Correcting for the observational bias that broader SNe are more likely to be caught by the
(i)PTF, as shown in Fig. 6.7 we find that: for the r-band, ⇠ 8% of SE SNe discovered by iPTF
are broad (stretch parameter & 1.5), while this number is ⇠ 7% for the g-band. The numbers
are surprisingly similar given that we actually expect a small discrepancy based on filter that
should reflect a selection bias in follow-up, (though this bias has not been quantified). For the
majority of the survey time the iPTF SNe were discovered in the r-band. In these cases the
g-band was only triggered as a follow-up observation for an already detected transient, usually
coming in several days later from the P60 telescope. As a result, some of the more narrow
g-band SNe may not have been included in the sample due to lacking g-band data on the rise
or around peak, instead only having g-band data sometime on the decline. The broader SNe
have an extra week or two to come up on the follow-up queue, and still have their rise caught by
the P60. Furthermore, these SNe often display interesting characteristics at early times (Taddia
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Figure 6.7: Panel 1: The results of the simulation showing the normalized detection rate of SNe of
varying broadness, binned in intervals of 0.25 of the stretch parameter. Panel 2: The number of SNe in
each stretch bin corrected for the observational bias that broader SNe are more likely to be caught by
the (i)PTF survey. The absolute number of SNe has been normalized to reflect the number that would
have been caught with no observational bias in e↵ect (due to constraints such as weather). However, the
relative di↵erence between broad and narrow SNe are not a↵ected by this projection; the relative number
is simply due to the increased chance that (i)PTF will have more chances to catch and confirm a broader
transient as a SN.
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et al. 2016, 2018a) which makes triggering multi-band follow-up more likely and immediate for
them during target rich moments of the survey. The fact that the g-band and r-band fraction of
SE SN that are broad is so similar seems to suggest that this follow-up bias is negligible in our
case.

The survey strategy of (i)PTF, a magnitude limited survey, means that there is an important
observational bias referred to as the Malmquist bias (Malmquist 1920). Objects that are rela-
tively fainter but further-away will be excluded from the sample, thereby biasing the distribution
to be richer in the brighter events, which can be observed out to a further distance. The presence
of this bias in the r-band lightcurves of (i)PTF SE SNe is shown in Fig. 6.8. The same plot
shows that the broader SNe have preferentially higher peak absolute magnitudes, which means
that their occurrence compared to the ordinary SE SNe can be overstated by taking a simple
fraction. Correcting for the Malmquist bias is not a straightforward endeavor. Typically, there
are three conceptually distinct ways to correct for it. The first and easiest method is to use the
distribution only out to a distance where the entire brightness range is not truncated, thereby
converting a magnitude-limited survey into an e↵ectively volume limited survey. A second way
is to use an empirical 1/VMax correction based on the distance (Schmidt 1968). Finally, a more
complicated correction that uses the distribution observed in the lower distance (non-biased)
part, or knowledge about the underlying distribution, in order to correct the higher distance
(Malmquist-biased) part can be employed. The last of these methods makes the most use of the
data, but cannot be used in our case because we are interested in the distribution of a correlated
third parameter, stretch, whose inherent distribution we have no knowledge of. We will attempt
to correct for the peculiar case of the Malmquist bias on two parameters, which are correlated
with a third parameter, in a novel way in the forthcoming paper.

Other intrinsic biases can also a↵ect the estimate of the relative fraction. If broad SE SNe
are in envrionments that make them harder to detect, such as in highly extincted regions, then
their observed fraction would be lower than the true fraction as well. Furthermore, the all too
human element to the iPTF scanning process outlined in Section 3.4.1 means that there could be
complex human biases based on the particular scanner working on a day. Frohmaier et al. (2017)
have calculated the transient source detection e�ciency of the PTF, which should account for
some of these human biases. However, their method only considers single detections of a source,
and does not consider the biases from follow-up, multiple detections in a night, lightcurve shape,
and non-detection history. We will not attempt to correct for these biases with the iPTF, but the
e↵orts of Frohmaier et al. (2017) could be applied to our study in the future, especially if it gets
updated for the iPTF survey as well.

Finally, another interesting aspect of our measurement is studying correlations in broad-
ness with brightness and distance individually. The pairplots in both bands of these measured
parameters: redshift, MW extinction corrected absolute magnitude at maximum, and stretch
parameter, are shown in Figs. 6.10 and 6.11 in Appendix II (Section 6.2.8). The points are also
labeled by the spectral classification of the SN. The Malmquist bias can be easily seen in these
plots. Additionally, the fact that broad SNe are brighter on average is also shown. In Section 7,
we briefly discuss how more parameters could be added to these plots to search for correlations
that can be used to identify broad SE SNe from easily measured observables.
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Figure 6.8: A plot of peak absolute magnitude in r band versus distance modulus (DM) for ordinary
(blue circles) and broad (orange circles) SE SNe, which display the Malmquist bias associated with the
(i)PTF detection limit thresholds. The detection thresholds at r = 20.5 mag and r = 21.0 mag are
plotted as grey dashed and black dot-dashed lines, respectively. They are approximate estimates of the
detection threshold for (i)PTF during bright and dark times, respectively. This type of distribution is
often referred to as a truncated distribution (Feigelson & Babu 2012), and correcting for this truncation
is a complicated but necessary step for all magnitude limited surveys. This plot shows that the broad SNe
are preferentially brighter than the ordinary SE SNe, meaning that they are detected at a higher fraction
at higher redshifts.
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6.2.6 Did we solve the case for the missing high mass stars?

In this section, we perform an exercise to test whether we have solved the case for the missing
high mass stars with our estimated broad SE SN fraction from (i)PTF, which we assume to have
high-mass progenitors. We use known CC-SN rates and the predicted MZAMS range of their
respective progenitors to try to match a Salpeter-like initial mass function (IMF) by only using
the CC-SN record, and the initial masses of their progenitors.

We categorize the currently leading progenitor candidates of various CC-SN subtypes into
intermediate-mass (9 � 25 M�) and high-mass (> 25 M�). Broad SE SNe (⇠ 8% SE SNe),
all Type IcBL SNe, and all Type IIn SNe have been assigned to the high-mass progenitor stars.
All Type II SNe except for Type IIb and IIn SNe, and the rest of the regular SE SNe (⇠ 92%),
have been assigned to the intermediate-mass progenitor stars. We use the CC-SN rates from
the volume limited survey published by Graur et al. (2017), to assign a percentage of the SN
record to each of these SN sub-types based on their volumetric rates. From this we calculate
the fraction of SNe with high-mass progenitors and the fraction of SNe with intermediate-mass
progenitors. Finally, assuming a Salpeter-like IMF with a power law index of �2.3 (Chabrier
2003), a distribution of masses that begins at 9 M� and is truncated at 100 M�, and a conservative
high-mass versus intermediate-mass cut-o↵ at 25 M� as implied by the case for the missing high
mass stars, we assign the intermediate-mass fraction to make up all stars < 25 M�. Then we
assign the high-mass progenitors to stars above 25 M�, and calculate that the stars between 25
to ⇠ 30 M� can be explained by the rest of the SN record with high-mass progenitors. However,
the stars between 30 to 100 M� cannot be explained by the SN record at all. As a result, we
have to invoke the direct collapse to blackhole scenario for them.

The results of this e↵ort are plotted in Fig. 6.9. On the top right, the CC-SN fractions
we used from Graur et al. (2017) are shown in a pie-chart adapted from their figure 4. The
Salpeter-like IMF with the relevant mass cut-o↵s is plotted in the left-hand side of the figure.
Finally, the percentage of the end-points of stars in this IMF are shown in a pie-chart in the lower
right, which simply represents the areas in the IMF figure corresponding to intermediate-mass
progenitors (“Normal”), high-mass progenitors (“Massive”), and direct-to-blackhole progeni-
tors. In this scenario, approximately 6% of all stars in the mass range of our IMF, and 27%
of high-mass stars end up as a SN explosion with a known high-mass progenitor. Similarly,
approximately 17% of stars in the mass range of our IMF, and 73% of high-mass stars end up
forming a blackhole directly. Finally, approximately 77% of stars in the mass range of our IMF
are intermediate-mass stars, and explode as CC-SNe. So, we would have to find significantly
more massive star progenitors for the rest of the IMF to be explained by CC-SNe. This result,
with a significant fraction of massive stars forming blackholes without a SN explosion, is in
conflict with derivations of the cosmic oxygen abundance (Suzuki & Maeda 2018) that require
most stars between 9 � 100 M� to expel their oxygen layers.

We also tested the case where the binary progenitor origin of SE SNe, (and associated
intermediate-mass progenitors), is assumed to be wrong. In this scenario all SE SNe, including
IcBL SNe, and also Type IIn SNe would be coming from massive stars. The mass-cut implied
by this assumption would be located at ⇠ 20 M�. This would mean that virtually all stars above
⇠ 20 M� are exploding as SNe (specifically SE SNe and Type IIn SNe) with massive progen-
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Figure 6.9: A Salpeter-like IMF with mass-cuts (dashed-lines) assuming that certain percentages of CC-
SNe come from massive progenitor stars, while the rest come from more intermediate mass stars in the
(9 � 25 M�) range. CC-SN rates from Graur et al. (2017) are shown in the upper-right pie-chart, which
has been reproduced from their figure 4. These rates have been used to calculate the fraction of the IMF
that certain SN sub-types can explain. Assuming conservatively that the massive star cut-o↵ is at 25 M�,
(above which the case for missing high mass progenitors has been made,) all regular SE SNe (⇠ 92% of
the whole) and all Type II SNe have been assigned to the lower mass bin (< 25 M�), as implied by the
case for the missing high mass progenitors. SE SNe with broad lightcurves (⇠8% of the whole), and all
Type IcBL and Type IIn supernovae have been assigned to the high-mass progenitor end, since we have
evidence that these come from massive stars. In this scenario, SNe associated with high-mass progenitors
can only explain ⇠6% of the SN record, given their relatively low rates (or ⇠ 27% of all massive stars).
Direct collapse to blackhole for a significant fraction of massive stars (17% of all SNe, ⇠ 73% of massive
stars) needs to be invoked to fit the known rates. The result of this calculation, which summarizes the
current thinking on CC-SN progenitors, is also illustrated as a pie-chart in the lower-right part of the
figure. Alternatively, all SE SNe and Type IIn SNe must come from massive stars (see text), in order to
not require invoking the direct-to-blackhole scenario.
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itors, and do not form blackholes. Therefore, the case for the missing high-mass progenitors
would be solved with this assumption, and fit reasonably within a standard IMF for what we
know of the progenitors of all other SNe, without needing to have a very significant fraction of
the high-mass stars forming blackholes directly. This result would fit the cosmic oxygen abun-
dance requirements as well. However, such a scenario has been heavily argued against by the
observational evidence presented in this thesis.

