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Abstract

Multi-wavelength observations of supernovae (SN) not only probe the explosion
mechanism, but also carry information about the configuration of the star at the
moment of collapse and the mass-loss history of the progenitor system in the years
immediately preceding its death. The study of supernovae therefore offers a rare
observational view of the final stages of stellar evolution. As a result, the recent advent
of wide-field SN searches—which are discovering new classes of astronomical transients
at an ever-increasing rate—has both expanded the types of stellar systems that we can
directly probe and challenged theoretical models of the late-stages of stellar evolution.
This thesis explores several new regimes of transient space that have been opened by
these modern, wide-field, time domain surveys. We present a series of observational
studies which constrain the explosion properties, progenitor systems, and intrinsic rates

for several classes of peculiar astronomical transients.

First, we investigate the properties of transients that reach SN luminosities but
evolve on rapid timescales. We present a detailed study of the rapidly-declining
hydrogen-poor SN 2005ek, showing that it could be produced by the core-collapse of a
stripped massive star with a very small ejecta mass. We then describe results from the
first systematic search for rapidly-evolving and luminous transients in a wide-field survey

with a rapid cadence. Using data from the PanSTARRS1 Medium-Deep Survey (PS1-
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MDS), we both identified a new class of rapidly-evolving transients and calculated their
intrinsic rates—demonstrating that these explosions are not intrinsically rare. Second,
we utilize very early UV /spectroscopic observations and detailed multi-wavelength
follow-up of the stripped-envelope core-collapse SN 2013ge to place constraints on the
final configuration of the progenitor system. Finally, we investigate the progenitor stars
and mass-loss mechanism that operates in a class of luminous SN that explode within
a dense circumstellar medium (Type IIn SN). This is accomplished through a joint
analysis of the explosion properties and host galaxy environments for a large number of
events, including the full sample of Type IIn SN discovered by the PS1-MDS. We find
that luminous Type IIn SN explode in a wide range of galaxies which are are robustly
distinguished from the host galaxies of hydrogen-poor super-luminous SN in being more
luminous, massive, and metal-rich. Furthermore, we show that a significant fraction
of luminous Type IIn SN explode in the bright central regions of their host galaxies,
indicating that the physical conditions for star formation in these environments are

conducive for the formation of luminous Type IIn progenitors.
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Chapter 1

Introduction

An understanding of the lifecycle of massive stars is necessary for every subfield in
astrophysics. Through their ionizing radiation, powerful stellar winds, nucleosynthesis,
and explosive deaths as supernova (SN), massive stars give birth to black holes and
neutron stars, and play a large role in the dynamical and chemical evolution of the
universe. Although the study of massive stars is one of the oldest subfields in astronomy,
the recent advent of wide-field SN searches has launched an upheaval in the field of
stellar evolution. These new surveys are uncovering new types of astronomical transients
that challenge not only existing models for SN explosions, but also our understanding of

the physical processes that occur during the final years of massive stars’ lives.

This thesis presents a series of observational studies that constrain the explosion
properties, progenitor systems, and intrinsic rates for several classes of peculiar
astronomical transients. These studies explore new regimes of transient space that have
been opened by modern, wide-field, time-domain surveys. By probing new regimes of

the transient sky, we have increased the variety of explosions that we can directly probe,
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challenged our views of what mass-loss can occur in the final years before core-collapse,
and expanded our knowledge of what final states are possible in the evolution of massive

stars.

In this Chapter, we provide a brief introduction to modern time-domain studies
(Section 1.1), the rapidly expanding landscape of known SN types and theoretical
explosion mechanisms (Section 1.2), several ways transients can be used as probes
of stellar evolution (Section 1.3), and, finally, a summary of the specific topics and

contributions presented in this thesis (Section 1.4).

1.1 Transient Astronomy in the Era of Wide-Field

Time-Domain Surveys

Every time-domain survey must make decisions and compromises about its operating
procedures (e.g. cadence, depth, area, observing bands) based on its technological
capabilities and scientific goals. These decisions, in turn, fundamentally influence
both the quantity and types of transients that the survey is capable of detecting. As

a result, the field of time domain astronomy has been marked by several significant
revolutions that can be directly tied to advances in technology. For example, the shift
from photographic plates to CCD detectors in the 1990s significantly improved image
quality and facilitated the development of the first image subtraction and automatic
transient detection pipelines. Dedicated SN searches initiated during this time period
(e.g. the Calan/Tololo survey, Hamuy 2003; the Lick Observatory SN Search, Filippenko

et al. 2001a) increased the number of SN identified per year from tens in the late-1980s
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to hundreds by the early-2000s’.

Now, in the past decade, the development of large giga-pixel-class CCD cameras,
the availability of smaller science-grade CCDs at “off-the-shelf” prices, and significant
increases in computational power have combined to usher in a new era in the study
of transient phenomena. Surveys such as the Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS; Kaiser et al. 2010), the Palomar Transient Factory
(PTF; Law et al. 2009), and the All-Sky Automated Survey for Supernova (ASAS-SN;
Shappee et al. 2014) are now capable of imaging significant portions of the sky on
a nightly basis. These wide-field surveys have significantly influenced the field of

time-domain astronomy.

Due to the sheer volume surveyed, the transients detected each year now number in
the thousands. This has facilitated large statistical studies of the explosion properties and
host galaxy environments SN populations as well as the discovery of new, intrinsically
rare, classes of transient phenomena. Just as importantly, these technological advances
have provided more flexibly in survey design and have therefore opened up entirely new
regimes of the transient sky. For example, shorter survey cadences now allow us to
characterize transients at rapid timescales and probe known types of SN at very early
phases. Untargeted surveys and better image subtraction algorithms now allow us to
discover transients in a wide array of host environments, reducing potential biases in
statistical studies that are introduced when surveys only target a list of pre-selected
galaxies. Deeper images allow us to push to higher redshifts, where transients can act

as probes of the star formation history and chemical evolution of the universe. At the
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same time, advances in the sensitivity and availability of instruments and surveys in
other wavelength regimes (v-ray, X-ray, UV, infrared, radio) allow us to probe transient

phenomena produced by a wide array of physical emission processes.

1.2 The Expanding Landscape of Astronomical

Transients

As both the quantity and quality of SN data has increased, the establishment and
refinement of a consistent classification scheme for astronomical transients has proven to
be a useful tool in their study. By gathering together similar astronomical events, we
can use the aggregated observational data from statistically significant samples to place
constraints on the nature of the explosions and their progenitor systems. Traditionally,
supernovae are classified based on the elements present in their optical spectra (see,
e.g., Filippenko 1997). The main distinction is between events which show conspicuous
hydrogen in their spectra (Type II) and those that do not (Type I). Type I events
are then further separated into Type Ia SN, which display a strong Si IT absorption
trough near maximum light, and Type Ib/c SN which lack this feature. The latter are
sometimes subdivided into Type Ib SN, which possess prominent helium lines, and Type

Ic SN, which do not.

Through decades of observational and theoretical studies of these explosions, their
host galaxies, and their progenitor stars, a conventional interpretation linking the
largest observational classes SN to distinct progenitor systems/explosion mechanisms has

emerged. The two main models that are invoked to explain a majority of SN explosions
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are the thermonuclear explosion of a white dwarf which undergoes runaway nuclear
burning (Hoyle & Fowler 1960) and the gravitational collapse of a massive star (2 8
M) which has progressed through a series of advanced nuclear burning stages in its core

(Baade & Zwicky 1934).

In particular, the light curves and spectra of normal Type la SN are remarkably
consistent, and it is generally accepted that they are produced by the thermonuclear
explosion of an carbon-oxygen white dwarf (WD) in a binary system (see, e.g., reviews
by Woosley 1986; Hillebrandt & Niemeyer 2000; Wang & Han 2012). If the WD reaches a
critical mass/density—either through accretion or a merger—a runaway nuclear reaction
will be triggered in the highly degenerate stellar core. This can lead to an explosion
in which a substantial fraction of the available mass is burned to nuclear statistical
equilibrium, and the entire star is disrupted. The total energy budget of this explosion
is ~10%! erg (the binding energy of a WD) and the radioactive decay of 5°Ni synthesized
in the explosion powers optical emission (see., e.g., Woosley 1986). Lines of evidence
which support this progenitor scenario for Type Ia SN include the energetics and
elements present in the spectra of the explosions, the lack of observed neutron stars in
galactic Type Ia SN remnants, and the discovery of Type Ia SN in a wide variety of host
environments (including elliptical galaxies with old stellar populations) (see Hillebrandt
& Niemeyer 2000; Wang & Han 2012, and references therein). However, several large
open questions remain, with the most glaring being the nature of the binary system (e.g.
single degenerate or double-degenerate) and thus the sequence of events which triggers

the explosion.

In contrast, both Type II and Type Ib/c SN are generally understood to be

core-collapse explosions. The physical process that triggers the gravitational collapse
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can vary for stars in different initial mass ranges?, but the most commonly invoked is
the collapse of an iron core which can no longer support itself via electron degeneracy
pressure. The total energy budget of a typical core-collapse is ~10% ergs, of which ~99%
is carried away by neutrinos (see, e.g., Woosley 1986). Intriguingly, simulations have
found that the initial shock wave produced by the ‘bounce’ of infalling material off the
nuclear density proto-neutron star does not have enough energy to fully explode the star
(see Janka et al. 2007, and references therein). As a result, the physical mechanism which
revitalizes the shock wave, leading to an explosion with ~ 105! erg of kinetic energy is
still debated and is the topic of considerable theoretical /computational work. However,

the basic picture of core-collapse was confirmed by the detection of neutrinos from the

nearby Type IT SN 1987A (Hirata et al. 1987).

The various spectroscopic subclasses of core-collapse SN can be then be linked to
massive stars with different evolutionary histories. In particular, normal Type IT SN are
the core-collapse of massive stars which retain a large fraction of their hydrogen envelopes
until the ends of their lives, and have been directly identified as Red Supergiants (RSGs)
in pre-explosion images (Smartt 2009). In contrast, Type Ib/c SN represent the
explosion of stars which had their hydrogen envelopes removed prior to core-collapse,
either via massive star winds (e.g. Woosley & Weaver 1995) or binary interactions (e.g.

Podsiadlowski et al. 1992).

While this standard picture still remains, the advances in time-domain surveys

described in Section 1.1 have expanded and enriched the landscape of astronomical
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transients. Multiwavelength observations have revealed diverse properties amongst SN
of the same spectroscopic subclass, with a notable example being the association of ~1%
of Type Ib/c SN with long-duration Gamma-Ray Bursts (see, e.g., Woosley & Bloom
2006). Detailed spectroscopic coverage at a wide range of epochs have revealed a variety
of core-collapse SN which transition from one spectroscopic sub-class to another (e.g.
Filippenko 1988; Milisavljevic et al. 2013; Margutti et al. 2016), pointing to a wide range
of progenitor properties and evolutionary histories. Many additional subtypes of SN and
other classes of transients that fall entirely outside of the traditional classification scheme
have also been identified (e.g. calcium-rich transients, Type lax SN, luminous red novae,
rapidly-evolving transients, super-luminous supernovae). The properties of these new
phenomena are diverse and theoretical models have provided a wide range of potential
explosive origins (e.g. WD deflagrations, helium-shell detonations, stellar mergers, stellar
eruptions, tidal disruption events, pair-instability SN). Thus, on-going research in the
field of transient astronomy seeks to define and refine observational classes of events in

order to reveal the underlying physical processes which drive these explosions.

1.3 Transients as Probes of Stellar Evolution and

Mass-loss

This diversity of astronomical transients not only informs our knowledge of the physics
of stellar explosions, but also influences our broader understanding of stellar evolution.
First and foremost, by studying supernovae we learn about the final state in the evolution

of many stellar systems. The electromagnetic radiation that we observe from a given
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supernovae is influenced by the mass, radius, composition, and density structure of the
progenitor envelope at the time of collapse, as well as the kinetic energy and quantity
of radioactive material produced by the explosion itself. This final configuration is
the direct byproduct of the initial conditions (mass, metallicity, rotation, binarity)
and subsequent evolution (mass-loss, mixing, binary interaction) of the the progenitor

system.

As a result, the physical properties of SN progenitors that can be inferred
from observations, their intrinsic rates, and how these vary with host environment
(e.g. metallicity, star-formation rate, stellar density) provide critical benchmarks for
our theoretical understanding of star formation, stellar evolution, and SN feedback.
These observational constraints are vital because relatively small changes to adopted
prescriptions for effects such as rotationally induced mixing, convectional overshoot,
and RSG mass-loss—not to mention the treatment (or lack thereof) of more uncertain
evolutionary states such as common-envelope evolution in close binaries and eruptive
mass-loss—can drastically change theoretical predictions for the end points in models of
stellar evolution (see, e.g., Hirschi et al. 2004; Eldridge & Tout 2004; Heger et al. 2003;

Georgy 2012).

In addition, through the study of transients we have the ability to constrain the
physical behavior of SN progenitors in the decades and centuries before they explode.
When a SN blastwave expands, it collides with material located in its immediate vicinity.
The density of this circumstellar medium (CSM) is shaped by the mass-loss history of
the progenitor system. Electromagnetic signatures of this interaction therefore provide
us with another indirect means to link SN of various subtypes to known classes of stellar

systems as well as offering us one of our only observational views of the final stages of
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stellar evolution. For relatively low density environments, the shock-CSM interaction is
observed primarily in the radio and X-ray bands as synchrotron and inverse Compton
emission, respectively (Chevalier & Fransson 2006). However, for progressively denser
ambient media, the shock-CSM interaction will begin to contribute to—and eventually
dominate—the optical emission from a given transient (e.g. Chevalier & Fransson 1994;

Chugai & Danziger 1994).

1.4 Summary of Thesis Topics and Results

The sections above provide broad context for this thesis, which presents series of
observational studies which constrain the explosion properties, progenitor systems, and
intrinsic rates for several classes of peculiar astronomical transients. These studies
explores several new regimes of transient space that have been opened by modern
wide-field time-domain surveys (timescale, wavelength, host environment) in order to
probe the uncertain final stages of stellar evolution and the physics of stellar explosions.
In particular, we examine the properties of transients which evolve on very rapid
timescales (Section 1.4.1), utilize very early observations of hydrogen-poor SN to
constrain their progenitor structure (Section 1.4.2), and investigate the progenitors and
mass-loss mechanism that operates in a class of luminous SN which explode in a very
dense CSM (Section 1.4.3). The following subsections introduce each of these topics in

more detail, and summarize the results of our investigations.

The work presented in this thesis combines detailed multi-wavelength observations
of nearby SN with data from the PanSTARRS1 Medium Deep Survey (PS1-MDS). The

PS1-MDS was a wide-field, untargeted, survey with a daily cadence that operated from
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2010—2014, over which time we identified thousands of transients.

1.4.1 Rapidly-Evolving Transients

Rapidly-evolving transients are sources that reach SN luminosities but have timescales
an order of magnitude faster. While typical Type I SN spends ~20—40 days above
have of their peak luminosity, rapidly-evolving transients have characteristic timescales
<10 days. To date, only a small number of these events have been identified (Kasliwal
et al. 2010; Poznanski et al. 2010; Ofek et al. 2010; Drout et al. 2013, 2014). Prior to
the work presented in this thesis, the scarcity of rapidly-evolving transients was due to
an unknown combination of their intrinsic rates and the (in)efficiency with which many

optical transient surveys can identify transients at very short timescales.

Rapidly-evolving transients probe the extremes of both the configuration of the
progenitor star (e.g. mass, radius) and the explosion parameters themselves (e.g.
ejected mass, kinetic energy). As a result, they offer a unique means to study uncertain
channels for stellar death, with leading theoretical models including black hole formation
(Kashiyama & Quataert 2015), the formation of binary neutron star systems (Tauris
et al. 2013), and a range of explosive processes in binary WD systems (Shen et al. 2010).
Understanding the demographics of transients on short timescales, the true nature of the
explosions, and their intrinsic rates will therefore influence our understanding of stellar
evolution. Progress in this area requires not only detailed modeling of individual objects
but also the identification of large samples of events—a task which is now possible as
wide-field surveys such as the PanSTARRS1 Medium-Deep Survey (PS1-MDS) push to

shorter (~1 day) cadences.
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In Chapters 2 and 3 we present a pair of studies which investigate the explosion
properties, progenitors, and intrinsic rates of rapidly-evolving transients. Chapter 2
presents extensive multi-wavelength observations of the extremely rapidly declining
Type Ic SN 2005ek. Spectroscopic modeling reveals an ejecta mass of ~0.3 Mg that
is dominated by oxygen (~80%). Although previous rapidly-evolving Type I events
were hypothesized to be result from the detonation of a helium shell on a white dwarf,
oxygen-dominated ejecta are difficult to reconcile with this proposed mechanism. We find
that the properties of SN 2005ek are consistent with either the edge-lit double detonation
of a low-mass white dwarf, or the iron-core collapse of a massive star that is stripped
by binary interaction. However, if we assume that the strong spectroscopic similarity of
SN 2005ek to other Type Ic SN is an indication of a similar progenitor channel, then a
white-dwarf progenitor becomes very improbable. SN 2005ek may be one of the lowest

mass stripped-envelope core-collapse explosions ever observed.

Chapter 3 describes the first systematic search for rapidly-evolving transients,
and the resulting identification of 10 new transients with in the PS1-MDS. This work
tripled the number of known rapidly-evolving transients, and identified a new class of
events with high peak luminosities and very blue colors. We find it difficult to reconcile
the short timescale, high peak luminosity, and lack of UV line-blanketing observed in
many of these transients with an explosion powered mainly by the radioactive decay
of ®Ni. Rather, we find that many are consistent with either (1) cooling envelope
emission from the explosion of a star with a low-mass extended envelope that ejected
very little radioactive material, or (2) a shock breakout within a dense, optically thick,
wind surrounding the progenitor star. After calculating the detection efficiency for

objects with rapid timescales in the PS1-MDS we find a volumetric rate of 4800—8000

11
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events yr—t Gpc™ (4%—T7% of the core-collapse SN rate at z=0.2). This demonstrates
that rapid transients are not intrinsically rare. Few have been detected simply because
the previous generation of time-domain surveys were not designed to be efficient at the
shortest timescales. Instead, rapidly-evolving transients represent a significant channel

that we must understand to have a complete picture of stellar death.

1.4.2 Early Observations of Hydrogen-Poor Core-Collapse SN

The optical light curves of stripped-envelope core-collapse SN (Type Ib/c) are powered
predominately by the radioactive decay of **Ni synthesized during the explosion (e.g.
Arnett 1982). However, at very early phases (<5 days post-explosion) a number of other
emission sources could potentially contribute. These include cooling envelope emission
(sensitive to both the radius and envelope structure of the progenitor star Nakar &
Sari 2010; Rabinak & Waxman 2011), emission from a shock collision with a binary
companion (Kasen 2010), and emission from asymmetric outflows/ejections (e.g. Bersten
et al. 2013). As a result, very early phase observations offer a unique means to probe
both the physical state of the progenitor system at the time of the explosion as well as
the explosion mechanism itself. Rapid survey cadences now facilitate the discovery of SN
at earlier and earlier phases (Gal-Yam et al. 2014; Cao et al. 2015; Marion et al. 2016),

offering a new means to study these events.

In Chapter 4 we use very early phase and multi-wavelength observations to place
constraints on the final configuration of the progenitor system for a stripped-envelope
CCSN. We present extensive multi-wavelength observations of the Type Ib/c SN 2013ge,

which was discovered within ~2 days of explosion. These observations reveal an excess
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component of blue/UV emission at early times with a timescale/luminosity never
previously observed. We are left with two distinct progenitor scenarios for SN 2013ge,
depending on our interpretation of this early emission. If the first component is cooling
envelope emission, then the progenitor of SN 2013ge either possessed an extended
envelope—which is inconsistent with any hydrostatic envelope structure computed by
stellar models to date—or ejected a portion of its envelope in the final year before
core-collapse. Alternatively, if the first component is due to outwardly mixed *°Ni, then
our observations may be consistent with the asymmetric ejection of a clump of nickel-rich

material at high velocities.

1.4.3 Luminous Interacting Transients

Approximately 10% of core-collapse SN (dubbed Type IIn; Schlegel 1990) exhibit narrow
hydrogen emission lines in their spectra, indicative of the SN blast wave interacting
with a dense CSM (Smith et al. 2011; Chevalier & Fransson 1994; Chugai & Danziger
1994). The light curves and spectra of Type IIn SN can be used to estimate pre-SN
mass-loss rates and, in many cases, the derived values of 107 to 1072 My yr~! are
orders of magnitude higher than steady winds observed in evolved massive stars (Vink
et al. 2001; Crowther 2007). The origin of this dense CSM poses a challenge for models
of stellar evolution, as it implies that a subset of massive stars undergo intense (possibly
violent /eruptive) mass-loss in the years immediately preceding core-collapse. While
Luminous Blue Variables (LBVs) also undergo episodic/eruptive mass-loss these stars

are not predicted to explode as SN.

Type IIn SN span a wide range of observed properties (luminosities, timescales) and

13



CHAPTER 1. INTRODUCTION

are likely produced by multiple progenitor channels. Particularly puzzling has been the
recent discovery that some Type IIn SN reach luminosities 10—100 times that of normal
core-collapse SN, with total radiated energies > 10°! erg (e.g. Smith et al. 2007, 2008;
Rest et al. 2011). If powered primarily by shock heating due to ejecta-CSM interaction,
these super-luminous SN require intense mass-loss episodes of up to a My yr—! and dense
CSM shells of 210 Mg, (e.g. Smith & McCray 2008; van Marle et al. 2010; Chatzopoulos
et al. 2013). Both the progenitor stars for these luminous explosions and the mechanism
by which the expel such large quantities of mass are debated. Theoretical mass-loss
mechanisms include LBV-like eruptions (Smith et al. 2007), instabilities or wave-driven
mass-loss during late nuclear burning stages (Smith & Arnett 2014; Shiode & Quataert
2014), common-envelope evolution (Chevalier 2012), pulsational-pair instability (Woosley

et al. 2007), or the presence of a relic protoplanetary disk (Metzger 2010).

Progress in our understanding of the progenitors and mass-loss mechanism that
operate in luminous interacting transients can be made both by (a) using the explosions
themselves to constrain the full physical scale and density profile of the CSM and (b)
investigating the physical conditions which are required to produce the explosions by
studying their host galaxies and sub-galactic environments. Both of these endeavors
require large and unbiased samples of events. Luminous Type IIn SN are intrinsically
rare (Quimby et al. 2013), and hence, it is only in recent years that wide-field surveys

have made such studies possible.

These are the topics addressed in Chapters 5, 6 7, and 8, which contain preliminary
results from a large observational campaign to constrain the progenitors and mass-loss
mechanisms that operate in luminous interacting transients through a joint analysis of

their explosion properties and host galaxy environments.
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After brief background and motivation given in Chapter 5, Chapter 6 presents
the light curves and spectra for the full sample of 25 Type IIn SN discovered in the
PS1-MDS. These SN span a wide range in peak luminosity (—16 mag > M > —21 mag)
and timescale (12 days < tenar < 200 days), and include 10 events with peak luminosities
above 6 x 10% erg s™! and total radiated energies in excess of (0.3 — 1.0) x 10°! erg.
This represents a significant increase in the number of luminous interacting transients

with well-sampled, multi-band light curves available.

In Chapter 7 we report preliminary results from a comprehensive examination

of the global host galaxy properties of luminous interacting transients. Using optical
photometry and spectroscopy, we calculate luminosities, masses, and metallicities for
the host galaxies of a large sample of luminous and “standard-luminosity” interacting
transients from the PS1-MDS as well as other untargeted surveys. The host galaxies of
luminous interacting transients span a wide range in luminosity, mass, and metallicity,
and are robustly distinguished from those of hydrogen-poor super-luminous SN (SLSN-I),
in being more luminous, massive, and metal-rich. While a fraction of luminous Type IIn
SN do occur in dwarf galaxies with sub-solar metallicities, we observe that the physical
conditions present in these galaxies are not required to produce all luminous interacting

transients.