In conclusion, our sample does not solve the case for the missing high-mass stars, but it can
add a significant fraction to the record of such stars exploding as SNe.

6.2.7 Appendix I: Levenberg-Marquardt and Di↵erential Evolution min-
imization methods

Minimizing any function, such as the error function we have that is some function of the di↵er-
ence of the observations with the template, can be visualized as trying to find the lowest point
on a two-dimensional surface. We start at some point on this surface, and use an algorithm to
hopefully reach what we believe to be the lowest point. A simple method of doing this is called
“steepest descent”, where the path of steepest descent is always taken until some sort of a “bot-
tom” is reached. The bottom would be the point in parameter space where the error function
has been minimized.

The Levenberg-Marquardt algorithm iteratively locates the minimum of a function by work-
ing in a smarter way. It first takes an exploratory step by taking a linear approximation and
following it. Then it compares the result of this step with the actual value of the function to
ascertain the actual linearity near the location. Based on this result, it either takes bigger or
smaller steps downward until the algorithm reaches a bottom. However, it is easy to see that if
there are multiple hills, the algorithm may get stuck in a small hill, and miss the bigger one if
it doesn’t take the exploratory steps large enough. As a result, this algorithm can get stuck in
local minima, but it will be absolutely sure that this is a minimum.

In a slightly di↵erent manner, di↵erential evolution does the same thing, but this time, it
uses a stochastic (random) method to jump around. As a result of these stochastic jumps, the
method can avoid being trapped in local minima, and explores a much wider area of the surface,
representing an increased parameter space. However, due to the algorithms stochastic nature, it
does not know with mathematical certainty whether the final answer is truly a minimum or not.
It only knows that this is the lowest point the algorithm has managed to get to. The di↵erential
evolution method thus takes much longer to converge to an answer, but it has the advantage of
avoiding getting stuck in a local minimum as easily.

The Levenberg-Marquardt and di↵erential evolution algorithms were used to fit the observed
SE SN lightcurves with template ones in Paper IIa (Section 6.2.4).

6.2.8 Appendix II: Pairplots
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Figure 6.10: Pairplot of measured lightcurve-parameters in g band. In the diagonal, a histogram of the
distribution of the parameter is plotted. The various stripped-envelope SN sub-types have been labeled
individually.
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Figure 6.11: Pairplot of measured lightcurve-parameters in r band. In the diagonal, a histogram of the
distribution of the parameter is plotted. The various stripped-envelope SN sub-types have been labeled
individually.
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Conclusions and Future prospects

We have found stripped-envelope SNe with unusually broad lightcurves in the datasets of (i)PTF
and PESSTO, and presented them in Paper I and Paper IIa. A few of them have already been
published as single object papers (e.g., Valenti et al. 2012; Taddia et al. 2016, 2018a). These
were all found to have high ejecta masses, and therefore massive progenitor stars. However, we
also learned from Paper I that additional powering mechanisms could play a confounding role
in shaping their unusual lightcurves. Regardless, our hypothesis that hunting broad lightcurves
will lead us to massive progenitor stars was verified in the study of Paper I. The Type Ibn SN
OGLE-2014-SN-131 was found to have higher CSM and ejecta masses compared to the typical
Type Ibn SN, and therefore probably a more massive progenitor star. The key takeaway from
this paper is both that Type Ibn SNe can have extremely long risetimes, and that SE SNe with
broad lightcurves, even in Type Ibn SNe, seem to correlate with more massive progenitors.
Using this knowledge, we identified stripped-envelope supernovae with broad lightcurves in the
dataset of the (i)PTF in a quantitative fashion.

As the immediate next step, these SNe statistically defined to have broad lightcurves from
Paper IIa will be studied in more detail. The full range of lightcurve and spectroscopic data
will be used to construct pseudo-bolometric lightcurves to be used in lightcurve fitting. Semi-
analytical lightcurve fits will be made to study the potential powering mechanisms of these
broad SNe, as well as to obtain relevant explosion parameters for those powering mechanisms
such as 56Ni and ejecta masses. The goals of this analysis are to connect the explosion parame-
ters with possible progenitor channels, and to act as a data point for theory of SE SN explosions
to fit. Nickel and ejecta masses obtained from these fits can tell us whether the broad lightcurves
really do have higher-mass progenitors, and by how much. Additionally, these unique objects
are prime candidates for testing and implementing modern hydrodynamical modeling. Their
non-standard lightcurves and stripped high-mass progenitor stars o↵er a new parameter space
to explore. The results of the hydrodynamical models and the semi-analytical models can be
compared for these extreme objects, in order to test some of the assumptions made in the semi-
analytical models.

As a future prospect, we have also noticed that the broad SE SNe seem to be located in
faint hosts, or far-away from their hosts, or in otherwise relatively low-metallicity environments
compared to where we find most SE SNe. This irregularity makes them more similar to super-
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luminous SNe, which are preferentially found in dwarf galaxy hosts, or GRB SNe, which are
located in low metallicity environments. In our future study we will study this phenomenon
by measuring the metallicity at the SN location, and check whether the broad SE SNe have a
preference for lower metallicity. The low metallicity can also have consequences for the possi-
ble progenitor channel of these SNe. For example, at very low metallicity, stellar winds might
have a hard time stripping the envelope of these massive stars, and another mechanism such as
binaries or eruptive mass loss will have to be invoked.

Furthermore, we found a relatively high fraction (⇠ 10%) of broad SE SNe in the (i)PTF
dataset. These SNe had been missing from the literature despite their relatively high fraction,
which is a puzzle for observational biases. Regardless, the success of this e↵ort means that we
should start looking for them in the datasets of the newer and larger surveys, such as the ZTF,
and do so in a way that their true fraction compared to ordinary SE SNe can be uncovered.

We have the further possibility of exploring correlations in the multi-dimensional parameter
space for all SE SNe in (i)PTF by including the stretch parameter alongside other measure-
ments made primarily from the spectra, such as line velocities and equivalent widths. The entire
spectroscopic database of (i)PTF SE SNe will soon be released (Fremling et al. accepted),
which will give us multiple data points for each SN. Similarly, the sample of ordinary Type
Ib and Ic SNe will be published in upcoming papers (Barbarino et al. in prep.). This creates
the opportunity to compare easily obtained parameters such as the stretch value, with explosion
parameters calculated from lightcurve fitting. By combining this dataset with spectral measure-
ments as well, empirical relations or machine learning models could be developed that relate
these parameters to explosion parameters. Such models and relations could help with the spec-
tral challenge described in Section 3.4.1, by allowing for the statistical study of SE SNe with
limited observations. Additionally, these models and relations could help us focus our resources
on the truly interesting candidates, by identifying them from early spectral measurements and
lightcurve properties. Their identification can be done quickly if it does not rely on sophisti-
cated lightcurve modeling but instead on simple parameters such as stretch value and spectral
line measurements.

In conclusion, the case for the missing high mass stars is still open. SE SNe with broad
lightcurves are promising candidates that can help partially explain the missing high-mass
stars. Since we have identified a relatively high fraction of them in (i)PTF, they deserve fur-
ther scrutiny to understand their rates, progenitor connection, and powering mechanisms. Other
prospects still exist which can explain the remaining missing high-mass stars. One scenario is
that they simply form stellar-mass blackholes, which would be of interest for gravitational wave
detectors such as LIGO and Virgo. A thorough search for these failed SNe should be under-
taken. Another scenario is that our understanding of SN lightcurves, powering mechanisms,
explosion physics, and spectral formation evolves, making the simplified models we currently
use inadequate. There is contradictory evidence in the literature from di↵erent types of observa-
tional studies for the existence or lack-of high-mass progenitors (see Section 4.2.1), which will
need to be resolved by advances in one or more of the sub-fields of study. In a recent pre-print,
Van Dyk et al. (2018) have claimed the first possible direct detection of a progenitor of a Type
Ic SN. In the pre-print Van Dyk et al. 2018 find that while the progenitor mass estimate obtained
from studying the lightcurve favors an intermediate-mass progenitor, the blue-color of the can-
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didate progenitor direct-detection instead argues for a high-mass progenitor. While the study
is not conclusive, if this contradiction was confirmed, it could mean that current observational
results are uncertain.

A promising avenue for resolution of the observational results, as well as for moving our
understanding beyond the current simplified models, is detailed simulation work, probably done
in multi-dimensions. A review of e↵orts in this arena is out of scope for this thesis, but there
is some work being done on this front, and more detailed simulations which can be compared
to observations are sorely needed. Finally, changes in understanding of the mass-loss history
and the final moments in the lives of high-mass stars could help explain some or all of the
missing high-mass stars. Progress in these stellar evolutionary fields will be key to ultimately
linking SE SN explosions with their progenitors. A coherent picture linking all SNe with their
progenitors would aid the e↵ort in using SNe as high-energy cosmic laboratories for testing
physics at energies and scales we cannot achieve on Earth.
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Populärvetenskaplig sammanfattning

När astronomer genom tiderna tittade på himlen såg de kortlivade nya gäststjärnor som så små-
ningom kom att kallas Novae. Det var Baade & Zwicky (1934) som tidigt spred termen Super-
novae (vilket senare kom att kallas supernovae) för Novae som antogs befinna sig väldigt långt
bort (se t.ex. Lundmark 1919) och därför borde vara extremt ljusstarka. Baade & Zwicky (1934)
antog också att dessa var spektakulära explosioner från döende tunga stjärnor vilket skulle ef-
terlämna en neutronstjärna.

Idag vet vi att supernovaexplosioner kan skapas på två olika sätt. Det första är när kärnan hos
en döende tung stjärna kollapsar på grund av dess egen tyngd, så kallade kärnkollapssupernovor.
Dessa tros efterlämna en neutronstjärna eller ett svart hål. Det andra sättet att skapa en superno-
vaexplosion, så kallade Typ Ia supernovor, är via en termonukleär reaktion på en mindre tung
kompakt stjärna, en så kallad vit dvärg. I detta fall efterlämnas ingen kompakt stjärnrest.

I galaxer som vår egen galax Vintergatan exploderar en supernova ungefär vart femtionde
år, men den senaste gången en supernova observerades i vår egen galax var 1604. Detta betyder
att flera explosioner förmodligen har missats. Två av dem, som vi idag vet borde ha exploderat
ungefär år 1680 och 1870 sågs inte, troligen på grund av alltför mycket rymdstoft i synriktning-
en.

Stjärnor av olika massa skapar olika typer av kärnkollapssupernovor. En av de mer ovanliga
typerna är stjärnor som är mer än 20 gångner så tunga som vår sol. De har så starka vindar
att de har förlorat sina yttre lager av väte och helium. När dessa stjärnor exploderar kommer
vi därför inte att se några väte eller helium-linjer i deras spektra. Vi kallar dessa för avskalade
supernovor. Idag vet vi inte exakt vilka stjärnor som skapar vilken typ av kärnkollapssupernovor
och därför är detta ett högst aktuellt forskningsområde. Om vi visste vilka stjärnor som ligger
bakom dessa explosioner skulle vi kunna använda supernovor som laboratorier för att studera
fysikaliska processer vid höga energier som inte går att skapa på jorden.

För denna avhandling har avskalade supernovor studerats för att kunna ta reda på vilken typ
av stjärnor som skapade dem. Alla avskalade supernovor saknar väte och helium i sina spektra.
Ett problem är att majoriteten av dessa supernovor har visat sig uppstå från stjärnor med mindre
massa än väntat (< 20 gånger solens massa) men dessa stjärnor har inte tillräckligt starka vindar
för att hinna förlora hela sitt yttre hölje av väte och helium innan de exploderar som supernovor.
Därför måste en annan process ligga bakom det faktum att höljet av väte och helium saknas.
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Vi vet att de flesta stjärnorna i universum som är tyngre än vår sol har på grund av sina starka
gravitationsfält en eller flera närliggande kompanjoner. Om två stjärnor befinner sig tillräckligt
nära varandra kan en av dem överföra massa till den andra kompanjonen och därmed på detta
sätt förlora sitt yttre hölje. Vi ser många exempel i Vintergatan på sådana vampyriska binära
system, så kallade högmassiva röntgenbinärer. Idag tror man att just stjärnor mellan 10-20 sol-
massor som befinner sig i högmassiva röntgenbinärer är de mest troliga kandidaterna för att
skapa avskalade supernovor.

En fråga som kvarstår är varför vi inte ser avskalade supernovor från stjärnor tyngre än 20
solmassor. En hypotes är att dessa istället direkt efter kärnkollapsen bildar ett svart hål och
därmed inte exploderar som en supernova, de är alltså “misslyckade supernovor”. En annan
möjlighet är att vi precis som med supernovorna från 1680 och 1870 helt enkelt har missat att
observera dem. Dock borde dessa stjärnor på grund av sin större massa antas ha supernovaex-
plosioner som långsamt ökar i ljusstyrka och som håller sig ljusstarka längre.

Vår grupp i Stockholm har med hjälp av de två stora observationella supernovastudierna
utförda av iPTF och PESSTO1, letat efter avskalade supernovor med högre massor än 20 sol-
massor. Mer exakt sökte vi efter supernovor med långsamma och ljusstarka explosioner. Från
PESSTO hittade vi en supernova som matchade dessa kriterier, OGLE-2014-SN-131. I vår stu-
die som återfinns i Artikel I kunde vi bekräfta att denna supernova kom från en stjärna med en
massa mer än 20 solmassor. Motiverade av detta fynd fortsatte vi sökandet i databasen för iPTF
och fann 11 fler supernovor med höga massor. 2 Innan vår studie hade enbart 2 eller 3 exempel
hittats. Alla 11 system kommer så småningom att studeras och publiceras och den första delen
återfinns här i denna avhandling som Paper IIa.

Våra resultat tyder på att åtminstone en del av anledningen till varför vi inte har sett av-
skalade supernovor från stjärnor tyngre än 20 solmassor är av observationella skäl. Efter att ha
fyrdubblat det antal som redan funnits har vi blivit motiverade att fortsätta söka efter dem i större
och nyare supernova-dataset som kompileras av moderna robotteleskop, såsom efterföljaren till
iPTF, ZTF. Trots att vi funnit 11 nya kandidater har vi inte funnit tillräckligt många för att
förklara vad som händer med majoriteten av stjärnor över 20 solmassor då de exploderar som
supernovor. Trots att några av dem exploderar som långvariga avskalade supernovor kanske and-
ra bildar svarta hål i så kallade misslyckade supernovor. Astronomer söker för närvarande efter
dessa misslyckade supernovor i nya dataset och resultaten borde hjälpa oss att lösa gåtan om
vilket öde som drabbar döende tunga stjärnor. Så småningom hoppas vi att dessa nya kunskaper
kommer kunna hjälpa oss av sammankoppla samtliga typer av supernovor med de stjärnor som
skapat dem och därmed kunna använda dem i sin fulla potential som kosmiska laboratorier.

1Se listan av förkortningar för deras fulla namn samt Kapitel 3.4.1 för att läsa mer om dessa studier.
2Den noggranna statistiska studien vi utförde för att identifiera dessa supernovor beskrivs i Artikel IIa av denna

avhandling i Kapitel 6.2.



List of acronyms

SN - Supernova

CC - Core-collapse

SE - Stripped-envelope

CSM(i) - Circumstellar material (interacting)

PTF - Palomar Transient Factory

ESO - European Souther Observatory

PESSTO - Public ESO Spectroscopic Survey of Transient Objects

ZTF - Zwicky Transient Facility

PSF - Point-Spread Function

PDF - Probability distribution function

TNG - Telescopio Nazionale Galileo

NOT - Nordic Optical Telescope

HST - Hubble Space Telescope

P48 - Palomar 48 inch telescope

P60 - Palomar 60 inch telescope

GRB - Gamma-Ray burst

BH - Blackhole

GW - Gravitational wave

WR - Wolf-Rayet

LBV - Luminous blue variable
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R/Y/BSG - Red/Yellow/Blue supergiant

RLOF - Roche-Lobe overflow

MS - Main sequence

IMF - Initial mass function

HR - Hertzsprung-Russell (diagram)

SED - Spectral energy distribution

EM - Electromagnetic

MW - Milkyway galaxy
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ABSTRACT

Context. Type Ibn supernovae (SNe Ibn) are thought to be the core-collapse explosions of massive stars whose ejecta interact with
He-rich circumstellar material (CSM).
Aims. We report the discovery of a SN Ibn, with the longest rise-time ever observed, OGLE-2014-SN-131. We discuss the potential
powering mechanisms and the progenitor nature of this peculiar stripped-envelope (SE), circumstellar-interacting SN.
Methods. Optical photometry and spectroscopy were obtained with multiple telescopes including VLT, NTT, and GROND. We
compare light curves and spectra with those of other known SNe Ibn and Ibc. CSM velocities are derived from the spectral analysis.
The SN light curve is modeled under di↵erent assumptions about its powering mechanism (56Ni decay, CSM-interaction, magnetar)
in order to estimate the SN progenitor parameters.
Results. OGLE-2014-SN-131 spectroscopically resembles SNe Ibn such as SN 2010al. Its peak luminosity and post-peak colors are
also similar to those of other SNe Ibn. However, it shows an unprecedentedly long rise-time and a much broader light curve compared
to other SNe Ibn. Its bolometric light curve can be reproduced by magnetar and CSM-interaction models, but not by a 56Ni-decay
powering model.
Conclusions. To explain the unusually long rise-time, the broad light curve, the light curve decline, and the spectra characterized by
narrow emission lines, we favor a powering mechanism where the SN ejecta are interacting with a dense CSM. The progenitor of
OGLE-2014-SN-131 was likely a Wolf-Rayet star with a mass greater than that of a typical SN Ibn progenitor, which expelled the
CSM that the SN is interacting with.

Key words. supernovae: individual: OGLE-2014-SN-131 – supernovae: general

1. Introduction

Normal Type Ib/c supernovae (SNe Ibc) are powered by the de-
cay of 56Ni and 56Co synthesized in the explosion and present
in the ejecta. This mechanism explains the luminosity and light
curve shape of these transients, which are characterized by bell-
shaped light curves with relatively short rise times of typically
15–20 days. Besides radioactive decay, an additional powering
source coming from the spin-down of a young, rapidly-spinning,
magnetar was invoked for the peculiar Type Ib SN 2005bf, which
had a double-peaked light curve (e.g., Folatelli et al. 2006). The
progenitors of these stripped-envelope (SE) core-collapse (CC)
SNe can be either single massive stars stripped by metal-driven
winds, or less massive stars in binary systems, stripped by their
companions (Smartt 2009; Yoon 2015). The low ejecta masses
? The photometry is available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/602/A93

deduced from their narrow light curves favor the binary pro-
genitor scenario for the majority of SNe Ibc (e.g., Cano 2013;
Taddia et al. 2015; Lyman et al. 2016). Pre-explosion detection
searches have also noted a lack of very massive progenitor stars
for SE SNe (Eldridge et al. 2013).

Beginning with the observations of SN 2006jc
(Pastorello et al. 2007; Foley et al. 2007; Mattila et al. 2008)
and other similar SE SNe with narrow He emission lines,
interaction of the SN ejecta with the progenitor circumstellar
medium (CSM) was proposed as an additional powering source
for SE SNe. These CSM-interacting SE SNe are now referred
to as SNe Ibn. They show prominent helium lines, similar to
Type Ib SNe, although with narrow emission lines, similar to
Type IIn SNe (e.g., Pastorello et al. 2016).

The first reported SN with strong narrow He lines in emis-
sion was SN 1999cq (Matheson et al. 2000), and the subsequent
discovery of SN 2006jc linked these two objects together and
established the definition of the class of SNe Ibn. SN 2006jc

Article published by EDP Sciences A93, page 1 of 14
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also showed a pre-explosion outburst two years before collapse
(Pastorello et al. 2007; Foley et al. 2007). A number of SNe Ibn
have since been discovered, and Hosseinzadeh et al. (2017) re-
cently presented an analysis of the full sample of 22 objects from
the literature.

SNe belonging to the Type Ibn class have relatively high
peak luminosities (MR ⇠ �17 to �20 mag), are blue at
peak, and their spectra display narrow (.few ⇥103 km s�1) He
emission lines superimposed on a typical SN Ibc spectrum
(Pastorello et al. 2016). Other than the above criteria used to
classify them as Type Ibn, the SNe of this class display a va-
riety of observational characteristics. They are most often fast
evolving with a short rise to peak brightness (.2 weeks) and
a subsequent fast decline, but a slowly evolving example, with
a post-peak plateau phase, has also been found (OGLE-2012-
SN-006; Pastorello et al. 2015d). Their spectra can show some
amount of hydrogen in emission (see e.g., Foley et al. 2007;
Pastorello et al. 2007) or He features in absorption as broad as
a normal Type Ib (Pastorello et al. 2015c), which has led to the
suggestion that SNe Ibn form part of a continuum from SNe Ib to
SNe IIn (Pastorello et al. 2015a). By studying the rise-time and
peak magnitude of their light curves, Moriya & Maeda (2016)
have argued that Type Ibn and IIn SNe have similar explosion
properties and circumstellar density. However, they also note
that a SN Ibn generally declines faster than a SN IIn, and sug-
gest that the mass-loss, which created the CSM has probably
occurred over a shorter timescale. The same rapid decline might
also indicate a lower explosion energy for a SN Ibn compared to
other SE SNe.