Finally, Chapter 8 presents results from the first statistical study of the sub-galactic
environments of luminous interacting transients. We determine that a significant
fraction of luminous Type IIn SN explode in the central regions of their host galaxies,
with a median normalized offset of (R/Rga50) = 0.42. This central concentration is
in excess of that predicted by an exponential disk profile and is in stark contrast to

standard-luminosity Type IIn SN for which a central deficit is observed. We conclude
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that the physical conditions of star formation in the bright inner regions of galaxies
(including Milky Way-like and SO galaxies) are conducive for the formation of luminous
Type IIn SN progenitors. Relevant factors may include stellar interactions or IMF

variations in dense nuclear star clusters or circumnuclear rings.
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Abstract

We present extensive multi-wavelength observations of the extremely rapidly declining
Type Ic supernova, SN 2005ek. Reaching a peak magnitude of My = —17.3 and decaying
by ~ 3 mag in the first 15 days post-maximum, SN 2005¢ek is among the fastest Type I
supernovae observed to date. The spectra of SN 2005ek closely resemble those of normal
SN Ic, but with an accelerated evolution. There is evidence for the onset of nebular
features at only nine days post-maximum. Spectroscopic modeling reveals an ejecta mass
of ~ 0.3 Mg, that is dominated by oxygen (~ 80%), while the pseudo-bolometric light
curve is consistent with an explosion powered by ~ 0.03 M, of radioactive Ni. Although
previous rapidly evolving events (e.g., SN 1885A, SN 1939B, SN 2002bj, SN 2010X) were
hypothesized to be produced by the detonation of a helium shell on a white dwarf,
oxygen-dominated ejecta are difficult to reconcile with this proposed mechanism. We
find that the properties of SN 2005ek are consistent with either the edge-lit double
detonation of a low-mass white dwarf or the iron-core collapse of a massive star, stripped
by binary interaction. However, if we assume that the strong spectroscopic similarity
of SN 2005¢ek to other SN Ic is an indication of a similar progenitor channel, then a
white-dwarf progenitor becomes very improbable. SN 2005ek may be one of the lowest
mass stripped-envelope core-collapse explosions ever observed. We find that the rate of

such rapidly declining Type I events is at least 1-3% of the normal SN Ia rate.
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2.1 Introduction

The advent of dedicated supernova (SN) searches has dramatically increased the rate
at which unusual transients are discovered. In particular, high-cadence surveys have
uncovered a diverse set of rapidly evolving events which reach SN luminosities (absolute
magnitude between —20 and —15) but have observed properties that challenge the
parameter space easily explained by traditional SN models (e.g., the collapse of the core

of a massive star, or the thermonuclear disruption of a white dwarf).

The plethora of objects that have been referred to as “rapidly evolving” include
both Type I (hydrogen poor) and Type II (hydrogen rich) events (see Filippenko 1997 for
a review of traditional SN classifications). Although the main physical process leading to
optical emission varies among supernovae, in all cases the characteristic timescale offers
insight into the amount of participating material. Rapid evolution typically implies
lower masses. For supernovae powered by hydrogen recombination (e.g., Types IIP, IIL)
and radioactive decay (e.g., Types Ia, Ib, Ic), rapid timescales indicate a low hydrogen
envelope mass and a short photon diffusion timescale, respectively. For supernovae
powered by interaction with external gas (e.g., Type IIn), a rapid decline implies a steep
decrease in circumstellar medium (CSM) density, and a short overall timescale implies a

small radius over which this material is located.

Among the Type I events labeled as rapidly evolving are the SN 1991bg-like SN Ia
(Filippenko et al. 1992; Leibundgut et al. 1993), the “calcium-rich” transients for which
SN 2005E is the prototype (Perets et al. 2010; Kasliwal et al. 2012; Valenti et al. 2014),
and some members of the recently defined Type lax supernovae (Foley et al. 2013).

They earn the title “rapidly evolving” because they decay by 1-2 mag in the first 15
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days post-maximum. Many of these objects possess peak luminosities lower than those
of normal SN I (2 —15 mag) and are thought to be powered by radioactive decay.
Although their host galaxies are diverse, members of the first two classes above have
exploded in elliptical galaxies. In addition, several luminous (M < —19 mag) transients
have been observed that decay on similar timescales, but show narrow hydrogen and/or
helium emission lines in their spectra, indicating that they are at least partially powered
by interaction with a dense CSM. These include the Type IIn SN PTF09uj (Ofek et al.

2010) and the Type Ibn SN 1999¢cq (Matheson et al. 2000).

However, the record for the most rapidly declining SN observed thus far does

not belong to any of these objects. SN 2002bj (Poznanski et al. 2010) and SN 2010X
(Kasliwal et al. 2010) easily outstrip them, declining by = 3 mag in the first 15 days
post-maximum. The ejecta masses inferred for these two events are very small (< 0.3
Mg), but their peak luminosities are within the typical range for SN Ib/Ic (=19 < M
< —17; Drout et al. 2011). These two facts, coupled with the lack of hydrogen in their
spectra (SN 2002bj is a SN Ib, SN 2010X a SN Ic), have led several authors to hypothesize
that they were produced by the detonation of a helium shell on a white dwarf (a “.Ia”
supernova; Woosley et al. 1986; Chevalier & Plait 1988; Bildsten et al. 2007; Shen et al.

2010; Waldman et al. 2011; Sim et al. 2012).

Two potential other members of this class include SN 1885A and SN 1939B (see, e.g.,
Perets et al. 2011; Chevalier & Plait 1988; de Vaucouleurs & Corwin 1985; Leibundgut
et al. 1991). While both SN 2002bj and SN 2010X were found in star-forming galaxies,
SN 1939B exploded in an elliptical, a fact suggestive of an old progenitor system.
However, while the post-maximum decline rates of these objects are similar, even the

well-studied events show differences in their other properties. SN 2002bj was ~ 1.5 mag
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brighter, significantly bluer, and exhibited lower expansion velocities than SN 2010X. It
has not yet been established whether all (or any) of these extremely rapidly declining

objects belong to the same class of events.

Here we present the discovery and panchromatic follow-up observations of
SN 2005¢ek, another very rapidly declining and hydrogen-free event that closely resembles
SN 2010X. In Section 2.2 we present our extensive multi-wavelength observations, while
in Sections 2.3-2.6 we describe the photometric and spectroscopic properties, explosion
parameters, and host-galaxy environment of SN 2005ek, respectively. Section 2.7
examines the rates of such transients. Finally, in Section 2.8, we discuss progenitor

channels that could lead to such a rapidly evolving explosion.

2.2 Observations

2.2.1 Discovery

SN 2005ek was discovered by the Lick Observatory Supernova Search (LOSS) using the
Katzman Automatic Imaging Telescope (KAIT; Filippenko et al. 2001b) on 2005 Sep.
24.53 (UT dates are used throughout this paper) with an unfiltered (clear) m ~ 17.5
mag. The object was not detected in previous KAIT images on Sep. 18.51 to a limit of
m =~ 19 mag, while subsequent imaging on Sep. 25.37 revealed that the transient had
brightened to m ~ 17.3 mag (Khandrika & Li 2005). SN 2005¢k is located in the outskirts

of its host galaxy, UGC 2526, with distance D = 66.6 £ 4.7 Mpc! and morphology Sb.
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Wong et al. (2005) obtained a spectrum of SN 2005ek on Sep. 26 with the Shane
3-m reflector (plus Kast spectrograph) at Lick Observatory and reported that SN 2005ek
was a “young supernova, probably of Type Ic.” After this spectroscopic identification,

we promptly initiated a panchromatic follow-up program spanning the radio, infrared

(IR), optical, ultraviolet (UV), and X-ray bands.

2.2.2 Palomar 60-inch Imaging

We obtained nightly multi-band images of SN 2005ek with the robotic Palomar 60-inch
telescope (P60; Cenko et al. 2006) beginning on Sep. 26.3 and spanning through Oct.
15.2. Each epoch consisted of 4-10 120 s frames in filters B, V, R, and I. All P60
images were reduced with IRAF? using a custom real-time reduction pipeline (Cenko
et al. 2006). Nightly images were combined using standard IRAF tools. Images of the

transient and host galaxy constructed from P60 data are shown in Figure 2.1.

For the P60 V' and R bands we obtained template images of the region surrounding
SN 2005ek on 2007 Aug. 16 (bottom panel of Fig. 2.1), after the SN had faded from view.
We subtracted the host-galaxy emission present in the template image using a common
point-spread function (PSF) method and then performed aperture photometry on the
resulting difference images. For the B and I bands, no suitable template images were
obtained, and we therefore performed PSF photometry on our stacked images directly.

A comparison of these two methods with our V- and R-band data revealed that the
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Figure 2.1.—: Top: R-band Palomar 60-inch (P60) image of SN 2005¢k, on the outskirts
of UGC 2526. The SN location is marked by red crosshairs. Bottom: P60 template image
of the region around SN 2005¢k, taken on 2007 Aug. 26.

resulting photometry was consistent within the measured uncertainties.

In all cases, we measured the relative magnitude of the SN with respect to five field
stars within the full 13’ x 13’ P60 field of view. Absolute calibration was performed
based on Sloan Digital Sky Survey (SDSS) photometry of the field stars (Ahn et al.
2012), converted to the BV RI system using the relations from Smith et al. (2002).
Our resulting P60 photometry is listed in Table 2.1 and shown as filled circles in the
main panel of Figure 2.2. These data reveal that the light curve reaches maximum at
mpg ~ 17.4 mag only ~ 9 days after the KAIT nondetection and subsequently decays

very rapidly in all bands.
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Figure 2.2.—: Photometry of SN 2005ek. P60 BV RI- and PAIRITEL JH K-band data
(circles) are respectively shown as cyan, green, orange, red, and three shades of violet.
Lick Observatory discovery observations and the pre-discovery nondetection are shown as
orange circles and a triangle with an asterisk inside. P200 gri-band data are shown as
green, orange, and red stars; triangles denote upper limits. A late-time FLWO r-band
detection is shown as an open orange circle. UVOT b- and v-band detections are shown
as blue and green squares in the main panel. UVOT u-, wl-, m2-, and w2 detections
(squares) and upper limits (triangles) are shown in the inset. Vertical lines in the main

40
MJD - 53640.0
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panel indicate epochs on which spectroscopy was obtained.
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2.2.3 Palomar 200-inch Imaging

On 2005 Oct. 11 and Dec. 5 we imaged SN 2005ek with the Large Format Camera
(LFC) mounted on the Palomar 200-inch (5 m) telescope in the ¢’, 7/, and ¢’ bands (120
s expsoures). Image processing and PSF photometry were performed using standard
packages within IRAF. We performed our absolute calibration using SDSS photometry
of field stars, in the same manner as described above. Our resulting photometry is listed
in Table 2.2 and supplements the P60 data in the main panel of Figure 2.2. On our final

epoch, the transient was only detected in the i band at ~ 21.5 mag.

2.2.4 Lick Observatory Imaging

The LOSS unfiltered images of SN 2005ek were reanalyzed for this work in the manner
described by Li et al. (2003). These include the discovery images (Sep. 24.5 and 25.4)
as well as an additional detection on Sep. 29.5 (orange circles with asterisks in Fig. 2.2;
also see Table 2.2). These detections indicate that SN 2005ek was discovered on the rise,
while our P60 observations, beginning on Sep. 26.3, show a continued rise for at most

one day before a very rapid decline.

2.2.5 FLWO Imaging

We supplement our photometry with the JH K data presented by Modjaz (2007; violet
circles in Fig. 2.2). These data were obtained on the PAIRITEL telescope at the Fred
Lawrence Whipple Observatory (FLWO) and are well sampled over the same time period

as the P60 observations described above. In addition, Modjaz (2007) obtained an r’-band
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detection with the FLWO 1.2 m telescope on 2005 Nov. 5 (open orange circle; Fig. 2.2).

2.2.6 Swift UVOT Imaging

Swift-UVOT (Roming et al. 2005) observations of SN 2005ek were triggered beginning
on 2005 Sep. 29. Seven epochs were obtained in the uvw2, vvm2, uvwl, u, b, and/or v
filters over a time period of 20 days. The data were analyzed following the prescriptions
of Brown et al. (2009) and photometry is based on the UVOT photometric system of
Poole et al. (2008) with the sensitivity corrections and revised UV zeropoints of Breeveld
et al. (2011). All data are listed in Table 2.3. The wvw2-, uvm2-, uvwl-, and u-band
data are shown in the inset of Figure 2.2, while the b- and v-band data are plotted as
squares in the main panel. The flux from SN 2005ek appears to fall off in the blue, with
only upper limits obtained in the UV bands. The spectral energy distribution (SED) of

SN 2005¢ek will be examined in more detail in Section 2.3.5.

2.2.7 Optical Spectroscopy

Between 2005 Sep. 17 and 2005 Oct. 8, we obtained eight low-resolution spectra of
SN 2005ek from the FAST spectrograph (Fabricant et al. 1998) on the FLWO 60-inch
Tillinghast telescope, the Kast double spectrograph (Miller & Stone 1993) on the 3-m
Shane reflector at Lick Observatory, the DEIMOS spectrograph (Faber et al. 2003)
mounted on the Keck-IT 10-m telescope, and the 9.2-m Hobby-Eberly Telescope (HET)
at McDonald Observatory. Technical details for all of our spectroscopic observations are
summarized in Table 2.4, and the epochs on which they were obtained are marked by

dashed vertical lines in Figure 2.2.
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Table 2.1. P60 Photometry
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Table 2.2.  KAIT/P200 Photometry
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Table 2.4. Optical Spectroscopy
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The spectra were reduced in the manner described by Matheson et al. (2008),
Blondin et al. (2012), and Silverman et al. (2012). Standard IRAF routines were used
to subtract the overscan region and flatfield the two-dimensional CCD frames using a
combined and normalized flatfield image. One-dimensional spectra were extracted and
wavelength calibrated using comparison lamps obtained immediately following each
exposure. The FAST, Kast and DEIMOS spectra were flux calibrated utilizing a set of
custom IDL routines which fit spectrophotometric standards to the data. In addition,
these routines apply a small shift to the wavelength calibration after cross-correlating
night-sky lines with a template night-sky spectrum, apply a heliocentric correction, and
use the spectrophotometric standards to remove telluric absorption features from the
SN spectra (see, e.g., Matheson et al. 2000). The HET spectrum was flux calibrated in

IRAF and no telluric correction was made.

All eight spectra are displayed in the top panel of Figure 2.3, where the FAST
and Kast spectra have been smoothed with windows of 11 A and 7 A, respectively.
A thorough analysis of the spectroscopic features and evolution of SN 2005ek will be
performed in Section 2.4. The spectra closely resemble those of the rapidly declining

SN 2010X (bottom-left panel of Fig. 2.3).

We obtained two spectra of the host galaxy, UGC 2526, with the Blue Channel
Spectrograph (Schmidt et al. 1989) on the 6.5-m MMT on 2011 Feb. 22 and 23. The first
observation was positioned on the explosion site, while the second was on the galactic
nucleus and aligned along the major axis of the galaxy. No strong nebular emission lines
were detected in the explosion-site spectrum. Reduction, extraction, flux calibration, and
telluric correction were performed in the manner described above, and the final spectrum

centered on the galaxy nucleus is shown in the bottom-right panel of Figure 2.3. Weak,
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Figure 2.3.—:  Top: Optical spectra of SN 2005¢ek (see text for details). FAST and Kast
spectra have been smoothed with windows of 11 A and 7 A, respectively. Lower left:
Comparison of the +1 day spectrum of SN 2005ek with the —4 day spectrum of SN 2010X
(Kasliwal et al. 2010). Lower right: Spectrum of the host galaxy, UGC2526. Major
features are labeled.

narrow Ha and [N II] emission lines are evident, along with a red continuum.

2.2.8 Radio Observations

We observed SN 2005ek with the Very Large Array (VLA) on 2005 Sep. 29 under our
Target-of-Opportunity program to study the nonthermal properties of local Type Ib/Ic

supernovae® . At 8.46 GHz we did not detect a coincident radio source, and we place an
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upper limit of £, < 128 pJy (20) on the flux density. At a distance of ~ 67 Mpc, this
corresponds to a radio luminosity of L, < 7 x 10% ergs s=! Hz~!. This value is a factor

of ~ 7 above the peak radio luminosity observed for the subluminous radio supernova

SN 2007gr (Soderberg et al. 2010).

2.2.9 X-ray Observations

SN 2005ek was also observed with the X-ray Telescope (XRT; Burrows et al. 2005))
onboard Swift (Gehrels et al. 2004a) beginning on 2005 Sep. 28. The data were analyzed
using the latest version of the HEASOFT package available at the time of writing (v.
6.13) and corresponding calibration files. Standard filtering and screening criteria were
applied. All XRT data were coadded, resulting in a final 13 ks map spanning 19 days
(median time of arrival = 7.44 days). No X-ray source is detected coincident with

SN 2005ek with a 30 upper limit of F, < 1.3 x 10" ergss™' cm™2 (unabsorbed, 0.3-10
keV energy band). The Galactic neutral hydrogen column density in the direction of
the SN is 1.0 x 10! cm=2 (Kalberla et al. 2005). At D ~ 67 Mpc this yields a 3¢ limit

on the luminosity of L, < 6.9 x 10" ergs s=' Hz 1.

This value lies above the peak
luminosity level for all but the most X-ray loud SN I at a similar time after explosion

(e.g., SN 1998bw; Pian et al. 2000) .
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2.3 Light-Curve Properties

2.3.1 Reddening

Reddening due to the Milky Way in the direction of UGC 2526 has a value of

E(B — V) =0.210 mag, according to the infrared dust maps of Schlegel et al. (1998). In
order to estimate the host-galaxy contribution to the total reddening, we examine our
spectra for evidence of narrow Na I D lines, which have been shown to correlate with
extinction due to dust (Turatto et al. 2003; Poznanski et al. 2012). It is only in our
highest signal-to-noise ratio (S/N) spectra (DEIMOS, +9 days) that we see weak Na I D
absorption at the redshift of UGC 2526 with an equivalent width EWy, 1 p ~ 0.31 A.
Using the empirical relation of Poznanski et al. (2012), this implies E(B — V )pest & 0.03
mag. Given the low level of this inferred effect, combined with the uncertainties in the
Na I D relation (e.g., Poznanski et al. 2011), we incorporate this value into our error
budget for E(B — V). Throughout this paper we adopt an Ry = Ay /E(B —V) =3.1

Milky Way extinction curve with a total reddening value of E(B — V') = 0.21070 00 mag.

2.3.2 Optical Light-Curve Evolution

In the left four panels of Figure 2.4 we display our BV RI light curves, normalized to
peak magnitude and epoch along with the BV RI light curves for other SN I which have
previously been referred to as fast or rapidly evolving (black circles). These include the
rapid Type Ic SN 19941 (Richmond et al. 1996), the “calcium-rich” Type Ib SN 2005E
(Perets et al. 2010), the SN 1991bg-like Type Ia SN 1998de (Modjaz et al. 2001), and the

extremely low-luminosity SN 2008ha (Foley et al. 2009, 2010; Valenti et al. 2009). Also

33



CHAPTER 2. SNZ2005EK

©SN2005ek B ©SN2005¢ek v aRaa e R L
OF BSN2002bj E OSN2002bj
*SN1939B +SN1885A
e Other Rapid Type | SN ® Other Rapid Type | SN
3 1E 3
L) L k
[+ . e -18
3 2F " T 3 ) ‘!‘\"‘ o
2 3 e L.
4] e Y . SN
g 3 )h'l‘:* Je . E #%37» ."\"\k
3 L e *‘*ﬁf&# . -17
4F Rox X, 3 E:n
. : o =
SE 3 Tt g
©SN2005ek @ SN2005ek s _ L
oF B3N20025 Ri w3N20025] ] = —16
#*SN2010X" = ® Other Rapid Type | SN
e Other Raopid Type | SN R
S 1F o~ 3 A
& A S
z 2fF \:::‘_\‘\\ 3 \“%\ —15} @ sn2005ek
2 S C
$ \:;: hR \_‘M_\** m SN2002bj
3k E3 o E
é" S S R % SN2010X
3 ) % 7 E3 T —14} 1
sE v ¥ E ol b b b b b
! . ! : ! . ! : -5 0 5 10 15 20
o 2 40 60 o 2 40 60 Time Since Max (days)
Time Since Max (days) Time Since Max (days)
Figure 2.4.—:  Left: Light curve of SN2005ek (colored circles), normalized to peak

magnitude/epoch and compared to other rapidly evolving supernovae of Type 1. The
other events are SN 19941, SN 2008ha, SN 1998de, SN 2005E (black circles), SN 2002bj
(colored squares), and SN 2010X (colored stars; R-band panel only). Right: R-band
absolute magnitude light curves of SN 2005ek (purple circles), SN 2002bj (blue squares),
and SN 2010X (magenta stars). When error bars are not visible they are smaller than the
plotted points.

shown are SN 2010X (Kasliwal et al. 2010; colored stars), SN 2002bj (Poznanski et al.
2010; colored squares), SN 1885A (de Vaucouleurs & Corwin 1985; Perets et al. 2011;

plus signs), and SN 1939B (Leibundgut et al. 1991; Perets et al. 2011; asterisks).

From Figure 2.4 it is clear that SN 2005ek is an outlier even among rapid Type I
supernovae, decaying by 2 3 mag in 15 days and showing an unusually linear decline
immediately post-maximum. However, our final 7 and i’ detections do show evidence
for a change in slope around 20-30 days post-maximum. We can place an upper limit
of ~ 0.029 mag day~! on the late-time i’-band slope of SN 2005¢ek by comparing the

two P200 7" detections. Both the timing of this transition and the late-time slope are
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comparable to those of the other rapid SN I plotted in Figure 2.4, although SN 2005ek

decays by 1-2 mag more before settling onto this late-time tail.

Basic properties for the BV RIJHK bands are given in Table 2.5. We find the
R-band peak epoch by fitting a low-order polynomial to the P60 R-band light curve
supplemented with the Lick unfiltered photometry (which most closely mimics and is
calibrated to the R band; Li et al. 2003). This yields a peak epoch (MJD) of 53639.9
+ 0.3 day. Unless otherwise noted, all phases throughout this paper are in reference to
R-band maximum. After correcting for distance and reddening we derive peak absolute
BV RI magnitudes ranging from —16.72+0.15 (B band) to —17.38 £0.15 (I band). This
places SN 2005¢ek at a peak optical magnitude very similar to SN 2010X and ~ 1.5 mag
below SN 2002bj, SN 1885A, and SN 1939B. In the right panel of Figure 2.4 we compare

the absolute R-band light curves of SN 2005ek, SN 2010X, and SN 2002bj.

In order to quantify the rapid decline of SN 2005ek we calculate the time over which
the magnitude declines by a factor of e7! (7,), the number of magnitudes the light
curve declines in the first 15 days past maximum (Am;s), and the linear decline rate in
magnitudes per day. The first two quantities are calculated by linearly interpolating our
data, and are measured with respect to the observed peak magnitude/date. The decline
rates are estimated from linear least-square fits to the data between +2 and +16 days.
Uncertainties for all properties listed in Table 2.5 were estimated using a Monte Carlo

technique to produce and analyze 1000 realizations of our data®.

Our best constraint on the rise time of SN 2005ek comes from the nondetection in




CHAPTER 2. SNZ2005EK

Table 2.5. Basic Photometric Properties
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a LOSS search image obtained on Sep. 18.5 (only ~ 9 days before the observed R-band
maximum). Despite this relatively short time frame, the upper limit of ~ 19 mag only
moderately constrains the explosion epoch (Figure 2.2). We can infer that SN 2005ek

rose slightly faster than its initial decline.

One of the most distinctive features of SN Ia is the tight correlation between
light-curve peak magnitude and decay rate. This is in stark contrast to SN Ib/Ic, which
have been shown to fill a large portion of this parameter space (Drout et al. 2011).

In Figure 2.5 we plot peak absolute magnitude versus Amy; for SN 2005ek and other

supernovae of Type L.

The left panel of Figure 2.5 displays these values as measured in the B band, which
allows for a comparison with the well-studied Phillips (1993) relation for normal SN Ia
(Phillips et al. 1999; grey shaded region and solid black line) and the steeper relation
found by Taubenberger et al. (2008) (dark blue points and dashed black line) for “fast”
SN Ia, as well as SN 1939B. Also shown in this panel are the literature sample of SN Ib/Ic
from Drout et al. (2011) (red points), the SN Iax sample from Foley et al. (2013) (light
blue points), and several other peculiar Type I events. The right panel, measured in
the R band, allows for a comparison to the full sample of SN Ib/Ic from Drout et al.
(2011) as well as SN 2010X (for which r was the only well-sampled band obtained). We
also include SN 1885A which was observed in a photographic band which most closely
resembles modern day V-band. SN 2005ek falls well outside the phase space covered by
normal SN Ib/Ic and is inconsistent with a simple extrapolation of either of the two

SN Ia scaling relations.
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Figure 2.5.—: Absolute magnitude versus Am;s for a variety of SN in the B band (left
panel) and R band (right panel). Normal SN Ia are represented by a black line and
shaded region. SN 1991bg-like SN Ia are shown in dark blue, SN Iax are shown in light
blue, SN Ib/Ic are shown in red, SN 2005E is shown in black, and SN 2002bj, SN 2010X,
SN 1885A, SN 1939B and SN 2005ek are shown in green. SN 2005ek is highlighted by a
star. Note the observations obtained for SN 1885A are actually closer to modern day
V-band. Objects plotted in Figure 2.4 are labeled.

2.3.3 Color Evolution

In Figure 2.6 we plot the B — V., V — R, and R — I colors for SN 2005¢ek, along with
the color evolution for other rapidly evolving events. Also displayed is the Lira relation
(Phillips et al. 1999) which describes the remarkably similar B — V' color evolution for
SN Ta between 30 and 90 days past V-band maximum (dashed line; top panel). In the
middle panel we also show the SN Ib/Ic template color curve from Drout et al. (2011)
(grey shaded region). Drout et al. (2011) demonstrated that dereddened SN Ib/Ic

show a very similar V' — R color evolution with a minimum dispersion at ~ 10 days
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Figure 2.6.— B —V,V — R, and R — I color evolution for SN 2005¢ek (stars) and other
rapidly evolving SN (circles). See text for details.
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In the first ~ 20 days post-maximum, the B — V and V' — R colors of SN 2005¢ek
appear consistent with those of other rapidly evolving SN I: they exhibit a steady
reddening with time and tentative evidence for the onset of a plateau between ~ 10 and
15 days. Although the R — I colors of SN 2005ek also show a steady reddening, they do
so at a much steeper rate than the other events displayed in Figure 2.6. Because this
unusual evolution is present only in R — I, it cannot be fully explained by a rapid cooling
of the SN ejecta, but must be caused, in part, by a strong spectroscopic feature. Indeed,
from Figure 2.3 we see that by +9 days the emission component of the Ca II near-IR

triplet (which falls solidly inside the I band) has grown substantially.