Based on the rapid evolution and typical peak luminosi-
ties of their light curves, Hosseinzadeh et al. (2017) argued
that SNe Ibn have relatively uniform light curves as compared
to other CSM interacting supernovae, specifically compared
to Type IIn SNe. This apparent uniformity might imply that
SNe Ibn come from a similarly uniform set of progenitors. The
progenitors of SNe Ibn have been proposed to be Wolf-Rayet
(WR) stars (Pastorello et al. 2007). This has been inferred from
the presence of active star-formation in their environments, the
large line velocities of the He-rich CSM, and the similarity of the
underlying spectrum to a Type Ic spectrum. In a detailed study,
Pastorello et al. (2016) have shown that a majority of SNe Ibn fit
this characterization. However, the discovery of a single SN Ibn
located in an elliptical galaxy has also led to the suggestion that
SNe Ibn could be thermonuclear explosions arising from evolved
progenitors (Sanders et al. 2013).

In this paper, we present a SN Ibn with an unusually broad
light curve and the longest rise-time ever observed: OGLE-2014-
SN-131. While spectroscopically identical to other SNe Ibn, the
light curve of OGLE-2014-SN-131 is both broader, and at least
30 days longer rising than the average Type Ibn SN with a well
constrained rise time (Hosseinzadeh et al. 2017). By comparison
to other SE SNe with broad light curves, and to analytical light
curve models, we argue that the photometry of OGLE-2014-SN-
131 might be explained if this SN had a higher mass progenitor
compared to other SNe Ibn.

This paper is organized as follows: basic SN information is
given in Sect. 2; observations and data reductions are presented
in Sect. 3; spectroscopic analysis is shown in Sect. 4. OGLE-
2014-SN-131’s photometry is presented in Sect. 5; we then un-
dertake simple modeling to investigate the powering mecha-
nism for OGLE-2014-SN-131 in Sect. 6; a discussion of our
results and the main conclusions are given in Sects. 7 and 8,
respectively.

Fig. 1. Left: OGLE-2014-SN-131 (blue circle) in a VLT acqui-
sition image taken with an R-special filter on November 29.1,
2014 (JD 2 456 990.08). Right: NTT image from August 1.2, 2016
(JD 2 457 601.74), showing no visible host at the SN location. Com-
parison stars in the field from Table B.3 have been marked with red
circles in both frames.

2. OGLE-2014-SN-131 basic information

The transient OGLE-2014-SN-131, hereafter OGLE14-131,
was discovered in the I band at 19.8 mag on Novem-
ber 11.05, 2014 UT by the OGLE-IV Transient Detection Sys-
tem (Wyrzykowski et al. 2014b, see Fig. 1 for a finding chart).
Optimized image analysis at the position of the transient was
used to obtain I-band measurements prior to discovery, with the
earliest detection on September 28.2, 2014 at 21.3 mag.

OGLE14-131 is located at ↵ = 01h14m00s.81 � =
�77�0601600.5 (J2000.0) with no visible host. The Public
ESO Spectroscopic Survey for Transient Objects (PESSTO;
Smartt et al. 2015) obtained a spectrum on November 15 2014,
but were unable to classify the SN due to an incorrect initial
redshift estimate (Dimitriadis et al. 2014). We revise the red-
shift estimate for OGLE14-131 obtaining z = 0.085 ± 0.002
(see Sect. 4). Based on this redshift, we use a distance modu-
lus of 37.85 ± 0.05 mag, corresponding to a luminosity distance
of 372 ± 9 Mpc. Here we assumed H0 = 73 km s�1 Mpc�1,⌦M =
0.27,⌦⇤ = 0.73 to allow for a direct comparison with other
SNe Ibn whose distance moduli were computed with these cos-
mological parameters (see Table 5 in Pastorello et al. 2016).

To correct for the Milky Way extinction, we used a color
excess of E(B�V)MW = 0.05 mag (Schlafly & Finkbeiner 2011)
from NED1, and assumed a standard (RV = 3.1) reddening law
(Fitzpatrick 1999).

In order to assess the degree of extinction occurring in the
host galaxy, we inspected the VLT spectrum (see Sect. 4) taken
around maximum light for any signature of narrow Na i D in ab-
sorption. This feature is traditionally used to gauge host extinc-
tion. Since the line was not found, we assume the contribution
of the host galaxy to the total reddening to be negligible.

Additionally, we estimated an upper limit to the host ex-
tinction by determining an upper limit to the narrow Na i D
equivalent width (EW) and applying the empirical relation of
Poznanski et al. (2012). Assuming that the Na i D feature is hid-
den in the noise of the spectrum at its known wavelength, we
assumed the hidden absorption line to be a Gaussian with full
width at half maximum (FWHM) equal to the resolution of the
spectrum, and the depth equal to the standard deviation of the
signal in that region. The EW of this Gaussian corresponds to a
host color excess of E(B�V)host . 0.11 mag, which is our upper
limit.

1 NASA/IPAC Extragalactic Database (NED) is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administration,
https://ned.ipac.caltech.edu
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Given the first (erroneous) redshift estimate of z ' 0.31 and
the broadness of the observed light curve, OGLE14-131 was ini-
tially thought to be a super-luminous SN. With our revisions, we
classify OGLE14-131 as a SN Ibn based on strong and narrow
He i emission features dominating over a weak narrow H↵ emis-
sion line (see Sect. 4).

To search for a host galaxy, we took 1800 s of B-band
imaging with the ESO New Technology Telescope (NTT) at
La Silla on August 1.2, 2016, long after the SN had faded.
The field was calibrated using 13 of the in-field comparison
stars from Table B.2. Comparison star magnitudes in g0 and r0
were converted to Vega B-band magnitudes using the relation
from Jester et al. (2005). We detected no host and estimate a
two-sigma upper limit of 24.2 mag in the B band, which cor-
responds to an absolute magnitude of �13.6 ± 0.05 using the
distance modulus of OGLE14-131. Following the empirical re-
lation in Tremonti et al. (2004), the host galaxy of OGLE14-131
must have a metallicity less than 12 + log(O/H) = 7.78, which
is lower than the average metallicity of the Small Magellanic
Cloud (Pilyugin et al. 2003).

3. Observations and data reduction

After discovery, OGLE14-131 was photometrically followed
by the Optical Gravitational Lensing Experiment (OGLE;
Wyrzykowski et al. 2014a) telescope and later with the
Gamma-Ray Burst Optical/Near-Infrared Detector (GROND;
Greiner et al. 2008) on the 2.2 m telescope at La Silla (Chile),
until its disappearance half a year later. We also obtained spec-
troscopy with the NTT at La Silla and with the Very Large Tele-
scope (VLT) at Cerro Paranal around maximum light and on the
declining part of the light curve.

3.1. Photometry

Between September 7, 2014 and January 19, 2015, the field in-
cluding OGLE14-131 was observed primarily in the I band with
the OGLE telescope (Wyrzykowski et al. 2014a). These obser-
vations span the pre-discovery, rise, peak, and decline of the SN.
The same field was also imaged 16 times in the V band during the
decline phase of the light curve. After November 15, 2014, we
obtained eight epochs of multi-band photometry with GROND
(Greiner et al. 2008) in the g0, r0, i0, z0, J, H, K bands, though
the SN was never detected in the H and K bands. These observa-
tions started shortly after maximum and covered the light curve
decline until January 26, 2015 (see Tables B.1 and B.2).

Though there was no visible host in the images, photome-
try obtained with the OGLE telescope was template subtracted
by the standard photometric pipeline of the OGLE IV survey
(Wyrzykowski et al. 2014a). We did not perform any template
subtraction for the GROND photometry.

GROND data have been reduced in the standard manner us-
ing pyraf/IRAF (Tody 1993; Krühler et al. 2008; Yoldaş et al.
2008). The optical photometry was measured using point-spread
function (PSF) photometry, while the near-infrared (NIR) bands
were measured with aperture photometry. The optical photom-
etry was calibrated against comparison stars obtained by ob-
serving a Sloan Digital Sky Survery (SDSS) field (Ahn et al.
2014) under photometric conditions, and calibrated against the

Table 1. Log of spectral observations.

Date Phase Telescope + Instrument Range Resolution
(y/m/d) (d) (Å) (Å)
2014/11/15 +2.6 NTT + EFOSC2 grism 13 3661–8815 18.2
2014/11/16 +3.5 NTT + EFOSC2 grism 16 6006–9786 13.4
2014/11/29 +15.4 VLT + FORS2 grism 300I 6150–9261 13.0
2014/12/14 +29.3 NTT + EFOSC2 grism 11 3582–7463 13.8

Notes. A slit width of 100.0 was used for every observation. Phases are
rest frame days measured from JD of I-band maximum, JD 2 456 973.9.
Resolution is the standard value of the given instrumental configuration
for a 100.0 slit at the central wavelength. The range reflects the useful
range plotted in Fig. 2.

primary SDSS standard star network2. The NIR data were cali-
brated against the 2MASS catalog3.

The OGLE I and V bands are similar to the standard
Johnson-Cousins I and V bands (Udalski et al. 2015), while the
GROND g0, r0, z0 bands are similar to the Sloan filters. The
GROND i0 band is substantially narrower than the Sloan i band.
The magnitudes in the GROND optical bands are provided in the
AB system, while the NIR bands are in the Vega system. Details
of all GROND filters can be found in Greiner et al. (2008).

The OGLE photometry was calibrated after the image di↵er-
encing process using the zero-point of the template image, which
was obtained from several bright stars in the field. The GROND
photometry in the g0, r0, i0, z0, and J bands was calibrated using
an ensemble of 18 stars in the field . We report the positions and
GROND photometry of the calibration stars in Table B.3.

3.2. Spectroscopy

On three occasions (November 15, 16, and December 14 in
2014), spectra were obtained using the ESO NTT telescope with
the EFOSC2 instrument, using grism #13, #16, and #11 respec-
tively as part of a PESSTO monitoring campaign. A slit width
of 100.0 was used. We tabulate the instrumental configuration and
basic spectral properties in Table 1.