Although the colors of SN 2005ek are broadly consistent with those of other SN I,
they vary substantially from those of SN 2002bj. SN 2002bj appears much bluer than
any other object in B — V' and actually shows very little color evolution in either V' — R

or R — I until the final epoch, when it drastically reddens.

2.3.4 Spectral Energy Distribution

In Figure 2.7 we plot the UV-optical-IR spectral energy distribution (SED) of SN 2005ek
from Sep. 30 (3 days post-maximum). Like many SN I near maximum brightness, the

SED of SN 2005ek peaks in the optical. Blackbody fits to various portions of the SED

yield temperatures clustered around 7000 K (Fig. 2.7, red curve). This likely represents
a lower limit on the true temperature due to the strong UV line blanketing produced by
iron-peak elements in the spectra of SN I (see, e.g., Mazzali & Lucy 1993; Bongard et al.
2008). Detailed modeling of the photospheric spectra reveals an ionization temperature

of 9000-10,000 K near maximum brightness (Section 2.4).
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Figure 2.7.—: UV through IR spectral energy distribution of SN 2005ek at three days
post-maximum. Upper limits are indicated as triangles and bandpass shapes are shown
in the lower panel. The best-fitting 7000 K blackbody is shown as a red line.

2.3.5 Pseudo-Bolometric Light Curve

To construct a pseudo-bolometric light curve we sum our observed BV RIJH K data by
means of a trapezoidal interpolation and attach a blackbody tail with a temperature
and radius found by fitting a Planck function to the data. For epochs where we do not
possess JHK data we add a factor to our summed BV RI data such that the total IR
contribution ranges from ~ 20% near maximum to ~ 40% at the end of our observations
(Valenti et al. 2007). We do not include a UV correction as our Swift UV observations

contain only upper limits. Using this method, we find a peak bolometric luminosity of
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(1.2 £ 0.2) x 10" ergs s™! and a total radiated energy between —1 and +16 days of

(8.240.3) x 1077 ergs.

We also use the r’-band detection at +38 days and the i’-band detection at +68
days to place constraints on the late-time pseudo-bolometric evolution of SN 2005ek.
First, we sum the observed flux at each epoch over the width of the appropriate filter to
yield estimates for the minimum bolometric luminosity at +38 and +68 days. Second,
by comparing the luminosity contained in our P200 7/i’-band observations at +15 days
to our inferred bolometric luminosity at that epoch, we find that at +15 days the »/
and i’ bands contained ~ 15% and ~ 14% of the bolometric luminosity, respectively.
We use this fact to estimate a maximum pseudo-bolometric luminosity at +38 and 468
days under the assumption that the ' and ¢’ contributions to the total luminosity will
continue to increase. The true bolometric luminosity likely lies closer to the higher of

these two constraints.

In Figure 2.8 we plot our pseudo-bolometric light curve of SN 2005¢ek (red stars)
along with the pseudo-bolometric light curves of SN 19941 (Richmond et al. 1996),
SN 2008ha (Moriya et al. 2010), SN 2002bj (Poznanski et al. 2010), SN 2010X (Kasliwal
et al. 2010), SN 2005E, and SN 1998de. These last two were constructed in the manner
described above from the photometry of Perets et al. (2010) and Modjaz et al. (2001).
The bolometric curve of SN 2010X was constructed by computing vF), in the r band.
A similar analysis of SN 2005ek yields a pseudo-bolometric curve which is broadly
consistent with our analysis above, but declines slightly more rapidly. The hatched region
in Figure 2.8 represents our constraints on the late-time pseudo-bolometric evolution of

SN 2005ek.
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Figure 2.8.—: Pseudo-bolometric light curve for SN 2005¢ek (red stars) along with those of
several other rapidly evolving supernovae (circles). The red circles show our constraints on
the late-time pseudo-bolometric luminosity of SN 2005¢ek based on single-band detections.
The hatched region is meant to guide the eye.
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2.4 Spectroscopic Properties

The spectra of SN 2005ek shown in Figure 2.3 show considerable evolution over a short
time period, and most closely resemble those of normal SN Ic. In Figure 2.9 we compare
the maximum-light and transitional® spectra of SN 2005¢k to a set of SN Ic (SN 2010X,
SN 19941, SN 2007gr, and SN 2004aw). SN 2005ek reaches the transitional phase much
faster than the other events but the spectroscopic similarities at both epochs are clear.
Of the events displayed in Figure 2.9, only SN 2010X decays on a timescale similar to
that of SN 2005ek. The others possess Amys p values ranging from ~ 1.4 (SN 19941) to

~ 0.4 (SN 2004aw).

In this section, we examine the spectroscopic properties and evolution of SN 2005ek
utilizing two modeling techniques. Initial line identifications and estimates of
photospheric velocities were made with the spectral synthesis code SYN++ (Thomas
et al. 2011)%. This analysis offers information about the ions present in a particular
ionization state and spectral range, allowing one to cover a large parameter space with
minimal time and computational resources. In addition, we model a subset of the spectra
using a one-dimensional Monte Carlo radiative transport code developed for SN outflows
(Mazzali & Lucy 1993; Lucy 1999; Mazzali 2000), which allows quantitative assessments
of ion abundances to be made. Using the results of both techniques, we compare several
distinctive spectroscopic features of SN 2005ek to those of other SN I and comment on

the consequences for explosive nucleosynthesis.
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Figure 2.9.—  Comparison of SN2005ek (red) and other well-studied SN Ic (black;
SN 19941, SN 2004aw, SN 2007gr, and SN 2010X). Strong similarities are seen. top: Near
maximum light. The regions around C II A6582 and O T A\7774 are shaded. bottom:
Transitional spectra. The region around O I A7774 and C I A\9095 are shaded.
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2.4.1 SYN++ Evolution and Photospheric Velocities

SYN++ is a parameterized spectral synthesis code which allows empirical fitting of SN
spectra without a priori assumptions of the ejecta’s density and composition structure.
It operates under the assumption of spherical symmetry, homologous expansion (radius
proportional to velocity), a sharp photosphere, and a pseudo-blackbody continuum
level. Line formation is due to pure resonant scattering (treated using the Sobolev
approximation) and Boltzmann statistics are utilized to determine the relative line
strengths for a given ion. For more details, see Branch et al. (2002), and Thomas et al.

(2011).

In Figure 2.10 we show three representative SYN++ fits, covering the evolution of
SN 2005ek between —1 and +9 days. Major spectroscopic features are labeled. In all
cases, the excitation temperature was set to 10,000 K and we chose an exponential form
for the optical depth profile. The photospheric velocity used in these fits ranges from

~ 9000 km s™! (day —1) to ~ 7000 km s~! (day +9).

The near-maximum-light spectra of SN 2005¢ek can be modeled with a combination
of O1, C II, Mg II, Si II, Ca II, Ti II, and some Fe IT at 8000-9000 km s~!. S II is also
included, although evidence for it is very weak. Between the —1 day and maximum-light
models Na I was added to describe the feature near 5700 A. In Figure 2.11 we present
the individual ion components of the maximum-light model. Also displayed (blue,
lower panel) is a model constructed from the same set of ions for the —4 day spectrum
of SN 2010X. This highlights the similarities between the spectra of SN 2005ek and

SN 2010X and demonstrates that our fitting scheme is equally applicable to both events.
Despite growth in the emission component of the Ca II near-IR triplet, the +9
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Figure 2.10.—: SYN++4 model fits to the —1 day, maximum-light, and +9 day spectra of
SN 2005¢ek (red lines). Observed spectra are shown in black. Major spectroscopic features
are labeled.

day spectrum of SN 2005¢ek still shows a partial environment of resonant-line scattering,
indicating it can be approximately modeled with SYN++. By this epoch, the Si IT and
C II features found near maximum light have already faded. A majority of the features
can be attributed to Fe IT and O I, along with Na I, Ca II, and a decent fit to C I A9095
(consistent with the presence of C II at earlier epochs) at ~ 7000 km s~'. SYN-++
fits to the intermediate epochs are consistent with the decrease in velocity, increase in
prominence of Fe IT and Ti IT features, and decrease in prominence of the C IT and Si II

features between the maximum-light and +9 day spectra.
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Figure 2.11.—:  top: SYN++ model for the maximum-light spectrum of SN 2005¢ek,

separated by ion. bottom: Full model (red) along with a similar model constructed for
the —4 day spectrum of SN 2010X (blue). Observed spectra are shown in black.
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2.4.2 Abundance Modeling

To obtain quantitative estimates of the elemental abundances present in the ejecta of
SN 2005ek, we also model the —1 day, maximum-light, and +9 day spectra with the
one-dimensional Monte Carlo radiation transport code described by Mazzali & Lucy
(1993), Lucy (1999), and Mazzali (2000). The code assumes spherical symmetry and
that radiation is emitted as a blackbody at a lower boundary (a pseudo-photosphere).
The SN ejecta are defined by a run of density vs. velocity (an “explosion model” )
and a depth-dependent set of abundances. Energy packets are allowed to interact with
the ejecta gas via excitation processes and electron scattering. The state of the gas is
computed according to that of the radiation using a lambda iteration and adopting the
modified nebular approximation (Mazzali & Lucy 1993), while the emerging spectrum is
computed by formally solving the transfer equation in a final step (Lucy 1999; Mazzali
2000). This method has been successfully applied to both SN Ia (e.g., Mazzali et al.

2008) and SN Ib/Ic (e.g., Sauer et al. 2006).

In order to model the rapidly evolving spectra of SN 2005¢ek we first had to establish
a reasonable explosion model. The fast light curve and moderate velocities indicate
a small ejecta mass. We experimented with different possibilities, and found that a
model with mass ~ 0.3 Mg and Ex =~ 2.5 x 10°° ergs provides a reasonable match
to the evolution of the spectra. The distribution of density with velocity resembles a

scaled-down W7 model (Nomoto et al. 1984).

Using this model, and assuming a rise time of 14 days, we were able to reproduce
the spectroscopic evolution of SN 2005ek (Fig. 2.12). As the photosphere recedes inward,

each model epoch constrains a larger amount of the ejected material. With spectral
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Figure 2.12.—:  One-dimensional Monte Carlo radiation transport models for the —1

day (top panel), maximum-light (middle panel), and +9 day (lower panel) spectra of
SN 2005ek. Observed spectra are shown in black, models in red. Regions showing excess

with respect to the +9 day model, which may represent the onset of nebular features, are
shaded (grey).

coverage out to +9 days we are able to probe the outer ~ 0.2 My, (~ 66%) of the ejecta.

20



CHAPTER 2. SNZ2005EK

The results are qualitatively consistent with the SYN++ line identifications given
above. However, abundances do not necessarily correlate with line strength. Notably, the
strength of the O I A7774 line requires a high oxygen abundance, so that the composition
is dominated by oxygen (~ 80%). Fe is present and is responsible for the absorption
near 5000 A, while Ti and Cr are also important for shaping the spectrum near 4000 A,
but small abundances are sufficient for this as well as for Ca, despite the strength of the
near-IR triplet absorption. Smaller fractions of Mg, C, and Si are also present; Mg II
lines leave a strong imprint in the earlier spectra, especially in the red (features at 8900 A
and 7600 A, the latter in a blend with the stronger O I line), but also in the blue (4481 A,

which is the stronger contributor to the absorption near 4000 A).

The composition shows little or no variation between the three epochs. The ejecta
are dominated by oxygen (~ 86%), with intermediate mass elements such as C, Mg, Si,
and limited amounts of S and Ca contributing ~ 13.5% and iron-peak elements (Fe, Ni,

Cr, Co, Ti) contributing only ~ 0.5%.

2.4.3 Notable Spectroscopic Features

The ions utilized in the models above are typical of SN I. However, several features

warrant further discussion in the context of SN 2005ek.

Carbon Features

The C II A6582 feature near 6400 A is noticeably prominent in the near-maximum-light
spectra of SN 2005ek. Its strength is comparable to the Si IT A6355 feature. This is due

in part to the relative weakness of the Si IT feature, which, in the one-dimensional Monte
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Carlo models presented above, is caused by a combination of the low overall Si abundance
(~ 2%) and the relatively low-density environment. However, the strength of the C II
feature is unusual in its own right, and it is still present several days post-maximum

(Fig. 2.3).

In SN Ia, carbon features trace the distribution of unburned material from the
carbon-oxygen (C-O) white dwarf. C II features are observed in ~30% of SN Ia
although they are rarely either this strong or after maximum light (Howell et al. 2006;
Thomas et al. 2007; Parrent et al. 2011; Silverman & Filippenko 2012; Folatelli et al.
2012). In general, the detection of carbon is also considered to be unusual in SN Ic.
However, all the spectra shown in Figure 2.9 also show evidence for a notch in this
region (highlighted in grey), exemplifying the spectroscopic similarity of these objects.
This feature was specifically identified as C I in SN 2007gr (Valenti et al. 2008) and
SN 2004aw (Taubenberger et al. 2006), while it is more debated in SN 19941 (Wheeler
et al. 1994) where features are broader and, hence, more blended. In the bottom panel
of Figure 2.9, we also highlight the region around the feature we identify as C I A\9095.
A similar notch is seen in SN 2007gr. Note that despite the strength of the C II feature,

the inferred carbon to oxygen abundance ratio is still small (~0.02).

Iron-Peak Features

In the —1 day spectrum of SN 2005¢ek the broad feature between 4600 A and 5200 A,
attributed mainly to Fe 11, is noticeably weaker than in the pre-maximum-light spectra
of other SN Ic (top panel of Fig. 2.9). The depth of the feature does increase in later

epochs (Fig. 2.3 and Fig. 2.13). Attempting to replicate this feature with other iron-peak
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elements produces less satisfactory model spectra.

The presence of a strong Ti II feature around 4400 A is one of the distinctive
spectroscopic features of the rapidly-declining SN 1991bg-like SN Ia. Although Ti IT is
also identified in the models above, the lack of a strong Si II absorption line (another

distinctive feature of SN 1991bg-like SN) distinguishes SN 2005¢ek from these events.

Helium Features

None of the models presented above include helium. However, although its presence is
not required, our data do not completely rule out its presence. Due to the similarity
in wavelength of He I (A5875, A6678) to Na I A5890 and C IT A6582, some ambiguity
between ions can result (e.g., Kasliwal et al. 2010). In our case, the lack of features
between 5200 A and 5800 A in the —1 day spectrum (see Fig. 2.9) would require any
such helium features to have increased in strength after maximum light. This would
not be inconsistent with our abundance models, where we required an increase in
sodium abundance to model the Na I feature in the +9 day spectrum. However, He I
is difficult to excite (Mazzali & Lucy 1998; Dessart et al. 2012), especially in relatively
cool radiation fields like those of SN 2005ek, and we have no direct evidence for helium
emission. We find that the lack of helium in our fits does not require the presence of
aluminum as implied by Kasliwal et al. (2010). Rather, a majority of the SN features

can be reproduced with a combination of Fe IT and Na I.
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Nebular Features

The +9 day spectrum of SN 2005ek appears to be transitional between the photospheric
and nebular phases, with the Ca II near-IR feature significantly influenced by net
emission. In addition, there are slight excesses with respect to both the SYN++ and
Monte Carlo models near 5500 A, 6300 A, and 7300 A (shaded regions, bottom panel,
Fig. 2.12) which may be due to the emergence of [O I] A5577, [O I] AX6300, 6364, and
[Ca II] AAT291, 7324 in emission. This may represent the earliest onset of nebular

features in a SN I observed to date.

2.4.4 Comparison to SN 2002bj

The decline rate of SN 2005¢ek is most closely matched by SN 2002bj and SN 2010X and
in Figure 2.13 we compare the spectra of these three objects. While SN 2010X possesses
very similar spectroscopic features at both early and late times (with moderately higher
photospheric velocities), the spectroscopic similarities between SN 2005ek and SN 2002bj

are less clear.

Poznanski et al. (2010) model SN 2002bj with SYNOW, finding that a majority
of features can be fit with intermediate-mass elements (C, Si, S) and helium at the
relatively low velocity of ~ 4000 km s~!. Notably absent from their fit were any iron-peak
elements. This is in stark contrast to the maximum-light spectra of SN 2005ek where
both iron and titanium play a significant role, and sulfur is not required. Indeed, the first
spectrum of SN 2002bj (top, Fig. 2.13) shows a significantly bluer continuum than any
of the spectra obtained for either SN 2005ek or SN 2010X. This spectrum was obtained

seven days post-maximum. By +11 days (when a second, lower quality, spectrum was
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Figure 2.13.—:  Comparison of SN 2005ek, SN2010X, and SN 2002bj spectra. top:
“Early”-time spectra. bottom: “Late”’-time spectra. No spectra from a similar phase
are available for SN 2002bj.

25



CHAPTER 2. SNZ2005EK

obtained), SN 2002bj appears to show a distinctly different morphology in the blue
(Fig. 2.13). The continuum is more depressed in the region between 3000 A and 5500 A,
with features that appear similar to those attributed to iron-peak elements in SN 2005ek.

This spectroscopic evolution is clearly distinct from that of SN 2005ek and SN 2010X.

2.4.5 Consequences for Nucleosynthesis

The ejecta of SN 2005ek are dominated by oxygen. Unlike the “calcium-rich” objects,
such as SN 2005E whose ejecta was ~ 50% calcium (Perets et al. 2010), this does not
necessarily imply an unusual nucleosynthetic channel. Oxygen-dominated ejecta are
common in models of SN Ic which are due to core collapse in a stripped C-O star. In that
situation, the large oxygen abundance is due to a combination of the initial composition
along with partial carbon burning. In contrast, producing oxygen-dominated ejecta
via primarily helium burning (the mechanism invoked in the “.Ia” scenario) is not
straightforward. Perets et al. (2010) use a one-zone model to examine the explosive
nucleosynthetic outputs of He, C, and O mixtures at several temperatures. None of their

helium-dominated trials yield oxygen-dominated ejecta.

2.5 Power Source and Explosion Parameters

The optical light curves of normal SN Ia and SN Ib/Ic are powered mainly by the
radioactive decay of °Ni. For SN 2005¢k, the change in light-curve slope between +20
and 440 days (Figure 2.8) points to radioactive decay as a possible power source.

However, the initial decay timescale as well as the almost linear post-maximum decline
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are unusual. In this section we examine whether a 5°Ni power source is consistent with

the observations of SN 2005¢k described above.

For the purposes of simplified analytic models, the bolometric light curves of
SN Ib/Ic are usually divided into two regimes as follows. (a) The photospheric phase,
when the optical depth is high and the shape of the light curve is dependent both on the
rate of energy deposition and the photon diffusion time scale (Arnett 1982). In normal
SN Ib/Ic, the effects of radiative transfer result in an initial post-maximum decline
rate which is slower than *Ni — %Co decay (Drout et al. 2011). (b) The nebular
phase, when the optical depth has decreased and the SN luminosity is determined by
the instantaneous rate of energy deposition. Normal SN Ib/Ic enter this stage at a late
epoch (2 60 days;Valenti et al. 2007) when the dominant energy source is expected to be
%o — %Fe decay. The late-time slope of SN Ib/Ic light curves are well matched by this
decay rate when the effects of incomplete gamma-ray trapping are included (Clocchiatti

& Wheeler 1997; Valenti et al. 2007).

The time when a SN will transition to the second of these two phases is determined in
large part by the total ejecta mass and kinetic energy of the explosion. In SN 2005ek, both
the small inferred ejecta mass (~ 0.3 M) and the early onset of nebular spectroscopic
features indicate that the assumption of optically thick ejecta may break down within a
few days of maximum light, making the models of Arnett (1982) inapplicable. Further,
we note that the early portion of the pseudo-bolometric light curve appears linear, and
decays at a rate of 0.15 mag day~!, comparable to the 0.12 mag day~! given by *Ni —
%Co decay. In Figure 2.14 we again plot the pseudo-bolometric light curve of SN 2005¢k.

Also shown are lines which describe the decay rate of *Ni — *°Co and *°Co — °°Fe.
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With this early decay rate as motivation, we construct a model for the entire
post-maximum pseudo-bolometric light curve of SN 2005ek based on the instantaneous
rate of energy deposition from the °Ni — *°Co — Fe decay chain. The model is similar
to the nebular phase model of Valenti et al. (2007), although we allow for incomplete
trapping of the gamma-rays produced from *Ni — %6Co decay. One effect of incomplete
trapping at this early phase is that the light curve should decay by a larger number of
magnitudes before settling onto the *°Co tail. This prediction is in good agreement with

our comparison of SN 2005¢k to other SN I in Section 2.3.2 (see Fig. 2.4).

Under these assumptions, the luminosity of the SN can be modeled as (Valenti et al.
2007, Sutherland & Wheeler 1984, Cappellaro et al. 1997; we use the notation of Valenti

et al. 2007)
L(t) = SN(7) + S%(y) + Sg2(v) + S (KE),

where the four terms describe the energy due to gamma-rays from nickel decay,
gamma-rays from cobalt decay, gamma-rays from the annihilation of positrons created
in cobalt decay, and the kinetic energy of positrons created in cobalt decay, respectively.

These are given by

SNi(V) = MNi€Ni€_t/7Ni(1 — e_F/t2)
SC(~) = 0.81 x Eco(1 — e~ F/0?)
SC(y) = 0.164 x Eco(1 — e~ F/D)(1 — = (@/07)

S(KE) = 0.036 x Eco(1 — e (G707,
where

Eco = Myi€go(e170 — e7t/m),
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Figure 2.14.—: Radioactive models for the pseudo-bolometric light curve of SN 2005¢k.
Black lines show the decay rates for %Ni, %Co, *Cr, and **V, assuming full trapping of
gamma-rays. The gold curve shows the best-fit model described in the text, assuming ~
0.03 M, of ®Ni, a luminosity which tracks the instantaneous energy input, and incomplete
gamma-ray trapping.
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Table 2.6. Derived Explosion Parameters
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The incomplete trapping of gamma-rays and positrons is incorporated with the
terms (1 —e~F/9%) and (1 — e~(@/9*). F and G are constants such that the gamma-ray
and positron optical depths decrease by a factor proportional to ¢t=2 as expected for an
explosion in homologous expansion (Clocchiatti & Wheeler 1997) and are functions of
the total ejecta mass, kinetic energy, and density distribution of the ejecta (Clocchiatti
& Wheeler 1997). Using this model with My; = 0.03 My, F' = 12.8 days, and G ~ 16.1F
(Valenti et al. 2007), we find the gold curve shown in Figure 2.14 which matches the early
decay rate of SN 2005ek and is also consistent with our late-time constraints. Adopting

the parameterization of Valenti et al. (2007) where F' ~ 32 M o /+/
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change in light-curve slope observed between +20 and 440 days. In addition, in order to
fit both of our late-time luminosity constraints with ¥V decay, we would require nearly
full gamma-ray trapping (~ 0.05 mag day~!, five times steeper than °Co), which is
inconsistent with our low derived ejecta mass. Thus, although we cannot completely rule
out some (especially early) contributions from other radioactive decay chains, we find
that our observations are consistent with SN 2005ek being powered by the radioactive
decay of ~ 0.03 My of Ni. We summarize this and our other inferred explosion

parameters in Table 2.6.

2.6 Host Galaxy: UGC 2526

2.6.1 Global Properties

SN 2005ek exploded in the outskirts of UGC 2526, an edge-on spiral galaxy of morphology
Sb. In Figure 2.15 we show the SED of UGC 2526, which was compiled from the
SDSS (Ahn et al. 2012) and IRAS (Miville-Deschénes & Lagache 2005) catalogs and
supplemented with upper limits from our radio observations described in Section 2.2.
Also shown is an Sb model template from the SWIRE database (Silva et al. 1998).
Using this template, we derive a star-formation rate (SFR) of ~ 2-5 Mg yr=! (Yun

& Carilli 2002; Kennicutt 1998). SN 2010X, SN 2002bj and SN 1885A also exploded in

star-forming galaxies.

UGC 2526 has a low radio luminosity when compared to the Sb template which
provides a best fit at other wavelengths. According to Chakraborti et al. (2012) this

can be explained if electrons responsible for producing the radio synchrotron emission
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Figure 2.15.—: SED for UGC 2526 (circles) and the best-fit Sb galaxy model (grey line).

undergo significant inverse-Compton losses. Synchrotron and inverse-Compton losses are
proportional to the energy density in magnetic fields and seed photons, respectively. The
energy density of a characteristic Milky-Way-like magnetic field of ~ 5 uG is ~ 10712

ergs cm 2. We estimate that the bolometric luminosity of the host galaxy contributes an
energy density of ~ 3 x 10712 ergs cm ™2 which could lead to significant inverse-Compton

losses.

We measure the metallicity of UGC 2526 using our host-galaxy spectrum centered
on the galaxy nucleus (Section 2.2). Ha and [N II] line fluxes were measured using
the Markov Chain Monte Carlo (MCMC) technique described by Sanders et al. (2012)
and, using the relations of Pettini & Pagel (2004), we find the metallicity of the UGC

2526 to be 12 +1og (O/H)pposne = 8.79 £ 0.06. This value is approximately solar”.
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This metallicity measurement may be affected by absorption from the underlying stellar
population, although Ha should be relatively less affected than HfS, resulting in a slight
overestimation of the actual metallicity. For typical SN host galaxies the correction factor
is on the order of 0.05 dex and in extreme cases ~ 0.2 dex. Additionally, the relatively

high [N II] contribution suggests that the galaxy may be weakly active (probably a

LINER; e.g., Ho et al. 1997).

2.6.2 Explosion-Site Properties

The explosion site of SN 2005ek is offset nearly 30 kpc (1.5) in projection from the center
of UGC 2526, which possesses a major diameter of Dos &~ 69 kpc. This places SN 2005ek
at the extreme high end of the distribution of offsets seen for all SN subtypes (Prieto
et al. 2008; Kelly & Kirshner 2012a), which is especially notable because SN Ib/Ic
typically exhibit smaller offsets than SN II and SN Ia. This large offset, coupled with
the observation of metallicity gradients in many spiral galaxies (Zaritsky et al. 1994),
implies that the explosion-site metallicity is likely lower than the value we measured in
the galaxy nucleus. In contrast, SN 2010X, SN 2002bj, and SN 1885A all exploded with

low projected offsets (Kasliwal et al. 2010; Poznanski et al. 2010; Perets et al. 2011).

The lack of nebular emission lines in the explosion-site spectrum allows us to place a
strict limit on the amount of star formation within the 1” slit (~ 0.3 kpc at the distance
of UGC 2526). We measure a 3¢ upper limit on the Ha line flux of 3.3 x 1037 ergs s7*,
which corresponds to an upper limit on the local SFR of 2.6 x 107* My, yr~! (Eq. 2,
Kennicutt 1998). While this value is an order of magnitude below the mean Ha flux

measured for H II regions associated with core-collapse supernovae in the sample of
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Crowther (2012), negligible Ha flux at the explosion site of a core-collapse supernova
is not unprecedented. Only 21 of 39 supernovae in the Crowther (2012) sample show

evidence for an associated H II region.

However, a much higher fraction of SN Ib/Ic are associated with H II regions
compared to SN II (70 + 26% versus 38 + 11%; Crowther 2012). This trend may reflect
the fact that massive stars with M < 12 My, (which are expected to explode as SN II)
have lifetimes longer than the roughly 20 Myr lifetimes of giant H II regions. Thus, the
lack of observed H II emission makes the explosion site of SN 2005ek more comparable to

those of SN II and is consistent with a progenitor older than ~ 20 Myr.

2.7 Rates

SN 2005ek was discovered as part of the LOSS survey, which achieved a high level
of completeness. From the LOSS data, Li et al. (2011) constructed volume-limited
samples of Type Ia and core-collapse supernovae out to distances of 80 Mpc and 60 Mpc,
respectively, which were used to derive relative rates for various SN subtypes. Although
SN 2005ek was not included in this original analysis®, we can use the LOSS data to
obtain a rough estimate for the relative rate of SN 2005ek-like transients. SN 2002bj was
also discovered by the LOSS survey, and we derive two sets of rates below, one of which

assumes SN 2002bj and SN 2005ek are members of the same class of objects.

The LOSS volume-limited SN Ia sample contains 74 objects and is 99% complete to
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a distance of 80 Mpc. In order to estimate the incompleteness correction for SN 2005ek,
we examine the correction factors for SN 2002dk and SN 2002jm, two SN 1991bg-like
objects with peak magnitudes similar to that of SN 2005ek. Li et al. (2011) find that
both objects are ~ 97% complete to a distance of 80 Mpc. This correction factor is based
on a combination of peak magnitude and light-curve shape, and should therefore be
taken as an upper limit for the completeness factor of the rapidly declining SN 2005ek.
If the completeness factor of SN 2005ek lies between 50% and 100%, we may estimate
that the rate of such transients is ~ 1-2% of the SN Ia rate. If we include SN 2002bj in
the same category of objects as SN 2005¢ek, this rate rises to ~ 2-3% of the SN Ia rate.
These rates should be taken as lower limits, and are consistent with those estimated by
Poznanski et al. (2010) and Perets et al. (2011). It should also be noted that Poisson

errors in this small number regime are large.

2.8 Possible Progenitor Channels

The observations and analysis presented above allow us to examine several possible
progenitor models for SN 2005ek. SN 2005ek shows a very rapid post-maximum decline,

!, colors which redden with time, and photospheric

a peak luminosity of ~ 10%? ergs s~
velocities which evolve from ~ 9000 km s~! near maximum to ~ 7000 km s~! at +9 days.
Spectroscopic modeling reveals a small ejecta mass (0.3-0.7 M) which is predominantly
oxygen (~ 85%), with smaller amounts of other intermediate-mass elements (Mg, C,
Si) and an explosion kinetic energy of (2.5-5.0) x10% ergs. The pseudo-bolometric

light curve is consistent with an explosion powered by ~ 0.03 M, of %Ni, assuming a

non-negligible fraction of the gamma-rays escape at early times. This assumption is
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consistent with our low inferred ejecta mass and the emergence of nebular features at
only 9 days post maximum light. Finally, both the large offset and low level of Ha
emission from the explosion site of SN 2005ek are consistent with a progenitor older than

~ 20 Myr.

A robust progenitor model should be able to reproduce all of the above properties.
In addition, if one accepts that the spectroscopic and compositional similarities between
SN 2005ek and other normal SN Ic imply that they should have a common class of
progenitors, the model should be capable of producing a variety of observed decline rates
and ejecta masses. Possible progenitor channels can be divided into two classes: those
involving a white dwarf (WD) or neutron star (NS) and those involving a massive star.

We examine both below.

2.8.1 Degenerate Objects

Explosion models involving degenerate objects make attractive models for faint, rapidly
evolving transients, as they naturally predict small ejecta masses. In addition, the old
stellar environment of SN 2005¢k is consistent with a progenitor system containing at
least one degenerate object. Here we discuss several specific scenarios in the context of
SN 2005ek: the accretion-induced collapse of a WD, a WD-NS or NS-NS merger, and the

detonation of a helium shell on a low-mass WD.

Accretion-Induced Collapse (AIC)

Under certain circumstances, when an accreting WD nears the Chandrasekhar mass,

electron capture may occur in its core, causing it to collapse to a NS rather than undergo
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a thermonuclear explosion (Nomoto & Kondo 1991). Modern simulations suggest that
the subsequent bounce and neutrino-driven wind can lead to the ejection of a small
amount of material, producing a weak, rapidly evolving transient powered by radioactive
decay (e.g., Metzger et al. 2009; Darbha et al. 2010; Fryer 1999; Fryer et al. 2009). The
observational properties of these AIC transients should vary if the AIC is caused by the

merger of two WDs rather than the collapse of a single degenerate object.

The single-degenerate case is unlikely to produce a transient similar to SN 2005ek.
The simulations of Dessart et al. (2006) predict ejecta masses and explosion energies of
~ 1072 My and ~ 10% ergs, respectively, an order of magnitude below those inferred
for SN 2005ek. This is evident in the far-left panel of Figure 2.16, where the theoretical
light curves of Darbha et al. (2010; black lines) are significantly faster and fainter than
those of SN 2005¢ek (red stars). In addition, the predicted velocities are on the order of
0.1c, and a majority of the ejecta is likely processed to nuclear statistical equilibrium,
implying a dearth of intermediate-mass elements (Darbha et al. 2010; Metzger et al.

2009; Fryer 1999).

An AIC due to the merger of two WDs may be “enshrouded” (Metzger et al. 2009)
by ~ 0.1 Mg of unburned material left in a remnant disk (Yoon et al. 2007). This material
will be shock heated by the ensuing explosion, potentially synthesizing intermediate-mass
elements, as well as slowing the initially rapid ejecta velocity. However, models of Fryer
et al. (2009) suggest that this heating may lead to a transient which peaks in the UV

bands, inconsistent with our observations of SN 2005ek.
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Figure 2.16.—: Comparison of the pseudo-bolometric light curve of SN 2005¢ek (red stars)
to theoretical light curves. far left: Two AIC models from Darbha et al. (2010). Both
models are calculated for My = 1072 Mg. middle left: The NS-NS merger from (Metzger
et al. 2010), the WD-BH merger from (Metzger 2012), and the WD-NS merger from
(Metzger 2012). middle right: Two “.Ja” models from (Shen et al. 2010). Models 1 and
2 represent the detonation of a 0.1 M He shell on a 1.0 My WD and a 0.05 M He shell
on a 1.2 My WD, respectively. far right: Two edge-lit double-detonation models from
Sim et al. (2012). Models 1 and 2 represent a 0.21 Mg, He shell on a 0.58 Mg and 0.45

Mg WD, respectively.
WD-NS/NS-NS Merger

Both NS-NS and NS-WD mergers have also been theorized to produce faint optical
transients. In the former case, r-process nucleosynthesis is thought to occur during
the ejection of neutron-rich tidal tails, yielding a rapidly evolving transient with peak
luminosities between 10 and 102 ergs s=! (Metzger et al. 2010; Roberts et al. 2011;
solid line, center left panel of Figure 2.16). However, similar to the single-degenerate

AIC scenario described above, the ejecta masses are lower (~ 1072 M), ejecta velocities
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are higher (~ 0.1c) and the nucleosynthetic yields are inconsistent (mainly r-process
elements) with our observations of SN 2005ek. In addition, using improved r-process
opacities Barnes & Kasen (2013) find that these transients may be fainter, longer lived,

and significantly redder than previously hypothesized.

In contrast, the tidal disruption of a WD by a NS or BH yields a set of explosion
parameters at least broadly consistent with those observed for SN 2005ek. By examining
the evolution of and nucleosynthesis within the accretion disk formed during the
disruption Metzger (2012) produce a set of models with ejecta masses between 0.3 and
1.0 Mg, ejecta velocities between 1000 and 5000 km s—!, synthesized Nickel masses
between 1072 and 1072 M, and peak luminosity between 10%° and 10! ergs s—1!.
The disruption of a larger WD yields a transient with a larger ejecta mass, expansion
velocity, and nickel mass. Two example light curves are shown as dashed lines in the
middle-left panel of Figure 2.16. Although the curves fall slightly below our observations
(a consequence of the slightly lower inferred nickel mass) the shape is reproduced.

In addition, because the outer layers of the disk do not burn to nuclear statistical
equilibrium, the final ejecta composition is at least qualitatively consistent with our
results for SN 2005ek (mainly O, C, Si, Mg, Fe, and S), although the exact compositional
fractions may not be reproduced. In particular, in order to synthesize enough °Ni to

power SN 2005ek, the current models would require a total ejecta mass greater than 1.0

M.
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Helium-Shell Detonation

Finally, we examine the detonation of a helium shell on the surface of a WD, a model for
which numerous theoretical light curves and spectra have been produced (e.g., Woosley
et al. 1986; Shen et al. 2010; Fryer et al. 2009; Waldman et al. 2011; Sim et al. 2012)
and which has been invoked to explain a number of unusual recent transients (e.g.,
SN 2005E, Perets et al. 2010; SN 2002bj, Poznanski et al. 2010; SN 2010X, Kasliwal et al.
2010; SN 1885A Chevalier & Plait 1988). The term “.Ia,” which is often associated with
this explosion mechanism, was used by Bildsten et al. (2007) to describe the specific
case where the detonation occurs after mass transfer within an AM CVn binary system.
In this case, the predicted helium-shell mass at the time of detonation is relatively
small (< 0.1 M), which leads to a faint (—15 > Mgz > —18 mag) and rapidly evolving
transient. In the center-right panel of Figure 2.16, we show two “.Ia” model light curves

from Shen et al. (2010). SN 2005¢k falls comfortably between the two.

However, despite the similarity in light-curve morphology, the “.Ia” model in its
basic form fails to reproduce the inferred abundances of SN 2005ek. The detonation
of a predominately helium shell should yield ejecta dominated by calcium, iron-peak
elements (especially titanium), and unburned helium, with a notable absence of other
intermediate-mass elements (Shen et al. 2010; Perets et al. 2010). As discussed in
Section 2.4.5, it is not straightforward to produce a high oxygen abundance from helium
burning, and although calcium and titanium features are present in the spectra of both

SN 2005ek and SN 2010X, these do not correspond to high abundances.

One possible reconciliation of these issues is if the helium-shell detonation triggers a

second detonation within the C-O WD. Such “double-detonation” scenarios in solar-mass
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WDs have been thoroughly investigated as a possible explosion mechanism for normal
SN Ia. However, Sim et al. (2012) extend this analysis to low-mass WDs, considering
both core-compression and edge-lit secondary detonations. In the former case significant
amounts of iron-peak elements are synthesized and a much more slowly evolving light
curve is produced. However, in the latter case the main modification to the observable
parameters is the production of additional intermediate-mass elements. Depending on
the precise abundances synthesized and amount of unburned C-O material ejected, it is
possible that this scenario can explain most of the observational properties of SN 2005ek.
In the far-right panel of Figure 2.16 we show two edge-lit models from Sim et al. (2012),

demonstrating that they are capable of reproducing the morphology of SN 2005¢ek.

2.8.2 Massive Stars

In our above discussion, we found that both the edge-lit double detonation of a low
mass WD and the tidal disruption of a WD by a NS could potentially explain the
observed properties of SN 2005ek. However, as discussed in Section 2.4, SN 2005ek shows
remarkable spectroscopic similarity to a number of normal SN Ic. If one assumes a single
set of progenitors for these objects, and accepts their inferred ejecta masses (between 1
and 10 My; Mazzali et al. 2009, 2013), it is difficult to reconcile the data with a WD
progenitor. We therefore now examine the possibility that the progenitor of SN 2005ek

was a massive star.

The inferred ejecta mass and abundances provide some constraints on the
pre-explosion mass and envelope density structure of any massive-star progenitor for

SN 2005ek. With typical core-collapse SN producing a compact remnant having a mass
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2 1.3 Mg (Fryer & Kalogera 2001), the ejecta of SN 2005ek would have only constituted
a small fraction of the pre-explosion progenitor mass. At the same time, the presence
of a small but non-negligible amount of Ni, Si, and Mg implies that a portion of the
ejecta was nuclearly processed during the explosion. In this context, we discuss three
potential massive-star explosion mechanisms for SN 2005ek: an iron core-collapse SN, an

electron-capture SN, and a fallback SN.

Iron Core-Collapse SN

Stars with masses 2 11 Mg, are expected to proceed through silicon burning before
undergoing an iron-core collapse at the ends of their lives. While some amount of
fallback is expected in all core-collapse SN (Fryer 1999; Woosley & Heger 2002), for
stars with initial masses < 20 M, the final remnant mass will be dominated by the mass
of the iron core at the time of collapse (i.e., approximately the Chandrasekhar mass;
we will examine the case of more significant fallback in Section 2.8.2). In this case, we
would infer a pre-explosion mass for SN 2005ek of ~ 2 M. This may additionally apply
for stars with initial masses around ~ 50 M, in the case of strong Wolf-Rayet winds

(Woosley & Heger 2002; see their Fig. 16).

The environment of SN 2005ek makes the latter situation (a high-mass progenitor
with exceptionally strong Wolf-Rayet winds) less likely. With a large offset from the
center of its host (see Section 2.6) and the metallicity gradients common in spiral
galaxies (Zaritsky et al. 1994), it is likely that SN 2005ek exploded in a low-metallicity
environment. In this case, mass loss from massive stars should be reduced rather than

enhanced (Vink et al. 2001). In addition, such a high-mass progenitor would necessarily
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be short lived, and the lack of Ha flux at the explosion site is more consistent with a

lower-mass progenitor (< 12 Mg; Section 2.6).

For a lower-mass progenitor, it would likely be necessary to invoke binary stripping
as stars of this initial mass are not expected to strip their hydrogen envelopes via winds.
This situation would be similar to that described by Nomoto et al. (1994) for SN 19941. In
that model, a star having an initial mass of ~ 15 M, was stripped via binary interaction,
yielding a C-O star of ~ 2 M, which underwent core collapse. Recall that the spectra
of SN19941 closely resembled those of SN 2005ek (Fig. 2.9) and its decline rate was
intermediate between SN 2005ek and the bulk of other SN Ib/Ic (Fig. 2.5). The ejecta
mass Nomoto et al. (1994) derived for SN 19941 was 0.88 M, slightly larger than that
inferred for SN 2005ek. Taken at face value, it would be necessary to invoke either a star
having a smaller initial mass (only slightly above the lower limit for iron-core collapse,
consistent with the host environment described above) or more extreme stripping to

reproduce SN 2005ek.

In either case, we would expect the amount of radioactive material produced to be
on the low side for SN Ib/Ic (due to the small amount of material at sufficient densities)
and the composition to be dominated by oxygen, along with carbon and neon. Both
predictions are well matched by our observations of SN 2005ek. The ejecta abundances
we derive for SN 2005ek are very similar to those found for SN 2007gr (Mazzali et al.
2010) and SN 19941 (Sauer et al. 2006). If SN 2005¢ek is due to the iron-core collapse of
a massive star, it exhibits one of the lowest kinetic energies (2.5-5.2 x10% ergs) and
most extreme ratios of ejecta mass to remnant mass (Mej/Mremnant < 1.0) ever observed.

However, the inferred ratio of kinetic energy to ejecta mass is similar to that of other

SN Ic (Ex 51 /Mo =~ 1).
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Detailed modeling would be necessary to determine if the low kinetic energy inferred
for SN 2005¢k is consistent with what one would expect from the iron-core collapse of a
stripped low-mass progenitor. Fryer & Kalogera (2001) argue that although stripping
the hydrogen envelope from a massive star should not significantly impact the resulting
explosion energy, the same may not be true if the stripping extends into the C-O core
(as is the case for SN Ic). In deriving the distribution of remnant masses, Fryer &
Kalogera (2001) assume an explosion energy which is proportional to the C-O core mass,
an assumption which is qualitatively consistent with the low kinetic energy inferred for

SN 2005ek.

Electron-Capture SN

If the progenitor of SN 2005ek was a relatively low-mass star, it is possible that the
ensuing explosion was due to a (stripped) electron-capture SN rather than a traditional
iron-core-collapse event. Stars within a narrow mass range (~ 8-10 Mg; Nomoto 1987;
Woosley & Weaver 1980; Iben et al. 1997; Kitaura et al. 2006) are expected to undergo
electron capture in their O-Ne-Mg core, decreasing pressure support, and causing the
core to collapse to a NS (Nomoto 1987). Kitaura et al. (2006) have shown that the
explosion proceeds in a similar manner to that of an iron-core-collapse SN (e.g., a delayed
explosion driven by neutrinos), although a lower-energy explosion is produced and the
density structure of the overlying material differs. The explosion energy found in the
models of Kitaura et al. (2006) is ~ 10°° ergs, comparable to the kinetic energy inferred
for SN 2005ek. However, the envelopes surrounding O-Ne-Mg cores are expected to be
relatively diffuse. This leads to an explosion which synthesizes only very small amounts

of Ni (~ 1073; Kitaura et al. 2006; Bethe & Wilson 1985) and ejecta which show few
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signs of nuclear processing. On both these points, our observations of SN 2005ek are
more consistent with a low-mass iron-core-collapse event than with an electron-capture

SN.

Fallback SN

Alternatively, it is possible that the low ejecta mass of SN 2005¢k is not caused by a
low pre-explosion mass, but by a significant amount of fallback onto the proto-NS.
Qualitatively, this is expected to occur when the binding energy of the outer envelope is
high, although the actual fallback criteria are complex, depending on the evolution of the
shock velocity within the envelope as well as parameters such as metallicity and rotation.
It has been theorized that significant fallback should occur for stars with masses = 30
Mg, (Fryer & Kalogera 2001; MacFadyen et al. 2001). Although the successful ejecta in
such explosions can possess low kinetic energies (MacFadyen et al. 2001), events of this
sort lacking a hydrogen envelope are expected to be quite faint, as a majority of the
radioactive 5°Ni is synthesized in the inner portions of the ejecta (which fall back onto
the proto-NS). The peak luminosity of SN 2005ek would likely require a non-negligible
amount of mixing prior to fallback. Additionally, the environment-based arguments

against a very massive progenitor for SN 2005ek (Section 2.8.2) still hold.

2.8.3 Applicability of Conclusions to Other Rapidly Declining

Events

In the discussion above we found that SN 2005ek could potentially be explained by

either the edge-lit double detonation of a low mass white dwarf, the tidal disruption
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of a WD by a NS, or the iron core-collapse of stripped massive star, with the latter
option preferred if one takes the strong spectroscopic similarity of SN 2005ek to normal
SN Ic to be an indication of a similar progenitor channel. However, we note that these
conclusions may not broadly apply to all of the rapidly declining SN I in the literature
to date. While SN2005ek, SN 2010X, SN 2002bj, SN 1885A, and SN 1939B all exhibit
similar post-maximum decline rates and have low inferred ejecta masses (< 0.3 Mg,), only
SN 2010X possess a similar peak luminosity and spectroscopic evolution to SN 2005ek.
SN 2002bj, SN 1939B, SN 1885 are all significantly (= 1.3 mag) more luminous. Coupled
with their fast decline rate it is unclear whether a similar modeling scheme evoked in
Section 2.5 would produce a self-consistent solution for these events. SN 2002bj also
shows significantly bluer colors, slower expansion velocities, and a distinct spectroscopic
evolution near maximum. In addition while we argue that the explosion site of SN 2005ek
does not rule out the possibility of a massive star progenitor (by analogy with with
explosion sites of many SN ITP), SN 1939B exploded in an elliptical galaxy and SN 1885A
(which exploded in the bulge of M31) shows no signs of a NS in its remnant (see, Perets
et al. 2011). In short, while the conclusions above likely also apply to the rapidly-evolving
SN 2010X, their validity with respect to SN 2002bj, SN 1885A, and SN 1939B is less
clear. More detailed modeling will be required to distinguish various possibilities. Such

modeling is currently underway for SN 2010X (Kleiser et al. in prep.).

2.9 Summary and Conclusions

We have presented the discovery and extensive multi-wavelength observations of the

rapidly evolving Type I SN 2005ek. Here we summarize our main conclusions.
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e Reaching a peak of Mr = —17.3 mag and declining by ~ 3 mag in the first 15 days

post-maximum, SN 2005ek is one of the fastest declining SN I known thus far.

e Late-time photometric detections show a shallower decay timescale which is similar

to the late-time evolution of other SN 1.

e The spectra of SN 2005¢k closely resemble those of other SN Ic in both morphology
and velocity. However, SN 2005ek enters the optically thin phase at a much earlier
epoch. We present evidence for the onset of nebular spectroscopic features at only

9 days post-maximum.

e The bolometric light curve of SN 2005¢ek peaks at ~ 10%! ergs s~!. Its evolution
is consistent with an explosion powered by ~ 0.03 M of %Ni, with incomplete

gamma-ray trapping at early times.

e We estimate the ejecta mass and kinetic energy of SN 2005ek to be 0.3-0.7 M, and

2.5-5.2 x 107 ergs, respectively.

e SN 2005ek exploded in a star forming galaxy, but with a large projected offset in

an area lacking strong Ha emission.

e The ejecta of SN 2005ek are dominated by oxygen (~ 86%). Other intermediate-
mass elements (C, Mg, Si, S, Ca) account for ~ 13.5% of the ejecta, while iron-peak
elements make up only 0.5%. These oxygen-dominated ejecta are inconsistent with
the helium-shell detonation model (“.Ia”) which has previously been invoked to

explain such rapidly declining events.

e Many of the observed properties of SN 2005ek could be explained by either the

edge-lit double detonation of a low-mass WD or the tidal disruption of a WD by
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a NS. However, if we assume that the strong spectroscopic similarities between
SN 2005ek and other normal SN Ic (with a wide range of decline timescales and
inferred ejecta masses) to be an indication of a similar progenitor channel, a WD

progenitor becomes very unlikely.

e Our observations and modeling of SN 2005ek are also consistent with the iron-core
collapse of a low-mass star (12-15 M), stripped by binary interaction. In
particular, the abundances derived are very similar to those found for other SN Ic.
In this case, SN 2005ek may possess the most extreme ratio of ejecta mass to
remnant mass observed for a core-collapse SN to date. The ratio of kinetic energy

to ejecta mass is similar to that of other SN Ic.
e The rate of such rapidly declining SN I is at least 1-3% of the normal SN Ia rate.

e Based on their strong photometric and spectroscopic similarities, our conclusions
likely also apply to the rapidly evolving Type I SN 2010X. However, despite their
similar decline rates, there are several important observational differences between
SN 2005ek and SN 2002bj, SN 1939B, and SN 1885A. More-detailed analysis will be
required to determine if these three (more luminous) objects belong to the same

class of explosions.
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Abstract

In the past decade, several rapidly-evolving transients have been discovered whose
timescales and luminosities are not easily explained by traditional supernovae (SN)
models. The sample size of these objects has remained small due, at least in part, to
the challenges of detecting short timescale transients with traditional survey cadences.
Here we present the results from a search within the Pan-STARRS1 Medium Deep
Survey (PS1-MDS) for rapidly-evolving and luminous transients. We identify 10 new
transients with a time above half-maximum (t;/,) of less than 12 days and —16.5 >

M > —20 mag. This increases the number of known events in this region of SN phase
space by roughly a factor of three. The median redshift of the PS1-MDS sample is
z=0.275 and they all exploded in star forming galaxies. In general, the transients possess
faster rise than decline timescale and blue colors at maximum light (gp; — rp; < —0.2).
Best fit blackbodies reveal photospheric temperatures/radii that expand/cool with time
and explosion spectra taken near maximum light are dominated by a blue continuum,
consistent with a hot, optically thick, ejecta. We find it difficult to reconcile the short
timescale, high peak luminosity (L > 10% erg s7!), and lack of UV line blanketing
observed in many of these transients with an explosion powered mainly by the radioactive
decay of °Ni. Rather, we find that many are consistent with either (1) cooling envelope
emission from the explosion of a star with a low-mass extended envelope which ejected
very little (<0.03 Mg) radioactive material, or (2) a shock breakout within a dense,
optically thick, wind surrounding the progenitor star. After calculating the detection
efficiency for objects with rapid timescales in the PS1-MDS we find a volumetric rate of

4800 — 8000 events yr~! Gpc™ (4 — 7% of the core-collapse SN rate at z=0.2).
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3.1 Introduction

Modern supernova (SN) searches are expanding our knowledge of the phase space
occupied by cosmic explosions (e.g., peak luminosity, timescale). High cadence surveys
have led to the discovery of a variety of rapidly-evolving (ti/» < 12 days) and luminous
(=15 > M > —20) transients. These include the type Ic SNe 2005¢ek (Drout et al. 2013)
and 2010X (Kasliwal et al. 2010), the type Ib SN 2002bj (Poznanski et al. 2010), the
type IIn SN PTF09uj (Ofek et al. 2010), and the type Ibn SN 1999cq (Matheson et al.
2000), with the latter two showing signs of circumstellar interaction (see Filippenko 1997

for a review of traditional SN classifications).