The spectra were reduced with the PESSTO pipeline (ver-
sion ntt_2.6.6) as described in Smartt et al. (2015)4. The pipeline
provides wavelength calibration using HeAr arc frames, and flux
calibration using the spectrum of a spectrophotometric standard
star. The spectra are publicly available in Spectroscopic Survey
data release 3 from the ESO Science Archive Facility5.

On November 29, 2014, we obtained a spectrum using
FORS2 on VLT6 equipped with grism 300I and a 100.0 wide slit,
(see Table 1). The observations were made in the long-slit spec-
troscopy mode using o↵sets along the slit, and the data were
reduced with the standard recipes for spectroscopic reduction
of FORS2 data in ESO’s Reflex pipeline (Freudling et al. 2013).
The pipeline allows for sky subtraction, wavelength calibration
using a HeAr arc lamp, and flux calibration with a spectrophoto-
metric standard star.

The spectra are available via WISeREP (Yaron & Gal-Yam
2012).

2
http://www.sdss.org

3 This results in typical absolute accuracies of ±0.03 mag in g0r0i0z0
and ±0.05 mag in JHKs.
4
www.pessto.org

5 For access see: http://www.pessto.org/index.py?pageId=58
6 Program ID:294.D-5011(A), PI: Łukasz Wyrzykowski.
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Fig. 2. Spectral evolution of OGLE-2014-SN-131. Four spectra were
taken with the NTT and the VLT, all showing the prominent He i feature
at 5876 Å. The zero flux level of each shifted spectrum is indicated with
a dashed line. The line identifications from Sect. 4 are indicated with
a red dashed line for He i, blue dot-dashed line for H↵, a green dotted
line for Ca ii, and a gold dashed line for O i. The spectra have not been
corrected for reddening due to extinction.

4. Spectral analysis

We present our redshift corrected spectral sequence in Fig. 2.
The VLT spectrum taken on 29 November 2014 prominently

displays He i ��5876, 6678, and 7065 emission that allowed us
to determine a redshift of z = 0.085 ± 0.002. Gaussians were fit
to the He i emission peaks at �5876 and �6678 in order to derive
the redshift. There is also a weak emission feature at 6563 Å due
to H↵ that has a slightly narrower profile than the He i features.

The most prominent P Cygni profile feature is the shallow
absorption minimum of He i �5876, at V = 3000 ± 100 km s�1.
The H↵ line also has a shallow blue-ward absorption feature,
with a minimum at 2900 ± 100 km s�1, consistent with the
He i �5876. Another feature in the spectrum is the emission
at 7300 Å which we identify as the blended Ca ii doublet at
��7291, 7323. Finally, there is a feature at 7700 Å, which
could be the absorption part of a P Cygni line due to O i �7774.
If so, this line has a velocity obtained from its minimum of
2900 ± 800 km s�1, consistent with the He i �5876.

We used the VLT spectrum to measure the FWHM of the
lines. The He i �5876, where a P Cygni profile is detected, has a
FWHM of 5200 ± 400 km s�1. The other He i emission features
at 6678 and 7065 Å, where we do not detect a P Cygni profile,
have FWHM velocities of 4700 ± 400 and 3300 ± 400 km s�1,
respectively. The measurement of the He i �7065 feature appears
narrower due to a telluric line that a↵ects its profile. The H↵ line
has a narrower FWHM of 1900± 400 km s�1, while the blended
Ca ii doublet has a FWHM of 3900 ± 400 km s�1.

The NTT spectra have low signal-to-noise ratio, and the
early spectra are mainly characterized by the presence of the
He i �5876 line. Additionally, we can detect H↵ in the Novem-
ber 16 spectrum. Aside from these line identifications, no other
lines are significantly detected in the NTT spectra.

Based on the presence of strong, but rather narrow (VFWHM ⇡
4000�5000 km s�1), He i emission lines alongside a weak
H↵ emission line, we classify OGLE14-131 as a member of
the Type Ibn SN class. In Fig. 3, the post-maximum VLT
spectrum of OGLE14-131 is placed alongside a sequence of

Fig. 3. Spectral comparison of OGLE-2014-SN-131 with a sample
of SN spectra obtained a few weeks after maximum. The sample in-
cludes the Type Ib SN iPTF13bvn (Fremling et al. 2014); the Type Ibn
SNe 2010al (Pastorello et al. 2015a) and 2006jc (Pastorello et al. 2008);
the Type Ibn/IIn SNe 2011hw and 2005la (Pastorello et al. 2015a); and
the Type IIn SN 2006jd (Stritzinger et al. 2012). The locations of the
prominent He i lines and that of H↵ have been marked with red dashed,
and a blue dot-dashed line, respectively. This figure is adapted from
Pastorello et al. (2015a, their Fig. 11). Phases in parenthesis are rest-
frame days since maximum. The main telluric features of our spectrum
are marked with crossed-circles.

post-maximum SN spectra, ranging from SNe IIn to SNe Ib.
The emission features for OGLE14-131 match very well to
those of SN Ibn 2010al (Pastorello et al. 2015a). The promi-
nent He i emission lines are narrower than those typically seen in
Type Ib SNe, such as iPTF13bvn, and much stronger than than
those sometimes seen in SNe Type IIn, whose spectra are domi-
nated by strong emission lines of hydrogen.

5. Photometric analysis

5.1. The unique light curve of OGLE14-131

While OGLE14-131 is a regular SN Ibn if we consider its spec-
trum, its light curve makes it a special event. The unique photo-
metric properties of OGLE14-131 are evident when we compare
its light curves to those of other stripped-envelope SNe.

The I-band light curve of OGLE14-131 (see Fig. 4) shows
a rise time of approximately 45 days in the observer frame
(42 days in the rest frame,) during which the light curve rises
by ⇠1.5 mag. Our pre-detection limits are not deep enough to
constrain the explosion epoch, so 42 days is the lower limit for
the rise time. The light curve declines by the same amount in
the following 52 days (in the rest frame) post peak. The I-band
light curve peak occurs on JD 2 456 973.9 ± 1.5 d, as determined
by a sextic polynomial fit. We use the JD of I-band maximum
as phase zero in this paper. The other light curves, g0, r0, i0, z0, J,
observed from the epoch of I-band maximum, show a decline
similar to that of the I-band (see Table 2).

Using the distance modulus and the extinction correction
discussed in Sect. 2, we compute the absolute magnitude light
curves of OGLE14-131, which are shown in Fig. 5. Here we
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Fig. 4. Observed light curves of OGLE-2014-SN-131 in di↵erent bands,
shifted for easier viewing. The epochs of the obtained spectra have been
marked with vertical dashes. I-band limits are indicated with gray tri-
angles.

compare the g0, r0, and i0/I-band absolute magnitude light curves
of OGLE14-131 with the corresponding light curves of other
SNe Ibn (see Pastorello et al. 2016, and references therein). The
I-band maximum is found at �18.16 ± 0.09 mag for OGLE14-
131, which is comparable to those found for other SNe Ibn (see
Figs. 5 and 6) and close to the typical value for normal SNe Ibc
(Taddia et al. 2015). Among SNe Ibn, OGLE14-131 shows an
unprecedentedly long rise-time, as is clearly visible in the top
panel of Fig. 5. SNe Ibn are usually characterized by fast rise
times (10–15 days). The decline rate is somewhat slower for
OGLE14-131 compared to the other SNe Ibn, with the excep-
tion of OGLE-2012-SN-006.

In Fig. 6 we also compare the absolute I-band light curve
of OGLE14-131 to the very slowly evolving light curve of SN Ic
2011bm. With a well-constrained rise time of ⇠37–40 days in the
rest frame, SN 2011bm has the slowest photometric evolution of
any SN Ibc in the literature (Valenti et al. 2012). Even with a
conservative estimate for the explosion epoch as the day of first
detection, the rise time of OGLE14-131 is longer than that of SN
2011bm, which is already more than twice as long as an ordinary
SN Ibc (Taddia et al. 2015). This is shown in Fig. 6, where we
also plot the average SN Ibn I-band light curve (from the data
shown in the top panel of Fig. 5)7 and the SN Ibc light curve
template (from Taddia et al. 2015), as well as a pseudo-template
for SLSNe (obtained by scaling the SN Ibc template according to
Nicholl et al. 2015). When considering rise-time and broadness,
the light curve of OGLE14-131 resembles a super-luminous SN
more than a SN Ibn. It is broader and longer-rising than any other
SN of its class. This broadness could o↵er insights into the pro-
genitor and powering mechanism of OGLE14-131. We study this
further in Sect. 6.

The long rise time and the slow decline of OGLE14-131
makes its light curve particularly broad around peak. We quan-
tify this peak broadness as the time that the SN light curve spends

7 The Ibn template is simply the average of SNe Ibn from Fig. 5,
with OGLE-2012-SN-006 excluded due to the unprecedented plateau
observed in its light curve.

Table 2. Peak magnitude and decline rate of each photometric band.

Band Peak Slope
_ (mag) (mag d�1)
I-OGLE 19.77 ± 0.075 0.025
V-OGLE 20.19-20.05 0.034
g0-GROND 20.23-20.23a 0.032
r0-GROND 20.22-20.15 0.029
i0-GROND 20.21-20.00 0.027
z0-GROND 20.35-20.18 0.028
J-GROND 20.11-19.98 0.035

Notes. Decline rates were obtained by fitting a first degree polynomial
to all epochs post peak for a given filter. Peak magnitude for all bands
except for the I band are given as ranges, where the upper limits have
been extrapolated from the decline rate fit at the JD of I-band maximum,
since they lack data at peak. We consider the fit values to be upper limits
since a concave-down light curve would have a dimmer peak than this
fit indicates. The lower limits are simply the magnitude of first detec-
tion immediately after peak. The peak magnitude values have not been
extinction corrected. (a) The peak magnitude for g0 band was estimated
by excluding the last epoch of photometry due to it slightly diverging
from a simple linear fit. The decline rate is still from a fit to all epochs.

within half a magnitude of the peak. To compare OGLE14-
131 with other light curves in a quantitative fashion, we fit
a phenomenological model from Bazin et al. (2011) to the I/i
band for OGLE14-131, the Type Ic SN 2011bm, the Type Ibn
and Ibc templates, OGLE14-131’s spectroscopic twin Type Ibn
SN 2010al, and the rapidly evolving Type Ibn LSQ13ccw
(r band, Pastorello et al. 2015b). In Fig. 6 we show, as examples,
fits to the light curves of OGLE14-131 and SN 2011bm marked
by dashed lines, as well as the broadness as a solid line.

This demonstrates that OGLE14-131 is significantly (&⇥3)
broader than the typical Type Ibn SN, and similar to SN 2011bm
(Fig. 7).