The properties of these events are varied, and individual events have been
hypothesized to be due to a wide number of explosion mechanisms/progenitors, including
the explosion of a stripped massive star (Drout et al. 2013; Kleiser & Kasen 2014; Tauris
et al. 2013), the detonation of a helium shell on a white dwarf (e.g. Shen et al. 2010;
Perets et al. 2010), the shock breakout from a dense circumstellar shell (Ofek et al. 2010),
and a super-Eddington tidal disruption flare (Cenko et al. 2012; Strubbe & Quataert

2009).

Since their discovery, the overall number of these rapidly-evolving transients has
remained small. This is due to a relatively unknown combination of the true rate of
such events and the inefficiency with which optical SN searches detect transients with
very short timescales. Despite some success discovering transients at early times, many
searches are still optimized for the detection of type Ia SN (t;/2 ~ 20 — 30 days). As a
result, many rapidly-evolving transients are discovered around maximum light, and decay

timescales are used as a proxy for overall timescale or rise time in explosion models.
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Since rapidly-evolving transients probe the extremes of both explosion parameters
and progenitor configurations, such assumptions can have an effect on the theoretical

interpretation of these transients.

As such, obtaining a larger sample of rapidly-evolving events with well constrained
rise and decline timescales would be beneficial for two reasons. First, the assumptions
which go into many simplified analytic models for SN (e.g. Arnett 1982) break down
at such short timescales. More detailed modeling of a larger number of transients is
necessary to determine whether these events are extreme cases of progenitors/explosions
we already know, or if they represent entirely new classes of transients. Second, the true
rate at which these rapidly-evolving transients occur will influence our understanding
of various stages of stellar evolution. Although rates have been estimated by several
previous works (Drout et al. 2013; Perets et al. 2011; Poznanski et al. 2010), they are
difficult to constrain when the sample size of known objects from any given survey is

typically ~ 1.

The Pan-STARRS1 Medium Deep Survey (PS1-MDS) is well suited for this task
because of its rapid cadence and multiple band coverage to a significant depth (~ 24
mag). In this paper we present the results from a search within the PS1-MDS survey
data for rapidly-evolving and luminous transients with well constrained rise times. The
search was designed to identify transients which persist for multiple rest-frame days, but
have t;/, < 12 days. We have identified 10 such objects in the duration of the survey
(Oct 2009 - March 2014). This represents a significant increase (x 3) in the total number

of transients that have been found in this portion of SN phase space.

The paper is structured as follows: In Section 3.2 we give a brief overview of the
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PS1-MDS, describe the process by which we selected transients, and summarize our
observations. In Sections 3.3, 3.4 and 3.5 we give an overview of our selected sample
and describe their photometric and spectroscopic properties. In Section 3.6 we examine
the host galaxies of the entire sample. In Section 3.7 we calculate volumetric and relative
rates for these objects based on four years of the PS1-MDS and, finally, in Section 3.8

we discuss likely explosion mechanisms and progenitor systems for these events.

3.2 Observations and Sample Selection

3.2.1 PS1-MDS Overview

PS1 is a wide-field imaging system dedicated to survey observations. Located on
Haleakala, Hawaii, it possesses a 1.8-m diameter primary mirror and a 3°.3 diameter field
of view (Kaiser et al. 2010). The imager consists of an array of sixty 4800 x 4800 pixel
detectors with a pixel scale of 0.”258, providing an instantaneous field of view of 7.1 deg?
(Tonry & Omaka 2009). Observations are obtained with a set of five broadband filters
(gpirp1ip1zp1yp1, hereafter grizyp;) which are similar, although not identical, to those
used by the Sloan Digital Sky Survey (SDSS; Ahn et al. 2012). Details of the filters and

photometry system are given in Tonry et al. (2012) and Stubbs et al. (2010).

The PS1-MDS consists of 10 fields, each a single PS1 imager footprint, distributed
throughout the sky. Approximately 25% of PS1 observing time is dedicated to revisiting
the PS1-MDS fields on a nightly basis in grizp; to a 5-0 depth of ~ 23.3 mag with a
nominal cadence of 3 days in any given filter. In optimal observing conditions, gp; and

rp; are observed on the same night with ip; and zp; observations following on consecutive
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evenings. yp; is observed during times of full moon to a depth of ~ 21.7 mag.

Initial reduction and processing of all PS1-MDS images are carried out with the
PS1 Image Processing Pipeline (IPP; Magnier 2006; Magnier et al. 2008). This includes
standard reductions, astrometric solution, and stacking of nightly images as well as
source detection and photometry. The nightly PS1-MDS stacks are then transferred to
the Harvard FAS Research Computing cluster where difference images are produced and
potential transients identified by the photpipe pipeline (Rest et al. 2005, 2014). Potential
transients are visually inspected for possible promotion to status of transient alert.
This visual inspection acts to filter out false positives due to time varying trails from
saturated sources and poorly subtracted galaxy cores (with obvious large-scale dipole
patterns). Once a transient reaches alert status it is flagged for potential spectroscopic
follow-up. Spectra are acquired for ~10% of PS1-MDS alerts, with final selections left to

the spectroscopic observers.

3.2.2 Rapid Transient Selection Criteria

As part of the normal operation of the PS1-MDS described above, we identified a
number of transients that evolved on rapid timescales and reached peak luminosities
associated with SN (=16 > M > —21 mag). Objects identified in this way (i.e. flagged
by a human operating the pipeline) are certainly useful for determining the properties of
rapidly-evolving transients. However, calculating volumetric rates based on the number
of transients identified in a survey requires a well defined set of selection criteria. To
systematically identify objects that lie in this portion of transient phase space, we

initiated a search within the ~5000 transient sources discovered with the photpipe
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pipeline during the duration of the PS1-MDS. As a first cut, we required that the
transient satisfy the following three criteria in a minimum of two photometric bands (all
times are observer frame).

1. The transient must rise by = 1.5 mag in the 9 days immediately prior to observed

maximum light.
2. The transient must decline by 2 1.5 mag in ~ 25 days post observed maximum.

3. The transient must be present (> 3 o) in at least three sequential observations.
This criteria selects a unique population of transients than those discussed in

Berger et al. (2013) (which possess timescales shorter than 1 day).

These criteria are motivated by the observed timescales of known SN and are
intended to exclude the bulk of type la, type Ib/c and type II SN. In V-band, typical
type Ia and type Ib/c SN will rise by 0.6 — 0.75 mag in the 10 days immediately
prior to maximum light and decline by 1.0 — 1.2 mag in the 25 days post-maximum
(Riess et al. 1999; Drout et al. 2011; Li et al. 2011). At higher redshifts PS1 will probe
bluer wavelengths (which typically evolve more rapidly) but this will compete with the
effects of time dilation. Many type II SN would easily pass the rise time requirement,
but they decline by <0.5 mag in the 25 days post maximum (Li et al. 2011; Hamuy
2003). The most rapid type Ic SN (e.g. SN 1994I; Richmond et al. 1996) and most rapid
SN1991bg-like type Ia SN (Taubenberger et al. 2008) would barely pass all three of our

requirements if caught at maximum light. However, any given PS1 band is only observed
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every three days and we require the same band to pass both our rise and decline cuts.

We therefore expect our selected objects to evolve more rapidly than these events?.

A number of known low-luminosity transients (nova, CVs, M dwarf flares, etc.)
could pass these selection criteria if located within the Milky Way or a nearby galaxy.
Thus, all objects that passed these initial criteria were then examined by eye in order
to select objects that were likely of extragalactic origin. Objects were removed from
consideration if their was a clear stellar source at the location of the transient. In several
cases, spectra were obtained of rapidly-evolving transients which revealed Balmer lines
in emission at zero redshift, indicating the transient was likely galactic. Our search
identified a handful (~10) of these low luminosity events. If a transient was either
host-less, or exploded near a low signal to noise, unresolved, source (such that the stellar
versus galactic nature of the host could not be robustly determined) it was kept in the

sample and is discussed below.

In the end, by combining the results from this systematic search with results from
the normal operation of the PS1-MDS pipeline, we identify 14 transients of interest. For
ten of these transients we have obtained spectra of their underlying hosts, confirming
their extragalactic origin. In Section 3.3 we provide an overview of the selected objects
and divide them into three groups based on the quality of their light curves and
constraints available for their distance. In the rest of this section we describe the

observations obtained for all 14 transients.
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Basic Observational Information

Table 3.1.
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3.2.3 PS1 Transient Photometry

The 14 objects in our sample were discovered in the PS1-MDS imaging spanning
2010 — 2013. Discovery dates, coordinates, and other basic information are listed in
Table 3.1. Detailed information on the production of final PSF, template subtracted,
grizp; photometry is given in Rest et al. (2014) and Scolnic et al. (2014). For transients
discovered before Oct. 2011, object specific deep templates were constructed from
pre-explosion images. For transients discovered after this time, template subtraction
was performed using the PS1 “deep stacks” constructed from high quality PS1 images

obtained between 2010 and 2011.

In Figures 3.1, 3.2 and 3.3 we plot the grizp; light curves for all 14 transients. This
includes 30 pre- and post-explosion limits. To give perspective on the rapid timescale
of these events, we have also plotted the type Ibc template light curve (grey area;
normalized to the PS1 transient peak magnitude) from Drout et al. (2011). Photometry

is listed in Table 3.2.

3.2.4 Other Transient Photometry

In addition to the PS1 photometry, we also obtained one epoch of r—band imaging
for PS1-11bbq with Gemini GMOS (Hook et al. 2004), one epoch of ri—band imaging
for PS1-12brf with Magellan IMACS (Dressler et al. 2006) and one epoch of r—band
imaging for PS1-13ess with Magellan IMACS. This additional photometry was obtained

at +2, +45 and +12 rest-frame days for the three objects, respectively. The images were
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processed using standard tasks in IRAF? and calibrated using PS1 magnitudes of field
stars. We subtracted contributions from the host galaxies using PS1 template images
and the ISIS software package as described in Chornock et al. (2013). These points are

also shown (squares) in Figures 3.1 and 3.2, and listed in Table 3.2.

3.2.5 Galaxy Photometry

For our entire sample we compile griz-band photometry for any underlying galaxy /source.
When possible, we utilize the SDSS DR9 Petrosian magnitudes which account for galaxy
morphology. For cases where the underlying galaxy/source was too faint for a high
signal-to-noise SDSS detection, we perform aperture photometry on the PS1 deep
template images, choosing an aperture to encompass all of the visible light. Cross-checks
show the PS1 and SDSS magnitudes are consistent. In Figures 3.4 and 3.6 we show the

environments immediately surrounding the transients.
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Figure 3.1.—: PS1 absolute magnitude, rest-frame, light curves for gold sample transients.

Circles represent grizp; detections and triangles represent 3o upper limits. Vertical dashed

lines indicate epochs when spectroscopic observations were acquired. The grey shaded

region is the R—band type Ibc template from Drout et al. (2011), normalized to the peak

magnitude of the

PS1-MDS transient.
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Table 3.2. Optical Photometry
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3.2.6 Optical Spectroscopy

Spectroscopic follow-up for the PS1-MDS is carried out on a number of telescopes, with
the MMT, Magellan and Gemini bearing most of the load. Spectra are acquired for
roughly 10% of the transients identified by the photpipe pipeline, with final selections
left to the observer. We obtained spectra of five transients while they were active,
including two observations of PS1-12bb. The epochs on which these spectra were
taken are indicated by a dashed vertical line in the appropriate panels of Figures 3.1
and 3.2. Host galaxy spectra were also obtained for six transients. A summary of our

spectroscopic data is given in Table 3.3.

Initial reduction (overscan correction, flat fielding, extraction, wavelength
calibration) of all long slit spectra was carried out using the standard packages in IRAF.
Flux calibration and telluric correction were performed using a set of custom idl scripts
(see, e.g., Matheson et al. 2008; Blondin et al. 2012) and standard star observations
obtained the same night as the science exposures. Spectra obtained with the Hectospec
multi-fiber spectrograph (Fabricant et al. 2005) were reduced using the IRAF package

“hectospec” and the CfA pipeline designed for this instrument.
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Table 3.3.  Optical Spectroscopy
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3.3 Sample Overview

The 14 rapidly-evolving transients we identify in the PS1-MDS can be usefully split into
three groups based on (1) the quality of their observed light curves and (2) constraints
available on their distances. For the rest of the manuscript these sub-groups will be

designated “gold”, “silver”, and “bronze”.

3.3.1 Gold and Silver Samples

Together our gold and silver samples contain 10 objects. For these events, we obtained

spectroscopic redshifts of their host galaxies, allowing us to constrain their true luminosity
scale. Our gold sample is composed of six objects. These are our highest quality events,
all of which satisfy the photometric selection criteria listed in Section 3.2.2. The absolute

magnitude, rest-frame, light curves for these events are shown in Figure 3.1.

Our silver sample is composed of four objects. These are events that were noted
as rapidly-evolving during the normal operations of the PS1-MDS but which possess
sparser light curves (Figure 3.2). In all cases the observed light curves are sufficient
to characterize them as rapidly-evolving, but sparse enough such that they fail the
systematic selection criteria described above. For instance, PS1-13ess only has one band
with a deep limit in the 9 days prior to observed maximum (as opposed to the requisite
two). For a majority of this manuscript, the silver objects will be analyzed with our gold
sample, as they further inform the properties of rapidly-evolving transients. However, in
Section 3.7 when calculating volumetric rates, only objects which pass the well defined

set of selection criteria outlined above will be considered.
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PS1-12bb

i “‘ 10 arcsec

Figure 3.4.—: Gold and silver sample explosion environments. Images are from PS1
templates. Transient explosion sites are marked with red crosses.
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Figure 3.5.—: Peak absolute magnitude versus redshift for our gold and silver sample

objects in four photometric bands (grizp;). Stars represent our observed values corrected
for distance and extinction while circles have been roughly k-corrected to rest-frame band-
passes (see Section 3.4.3). Dashed lines represent a constant apparent magnitude of 24
mag. Histograms for both sets of magnitudes are given in the two right most panels (blue

= gp1, Cyan = rpy, green = ipy, red = zpq).
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In Figure 3.4 we show the 25'x25" region surrounding the gold and silver transients,
all of which have an associated host. Narrow emission and absorption lines were used
to measure the redshift to each host. These range from z = 0.074 (PS1-10ah) to z =
0.646 (PS1-11bbq) with a median redshift of z = 0.275. In Table 3.1 we list the redshift,
luminosity distance, and Milky Way reddening in the direction of each transient (Schlafly
& Finkbeiner 2011). Throughout this paper we correct only for Milky Way extinction.
1

All calculations in this paper assume a flat ACDM cosmology with Hy = 71 km s~

Mpc~t, Q,, = 0.27, and Qy = 0.73.

In Figure 3.5 we plot peak absolute magnitude versus redshift in grizp; for the
gold/silver transients. Stars represent our observed magnitudes corrected for distance
and MW extinction. Circles represent absolute magnitudes that have been k-corrected
to the rest-frame grizp; bandpasses based on best fit blackbodies (see Section 3.4). We

see that our sample spans a wide range of absolute peak magnitude (—17 > M > —20).

3.3.2 Bronze Sample

Our bronze sample is composed of four objects. These events have light curves that
were flagged by the selection criteria in Section 3.2.2 but for which we were unable to
spectroscopically confirm the extragalactic nature of their hosts. The 25 x25" region
surrounding our bronze sample is shown in Figure 3.6. All four transients have a faint
(25 mag < m; < 22 mag) underlying source visible in the PS1 deep stacks, although in
several cases there is ambiguity about the true host (for instance, PS1-13aea exploded
in the region between NGC4258 and NGC4248; see Figure 3.6). In Appendix A we

quantify the most likely hosts and discuss the consequences of each probable host for the
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Figure 3.6.—: Top: Bronze sample explosion environments. All images are from PS1
templates. Nearby galaxies are labeled in red. The location of the transient is indicated
by a red cross. Bottom: The large scale environment around PS1-13aea, which exploded
between NGC 4258 and NGC 4248.

nature of these transients. We find it likely that a subset of our bronze sample events
are extragalactic, and therefore additional rapidly-evolving and luminous transients.
However, due to the uncertainty in the distance to any individual bronze event, for

a majority of this manuscript we will focus on the properties of the gold and silver

transients.

3.4 Photometric Properties

The gold and silver events presented in this work increase the number of known transients
with t;/5 < 12 days by approximately a factor of three. This is illustrated in Figure 3.7
where we plot peak pseudo-bolometric luminosity versus t/, for the objects presented

in this work (red stars) and other rapid SN (red circles) in comparison to type la, la-x,
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“Calcium-rich” Ia, Ib/c, IIn, IIP, and type-I SLSN (see caption for references). The
sample of PS1-MDS transients significantly increases the population of known objects at
the shortest timescales and spans a wide range of peak luminosities. In the this section

we discuss the photometric properties of the PS1-MDS identified transients.

3.4.1 Timescales

In Table 3.4 we summarize the photometric properties of the gold/silver transients,
including their observed/absolute magnitudes and several measurement of their rise
and decline timescales. The t;/2ise and t;/2 decline timescales as well as the number of
magnitudes the light curves decline in the first 15 days post-maximum (Am;s) were
determined by linearly interpolating our observed light curve*. All values are determined
with respect to the time of observed maximum, and are therefore influenced by the
three day cadence in each band. However, this should not strongly affect our qualitative
assessment of these objects. The quoted rise time values encompass the entire range of

values permitted by the observed photometry/limits in each band.
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Figure 3.7.—: The phase space of SN: peak luminosity versus rest-frame time above

half-maximum for a variety SN. The PS1-MDS transients described in this paper are
shown as red stars. They span an order of magnitude in peak luminosity and significantly
increase the number of known transients with short characteristic times. Other events
from the literature are shown as colored circles/squares: type Ia SN (Nugent et al. 2002;
Taubenberger et al. 2008; Scalzo et al. 2012), type lax & “calcium-rich” Ta (Foley et al.
2013; Kasliwal et al. 2012; Perets et al. 2010), type Ib/Ic (Drout et al. 2011; Valenti et al.
2008; Campana et al. 2006; Taubenberger et al. 2006; Bersten et al. 2012; Olivares et al.
2012; Cobb et al. 2010; Valenti et al. 2012), type IIP/IIL (Arcavi et al. 2012; Hamuy 2003;
Andrews et al. 2011; Botticella et al. 2009), type IIn (Kiewe et al. 2012; Margutti et al.
2014b), type I SLSN (Quimby et al. 2011b; Chomiuk et al. 2011; Lunnan et al. 2013),
and other rapidly-evolving events (red; Drout et al. 2013; Kasliwal et al. 2010; Poznanski
et al. 2010; Ofek et al. 2010; Matheson et al. 2000).
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Figure 3.8.—: t; /9 sise VEIsus ti /s deciine for the gold and silver transients in four photometric

bands (grizp; ). Stars represent objects with measured rise and decline timescales, triangles
represent objects with an upper limit in one of the two timescales, and circles with arrows
represent objects with upper limits for both timescales. In general, the PS1-MDS rapidly-

evolving transients rise significantly faster than they decline.
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In general the transients have faster rise than decline timescales. This is shown
in Figure 3.8 where we plot the t/2 ise Versus ti/s decline timescales. Most events fall
well below the dashed line denoting equality, indicating that decline timescale is not a
good proxy for overall timescale in these events. In fact, for six events, our data do not
exclude a transient that rose on a timescale <1 day. In contrast, the typical Ami; values
for these transients (1 — 2 mags) are slightly more rapid than typical stripped envelope
core-collapse SN (Amys ~ 0.5 — 1.0; Drout et al. 2011) but slower than the rapidly
declining type I SN 2005ek, SN 2010X, and SN 2002bj (Drout et al. 2013; Kasliwal et al.

2010; Poznanski et al. 2010), which possess Am;; = 3 mag.

~

Three of the transients (PS1-10ah, PS1-12brf, PS1-13ess) show evidence for a
change in decline timescale. PS1-10ah initially declines very rapidly, with a linear decline

Laround 10 days

rate of ~0.15 mag day~!, which then shallows to ~ 0.02 mag day~
post-maximum. PS1-13ess shows an initial decline very similar to PS1-10ah, but then
rises again as evidenced by our final ip; and zp; data points. This may liken it to the

double peaked type IIb SN 1993J (see Section 3.8). The other objects in our sample show

no discernible change in slope out to ~ 10 — 20 days post-maximum.
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Table 3.4. Measured Photometric Properties (Gold and Silver Samples)
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Table 3.4—Continued
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3.4.2 Colors and SEDs

In the normal operation mode of the PS1-MDS only gp; and rp; observations are
acquired on the same day, with ip; and zp; observations following on consecutive
evenings. In the upper panel of Figure 3.9 we plot the gp; — 1,1 colors from every epoch
on which both bands were observed. The colors are generally blue (gp1 — 1,1 S 0.0) and
redden slightly with time. In the lower panel of Figure 3.9 we plot gp; — rp; color at
maximum as a function of transient redshift. A majority of objects possess —0.2 > gpy
— rp; > —0.3. Only PS1-12bb shows significantly redder colors with gpy — 1,1 = 0.0.
For comparison, we also show a randomly selected sample of PS1 type Ia SN (grey dots).
The type la SN are significantly redder than our rapidly-evolving transients, especially
at redshifts greater than z=0.2 where the gp; and rp; filters probe the portion of the

type la spectrum where line blanketing greatly reduces the UV flux.

In order to gain a more complete view of the SED evolution of our sample, we
interpolate our grizp; light curves to a set of common epochs. The uncertainly involved
in such an interpolation is accentuated due to the rapidly-evolving nature of our sample,
and we take care to only interpolate to epochs for which there was a cluster of grizp;
observations within a few days. In Figure 3.10 we plot the SEDs. For a majority of
the events, no turnoff is seen in the SED at blue wavelengths. This is true even for
our highest redshift object, PS1-11bbq, for whom the gp; extends out to a rest fame

wavelength of ~2500 A.
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Figure 3.9.—: Top Panel: Observed gp; — rp; color evolution for the gold and silver

transients. Triangles mark lower limits. Colors are initially blue and redden slightly with
time. The gp; and rp; bandpasses probe slightly different wavelength ranges for each
transient. Bottom Panel: gpy — rp; colors at maximum light versus redshift. Observed
values are shown as cyan stars and values k-corrected to rest-frame bandpasses are shown
as blue circles (see Section 3.4.3). Histograms of both are given in the right panel. A
majority of our objects show blue colors with — 0.2 > gp; — rp; > —0.3. Grey dots are

a random selection of PS1-MDS type Ia SN.
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Figure 3.10.—: Multi-epoch SEDs for the gold and silver transients. Best fit blackbody
curves are shown as solid lines. The grizp; bandpasses are plotted on the bottom axis for

each event.
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3.4.3 Temperature and Radius Evolution

Also shown in Figure 3.10 are the best fit blackbody curves for each epoch. For nine (of
ten) transients the best fit blackbodies yield temperatures and radii that cool/expand
with time, as one expects for an explosion with expanding ejecta (e.g. SN). The best
fit blackbody temperatures and radii for these events are plotted as a function of time
in Figure 3.11. On average, the temperatures cool from ~20,000 K near maximum to
~7,000 K at ~20 days, and the radii expand from ~10** cm to a few x10'* during the
time period over which they are constrained. Dashed lines in Figure 3.11 show fiducial
cooling rates and photosphere expansion speeds, which are based on our best observed
object: PS1-10bjp (orange). The presence of extragalactic extinction along the line of
sight would slightly increase these temperatures and radii, but would not affect our
conclusion that their evolution is consistent with explosions that possess an expanding

ejecta.