5.2. Optical colors of OGLE14-131

The MW extinction corrected optical post-peak colors of
OGLE14-131 (g0 � r0, g0 � i0, and r0 � i0) are shown in Fig. 8 and
compared to those of other SNe Ibn in the literature. The col-
ors for OGLE14-131 gradually evolve blue-ward for ⇠25 days,
before flattening out. Overall, the colors for OGLE14-131 and
the other SNe Ibn appear very similar. The latter exhibit a rela-
tively flat color evolution, or a slow blue-ward trend lasting up
to ⇠100 days.

5.3. Bolometric properties of OGLE14-131

We calculate the bolometric properties of OGLE14-131, namely
its bolometric luminosity (L), black-body (BB) temperature, and
radius. To do that, we build a spectral energy distribution (SED)
for each epoch of GROND photometry by converting the ex-
tinction corrected magnitudes into fluxes. Our SEDs cover the
range from g0 to J-band in e↵ective wavelength. Then we fit the
SED (in the rest-frame) with a BB function, obtaining the tem-
perature. We also calculate the luminosity, obtained as the BB
integral multiplied by 4⇡D2, where D is the known luminosity
distance, in order to estimate the radius. The results are shown
in Fig. 9. The temperature is cooling down in the 20 days post
peak, where it remains constant afterwards. The radius reaches
its peak at +20 days, whereas the luminosity steadily declines.
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Fig. 5. Absolute magnitude light curves of OGLE-2014-SN-131 in the g0, r0, i0/I filters, compared to those of other SNe Ibn in the literature (see
Pastorello et al. 2016, and references therein).

While the SED we constructed was well fit by a BB function, the
likely powering scenarios for OGLE14-131 (see Sect. 7), make
it possible that there are non-thermal components contributing to
the SED, especially in UV and X-rays.

If we convert the absolute I-band magnitude to luminosity
(L = 10(�MI+88.71)/2.5 erg s�1), we can see that, after a bolomet-
ric correction of +0.59 mag, it is very similar to the computed
bolometric luminosity at the epochs post peak (see the red dia-
monds in Fig. 9 as compared to the black squares). We obtain

this bolometric correction by fitting the bolometric epochs to the
I-band light curve where the two overlap, and assume this shift
to be the bolometric correction for the I-band light curve that is
constant in time. We then merge the two bolometric light curves,
in order to also cover the rising part. We model this pseudo-
bolometric light curve in Sect. 6.

The validity of assuming a bolometric correction that is con-
stant in time depends on the flatness of the color evolution of
Type Ibn SNe. While there is no such thing as typical color
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Fig. 6. I-band light curve of OGLE-2014-SN-131 alongside Type Ic
SN 2011bm (Valenti et al. 2012), compared to template Type Ibn and
Type Ibc light curves (Taddia et al. 2015), as well as to the SN Ibc tem-
plate scaled to the SLSN sample (Nicholl et al. 2015). As examples, the
phenomenological fits from Bazin et al. (2011) used in the broadness
comparison for the two SNe have been over-plotted as dashed lines. The
broadness parameter plotted in Fig. 7 is also indicated with a solid line
for both SNe. Both OGLE-2014-SN-131 and SN 2011bm have broader
light curves compared to their respective classes.

Fig. 7. Broadness (time interval when the SN light curve is within
0.5 mag from peak) of the SNe and template light curves discussed
in Sect. 5.1, and illustrated in Fig. 6. (These values characterize the
broadness of the light curve around maximum light.) OGLE-2014-SN-
131 is broader than normal SNe Ibc, and than other SNe Ibn, including
its spectroscopic match, SN 2010al. It is instead similar to the broad
Type Ic SN 2011bm. We include the rapidly-fading Type Ibn LSQ13ccw
to illustrate the diversity of light curve parameters for Type Ibn SNe.
Both OGLE-2014-SN-131 and SN 2011bm evolve significantly slower
than the typical light curve of their respective classes.

changes for SNe Ibn, the post peak colors of OGLE14-131 are
in good agreement with others from the literature, (we refer
to Fig. 8). The colors before maximum are harder to find. For
the well studied SN 2010al, the colors are relatively flat before
peak, within a range of 0.25 mag. This is also the case for PS1-
12sk (Sanders et al. 2013), whose pre-peak colors are flat within
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Fig. 8. Colors of OGLE-2014-SN-131 as compared to those of other
SNe Ibn in the literature (see Pastorello et al. 2016, and references
therein). The symbols are the same as in Fig. 5.

0.1 mag. However, OGLE14-131 has an unprecedented early
light curve, and we do not know its early color evolution. This
is a possible source of uncertainty for the models we use in the
following section.

6. Modeling

The light curves of SNe Ibn have been explained by invoking
radioactive decay or circumstellar interaction as the powering
mechanisms. The energy source of the emission from long-rising
SE SNe, such as SN 2011bm and SN 2005bf, has been proposed
to be 56Ni radioactive decay and the spin-down of a magnetar,
respectively. OGLE14-131 could be powered by one, or a com-
bination, of these mechanisms. Though there are clear signs of
CSM interaction (the spectra display narrow emission lines sim-
ilar to those in SNe IIn and other SNe Ibn; see Fig. 2), the dom-
inant powering source could be something else. In the follow-
ing, we discuss these di↵erent mechanisms for OGLE14-131 by
fitting simple analytical models to the pseudo-bolometric light
curve. Our simple modeling is suitable for estimating the rele-
vant explosion parameters for a given powering scenario, which
is the aim of this section. For this discussion, we assume the last
non-detection epoch as the explosion date.

6.1. 56Ni radioactive decay

Assuming that radioactive decay of 56Ni is the dominant en-
ergy source, we can fit a simple Arnett (1982, radioactive de-
cay) model (see e.g., Cano 2013; Taddia et al. 2015) to the bolo-
metric light curve of OGLE14-131. We obtain an ejecta mass
Mej = 14 M�, a 56Ni mass M56Ni = 0.25 M�, and an explosion
energy EK = 4.2⇥1051 erg. We plot our best fit with a red-dashed
line in Fig. 10. As can be seen in the figure, it is di�cult to fit
the rise, peak, and decline simultaneously using a simple Arnett
fit. Such an amount of 56Ni combined with the large ejecta mass
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Fig. 9. Bolometric properties of OGLE-2014-SN-131 as derived from
the BB fit to the SEDs. BB temperature, radius and luminosity are
shown by black squares. We only have post-peak SEDs, as before peak
OGLE14-131 was only observed in the I band. In the bottom panel
we shift the absolute I-band magnitude light curve of OGLE14-131 to
match its bolometric light curve after peak. We use the combined bolo-
metric plus shifted I band as the final bolometric light curve, in order to
also be able to model its rising part.

should keep the light curve brighter for longer post peak, which
does not match our observations. This suggests that the sole pow-
ering source is not radioactive decay.

In the Arnett model, we assumed  = 0.07 cm2 g�1 (which
is well suited for electron scattering in H-free material), and
an ejecta expansion velocity V = 7000 km s�1. As we can-
not see the spectrum of the ejecta of OGLE14-131, which is
masked by the slowly moving CSM, we resort to using the
above-mentioned value for the ejecta velocity, since it was mea-
sured for the SN Ibn/Ib ASASSN15ed (Pastorello et al. 2015c).
If the expansion velocity used in the Arnett model was higher,
a greater ejecta mass would be needed to get a good fit, and
vice versa for a lower expansion velocity. In the Arnett model,
we also use E/M = (3/10)V2 from the assumption of constant
density.

The mismatch between the long rise and the fast decline
compared to the Arnett model could possibly be resolved if we
imagine that after peak the gamma-rays powering the light curve
are not fully trapped. To investigate this possibility, we used a
scaling-relation for gamma-ray escape (Clocchiatti & Wheeler
1997), but also included a treatment for the 3.5 percent of ki-
netic energy released by positrons (e.g., Sollerman et al. 1998),
with the Mej and EK parameters from our Arnett model. Us-
ing this method, assuming that gamma-ray escape scales as
/1�0.965 exp(�⌧), we find that even for the final epoch, the
gamma-rays are 99.3% trapped, and thus our assumption of

Fig. 10. Best fits to the bolometric light curve of OGLE-2014-SN-131
for three di↵erent models. The dashed red line shows the simple Arnett
(radioactive decay) model, the dashed blue line shows the best mag-
netar model, the dashed green line indicates the best CSM interaction
model, and finally, the dashed gray line is an alternative radioactive de-
cay model with recombination. The radioactive decay models cannot
reproduce the relatively fast decline of the light curve.

full-trapping in the Arnett model is valid. Since ⌧ / (M2
ej/EK)t�2,

we also calculated a one sigma upper limit of Mej . 4.2 M� to
explain the final photometric epoch by gamma-ray escape, as
compared to our Arnett model with full trapping, when keeping
the kinetic energy fixed. However, 4.2 M� of ejecta mass is too
low to explain the broadness of the light curve, and therefore we
disfavor this scenario.

While the mass of 56Ni we obtain is similar to that found in
other SNe Ibc (Lyman et al. 2016), the ratio of the 56Ni mass to
the ejecta mass, which is approximately 2%, is relatively low.
CC SNe and SE SNe generally show a correlation between the
synthesized 56Ni mass and the ejecta mass (Lyman et al. 2016).
For an ejecta mass >10 M�, a SE SN powered by radioac-
tive decay typically produces &0.7 M� of 56Ni, as in the case
of SN 2011bm (Valenti et al. 2012). This is not the case for
OGLE14-131, whose putative 56Ni mass is substantially lower.

Based on all of the above, we do not favor the simple
Arnett model. We also briefly investigated whether composite
di↵usion models (Imshennik & Popov 1992; Arnett & Fu 1989),
which include the e↵ect of helium recombination in the SN
ejecta, could reproduce the light curve of OGLE14-131. We im-
plemented the semi-analytical model from Imshennik & Popov
(1992), and obtain an acceptable fit to the early light curve using
Mej = 6 M�, M56Ni = 0.23 M�, EK = 1.4 ⇥ 1051 erg, as well
as an extended stellar radius of 100 R�. This alternative model
is plotted with gray dashed lines in Fig. 10. While the hybrid
di↵usion model can fit the early part of the broad light curve of
OGLE14-131, since recombination mainly a↵ects the early light
curve, the radioactive decay scenario still struggles to reproduce
the relatively fast late decline.

6.2. Magnetar

We can also try to fit the bolometric light curve with a
magnetar model, first proposed and applied to supernovae by
Kasen & Bildsten (2010), Woosley (2010). Assuming constant
opacity  = 0.07 cm2 g�1, V = 7000 km s�1, and uniform density
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of the ejecta (as in the Arnett model), we fit the bolometric light
curve to estimate the ejecta mass, the strength of the magnetic
field (B14) in units of 1014 G, and the spin period of the magne-
tar in ms (Pms), as outlined by Inserra et al. (2013). We obtain a
large ejecta mass of 30 ± 6 M�, B14

8 = 14 ± 1, and Pms = 15±2.
The best fit is shown with a blue-dashed line in Fig. 10.

Whereas we cannot rule out the magnetar scenario, we do not
need to invoke it for additional luminosity, and we do not pursue
this idea further. Since we do see evidence of CSM interaction in
the spectra, the simplest scenario is probably that the light curve
is also mainly powered by CSM interaction, which we discuss
immediately below.

6.3. Circumstellar interaction

The spectra and a relatively fast decline of the light curve can
be more easily explained in the context of CSM interaction. The
presence of narrow emission lines in the spectrum of our SN Ibn
suggests that some CSM-interaction is certainly occurring. Here
we investigate whether this mechanism could be the dominant
source of energy for OGLE14-131. We adopt the semi-analytic
light curve model by Chatzopoulos et al. (2013), which models
the e↵ects of forward and reverse shock energy deposition, tak-
ing into account di↵usion, through an optically-thick CSM as-
suming that the typical shock crossing timescale is larger than
the e↵ective di↵usion timescale.

This model includes several parameters characterizing the
progenitor star and the explosion mechanism (ejecta mass, ex-
plosion energy, radius, inner and outer density structure) and
the CSM (density, density structure, opacity). Obviously, the
large number of parameters makes it easier to fit a light curve.
In particular, we can choose several sets of parameters to re-
produce both the rise and the linear (in magnitude) decline. In
Fig. 10 we show one example of a good CSM-interaction model
fit (green dashed line; see appendix for model parameters). The
CSM model can reproduce both the parabolic early light curve,
and the linear decline part of the light curve after peak rather
well.

The dense CSM (⇠10�10 g cm�3) in the models can be pro-
duced by an eruption or by a steady-wind prior to collapse.
While the exact formation scenario is not known, in accordance
with previous modeling work for Type Ibn SNe, (e.g., Chugai
2009; Elias-Rosa et al. 2015; Moriya & Maeda 2016), we as-
sume a constant-density CSM shell in our model. This putative
shell of CSM may have been ejected prior to explosion in an
eruptive mass-loss episode, such as the pre-explosion outburst
observed for SN 2006jc. We also tried using a model with a CSM
formed by steady-state mass-loss, but the high mass-loss rate re-
quired to form the dense CSM for this model was incompatible
with a steady wind scenario.

In Fig. 11, we present again the best CSM model for
OGLE14-131 (blue line), as well as another model (red line) that
better fits the fast rise of normal SNe Ibn and their early declin-
ing phase. For illustration, we also plot the SN Ibn template. The
two models have the same parameters controlling the early ris-
ing part of the light-curve, except that the fast rising one is built
by reducing both the ejecta mass and the CSM mass by 85%
and 65%, respectively. The reduction in expelled mass has the
e↵ect of both shortening the rise time, and increasing the peak
luminosity slightly.

8 This B field is similar to that estimated for SN 2001gh
(Elias-Rosa et al. 2015).

Fig. 11. CSM interaction models compared to the light curve of OGLE-
2014-SN-131 and the I band SN Ibn template. The only di↵erence be-
tween the two models is that the latter (red line) had its ejecta mass and
CSM mass reduced by 85% and 65%, respectively. No other parameter
has been changed. Since we do not know the average I-band bolometric
correction for a SN Ibn, we also plot the 1-sigma I-band template with
±1.0 mag bolometric correction. The model would still be consistent
with the template after we apply this bolometric correction, if we allow
the explosion energy to change by ±30% (see Sect. 6.3).

However, these are not the only parameters we can change
to fit the general shape of a SN Ibn light curve. For example, in-
creasing the explosion energy has the e↵ect of increasing the
peak luminosity, without a significant e↵ect on the rise-time
(Nicholl et al. 2015). We can also modify the progenitor radius,
explosion energy, CSM mass, and the parameters responsible
for the CSM density profile together to achieve a similar result.
We did not attempt to establish a grid of possible parameters.
However, Fig. 11 illustrates that by simply varying the CSM and
ejecta masses within a physically plausible range, we can repro-
duce the observed light curve quite comfortably.

Though we do not fit hybrid models due to the large number
of parameters involved, (a hybrid model would include all of the
parameters of each individual powering scenario), these multiple
powering scenario models, such as a combination of 56Ni decay
and CSM interaction (Chatzopoulos et al. 2013), could poten-
tially explain the light curve of OGLE14-131, as well.

7. Discussion

Given the spectral properties of OGLE14-131, the unprece-
dented long rise-time, and the broadness of its light curve, as
well as the model fits to the bolometric light curve: 1) we disfa-
vor the radioactive decay scenario, which cannot reproduce the
fast decline and the long rise simultaneously, while still fitting
the peak luminosity; 2) we cannot rule out the magnetar scenario,
whose model fits well to the bolometric light curve; 3) we favor
the CSM interaction scenario, which can potentially explain all
the observed properties.

In the CSM interaction scenario, we can also attempt to ex-
plain why OGLE14-131 rises over a longer timescale than usual
for SNe Ibn. In terms of the progenitor star, we make the ze-
roth order assumption that larger ejecta and CSM mass should be
produced by a star that is more massive than the typical SN Ibn
progenitor. Then, if SNe Ibn have a rather uniform set of pro-
genitors (Hosseinzadeh et al. 2017), and we therefore can use

A93, page 9 of 14

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629619&pdf_id=11


A&A 602, A93 (2017)

similar CSM interaction model parameters, we show in Fig. 11
that the primary di↵erence between a typical SN Ibn and the un-
usual light curve of OGLE14-131 could be due to the mass of the
progenitor. Hence, it is reasonable to conclude that what makes
OGLE14-131 special in the context of SNe Ibn is the nature of its
progenitor star, which was more massive than the usual SN Ibn
progenitors.

The large ejecta mass inferred for OGLE14-131 has impli-
cations for the progenitor evolution. In the single-star Binary
Population and Spectral Synthesis code (Eldridge & Stanway
2009, BPASS), models at Large Magellanic Cloud metallicity
(⇠1/2 solar), are able to lose their H envelope and form a large
enough CO core-mass to explain our ejecta mass estimate, at
MZAMS between 40 to 60 M�. OGLE14-131 evolved in a low-
metallicity environment (see Sect. 2), and therefore, it might
have been produced by a massive single star, according to these
models. Another possibility is that the progenitor was stripped of
its H envelope by a binary companion (Eldridge et al. 2008). A
massive progenitor near 60 M� in a low-metallicity environment
with rapid rotation could have an eruptive mass-loss history via
the pulsational pair instability (PPI; Woosley 2017).

From the light curve fitting (Sect. 6.3), we also favor the pres-
ence of a CSM shell around the SN progenitor instead of a wind-
like profile. While the exact eruptive mechanism responsible is
not known, gravity-wave induced mass-loss (Quataert & Shiode
2012), luminous blue variable (LBV) type mass-loss, or a PPI
(Woosley et al. 2007; Woosley 2017) could have formed the
CSM shell. The PPI mechanism is expected to naturally result
in CSM shells (Woosley et al. 2007).

The light curve of OGLE14-131 is broader and longer-rising
than any other SN of its type. This is true also for SN 2011bm,
which was likely the explosion of a very massive (MZAMS �
30 M�, and Mej ⇠ 7–17 M�) star (Valenti et al. 2012). The sim-
ilarity in relative light curve broadness and rise-time of the two
SNe as compared to their respective types could indicate that
OGLE14-131 also has an unusually massive progenitor, if the
light curve is nickel powered. Even in the CSM powering sce-
nario (Sect. 6.3), we show that the broad light curve of OGLE14-
131 compared to its class can be due to an unusually massive
progenitor.

The relatively fast (⇠3000 km s�1) CSM velocity that can
be deduced from the absorption minima in the spectrum is con-
sistent with the wind velocities of very massive WR stars, es-
pecially early-type WC and WO stars (Crowther 2007). A very
large MZAMS star that evolved into a WR star more massive than
usual likely produced OGLE14-131.

Hosseinzadeh et al. (2017) showed that SNe Ibn exhibit re-
markable homogeneity in their light curves for circumstellar
interaction powered SNe. Since slowly-evolving light curves
should be more readily observed, there is no observational bias
against the rarity of broad light curves in SNe Ibn. However, no
other SN Ibn, with as long a rise-time as OGLE14-131, has been
published in the literature. In fact, Hosseinzadeh et al. (2017)
showed that SNe Ibn exhibit remarkable homogeneity in their
fast-rising light curves. Therefore, the progenitor system and/or
the CSM configuration around OGLE14-131 must be unusual
compared to an ordinary SN Ibn. If, as we argue, OGLE14-131
has an unusually massive progenitor for a SN Ibn, then it is nat-
ural to expect a low number of OGLE14-131-like events, given
that such massive stars should be relatively rare.

8. Conclusions

Spectroscopy and multi-band photometry of OGLE14-131 have
been presented. Identification of prominent He i emission lines
classifies this SN as a Type Ibn. While, spectroscopically,
OGLE14-131 is identified as a normal SN Ibn, when compared
to other Type Ibn SNe, its broad light curve shows the longest
rise-time ever observed for this SN class. From the post-peak
multi-band photometry, a pseudo-bolometric light curve was
computed, and combined with the I-band light curve (after ap-
plying a bolometric correction), to also cover the rising part. An-
alytical light curve models fitted to this pseudo-bolometric light
curve disfavor a radioactive decay powered scenario. Instead, the
CSM interaction scenario, which is also supported by the narrow
emission line spectra of OGLE14-131, is preferred.