The temperature/radius evolution of three transients warrant further note: (1)
PS1-12brf displays an initial best fit blackbody temperature of ~50,000 K. This exact
value is uncertain because our data lies far down the Rayleigh-Jeans tail, but from
Figure 3.1 we see that it possesses extreme colors near maximum light. This is also the
only transient for which our data shows longer wavelengths reaching maximum at later
times. (2) PS1-10ah shows tentative evidence for a temperature that rises to maximum
and then cools. (3) PS1-12bb is our only object that does not show a characteristic
cooling/expanding behavior. The best fit blackbody temperature shows little variation

and is consistent with ~ 7,000 K from 0 < t < 20 days.

Finally, by assuming the spectra of our objects can be approximated by these best
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Figure 3.11.—: Best fit blackbody temperatures (top panel) and radii (bottom panel) as
a function of time. In general, temperatures evolve from around 20,000 K near maximum
to 7,000 K at later times. Exceptions include PS1-12brf (whose initial temperature is
around 50,000 K), PS1-10ah (whose temperature rise to maximum light) and PS1-12bb
(whose best-fit temperature remains constant around 8000 K; not plotted). Radii are a
few time 10'* cm, and expand with time.

fit blackbodies, we can perform rough k-corrections on our observed magnitudes to
rest-frame grizp; bandpasses. This will allow us to directly compare the magnitudes
observed for objects with differing redshifts. We perform synthetic PS1 photometry on
these blackbodies and find the “rest” grizp; peak magnitudes listed in Table 3.4. These

“k-corrected” peak magnitudes are shown as circles in Figure 3.5 and are used to produce

“rest-frame” gp; — rp; colors, which are plotted in Figure 3.9.
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3.4.4 Pseudo-Bolometric Light Curves

To constrain the total energy radiated in these explosions, we construct pseudo-bolometric
light curves from our multi-band data. We first perform a trapezoidal interpolation to
our observed grizp; light curves and then account for missing IR flux by attaching a
blackbody tail based on the best fit values described above. In order to account for
missing UV flux and the varied wavelength coverage of our observations (due to differing
redshifts) we then extend the same blackbody from the edge of the observed gp; band
back to 2500 A (rest-frame). This represents the blue edge of the wavelength range
covered by our highest redshift event, and the approximate range of our spectra in

Section 3.5.

Using this formulation, our peak pseudo-bolometric luminosities span a range of
approximately 2x10%? ergs s™' < L < to 3x10% ergs s~!, and are plotted in Figure 3.7.
If we had instead utilized a UV bolometric correction that integrated the entire best fit
blackbody, these values would be approximately a factor of 2 higher. In the left panel of
Figure 3.12 we plot our derived pseudo-bolometric light curves. The number of epochs
for which we can constrain the luminosity is limited for the silver transients. The energy
radiated by the six gold transients between —3 and +20 days ranged from 2 x10% ergs

(PS1-12bb) to 2 x10% ergs (PS1-11qr).

For comparison, we also show the pseudo-bolometric light curves of several other
rapidly-evolving events (right panel): SN2002bj (Poznanski et al. 2010), PTF 09uj (Ofek
et al. 2010), SN 2010X (Kasliwal et al. 2010) and SN 2005¢k (Drout et al. 2013), as well as
the double peaked SN 1993J (Schmidt et al. 1993). The curves for SN 2005ek, SN 2002bj,

and SN 1993J were calculated from multi-band photometry in a manner similar to that
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Figure 3.12.—: Left Panel: Pseudo-bolometric light curves for the gold and silver tran-
sients. Right Panel: Pseudo-bolometric light curves for other rapidly-evolving transients
from the literature: the type Ic SN 2005¢ek (Drout et al. 2013) and 2010X (Kasliwal et al.
2010), the type Ib SN 2002bj (Poznanski et al. 2010), the type IIb SN 1993J (Schmidt
et al. 1993), and the type IIn PTF09uj (Ofek et al. 2010).

utilized here, while the curves for SN 2010X and PTF 09uj were derived based on r-band
data only. We note that SN 2005ek and SN 2010X, which have been proposed to be
powered mainly by radioactive decay (Drout et al. 2013; Kasliwal et al. 2010; Tauris
et al. 2013), are less luminous than the PS1-MDS events, while the more luminous

PTF 09uj and the first peak of SN 1993J are thought to be powered by cooling envelope

emission /interaction. These power sources will be discussed further in Section 3.8.
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3.5 Spectroscopic Properties

We obtained spectra during outburst for five transients: PS1-11bbq, PS1-12bb, PS1-12bv,
PS1-12brf, and PS1-13duy. These spectra are plotted in Figure 3.13. One spectrum
was obtained between two and four days post maximum for each event and, in the case
of PS1-12bb, a second spectrum was obtained at 433 days. The spectra shown for
PS1-11bbq, PS1-12bv, PS1-12brf, and PS1-13duy still contain some contribution from
their host galaxies, as evidenced from presence of nebular emission lines. However, both
the lack of a 4000 A break and the faint apparent magnitude of all four hosts (23 — 25

mag) give us confidence that a majority of the continuum is due to the transient itself.

3.5.1 Basic Properties and Comparison to other Events

From Figure 3.13 we see that the spectra are dominated by continua as opposed to
strong P Cygni features. Four of the events, PS1-11bbq, PS1-12bv, PS1-12brf and
PS1-13duy, show blue continua®, while PS1-12bb is consistent with a blackbody of 6000
— 7000 K. PS1-12bb also showed redder photometric colors and a distinct SED evolution
(Section 3.4). Of the events, PS1-12bv shows the strongest evidence for broad spectral

features, with the most evident near 3900 A.

Spectra dominated by blue continua have been observed in previous SN. They are
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Figure 3.13.—: Explosion spectra for five PS1-MDS transients (colored) in comparison

to events from the literature (black). With the exception of PS1-12bb our events are
dominated by a blue continuum, with a lack of strong P Cygni features. Some contribu-
tions from the host galaxy (e.g. nebular emission lines) are still present in these events.
PS1-12bb shows a redder continuum and a notable lack of broad nebular features at +33
days. The top panel shows literature objects thought to be powered by cooling envelope
emission /interaction while the bottom panel shows objects powered by radioactive decay
(type Ib SN 2002bj Poznanski et al. 2010; type ITb SN 1993J Barbon et al. 1995; type
IIn PTF 09uj Ofek et al. 2010; type Ia SN 2011fe Pereira et al. 2013; type Ic SN 2007gr
Valenti et al. 2008; type Ic SN 2005ek Drout et al. 2013; type Ic SN 2010X Kasliwal et al.

2010).
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typically found in objects that are hot, optically thick, and powered by cooling envelope
emission or interaction. For instance, although SN 1993J later went on to develop a
plethora of P Cygni features indicative of a type IIb SN, during its initial light curve
peak (attributed to cooling envelope emission and recombination) its spectrum was
dominated by continua with only a few features between 4000 — 5000 A. Hydrogen
lines were not evident in the early spectra. In addition, the rapidly-evolving type IIn
SN PTF 09uj (attributed to shock breakout/interaction) has only weak narrow emission
lines in its spectra near maximum, and is dominated by a blue continuum. Given the
signal to noise of our spectra, it is unlikely that we would be able to identify similar
emission features in our events if they were present. Thus, based on the quality and
coverage of our spectra, we are unable to conclude whether the objects in our sample are
hydrogen-rich or hydrogen-poor. We plot spectra of SN 1993J and PTF 09uj, as well as
the blue rapidly-evolving SN 2002bj (whose power source is still under debate), in the

top panel of Figure 3.13.

In contrast, SN that are powered mainly by radioactive decay (type la/b/c SN) are
typically dominated by P Cygni features formed in the outer ejecta layers. In particular,
they often possess strong line blanketing in the blue due to the presence of iron peak
elements. We plot several examples in the lower panel of Figure 3.13. We see that our
spectra more closely resemble events that are powered by interaction/recombination, as

opposed to radioactive decay.
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3.5.2 Lack of Nebular Features in PS1-12bb

We obtained two spectra for PS1-12bb. At the time of the second epoch (433 days)
the i—band light curve of PS1-12bb had declined by ~3 mag. Similar to the spectrum
obtained near maximum light, this spectrum is dominated by continuum (with some
contribution from its host galaxy’s light). This is in contrast to any other “late time”
spectra of a rapidly-declining SN that has been obtained to date. Both SN 2005ek (Drout
et al. 2013) and SN 2010X (Kasliwal et al. 2010) were observed between 10 and 35 days
post-maximum. Both events (type Ic) displayed a growing emission component in the
Ca II NIR triplet. By 423 days the spectrum of SN 2010X was dominated by the Ca II
NIR triplet between 8000 and 9000 A. This is not the case for PS1-12bb. We can place a
limit on the luminosity in the Ca II NIR triplet between 8300—8700 A at +33 days in
PS1-12bb of < 3 x 10% erg s~!. This is approximately 4 times lower than the feature
observed in SN2010X at a similar time. PS1-12bb was also our only object whose best
fit blackbodies did not show radii that expanded with time. Thus, this transient may be
of a different kind than a SN with an expanding ejecta that eventually becomes optically

thin.

3.5.3 Potential CSM absorption in PS1-12bv

The emission lines present in Figure 3.13 are unresolved and attributed to the host

galaxies. However, in the spectrum of PS1-12bv there is tentative evidence for CSM
absorption in the Mg IT (AX 2796,2803) feature. A view around this feature is shown
in the left panel of Figure 3.14. The spectrum of PS1-12bv shows unresolved nebular

emission lines of [OII] A3727 and Hf at a redshift of z = 0.405. In contrast, the two
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Figure 3.14.—: Mg II absorption in the spectrum of PS1-12bv. Left: Vertical lines

mark the systemic velocities of the host galaxy as measured from [OII] A\3727 and Hj
in emission. The red line signifies the extent of the resolved blue “shelf”, which may be
due to absorption in the CSM surrounding the progenitor. Right: An example multiple
component fit to the absorption feature. The green (blue) components are blue shifted
~700 km s7* (1500 km s71) with respect to the host galaxy and have a FWHM of 550
km s (900 km s7!). The galaxy [OII] A 3727 feature has a FWHM of 300 km s'.

deepest features of the Mg IT (A 2796,2803) absorption feature are blue shifted by ~ 700
km s™! relative to the galaxy emission lines (z = 0.402) and there is a resolved blue wing
to the feature. This blue wing spans an additional ~1000 km s~! from the minimum of
the absorption feature. Our resolution corresponds to ~ 400 km s~! in this wavelength

region.
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A similar blue absorption wing was seen in the spectra of the type IIn SN 1998S
(Bowen et al. 2000), although in this case the wing spanned only ~ 350 km s~! from
the absorption minimum. Both Bowen et al. (2000) and Chugai et al. (2002) credit
this “shelf” of absorption to the CSM around the explosion and Chugai et al. (2002)
invoked radiative driving to accelerate relatively slow moving CSM material (40 — 50
km s7!) to these velocities. In our case, if the blue component is due to CSM absorption,
we would require either stronger radiative driving or a faster CSM wind speed. The
CSM wind speed found for SN 1998S was typical for a RSG wind, whereas the speeds
required for PS1-12bv would be more indicative of a wind from a WR or LBV star.
PS1-12bv is one of our four most luminous objects and is very similar photometrically to
PS1-11qr, PS1-11bbq, PS1-13duy and PTF 09uj (which was hypothesized to be due to
the shock breakout from an optically thick wind; Ofek et al. 2010). This broad feature
may therefore point to a progenitor star that possesses a strong wind in the years before

explosion for these transients.

Alternatively, this feature could be explained by either a complex ISM absorption
system along the line of sight or an outflow from the host galaxy. In order to investigate
this possibility, we fit pairs of Mg IT (AX 2796,2803) doublets with varying redshifts and
full-width at half-maximum (FWHM) to this portion of the spectrum. An example fit
is shown in the right panel of Figure 3.14. Blue and green lines show the individual Mg
IT (AX 2796,2803) doublets, and the red line shows their sum. In all cases, we required
absorption components that were both resolved and significantly broader than typical

ISM absorptions (< 100 km s™1).
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3.6 Host Galaxies

Our method of selecting rapidly-evolving SN was not designed to select transients from a
single explosion mechanism/progenitor. However, on the whole, the objects we identified
within the PS1-MDS have a similar set of photometric and spectroscopic properties (blue
colors, spectra dominated by continua, etc.). We now turn to the host galaxies of these
explosions to see what insight they can provide into their progenitor populations. In
Figure 3.15 we display the host galaxy spectra obtained for six of the transients. These
are supplemented by the host galaxy lines present in the explosion spectra (Figure 3.13).
Nebular emission lines, indicative of active star formation, are found in the spectra of all
ten galaxies. In the sections below we examine the masses, metallicities, star formation
rates, and explosion site offsets of the host galaxies in comparison to the hosts of other

classes of transients.

3.6.1 Mass

After correcting the host griz-band photometry for Milky Way extinction we use the
FAST stellar population synthesis code (Kriek et al. 2009) to calculate the total stellar
mass contained within our host galaxies. Our models utilized the Maraston (2005) stellar
library and assumed an exponential star formation history and Salpeter IMF. The total
extinction was restricted to < 0.05 (motivated by the Balmer decrement in our highest
quality host spectra and the blue colors of our transients; the assumed extinction does
not significantly affect the resulting mass). The results from this analysis are listed in

Table 3.5.
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Figure 3.15.—: Host galaxy spectra for six of the gold/silver transients. Nebular emission

lines are labeled by dashed vertical lines.

The total stellar mass in the host galaxies ranges from 8.0 < log (M/My) < 10.6
with a median value of log (M/My) = 9.0. In the first panel of Figure 3.16 we plot
the cumulative distribution of our host masses in comparison to the core collapse SN
(CC-SN) and long gamma-ray burst (LGRB) samples from Svensson et al. (2010). A
larger fraction of our sample’s hosts appear at relatively low masses in comparison to the
core collapse SN. A Kolmogorov-Smirnov (KS) test yields a 14% (37%) probability that
the rapidly-evolving transients hosts are drawn from the same population as the CC-SN
(LGRB) hosts. Thus, while our host galaxies skew slightly toward lower masses, there is

no statistical evidence for a different parent population from either LGRBs or CC-SN.
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Figure 3.16.—: Cumulative distributions of various host galaxy properties: stellar mass,

metallicity, star formation rate, and specific star formation rate. In all panels the red
line(s) represents the rapid evolving SN presented in this work. In panels 3 and 4 the
solid red line represents the six gold/silver objects with host galaxy spectra and the dashed
red line includes lower limits based on the explosion spectra of the remaining four objects.
Also shown are distributions from LGRBs and core-collapse SN (black and green lines,
respectively; see text for references). The dashed green line in panel 2 is the untargeted
Type Ibc SN from Sanders et al. (2012). The vertical dashed line in panel 2 signifies solar
metallicity.

3.6.2 Metallicity

Using the Markov Chain Monte Carlo method described in Sanders et al. (2012) we
measure the emission line fluxes and metallicities of nine of the host galaxies. Due to the
varying wavelength coverage and quality of our spectra, it was not possible to use the
same strong line diagnostic for all of the galaxies. In Table 3.5 we list both the measured
value and the diagnostic utilized. For the purposes of comparison, we then convert all of
the values to the R23 system of Kewley & Dopita (2002) using the calibration relations

from Kewley & Ellison (2008).
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Many of the host galaxies have metallicities that are roughly solar, with a median
value of log (O/H) + 12 = 8.8. In the second panel of Figure 3.16 we plot their
cumulative distribution. Our hosts are offset to a significantly higher metallicity than
either LGRB hosts (Svensson et al. 2010; Savaglio et al. 2009; Levesque et al. 2010;
Levesque et al. 2010; Graham & Fruchter 2013) or the untargeted type Ibc hosts from
Sanders et al. (2012) (black line and dashed green line, respectively) with a <0.5%
probability of being drawn from the same population. The entire core-collapse SN sample
from Kelly & Kirshner (2012a) (solid green line) is shifted to even higher metallicities
than our sample, although we caution a fraction of these events were discovered by

targeted surveys (which bias towards higher metallicities).

3.6.3 Mass-Metallicity Relation

In Figure 3.17 we plot the stellar mass versus metallicity for nine of the transients (red
stars) versus the ~ 53000 SDSS star forming galaxies from SDSS (Tremonti et al. 2004,
shaded regions). Also shown are the low redshift LGRB hosts from Levesque et al. (2010,
black). The hosts of the PS1-MDS rapidly-evolving SN appear to be consistent with the
bulk of star-forming galaxies in SDSS. This is in contrast to the hosts of LGRBs and
type I SLSN, both of which have been shown to obey a relation in the mass-metallicity
plane that is offset below the bulk of star-forming galaxies (Levesque et al. 2010; Lunnan

et al. 2014).
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Figure 3.17.—: Mass-metallicity relation for nine gold/silver transients (red stars). Also

plotted are contours representing the 53000 SDSS star forming galaxies from Tremonti
et al. (2004) (shaded region, lines represent the 2.5, 16, 50, 84, and 97.5 percentile of the
distribution in each bin) and the long duration GRB hosts from Levesque et al. (2010).
Unlike the LGRB hosts, which are offset to lower metallicities, our sample is consistent
with being drawn from the greater SDSS population.
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3.6.4 Star Formation Rates

We estimate host galaxy star formation rates (SFRs) for the six events for which we
possess galaxy spectra (Figure 3.15) by measuring their Ha line fluxes and applying the
relation of Kennicutt (1998). In each case we apply a rough correction for the covering
fraction of our spectra by scaling to our PS1 photometry of the hosts. We do not correct
for intrinsic extinction. In the three cases where both Ha and HfS are detected the
decrement is reasonably consistent with zero extinction. The resulting SFRs range from
1 — 5 Mg yr~! and are listed in Table 3.5. For the four remaining objects we may place
lower limits on the SFR by measuring the HS emission line flux from the explosion
spectra (Figure 3.13) and assuming zero extinction. We do not attempt to correct for the
covering fraction in these cases. The lower limits range from 0.1 — 0.3 My, yr~!. In the
second and third panels of Figure 3.16 we plot the cumulative distribution of our SFRs
and specific SFRs in comparison to the CC-SN and LGRB hosts from Svensson et al.
(2010). Although the small number of events limits the conclusions we can draw, there is
no statistical evidence that the samples are drawn from different progenitor populations.
The star formation rates measured for our hosts are clustered around the median value

observed for both CC-SN and LGRBs.
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3.6.5 Explosion Site Offsets

Using the PS1 centroid positions (good to ~ 0.1”) we measure the separation between the
location of the transient and the center of its host galaxy. The cumulative distribution
of these offsets (in physical units) are shown in the left panel of Figure 3.18 (red line).
Also shown are distributions of type Ia, type Ibc and type II SN (Prieto et al. 2008, blue,
green, and cyan, respectively), short-duration GRBs (Fong & Berger 2013, dashed black;

SGRBs), and LGRBs (Bloom et al. 2002, solid black).

In the right panel of Figure 3.18 we normalize these offsets by the g—band half light
radius of the host. Also shown are type Ia SN (Galbany et al. 2012, blue), type Ibc
and type II SN (Kelly & Kirshner 2012a, green and cyan, respectively) and the same
LGRB and SGRB samples as described above. For objects with high signal to noise
SDSS detections, we use the Petrosian half-light radius from SDSS DR9. For others
(PS1-11bbq, PS1-13duy, and PS1-13ess), we estimate the half light radius based on the
light within a 3” radius of the centroid location within the PS1 deep stacks (we caution
that these values are more uncertain). Both the physical and normalized offsets are
listed in Table 3.5. Our sample most closely resembles the normalized offsets of type Ibc
and type II SN, indicating that, at least in this context, our explosion sites are consistent

with the environments in which one can expect to find massive stars.
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Figure 3.18.—: Projected host offsets for our sample (red) in comparison to other astro-

nomical transients. Left Panel: physical offsets Right Panel: offsets normalized by the
g-band half-light radii of the hosts. Our sample most closely traces the distribution of
core-collapse SN offsets.
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Host Galaxy Properties

Table 3.5.
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3.7 Volumetric and Relative Rates

In this section we use information on the true cadence and sensitivity obtained by
the PS1-MDS between Dec. 2009 and March 2014 to calculate the volumetric rate

of rapidly-evolving transients similar to those presented in this work. Because these
objects were identified based on their light curve morphology, rather than spectroscopic
classification, we avoid the observer-dependent bias that results because resources limit

our spectroscopic follow-up to roughly 10% of the transients discovered in the PS1-MDS.

Because their timescale is rapid, even short observing gaps due to poor weather or
maintenance can have a significant effect on the efficiency with which the survey detects
these transients. We therefore use a Monte Carlo approach similar to that utilized in
Quimby et al. (2012, 2013) to calculate the efficiency with which each PS1-MDS field

can recover these transients as a function of distance.

We begin by constructing light curve and temperature evolution templates based on
the gold transients (Figure 3.1). We then construct a luminosity function which consists
of an intrinsic gaussian distribution modified by an exponential function to account for
host galaxy absorption. In following with Quimby et al. (2013) we adopt P(Ay) o eAv/7
with 7 = 0.6 (Hatano et al. 1998) for the host galaxy absorption. As a starting point for
the intrinsic distribution we adopt a gaussian with the same mean and variance as the
(rest-frame) peak magnitudes of our gold sample after performing a V/Vmax correction
for the Malmquist bias. As a check we performed several Monte Carlo simulations
distributing 500 objects drawn from this distribution evenly in space. The objects with
apparent magnitudes > 1.5 mag above the nominal PS1 detection limit (a rough proxy

for detectability) agree well with our observed transients in both luminosity and distance.
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The nominal values for the intrinsic (i-band) gaussian distribution we adopt below are

pw=—17.2 mag and 0 = 1.0 mag.

For each PS1-MDS field we then determine the detection efficiency within 140
distance bins between z=0.005 and z=0.7. We performed 10,000 iterations of the
following process within each distance bin: (i) randomly select one of the six templates;
(ii) choose a peak absolute magnitude from the aforementioned luminosity distribution;
(iii) choose a random distance within the distance bin; (iv) k-correct the template light
curves, assuming the spectra can be approximated as a blackbodies described by the
temperature evolution template; (v) choose a random explosion epoch between Dec. 2009
and March. 2014; (vi) map the resulting explosion onto the actual dates PS1 observed
each filter for that PS1-MDS field; (vii) assign random noise to each epoch that is pulled
from the actual distribution of noises obtained by transients found in the PS1-MDS
on that epoch in that filter; and finally (viii) run the resulting synthetic data through
the same light curve selection criteria described in Section 3.2. The efficiency within
each distance bin is then calculated as the fraction of the 10,000 iterations that were

recovered.

In Figure 3.19 we plot the resultant efficiencies for each PS1-MDS field (colored
lines) as well as the survey as a whole (solid black line). The survey detection efficiencies
range from ~11% near z ~ 0.1 to <0.1% at z ~0.7. The quoted efficiencies are for the
entire duration of the PS1 survey (Dec. 2009 to March 2014), while any given PS1-MDS
field is only observed for roughly half of this time period. The in-season efficiency at z~
0.1 for the survey was approximately 25%. This demonstrates how much influence small,

in-season, observing gaps can have on the detection of such rapid transients.
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Figure 3.19.—: PS1-MDS rapid-transient detection efficiencies for our rate calculation.

Solid lines indicate detection efficiencies for individual PS1-MDS fields as a function of
redshift (bottom axis) or luminosity distance (top axis). A black solid line indicates the
detection efficiencies for the survey as a whole, which peak around 11% at z=0.1. The
dashed black line indicates the distance at which we expect our detections to be located.
This peaks at z=0.2. The actual distances of the PS1-MDS transients are shown as arrows
on the bottom axis.

Using these efficiencies we calculate the volumetric rate of these rapid and luminous

transients as:
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The quoted range comes from assuming either 6 detections (the gold transients) or 10
detections (the gold plus bronze transients). Our rate calculation does not include the
silver transients because they would not be selected by the criteria given in Section 3.2
(which were the basis for how our efficiencies were derived). This rate is approximately
24 — 40 times higher than the rate derived by Quimby et al. (2013) for super-luminous
SN-like objects and is approximately 4 — 7% of the core-collapse SN rate at z~0.2 found

by Botticella et al. (2008).

In Figure 3.19 we also plot the expected relative number of detected events as a
function of distance (dashed black line). This is calculated by multiplying the efficiency
at each distance by the relative volume and relative proper time in that bin. We
expect that a majority of the PS1-MDS detected transients should be found around
z~0.2. Black arrows along the bottom axis represent the redshifts of our spectroscopic
sample. A KS test between the observed and expected redshift distributions yields a

50% probability that they are drawn from the same population.

The largest sources of uncertainty in these derived rates are our assumed luminosity
function and the effects of host galaxy extinction. In order to assess these errors, we
run additional iterations of procedure described above, varying both the parameters
that describe the intrinsic luminosity function and the parameter 7 which describes
host galaxy absorption. Varying 7 between 0.5 and 0.7 produced 4500 events yr—?
Gpc? in the derived rates (an ~ 8% variation), while neglecting host extinction entirely
yields rates of 3500 — 5800 events yr~! Gpc~3. Introducing small variations to the
functional form of the intrinsic luminosity function (high and low luminosity cutoffs,

a lognormal distribution, etc.) produces only slightly variations in the derived rates

(<8%). Increasing the mean luminosity from —17.2 to —17.5 (which although less ideal,
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still produces reasonable agreement with our observed sample) lowers our derived rates

to 3500 — 5800 events yr—' Gpc~3, a factor of 1.4 decrease.

In addition, the photpipe pipeline requires a human to examine every potential
detection and select real astronomical events. As a byproduct of this process, some
fraction of real transients will be overlooked. The chance that a given event will be
missed is likely higher for transients with shorter overall timescales. It is beyond the
scope of the current paper to address this factor, but any such correction would act to

increase our derived rates.

Finally, we address, from a rates perspective, the possibility that no objects of a
similar class to the rapidly-evolving SN 2005ek and SN 2010X were discovered in the
PS1-MDS. Only PS1-12bb possesses a similar luminosity and red colors but its spectra
do not exhibit the strong early on-set of the Ca II NIR features that was a distinctive
characteristic of those events. Using the data of Drout et al. (2013) we construct
light curve and temperature templates for SN 2005ek and run them through a similar
procedure as described above, pulling from a Gaussian luminosity distribution with M, =
—17.5 £ 0.5. We find that, due to the lower peak luminosity and red colors of SN 2005¢ek,
the efficiency with which the PS1-MDS can detect similar transients plummets to zero
by z~0.2. In addition, the PS1-MDS has a small effective volume at low redshifts. As
a result, if the intrinsic rate of SN 2005ek-like events is similar to that for the bluer,
more luminous, objects that make up our sample we would only expect to find <1 over
the duration of the PS1-MDS. The reason the PS1-MDS sample of rapidly-evolving SN
is dominated by luminous, blue events (as opposed to previously discovered, faint, red
events) is not due to differences in their intrinsic rates, but rather to the efficiency with

which the pencil beam observing strateqy of the PS1-MDS detects objects of each class.
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3.8 Discussion: Power Sources and Progenitors

In the sections above, we described the basic properties of the PS1-MDS rapidly-evolving
transients, their host galaxies, and their volumetric rates. We now examine the nature
of these transients. We discuss several means by which the optical emission may be
powered, and the implications of each on the progenitor systems. Specifically, we examine
SN powered by radioactive decay, SN powered by shock breakout emission/interaction,
super-Eddington flares from tidal disruption events, and magnetars formed during NS-NS

mergers.

3.8.1 Limits on Radioactive Decay

As described in Section 3.5, the continuum dominated spectra of our objects more
closely resemble those of explosions powered by cooling envelope emission or interaction
than those powered by radioactive decay. In addition, the rapid timescale and high peak
luminosity of several of our events are difficult to reconcile with an explosion powered
entirely by °Ni. This is demonstrated in Figure 3.20 where we plot the rise time
versus peak luminosity for the gold/silver transients along with SN from the literature
that are powered by radioactive decay. Using the models of Arnett (1982) and Valenti
et al. (2008) we map these parameters onto a grid of °Ni mass (My;) and a parameter
proportional to the total ejecta mass (M,;) and kinetic energy (Ek) of the explosion.
These results rely on the assumptions of spherical symmetry, centrally localized *°Ni,

and an optically thick ejecta.
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Figure 3.20.—: Physical constraints for °Ni powered explosions. Top Panel: We map

the physical parameters My; and Mi’J/ ! E;l/ * onto the observable parameters of peak
luminosity and rise time. On this we plot the gold/silver transients (red stars) and
objects from the literature that are powered by radioactive decay (type la - grey circles;
type Ib/Ic - orange circles; type la-pec - grey squares; rapid events - red circles). The
curved lines represent locations where My; = M,; for a given ejecta velocity. Any object
above and to the left of a given line is unphysical for that velocity. Bottom Panel: Colored
regions represent the upper limit on the amount of **Ni which could power a second peak
(such as that observed in SN 1993J) in the light curves of our objects.
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The My; required to reproduce the peak luminosity of our events span a wide range
(0.03 My < My; < 0.7 Mg). This range is similar to that spanned by type Ib/Ic SN,
however, the devil is in the details. The degeneracy between M; and Ex can be broken
by using the photospheric velocity of the explosion near maximum light. For a given
velocity, a smaller characteristic time implies a lower ejecta mass. Thus, for objects with

short overall timescales, it is possible to obtain the unphysical result that My; > M,;.

The photospheric velocities of our objects are unknown, so in Figure 3.20 we plot
curved lines that represent My; = Mg; for a variety of velocities. Any object to the
upper left of a given line is physically disallowed for the simplified photospheric model.
While the radioactively powered explosions from the literature fall comfortably in the
region where My; << M, several of our transients would require relatively high ejecta
velocities (2 0.1c) to remain physical. In all cases the rise times and peak luminosities
imply that the required nickel mass makes up a significant fraction of the total ejecta

mass.

One caveat is that the models represented in Figure 3.20 assume the ejecta is
optically thick. If this assumption breaks down, incomplete gamma-ray trapping at
early times can produce a faster initial light curve evolution (Drout et al. 2013). For our
objects, we can estimate the level of gamma-ray trapping required such that a *°Co —
%Fe decay tail would fall below our late-time PS1 photometry limits. For five of our ten
gold objects, the late-time PS1 limits require incomplete gamma-ray trapping at early
times if the peak is truly powered by ®*Ni. Using the parameterization of Valenti et al.
(2008) to relate the level of trapping to Me; and Ej we find that only two of our objects

(PS1-10ah and PS1-12bb) have lower limits for My;/M,; that are less than 0.3.
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Thus, if our objects are powered primarily by *°Ni, they would require either (1)
progenitors that can produce a relatively small ejecta mass composed almost entirely
of Ni — a scenario that seems inconsistent with the lack of strong UV line blanketing
in our spectra — or (2) a explosion scenario in which either a significant amount of
the radioactive material is mixed into the outer ejecta layers or there is a significant

breakdown in spherical symmetry.

We are therefore converging on a situation where the early emission from many of
our rapidly-evolving events is powered by a source other than radioactive ®°Ni. In this
case, it is useful to place limits on the amount of 5Ni that could power a subsequent
peak in the light curve (such as that observed in SN 1993J or type Ibn SN iPTF13beo;
Gorbikov et al. 2014) without exceeding our observed light curve points or late-time
limits. SN 1993J possessed two peaks of similar optical luminosity. The first was due to
cooling envelope emission and the second to the radioactive decay of ~0.07 M, of *°Ni.
Only one of our objects, PS1-13ess, shows evidence for a second peak in its light curve.
The My; required to power this second peak for PS1-13ess is 0.2 — 0.3 M, (depending
on the rise time, which is not well constrained). This is approximately four times higher
than the amount that powered SN 1993J. In Figure 3.20 we use our observations to
put upper limits on the amount of %Ni that could power such a secondary peak in the

remainder of our transients.

For each object, we present a colored region which represents the maximum nickel
mass that could power an optically thick explosion with a given rise time. For three of
our objects (PS1-10ah, PS1-10bjp, and PS1-12bb) we can put an upper limit on the
amount of °Ni that could power a secondary peak to <0.03 M. This is lower than the

amount inferred for all but a few type Ibc and peculiar type la SN. Several type IT SN
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have been constrained to have My; < 0.03 Mg, although over half of those analyzed in
Hamuy (2003) have My; larger than this. The limits on the more luminous transients are

less constraining in comparison to type Ib/Ic SN.

3.8.2 Shock Breakout and Interaction

The blue colors and spectra of several of our objects resemble those observed in SN
powered by cooling envelope emission or interaction with a dense CSM (e.g. type IIb,
type IIn and type Ibn SN, several of which have peak luminosities and timescales which
also resemble the PS1 transients presented here). In this section we examine both the
shock breakout from the surface of a star and a shock breakout that occurs within an

optically thick wind surrounding the progenitor as possible power sources.

Shock Breakout from the Surface of a Star

First, we consider the case where these events are powered by the cooling envelope
portion of the explosion of a massive star. While the shock breakout from a massive
star lasts only a matter of seconds (WR stars) to hours (RSGs) the process shock heats
the ejecta, which then cools and recombines, giving rise to optical emission which is
independent from later emission powered by radioactive decay. The luminosity reached
by the cooling envelope emission can give insight into the radius of the progenitor, with
larger progenitors yielding more luminous events (due to both a larger emitting surface
and reduced effects of adiabatic cooling), while the timescale of the event is related to
the envelope mass that is cooling/recombining (see, e.g., Nakar & Sari 2010; Rabinak &

Waxman 2011).
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Figure 3.21.—: A comparison of the light curves of several gold transients to events

from the literature thought to be powered by varieties of shock breakout/cooling envelope
emission. PS1-10ah shows a similar initial decline to the type IIb SN 1993J, but lacks a
later peak powered by radioactive decay. PS1-11qr, PS1-12bv, and a number of the other
luminous events are very similar to PTF 09uj, which was hypothesized to be due to the
shock breakout from an optically thick wind (Ofek et al. 2010).

Several of our transients (e.g. PS1-10ah, PS1-12brf, PS1-13dwm, PS1-13ess) have
peak luminosities and timescales that are similar to those observed for the cooling
envelope portion of type IIb SN with extended progenitors. In Figure 3.21 we compare
the light curve of SN 1993J to several of our gold sample objects and see that the initial

decline of SN 1993J is well matched to the initial decline of our object PS1-10ah. This is
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consistent with the initial light curve signature expected for the explosion of progenitors
with extended low-mass envelopes (Nakar & Piro 2014). However, with the exception of
PS1-13ess, we do not observe a second peak due to the decay of °Ni as is observed in
other type IIb SN. In fact, these intermediate luminosity objects are the transients for
which we can place the strictest limits on the amount of %Ni that powers a secondary

peak. For PS1-10ah we constrain My; <

~

0.03Mg, which is more than a factor of two
lower than that found for the second peak of SN 1993J (Woosley et al. 1994). This
implies that some stripped envelope core-collapse SN may eject a very small amount of
radioactive isotopes. A similar point was raised in Kleiser & Kasen (2014) who modeled

the rapidly declining type Ic SN 2010X as an oxygen recombination event.

While this power source seems reasonable for our intermediate luminosity events,
a number of our other transients (PS1-11qr, PS1-11bbq, PS1-12bv, and PS1-13duy)
possess peak luminosities that are a factor of ten higher than that observed for SN 1993J
(see Figure 3.21). Woosley et al. (1994) invoked a progenitor radius of ~ 4 x 10'% cm
in order to reproduce the light curve of SN 1993J. This is only a factor of two below the
radii of the largest known RSGs (Levesque et al. 2009). Thus, if these events can be
explained by the cooling envelope emission after shock breakout from the surface of a
massive star, we would seem to require a progenitor that is both extremely extended, but
also possesses a relatively low envelope mass. Alternatively, these events could represent
cases where the shock breakout occurs not directly from a stellar surface, but inside a
dense, optically thick, wind surrounding the star. This hypothesis was also put forth for
the rapidly-evolving type IIn event, PET09uj (Ofek et al. 2010), whose light curve bears

striking resemblance to our higher luminosity events (Figure 3.21).
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Shock Breakout within a Dense Wind

The case of a shock breakout from a dense wind has been examined from a theoretical
perspective by Chevalier & Irwin (2011), Balberg & Loeb (2011), Ofek et al. (2010) and
Ginzburg & Balberg (2014). For a wind environment, the density profile around the star
goes as p, o< 2. While the actual situation for the case of an optically thick mass-loss
region may be more complex (e.g. due to shell ejections), this approximation has been
made in previous works and will also be utilized here. These models have been applied
to explain a number of super-luminous SN (both type I and type II; Chevalier & Irwin
2011) as well other type IIn SN such as SN2009ip (Margutti et al. 2014b) and PTF 09uj

(Ofek et al. 2010) and the first peak of type Ibn iPTF13beo (Gorbikov et al. 2014).

In their appendix, Margutti et al. (2014b) solve the equations given in Chevalier &
Irwin (2011) for the case where the wind radius, R,, is larger than the radius at which
diffusion becomes important, R4y. These equations give the ejecta mass and kinetic
energy of the explosion, as well as the opacity and density of the mass-loss region (as
parameterized by a mass-loss rate M) in terms of three observables: the rise time of
the explosion (t,is), the energy radiated on the rise (E;.q), and the radius at breakout
(Rpo). Using our first measured blackbody radius for each transient (Figure 3.22) as an
order of magnitude estimate for Ry, we can utilize these models to estimate the physical
parameters of the explosion and mass-loss region surrounding the progenitor. From
Figure 3.22 we see that the breakout radius for our events is relatively small. All the
events (including those whose first radius constraint was measured at maximum light)
have values below that measured for SN 2009ip and an order of magnitude smaller than

those measured for several SLSN (Chevalier & Irwin 2011).
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Figure 3.22.—: Histogram of the first radius constraint obtained for each transient in

Section 3.4. Vertical lines mark the radius found for the progenitor of SN 1993J (Woosley
et al. 1994), 1000 and 1500 R, (the largest known RSGs) and the radius of shock breakout
found for the type IIn SN 2009ip (Margutti et al. 2014b).

These models are degenerate in MgE™2 and we find values for the ejecta mass

ranging from 1.0 (—2—
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Figure 3.23.—: Values of MyE~1/2 derived for the gold/silver transients for the case of
a shock breakout from a dense, optically thick, wind. The width of the colored region
gives the error inferred for Mg;E~2 based on the errors for each of our observables. Grey
shading represents an excluded region where the explosion energy is less than the observed
radiated energy. Horizontal lines in each panel represent where Eqcpiosion = 10X E;.q and
100x E,.q for each object.
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Figure 3.24.—: Histograms of the physical parameters derived for the mass-loss region

surrounding each object in the case of a shock breakout from a dense, optically thick,
wind. Panels 1,2,3 and 4 display the mass-loss rates inferred from the explosion, the
outer radius of the region of dense mass-loss, the total mass contained in the region of
dense mass-loss, and the inferred time for the onset of the mass-loss (prior to the main
explosion), respectively. Both the mass-loss rates (panel 1) and wind onset times (panel
4) listed assume a wind velocity of 1000 km s™! (as measured from a potential CSM
absorption in the spectrum of PS1-12bv). The results scale linearly for other assumed

velocities.
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1000 km s~! the mass-loss would have occurred in the < 1 year prior to explosion (fourth

panel, Figure 3.24).

Chevalier & Irwin (2011) predict that the temperature of the explosion should
rise to maximum in the case of shock breakout within a region of dense mass-loss.
Unfortunately, for many of our objects we do not robustly constrain their temperature
evolution on the rise. However, one of our best observed objects on the rise, PS1-10ah,
does show evidence for a rise in temperature to maximum. Our best fit blackbody for
this object at maximum light is ~ 18,000 K, but several days before max is only 10,000
K. This trend is also reflected in the observed g—r colors, which get bluer at maximum

light.

If this physical scenario is an accurate representation of our transients, then they
(along with PTF09uj) add to the interesting picture painted by type IIn, type Ibn,
SLSN-IT and other transients about the (possibly eruptive) mass-loss that some massive
stars undergo in the year(s) immediately prior to explosion. The rates of these short
duration transients are not insignificant compared to the rates of longer duration type
IIn SN (8—9% of core-collapse SN; Smith et al. 2011). While the mass-loss rates and
dense wind radii required for our transients are similar to those derived for other type
IIn events, the total mass contained in the dense CSM is a factor of ten lower than that
inferred for a majority of of type IIn SN (see Smith 2014 and references therein). This,

in turn, leads to a smaller break-out radius and shorter transient duration.
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3.8.3 Super-Eddington Tidal Disruption Flares

We now turn our attention to a set of non-explosive transients whose predicted properties
bear some resemblance to several of our objects: the super-Eddington phase of a tidal
disruption flare. To date, a majority of tidal disruption event candidates have been
discovered in the UV and X-rays. This is expected given the high predicted blackbody
temperature of material close to the SMBH (~3x10° K; see, e.g., Lodato & Rossi 2011).
However, for SMBHs with M < 10® Mg, there may be a period of time after the initial
disruption when accretion is super-Eddington, which can drive an outflow of material.
Strubbe & Quataert (2009) model the light curves and spectra for this type of emission.
They find that the transients are short-lived (< 30 days), luminous (L ~ 10% ergs s™'),

and peak in the optical /UV.

Cenko et al. (2012) argue that a super-Eddington outflow may explain the event
PTF 10iya, which has several properties in common with the PS1-MDS transients.
PTF 10iya has a rapid timescale (~ 10 days), high peak luminosity (~10% ergs s71)
and a blackbody temperature of ~20,000 K. However, there are several difficulties in
interpreting our objects similarly. First, and most obviously, PTF 10iya was coincident
with the nucleus of its host galaxy to within 350 mas. The same is not the case for
many of the transients presented here. Only PS1-10ah lies in the very central region of
its host. While, in principle, a non-nuclear event could be due to a tidal disruption by
an intermediate-mass black hole (IMBH), in the models of Strubbe & Quataert (2009) a
characteristic timescale of ~10 days requires a SMBH with a mass between 10° and 10%

Mg. The timescale for an IMBH would be < 1 day.

In addition, Strubbe & Quataert (2009) predict that the observed temperature
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should increase slightly as the transient declines. In contrast, our objects show ejecta
which cool with time. Finally, Cenko et al. (2012) argued that the blackbody radii
measured for PTF 10iya (~ 10' cm) are too large for SN ejecta traveling at typical
velocities to reach in such a short period of time. The same argument does not hold for
our objects, whose blackbody radii are an order of magnitude smaller. Thus, despite
sharing several observational properties with PTF 10iya, it is not obvious that any of
our events are consistent with the emission predicted for the super-Eddington phase of a

tidal disruption flare.

In contrast, Strubbe & Quataert (2009) predicted that the PS1-MDS should detect
approximately 20 tidal disruption flares in their super-Eddington phase per year. Using
their models and detection rates as a function of BH mass and the black hole mass
function from Hopkins et al. (2007) we estimate that roughly 40% of these should fall in
the rapidly-evolving parameter space that was systematically examined in this paper.
In addition, Strubbe & Quataert (2009) calculate their rates using a limiting flux of 25
AB mag for the PS1-MDS, which is 1 — 1.5 mag fainter than what the survey actually
achieved. Using Equation 32 in Strubbe & Quataert (2009) to scale their derived rates
to the true sensitivity obtained by PS1-MDS we produce a modified predicted detection
rate of 1 — 2 events per year within the parameter space we have examined. Thus, given
the stringent detection criteria we utilized in Section 3.2.2 it is possible that our lack of
detections in four years of the PS1-MDS is not in conflict with the models of Strubbe &

Quataert (2009).
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3.8.4 Magnetars formed during NS-NS Mergers

In some cases, the merger of two low mass neutron stars (NS) may produce a stable
massive NS as opposed to collapsing to a black hole. Both Yu et al. (2013) and Metzger
& Piro (2014) investigate the electromagnetic counterparts that would be produced
from the formation of such a system if the magnetar spin-down energy is channeled into
the ejecta from the merger, as opposed to a collimated jet. They predict optical/UV
transients with peak bolometric luminosities of 10*3 — 10* erg s=!, rise timescales of
< 1 day and overall timescales of ~10 days. Although these predicted luminosities and
timescales are slightly higher/shorter than those observed for the PS1-MDS transients

presented here, their properties are broadly comparable.

However, both the derived rates for the PS1-MDS transients and their explosion
site offset distribution disfavor a significant fraction originating from this channel. The
“realistic” NS-NS merger rate from Abadie et al. (2010) is 1000 events yr—* Gpc™2 and
the “high” rate is 10000 events yr—' Gpc=3. The rates we derive in Section 3.7 are 4800
— 8000 events yr—t Gpc=3. Thus, if all of our events originated from this channel we
would require a high NS-NS merger rate of which a significant fraction produce stable
NS remnants. In addition, the offset distribution observed for our transients is consistent
with that observed for CC-SN, rather than SGRBs (which are also thought to originate
from NS-NS mergers). However, while this progenitor channel cannot explain the entire
population of rapidly-evolving objects we identify in the PS1-MDS, we cannot rule it
out for some individual objects. To do so, we would require models with more detailed
radiation transport to determine if the blue colors and continuum dominated spectra we

observe are consistent with predictions.
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3.9 Summary and Conclusions

The Search: We have performed a search for transients with rapid timescales (ty/2 <
12 days) and high peak luminosities (—15 > M > —21) within the ~5000 transients
discovered in the PS1-MDS. We identify 14 light curves of interest, 10 of which have
confirmed peak magnitudes brighter than —16 mag. This sample increases the known
number of events in this region of transient phase space by approximately a factor of

three. The median redshift of our confirmed sample is 0.275.

Basic Properties: The PS1-MDS rapidly-evolving transients span a wide range
peak magnitudes (—16.8 mag < M < —20 mag) and an order of magnitude in peak
pseudo-bolometric luminosity (2 x 10% erg s7' < Ljeax < 3 x 10% erg s7'). In general,
they possess much faster rise than decline timescales. Our data for six objects cannot
exclude a transient that rose on a timescale of < 1 day. With the exception of PS1-12bb,
all of the transients possess blue colors near maximum light ( gp; — rp; < —0.2).
Best fit blackbodies reveal photospheric temperatures/radii which cool/expand with
time, consistent with explosions that involve expanding ejecta. The explosion spectra
obtained near maximum light are dominated by a blue continuum, consistent with a hot
optically thick ejecta. Based on these spectra we cannot conclude if the explosions are

hydrogen-rich or hydrogen-poor.

Power Sources and Progenitors: The short timescales and high peak luminosities
of the PS1-MDS transients are difficult to reconcile with explosions powered by the
radioactive decay of *Ni. Either extreme ejecta velocities or significant outward mixing
of ®*Ni would be required to avoid a situation where the required nickel mass is a

significant fraction (>50%) of the total ejecta mass. However, the blue, continuum
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dominated, spectra are consistent with early spectra observed for transients powered by

shock breakout cooling envelope emission or interaction with a dense CSM.

The luminosity and duration of several transients are consistent with the cooling
envelope emission observed in type IIb SN with extended low-mass envelopes (e.g.
SN 1993J). However, in all but one case we see no evidence for a second peak in the
optical powered by radioactive decay. For the others, we can restrict the amount of
%Ni which could power a subsequent peak to <0.03 My. In contrast, several of the
more luminous transients may be produced by a shock breakout within a region of dense
mass-loss surrounding the progenitor star. The mass-loss rates and dense CSM radii
required are comparable to those derived for normal type IIn SN. However, the total

mass contained within the dense CSM is an order of magnitude lower (~0.01 Mg).

Host Galaxies: The host galaxies of the PS1-MDS rapidly-evolving transients are
consistent with the interpretation of massive star progenitors. They are all star-forming,
possess roughly solar metallicity, and are consistent with the mass-metallicity relation
observed for SDSS star forming galaxies (Tremonti et al. 2004). The explosion sites
span a wide range of offsets from the galaxy centers, and their distribution most closely

resembles that observed for core-collapse SN.

Volumetric Rates: Using information on the true cadence and sensitivity
achieved by the PS1-MDS, we use a Monte Carlo code to calculate the efficiency of the
PS1-MDS in detecting rapidly-evolving transients as a function of distance. For luminous
blue transients (such as those presented here) we find in season efficiencies that peak
around ~25% at z=0.1. This demonstrates the large effect that small observing gaps

(due to weather, maintenance, etc.) can have on the ability of optical SN searches to
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detect rapidly-evolving events. Using these efficiencies we calculate a volumetric rate for
these transients of 4800 — 8000 events Gpc=2 yr~!. This is 4 — 7% of the core-collapse
SN rate at z=0.2 found by Botticella et al. (2008). In addition, we find that the efficiency
with which PS1-MDS detects faint, red, transients (similar to the rapidly-declining
events presented in the literature; SN 2010X, SN 2005ek) plummets to zero by z~0.2.
The PS1-MDS has a small survey volume at such low redshifts. Thus, the lack of similar
objects in our sample does not reflect their intrinsic rate, but rather the efficiency with

which the PS1 observing strategy can recover events of each subclass.

Implications and Future Directions: Both the event rates we derive for these
transients and our interpretation for their progenitors have significant implications for
our understanding of the final stages of stellar evolution. The rates are not insignificant
compared to the core-collapse SN rate, and both the progenitor systems we favor imply
non-standard final configurations of the star. Our interpretation of some events as
cooling envelope emission from a progenitor with a low-mass extended envelope implies
that some stripped envelope core-collapse SN eject very little radioactive material. This
could either be due to fallback within a high mass progenitor whose outer envelope is
stripped by winds, or due to binary stripping of the outer envelope in a lower mass
progenitor. Our interpretation of some other events as a shock breakout within an
optically thick wind adds to the complex picture painted by type IIn SN of the eruptive
mass loss that seems to occur for some massive stars in the year(s) immediately prior to
explosion. In view of these results, there are several future directions for both theorists

and observers that will aid our ability to interpret these transients:

Theory: (1) Detailed models of these fast, blue, luminous transients. In particular,

when detailed models (which treat outward mixing of 5°Ni, departures from spherical
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symmetry, and time varying opacity) are performed, do they confirm that the
luminosities, timescales, and spectra are inconsistent with a transient powered mainly
by radioactive decay? What stellar envelope parameters does a cooling envelope
interpretation imply? Is it possible to reproduce the most luminous transients with a
shock breakout from the surface of a star, or are the implied stellar radii unphysical?
Can a model other than those investigated here reproduce all of the observed properties?
(2) Updated models of the final stages of stellar evolution. What final state do stars
which are stripped by binary interaction actually take? Can detailed models reproduce

the mass-loss in the final year(s) before explosion implied by these events and other type

IIn SN?