CSM model fits to the long rise-time require higher ejecta
and CSM masses for the progenitor of OGLE14-131 compared
to typical SN Ibn progenitors. Given the composition of the CSM
inferred from the spectra, and the long rise to peak, the most
likely progenitor scenario for OGLE14-131 is a massive WR
star. The relatively high wind velocity of ⇠3000 km s�1 means
that it is likely a WC or WO star, which can show faster winds.
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Krühler, T., Küpcü Yoldaş, A., Greiner, J., et al. 2008, ApJ, 685, 376
Lyman, J. D., Bersier, D., James, P. A., et al. 2016, MNRAS, 457, 328
Matheson, T., Filippenko, A. V., Chornock, R., Leonard, D. C., & Li, W. 2000,

AJ, 119, 2303
Mattila, S., Meikle, W. P. S., Lundqvist, P., et al. 2008, MNRAS, 389, 141
Moriya, T. J., & Maeda, K. 2016, ApJ, 824, 100
Nicholl, M., Smartt, S. J., Jerkstrand, A., et al. 2015, MNRAS, 452, 3869
Pastorello, A., Smartt, S. J., Mattila, S., et al. 2007, Nature, 447, 829
Pastorello, A., Mattila, S., Zampieri, L., et al. 2008, MNRAS, 389, 113
Pastorello, A., Benetti, S., Brown, P. J., et al. 2015a, MNRAS, 449, 1921
Pastorello, A., Hadjiyska, E., Rabinowitz, D., et al. 2015b, MNRAS, 449, 1954
Pastorello, A., Prieto, J. L., Elias-Rosa, N., et al. 2015c, MNRAS, 453, 3649
Pastorello, A., Wyrzykowski, Ł., Valenti, S., et al. 2015d, MNRAS, 449, 1941

Pastorello, A., Wang, X.-F., Ciabattari, F., et al. 2016, MNRAS, 456, 853
Pilyugin, L. S., Thuan, T. X., & Vílchez, J. M. 2003, A&A, 397, 487
Poznanski, D., Prochaska, J. X., & Bloom, J. S. 2012, MNRAS, 426, 1465
Quataert, E., & Shiode, J. 2012, MNRAS, 423, L92
Sanders, N. E., Soderberg, A. M., Foley, R. J., et al. 2013, ApJ, 769, 39
Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103
Smartt, S. J. 2009, ARA&A, 47, 63
Smartt, S. J., Valenti, S., Fraser, M., et al. 2015, A&A, 579, A40
Sollerman, J., Leibundgut, B., & Spyromilio, J. 1998, A&A, 337, 207
Stritzinger, M., Taddia, F., Fransson, C., et al. 2012, ApJ, 756, 173
Taddia, F., Sollerman, J., Leloudas, G., et al. 2015, A&A, 574, A60
Tody, D. 1993, in Astronomical Data Analysis Software and Systems II, eds.

R. J. Hanisch, R. J. V. Brissenden, & J. Barnes, ASP Conf. Ser., 52, 173
Tremonti, C. A., Heckman, T. M., Kau↵mann, G., et al. 2004, ApJ, 613, 898
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Appendix A: CSM model parameters

Since the CSM model has many parameters, we did not attempt
to optimize the fit to our light curve. Instead, we used our in-
tuition of the physically based parameters to obtain a visually
acceptable fit. For simplicity, we assumed a purely CSM pow-
ered scenario with no nickel. We used the following values for
the nature of the CSM: Mass of the CSM, MCSM = 0.5 M�;
the power-law exponent for the CSM density profile, s = 0;
the density of the CSM shell immediately outside the stellar
envelope, ⇢CSM = 0.55 ⇥ 10�10 g cm�3. We used the follow-
ing values characterizing the nature of the progenitor: the in-
ner density profile of the ejecta, � = 1; the explosion energy
ESN = 0.155 ⇥ 1051 erg; the radius of the progenitor, Rp = 1 R�;
the ejecta mass, Mej = 18 M�; the power-law exponent of the
outer ejecta component, n = 12. To set the di↵usion timescale of
the optically thick CSM, we also used  = 0.2 cm2 g�1 for the
opacity and a constant of � = 13.8.

For the model better fitting a typical SN Type Ibn, we did
not change any of the parameters above except for the ejecta and
CSM masses, which we multiplied by a constant of 0.15 and
0.35, respectively. The ejecta and CSM masses were changed to
better fit the rapid rise and slightly-higher peak luminosity of a
typical SN Ibn.

Appendix B: Photometry tables

Table B.1. Photometry of OGLE14-131 from the OGLE telescope.

MJD I-Mag I-error MJD V-Mag V-error

56 907.232 >21.62 _ _ _ _
56 924.169 >21.04 _ _ _ _
56 928.197 21.26 0.29 _ _ _
56 932.130 20.92 0.21 _ _ _
56 938.167 20.36 0.18 _ _ _
56 942.125 20.34 0.14 _ _ _
56 949.152 20.14 0.11 _ _ _
56 952.129 19.98 0.09 _ _ _
56 955.145 19.96 0.09 _ _ _
56 960.132 19.98 0.10 _ _ _
56 964.265 19.98 0.16 _ _ _
56 968.162 19.78 0.11 _ _ _
56 972.054 19.78 0.07 _ _ _
56 972.054 19.77 0.07 _ _ _
56 976.080 19.85 0.11 56 976.171 20.19 0.06
56 978.175 20.07 0.10 56 978.172 20.22 0.06
56 980.096 19.70 0.09 56 980.130 20.41 0.06
56 980.132 19.75 0.07 _ _ _
56 983.066 20.04 0.10 56 983.180 20.37 0.06
56 983.182 19.89 0.09 _ _ _
56 987.044 19.96 0.09 56 987.042 20.54 0.07
56 987.064 19.88 0.08 _ _ _
56 988.059 20.00 0.09 56 988.057 20.41 0.08
56 989.073 19.96 0.09 56 989.071 20.55 0.15
56 992.060 20.54 0.20 56 992.058 20.51 0.15
56 992.080 20.17 0.13 _ _ _
56 994.086 20.27 0.11 56 994.084 20.38 0.11
56 996.092 20.30 0.17 56 996.101 21.06 0.39
56 998.089 20.45 0.18 56 998.087 20.78 0.25
57 000.099 20.25 0.12 57 000.108 20.85 0.16
57 003.081 20.51 0.14 57 003.079 20.97 0.10
57 006.089 20.33 0.19 57 006.070 21.28 0.19
57 008.133 20.85 0.18 57 008.131 21.29 0.12
57 010.074 20.49 0.13 57 010.097 21.74 0.23
57 013.062 20.39 0.17 _ _ _
57 015.069 20.68 0.16 _ _ _
57 018.030 20.47 0.22 _ _ _
57 021.048 20.80 0.19 _ _ _
57 025.037 21.29 0.45 _ _ _
57 027.077 21.08 0.41 _ _ _
57 030.032 21.28 0.44 _ _ _
57 032.044 21.33 0.37 _ _ _
57 035.030 21.53 1.20 _ _ _
57 036.031 >21.31 _ _ _ _
57 039.031 >21.00 _ _ _ _
57 041.026 >20.84 _ _ _ _

Notes. Magnitudes are observed Vega magnitudes where no extinction
correction has been applied.
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Table B.2. Photometry of OGLE14-131 from GROND.

MJD Mag Error Filter

56 976.116 20.23 0.08 g0

56 984.055 20.62 0.04 g0

56 992.125 20.85 0.07 g0

57 000.072 21.25 0.07 g0

57 005.069 21.35 0.04 g0

57 012.065 21.52 0.04 g0

57 048.101 22.75 0.10 g0

57 075.060 23.43 0.12 g0

56 976.116 20.22 0.05 r0
56 984.055 20.52 0.02 r0
56 992.106 20.67 0.04 r0
57 000.072 20.96 0.03 r0
57 005.069 21.05 0.02 r0
57 012.065 21.18 0.02 r0
57 048.088 22.44 0.05 r0
57 075.060 23.07 0.09 r0
56 976.116 20.21 0.07 i0
56 984.055 20.35 0.03 i0
56 992.106 20.43 0.05 i0
57 000.072 20.74 0.04 i0
57 005.069 20.80 0.04 i0
57 012.065 20.95 0.04 i0
57 048.088 22.09 0.05 i0
57 075.060 22.90 0.14 i0
56 976.116 20.35 0.08 z0
56 984.055 20.51 0.05 z0
56 992.106 20.73 0.07 z0
57 000.072 20.89 0.07 z0
57 005.069 20.94 0.06 z0
57 012.065 21.20 0.06 z0
57 048.088 22.31 0.10 z0
57 075.060 23.10 0.23 z0
56 976.115 20.11 0.17 J
56 984.055 20.33 0.13 J
56 992.125 20.58 0.16 J
57 000.070 20.88 0.21 J
57 005.056 21.18 0.27 J
57 012.033 21.30 0.22 J
57 048.088 >21.72 _ J
57 075.060 >21.58 _ J
56 976.115 >20.58 _ H
56 976.115 >19.88 _ K

Notes. Magnitudes are observed magnitudes, (AB mags for optical,
Vega system for NIR) where no extinction correction has been applied.
Since there were no detections in the H and K bands, we only include
the first non-detection upper-limits from shortly after maximum light.
The typical absolute accuracies for GROND photometry are ±0.03 mag
in g0r0i0z0 and ±0.05 mag in JHKs.
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Table B.3. RA and Dec (J2000); magnitude and error in each of the GROND optical filters, g0, r0, i0, z0, of the comparison stars used for calibrating
the GROND data.

RA Dec g0-Mag g0-error r0-Mag r0-error i0-Mag i0-error z0-Mag z0-error
018.53470 –77.10966 20.019 0.012 19.207 0.005 18.892 0.009 18.700 0.014
018.46545 –77.10302 20.213 0.014 19.700 0.006 19.508 0.013 19.393 0.025
018.45547 –77.09666 20.762 0.019 20.188 0.010 19.942 0.018 19.743 0.035
018.39682 –77.10910 18.599 0.004 18.187 0.003 18.006 0.004 17.886 0.007
018.48157 –77.09346 18.489 0.004 17.766 0.002 17.458 0.003 17.253 0.005
018.52726 –77.08878 17.923 0.003 17.534 0.002 17.378 0.003 17.293 0.005
018.53799 –77.09974 21.240 0.031 19.935 0.007 19.222 0.012 18.835 0.017
018.57632 –77.11839 19.296 0.007 19.418 0.005 19.504 0.015 19.508 0.028
018.49474 –77.12227 19.827 0.010 19.330 0.005 19.120 0.010 18.985 0.019
018.64939 –77.11419 18.876 0.005 18.104 0.002 17.761 0.004 17.547 0.005
018.64473 –77.12138 20.718 0.019 19.338 0.005 18.635 0.007 18.289 0.011
018.39874 –77.08181 20.916 0.025 19.545 0.006 18.439 0.005 17.911 0.009
018.54510 –77.07533 19.584 0.009 19.222 0.005 19.054 0.011 18.947 0.020
018.39874 –77.08181 19.317 0.007 18.647 0.003 18.372 0.005 18.203 0.010
018.39907 –77.08963 19.951 0.011 19.391 0.005 19.156 0.011 18.986 0.017
018.57524 –77.09169 19.482 0.009 18.863 0.003 18.573 0.006 18.383 0.011
018.65228 –77.07655 19.724 0.009 19.280 0.004 19.069 0.011 18.952 0.018
018.39131 –77.09921 20.893 0.024 19.607 0.006 19.012 0.009 18.714 0.015
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