Observation: (1) Multi-band data taken on the same epoch with a ~1 day cadence.
This data will allow us to constrain both the true rise time of the transients (< 1 day
versus 2—3 days) and their temperature evolution on the rise. The shock breakout from
the surface of a star and a shock breakout from within a region of dense mass loss give
different predictions for these parameters. (2) Multiple epochs of spectroscopy, especially
at late times. The spectra obtained for all of our blue transients were at maximum light.
While spectra dominated by blue continua are consistent with a cooling envelope or
shock breakout interpretation at these epochs, late time spectra should display features

from either the SN ejecta or from interaction with the CSM.
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3.10 Appendix: Most Likely Host Analysis of Bronze

Sample Objects

Our bronze sample is composed of four objects that passed all of the photometric
selection criteria described in Section 3.2.2, but whose distance we were not able
to constrain spectroscopically. As a result, we cannot confirm that they are “high
luminosity” transients (M < — 15 mag). We now attempt to assess this likelihood by

examining the possible hosts for each event.

The region around each transient is shown in Figure 3.6, and we begin by assessing
the most likely host for all four objects via the method outlined in Bloom et al. (2002)
and Berger (2010). We calculate the probability of chance alignment, P(6R), with various
galaxies in the surrounding area (labeled in red in Figure 3.6) based on their i—band

magnitudes and 0R from the explosion site. JR for underlying versus distant galaxies are
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calculated as described in Bloom et al. (2002). The results from this analysis are shown

in Figure 3.25.

There are faint (25 mag < m; < 22 mag) sources located within 1” of the explosion
site for all four bronze objects, as well as more luminous galaxies at slightly larger
separations. In all four cases we find that the underlying, faint, source has the lowest
probability of chance alignment with the transient (< 4%). However, all four events have
at least one other source with a <10% probability of chance alignment. We now examine,

in turn, the consequences if each of these sources were the true host of the transient.

The additional sources with a <10% probability of chance alignment are bright (m;
> 19.5) and can morphologically be identified as galaxies. Thus, if our transients are
associated with these sources, they would be analogous to our gold/silver transients, with
larger offsets from their hosts. PS1-10iu S2, PS1-13aea S2, and PS1-13bit S2 possess
SDSS photometric redshifts of 0.136, 0.290, and 0.134, respectively. If these are their
true hosts, the transients would possess peak absolute magnitudes between —16.8 and
—19.5, well in line with the range exhibited by the gold/silver samples. For PS1-13aea,
the situation has the added complication that the transient exploded in the region
between NGC 4258 and NGC 4248 (See Figure 3.6), with distances of 7.2 and 7.3 Mpc,
respectively. If the transient were associated with either of these galaxies (NGC 4258
has roughly the same probability of chance alignment as PS1-13aea S2) then the peak

magnitude of PS1-13aea would only be —8.5, and likely an extragalactic nova.

We now turn to the possibility that the hosts of the bronze transients are the faint
sources located within ~ 1”7 of the explosion site. If this is the case, then two possibilities

exist. Either these sources are galaxies, and the bronze events represent additional
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Figure 3.25.—: Most probable host analysis for the bronze transients. Vertical axis gives

the probability of chance alignment with a given galaxy as a function of dR. Galaxies of
particular note are labeled.

rapidly-evolving and luminous transients (likely at higher redshifts), or these sources
are stellar and these events are less luminous (and likely known) classes of transients.
Not one of the transients shows signs of prior or later outbursts in the four years of
PS1-MDS data. Unfortunately, the signal to noise of the detections are not sufficient
to do a definitive morphological assessment of the sources. However, for both PS1-10iu
and PS1-13bit, the location of the transient (accurate to approximately 0.1”) appears
offset from the centroid of the underlying source. If the sources were located within the
Milky Way (at distances <3 kpc) then the absolute magnitude of the quiescent sources
would be only ~ 10 mag. While this is in line with magnitudes expected for quiescent

cataclysmic variables, several of the sources also possess red colors, which is not.

Based on these arguments, we find it likely that at least some subset of our bronze
objects represent additional members of this class of rapidly-evolving and luminous

transients.
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Abstract

We present extensive multiwavelength (radio to X-ray) observations of the Type Ib/c
SN 2013ge from —13 to 4457 days relative to maximum light, including a series of
optical spectra and Swift UV-optical photometry beginning 2 — 4 days post-explosion.
This data set makes SN 2013ge one of the best observed normal Type Ib/c SN at early
times—when the light curve is particularly sensitive to the progenitor configuration and
mixing of radioactive elements—and reveals two distinct light curve components in the
UV bands. The first component rises over 4 — 5 days and is visible for the first week
post-explosion. Spectra of the first component have blue continua and show a plethora
of moderately high-velocity (~15,000 km s™') but narrow (~3500 km s™') spectroscopic
features, indicating that the line-forming region is restricted. The explosion parameters
estimated for the bulk explosion (Mg ~ 2 — 3 Mg; Ex ~ 1 — 2 x10°! erg) are standard
for Type Ib/c SN, and there is evidence for weak He features at early times—in an
object which would have otherwise been classified as Type Ic. In addition, SN 2013ge
exploded in a low metallicity environment (~0.5 Zg) and we have obtained some of
the deepest radio and X-ray limits for a Type Ib/c SN to date, which constrain the
progenitor mass-loss rate to be M < 4 x 1076 M, yr~!. We are left with two distinct
progenitor scenarios for SN 2013ge, depending on our interpretation of the early emission.
If the first component is cooling envelope emission, then the progenitor of SN 2013ge
either possessed an extended (2 30 Rg) envelope or ejected a portion of its envelope
in the final <1 year before core-collapse. Alternatively, if the first component is due to
outwardly mixed °°Ni, then our observations are consistent with the asymmetric ejection

of a distinct clump of nickel-rich material at high velocities. Current models for the
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collision of a SN shock with a binary companion cannot reproduce both the timescale
and luminosity of the early emission in SN 2013ge. Finally, the spectra of the first

component of SN 2013ge are similar to those of the rapidly-declining SN 2002bj.

4.1 Introduction

Type Ib/c supernovae (SN) are an observational subclass of stellar explosions. They
are identified mainly by a lack of either strong hydrogen or strong silicon features

in their optical spectra (see Wheeler et al. 1995, Filippenko 1997 for a review of

SN classifications). This class can be further divided into Type Ib SN, which show
conspicuous lines of helium in their spectra, and Type Ic SN, which do not. These events
are physically understood to be the core-collapse of massive stars that were stripped of
their hydrogen envelopes. Main progenitor channels include isolated Wolf Rayet (WR)
stars with massive winds (Begelman & Sarazin 1986; Woosley & Weaver 1995) and
lower mass helium stars stripped by binary companions (Wheeler & Levreault 1985;

Podsiadlowski et al. 1992; Yoon et al. 2010).

Two of the main power sources that contribute to the rising phase of a SN light
curve are the radioactive decay of *°Ni synthesized in the explosion and the cooling
envelope emission produced when the ejecta radiates away energy deposited by the SN
shock (e.g. Piro & Nakar 2013). In stripped-envelope SN, 5°Ni powers a majority of the
light curve, while cooling envelope emission is only predicted to be visible for a few days
post-explosion. As a result, early observations of Type Ib/c SN provide a particularly
sensitive probe of both the structure of the progenitor star prior to explosion (Nakar &

Sari 2010; Rabinak & Waxman 2011) and the degree to which radioactive materials are
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mixed into the outer ejecta (Dessart et al. 2012; Piro & Nakar 2013).

Constraints on the structure of the progenitor star from cooling envelope emission
are valuable as the final radii of putative Type Ib/c progenitors are predicted to vary by
an order of magnitude or more depending on their initial conditions (mass, metallicity)
and evolutionary history (single versus binary) (Yoon et al. 2010). While no cooling
envelope emission has been observed for a normal (not broad-lined) Type Ic SN to
date, non-detections have been used to place constraints on the progenitor radii in
several objects (e.g. PTF10vgv; Corsi et al. 2012). In addition, when interpreted as
shock breakout emission, the early X-ray/UV peak observed from the Type Ib SN 2008D
constrains its progenitor radius to be < 12 Ry (Soderberg et al. 2008; but see also e.g.

Mazzali et al. 2008, Bersten et al. 2013 for alternative interpretations of this emission).

In addition, recent observations have highlighted gaps in our understanding of
the final state of the progenitors for some SN. For example, a handful of SN with
double-peaked optical light curves have been discovered. When interpreted as cooling
envelope emission, the first peak requires that the progenitor star possessed a low-mass
extended envelope, which differs from the standard hydrostatic models of stellar structure
(Nakar & Piro 2014; Bersten et al. 2012; Nakar 2015). While a majority of these events
are of Type IIb (e.g. SN 1993] Wheeler et al. 1993; SN2011dh Arcavi et al. 2011;

SN 2013df Van Dyk et al. 2014), a similar morphology has also been observed in the
Type Ibn iPTF 13beo (Gorbikov et al. 2014) and the Ic-BL SN 2006aj associated with
Gamma-Ray Burst (GRB) 060218 (Campana et al. 2006; Nakar 2015). Further, X-ray
observations point to a subset of long GRB progenitors which either underwent enhanced
mass-loss in the final years before explosion, or possess low-mass, extended, progenitor

envelopes (Margutti et al. 2015).
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Constraints on the mixing of radioactive material from rising light curves can
also provide insight into the progenitor structure and explosion mechanism for various
subclasses of Type Ib/c SN. Mixing in core-collapse SN can be accomplished by a
number of mechanisms including a large-scale asymmetry of the explosion (e.g. a
“jet”-like explosion), a large-scale asymmetry of the SN shock produced by the neutrino
or magneto-rotational mechanism (e.g. Scheck et al. 2006; Marek & Janka 2009; Maeda
et al. 2002; Burrows et al. 2007), and smaller-scale Rayleigh-Taylor and Kelvin-Helmholtz
instabilities at the shock front (Kifonidis et al. 2006; Joggerst et al. 2009; Hammer et al.
2010). The observed signature of such mixing will vary depending on its origin, ranging
from small modifications to the timescale and colors on the rise for well-mixed shallow
deposits of °Ni (Dessart et al. 2012) to double-peaked light curves for asymmetric
ejections of material. Models of the latter type have been investigated as a possible
source for the double-peaked light curves observed in the Type Ib SN 2008D (Bersten

et al. 2013) and SN 2005bf (Folatelli et al. 2006; but see also Maeda et al. 2007).

Understanding the mixing of radioactive material is especially vital for constraining
what distinguishes whether a given progenitor will explode as a Type Ib or Ic SN. The
production of He I lines in SN spectra requires non-thermal excitation of the helium
atoms, likely from the 7-rays produced by the radioactive decay of *Ni (e.g. Lucy 1991;
Dessart et al. 2012; Hachinger et al. 2012). Thus, in order to produce a Type Ib SN,
mixing may be required, while the observation of a Type Ic SN may not necessarily
imply that its progenitor was He poor. Early observations that constrain mixing in a
normal Type Ic SN can therefore help to distinguish whether or not these events have an

intrinsically lower helium abundance.

Thus, particularly when they are coupled with other multiwavelength observations,
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early light curves offer us insight into topics such as the evolutionary path of the
progenitor, the explosion mechanism, and the properties that dictate whether a given
star will explode as a Type Ib or Ic SN. In this paper we present detailed observations
of the Type Ib/c SN 2013ge, which span radio to X-ray and include spectroscopy and
UV-optical photometry beginning 2—4 days after the epoch of first light. These early
observations show behavior which has not been observed in any Type Ib/c SN to date: a
distinct light curve component visible in the blue bands for the first week after explosion,
which—on its rising portion—shows spectral features with moderately high expansion

velocities but narrow line widths.

In Section 4.2 we describe the observations obtained for SN 2013ge. In Sections 4.3
& 4.4 we describe the photometric and spectroscopic properties of SN 2013ge, respectively,
while in Section 4.5 we examine the properties of the circumstellar medium (CSM)
surrounding the progenitor star. In Section 4.6 we discuss the consequences of various

observed properties on our understanding of the progenitor of SN 2013ge.

4.2 QObservations

4.2.1 UV and Optical Photometry

We obtained UV and optical photometric observations of SN 2013ge from a wide variety
of instruments, spanning 466 days. In the sections below we describe the data acquisition,
reduction, and calibration for each instrument and in Section 4.2.1 we discuss the

consistency of the combined light curve. The location of the transient on the outskirts of

NGC 3287 is shown in Figure 4.1.
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30 arcsec

Figure 4.1.—: r-band image from MMTCam, obtained on 2014 Apr. 1, showing the
location of SN 2013ge (red cross hairs) on the outskirts of NGC 3287.
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Discovery Photometry and Pre-Explosion Limit

SN 2013ge was discovered by Koichi Itagaki on 2013 Nov. 8.8 (all times UT) using the
0.5-m reflector at the Takanezawa station, Tochigi-ken, and was undetected prior to
discovery on 2013 Nov. 1.7 with the same instrument (CBAT 3601). We have reanalyzed
these unfiltered images for this manuscript. We performed point spread function (PSF)
photometry on the SN and nearby field stars in the discovery image using standard
packages in IRAF!, and absolute calibration was performed using Bessell R-band
magnitudes of nearby field stars. No formal color correction to the Bessell system was
performed. This same procedure was also carried out on fake sources injected into the
pre-discovery image. This yields an unfiltered discovery magnitude of 16.9 + 0.1 mag

and a pre-explosion limit of 19.0 mag.

Swift UVOT Photometry

We observed SN 2013ge with the UV Optical Telescope onboard Swift (UVOT, Gehrels
et al. 2004b, Roming et al. 2005) from 2013 Nov. 11 to 2013 Dec. 9 (=11 to +17

days). The Swift-UVOT photometric data were extracted following the prescriptions of
Brown et al. (2009). We used a variable aperture with radius 3” — 5” to maximize the
signal-to-noise ratio as the SN flux faded. The Swift-UVOT photometry is reported in

Table 4.1 in the photometric system described in Breeveld et al. (2011).




CHAPTER 4. SN2013GE

Challis Observatory Optical Photometry

We observed SN 2013ge with the Challis Astronomical Observatory (CAO) on 12 nights
spanning 2013 Nov. 12 to 2013 Dec. 14 (=10 to +22 days). CAO is located in central
Idaho near the River of No Return Wilderness. The facility telescope is a 0.4—m {/10
Meade LX—200, equipped with an Apogee Alta U47-MB camera and UBVRI Bessell

filters.

For each epoch, 5 — 10 raw images were stacked and PSF photometry was performed
in IRAF. Absolute calibration was performed using SDSS observations of field stars,
which were converted to the Bessell BVRI system using the equations of Smith et al.
(2002). A single nightly zeropoint offset was applied, as data was not available to fully
calibrate color terms between the CAO and standard Bessell filters. However, no strong
trends between zeropoint and color were evident in observations of ~15 field stars on
multiple epochs, and the observed color of SN 2013ge is well matched to the range of
colors of the field stars used for calibration. We estimate that the error in our calibration
(assuming a range of possible color terms) is <0.05 mag over the epochs we observed

with CAQO. This data is listed in Table 4.2 in the Bessell photometric system.

FLWO 1.2-m Optical Photometry

We obtained 55 epochs of BVri photometry of SN 2013ge spanning 2013 Dec. 7 to 2014
May 3 (415 to +162 days) with the Fred Lawrence Whipple Observatory (FLWO) 1.2
meter telescope plus KeplerCam CCD. The KeplerCam data were reduced using IRAF,
IDL and PERL procedures as described in Hicken et al. (2012) for the CfA4 Type

[a sample, with the exception that no host galaxy subtraction was performed. BVri
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instrumental magnitudes were measured using PSF fitting. For calibration, we applied a
set of linear transforms, which account for zeropoint, atmospheric and color terms. These
linear transforms were calibrated using Landolt (1992) standards for BV and Smith et al.
(2002) standards for r and i bands on 5 photometric nights, while nightly zeropoints were
determined by measuring the magnitudes of local comparison stars in the SN 2013ge field
(see Hicken et al. 2012 for further discussion of the calibration applied). The resulting

BV data in the Bessell photometric system and ri data in the SDSS photometric system

are listed in Table 4.3.

MMTCam, LBT and IMACS Optical Photometry

In addition, we obtained eight epochs of ri—band photometry and two epochs of z—band
photometry with the MMTCam instrument mounted on the 6.5m MMT telescope, one
epoch of ri—band imaging with the Large Binocular Camera (LBC; Speziali et al. 2008)
mounted on the Large Binocular Telescope (LBT), and two epochs of r—band imaging
with IMACS on Magellan-Baade. One epoch was obtained on 2013 Nov. 19 (—3 days),
and the other epochs span 2013 Apr. 1 to 2015 Apr. 16 (+129 to +510 days). Bias
and flat field corrections were made to all images and nightly stacks were produced
using standard routines in IRAF. Dark frame corrections were also applied to images
taken with MMTCam. PSF photometry was performed and absolute calibration was
carried out using SDSS observations of field stars. A single nightly zeropoint offset was

performed. These data listed in the SDSS photometric system in Table 4.4.
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Table 4.1.  Swift UVOT Photometry
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Table 4.2. CAO Photometry
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Table 4.3. FLWO Photometry
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Table 4.3—Continued
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Table 4.4. MMTCam, LBT, and IMACS Photometry
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Figure 4.2.—: Multi-band photometry for SN 2013ge. Symbol shape indicates the source
of the photometry and color indicates the observed band, as labeled. The unfiltered
discovery photometry and pre-explosion limit are shown as a hexagon with an asterisk and
an open downward facing triangle, respectively. See Section 4.2.1 for further information
on the procedures applied to place data on this plot. The dashed-dotted line traces the
epoch of maximum light for each observed band.

Combined UV-Optical Light Curve

As a result of the extensive observations described above, we possess Swift-UVOT data
in the Breeveld et al. (2011) photometric system, CAO BVRI and FLWO BV data
in the Bessell photometric system, and FLWO ri, MMTCam riz, LBT ri and IMACS

r—band data in the SDSS photometric system. We plot the resulting UV /optical light

173



CHAPTER 4. SN2013GE

curve in Figure 4.2. In this Figure color signifies the observed band and the shape of
the symbol signifies the source of the photometry (see legend). In order to place data
from different photometric systems on the same plot, we have shifted the photometric
zeropoint of all data to the AB magnitude scale (m = —2.5log,,(F},/3630)) and have
corrected for the extinction in each observed band based on the total E(B—V)=0.067
mag derived in Section 4.2.6, below. We find good agreement between our data from
different sources. Slight variations, on the order of 0.05—0.1 mag, are observed between
the Swift bv data and CAO BV data, as expected for the different filter curves. We
note that the overlapping epochs of CAO/FLWO V—band data and FWLO/MMTCam
ri—band data agree within the quoted uncertainties, consistent with the conclusion that
the color corrections between the CAO/MMTCam filters and the standard Bessell/SDSS

filters are small.

The unfiltered discovery photometry and pre-explosion limit are shown as a hexagon
with an asterisk and an open downward facing triangle in Figure 4.2, respectively. These
points have been processed in the same manner as the R—band data for placement on
this plot, but we caution that some variations likely exist between this data and the
standard Bessell R-band at early times when the SN is very blue. We do not attempt to
transform all of our data to a single photometric/filter system. In the analysis below,

each point is treated appropriately for the filter in which it was originally observed.
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4.2.2 Chandra X-ray Observations

We obtained deep X-ray limits for SN 2013ge with the Chandra X-ray Observatory on
2013 Dec. 7 under an approved Director Discretionary Time Proposal (PI: Margutti).
The total exposure time was 18.8 ks. Chandra ACIS-S data were reduced with the CIAQ
software package (v4.5) and relevant calibration files, applying standard filtering criteria.
Using wavedetect we find no evidence for X-ray emission at the location of SN 2013ge.

The 3 o count-rate upper limit is 3.1 x 107* s7! in the 0.5-8 keV energy band.

The neutral hydrogen column density in the direction of the SN is NHg, = 1.9 x 10%°
cm~? (Kalberla et al. 2005). From our optical spectra we estimate E(B-V)pes = 0.047
mag (Section 4.2.6). For a Galactic dust to gas ratio, this value corresponds to an intrinsic

neutral hydrogen column density of NHyos ~ 3 x 10%° cm 2.

For an assumed simple
power-law spectral model with spectral photon index I' = 2 we find an unabsorbed flux
limit 3.4 x 107 erg s7! em™2 (0.3-10 keV). At the distance of 23.7 Mpc (Section 4.2.6),

this flux translates into a luminosity limit of 2.3 x 10%® erg s=*.
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4.2.3 Very Large Array Radio Observations

We obtained three epochs of deep radio limits for the emission from SN 2013ge at 4.8 and
7.1 GHz with the Very Large Array (VLA)?. Observations were obtained on 2013 Nov.
16, 25, and 2014 Jan. 14 (=6, 43, and +53 days), when the VLA was in B configuration,

under program 13A-270.

All observations were taken in standard continuum observing mode with a
bandwidth of 16 x 64 x 2 MHz. During the reduction we split the data in two basebands
of approximately 1 GHz each®. We used 3C286 for flux calibration, and calibrator
J1018+3542 for phase referencing. The data were reduced using standard packages
within the Astronomical Image Processing System (AIPS). No radio emission was
detected from SN 2013ge in any of these observations. We measured the RMS noise at
the location of SN 2013ge in each image using the task ‘JMFIT” in AIPS. The resulting

30 upper limits for each frequency and epoch are listed in Table 4.5.
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Table 4.5. VLA Observations
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4.2.4 Optical Spectroscopy

We obtained 29 epochs of low resolution optical spectra for SN 2013ge, spanning —13 to
+447 days. In addition, one moderate resolution (R~3400) spectrum was obtained at
—12 days in the region of Na ID. All optical spectra are listed in Table 4.6 and shown
in Figure 4.3. All long slit observations were carried out with the slit oriented at the
parallactic angle, with the exception of those obtained on Magellan/IMACS, which

possesses an atmospheric dispersion corrector.

Initial reduction (overscan correction, flat fielding, extraction, wavelength
calibration) for all long slit spectra was carried out using the standard packages in
IRAF. The MODS/LBT spectrum was taken in the dual channel mode with gratings
G400L and G670L, and we used the modsCCDRed suite of python programs to perform
bias subtraction, flat-field correction, and adjust for bad columns, before extracting the
spectrum using standard packages in IRAF. Flux calibration and telluric correction for
all long slit spectra were performed using a set of custom idl scripts (see, e.g., Matheson
et al. 2008; Blondin et al. 2012) and standard star observations obtained the same night
as the science exposures. Spectra obtained with the Hectospec multi-fiber spectrograph
(Fabricant et al. 2005) were reduced using the IRAF package “hectospec” and the CfA
pipeline designed for this instrument. In all cases, when possible, spectroscopic flux

calibration has been checked against observed photometry.
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Figure 4.3.—: Normalized optical spectra spanning —13 to 4447 days with respect to
V-band maximum.
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4.2.5 Infrared Spectroscopy

We obtained 8 epochs of NIR spectra for SN 2013ge with the Folded-port InfraRed
Echellette spectrograph (FIRE; Simcoe et al. 2013) on Magellan-Baade spanning —2 to
+123 days. All observations were obtained in longslit mode with the slit orientated at
the paratactic angle. These data were reduced following standard procedures (see, e.g.
Hsiao et al. 2015) using an IDL pipeline designed specifically for FIRE (firehose)’.
A0V standards observed with each science exposure were used to correct for telluric
absorption using the IDL tool xtellcor (Vacca et al. 2003). A model spectrum of
Vega was used to remove stellar absorption features from the telluric standards and

the resulting spectra were also used for flux calibration. All NIR spectra are listed in

Table 4.6 and shown in Figure 4.4.
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Figure 4.4.—: Normalized NIR spectra spanning —2 to 4123 days with respect to V-band
maximum.
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Table 4.6. Optical and Infrared Spectroscopy
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Table 4.6—Continued
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4.2.6 Distance and Reddening

SN 2013ge exploded on the outskirts of NGC 3287. In this paper we adopt of distance of
23.7 &+ 1.7 Mpc, corresponding to the NED distance after correction for Virgo, Great
Attractor, and Shapley Supercluster infall, assuming Hy = 73 km s™' Mpc™! (Mould

et al. 2000).

Milky Way reddening in the direction of SN 2013ge is E(B—V)yw = 0.020 mag
(Schlafly & Finkbeiner 2011). To estimate the intrinsic absorption due to dust within
NGC 3287, we examine our moderate resolution spectra obtained on 2014 Nov. 10 for
narrow Na ID absorption lines. We identify two Na ID AA5889.9, 5895.9 doublets, one
corresponding to Milky Way absorption, and one at the redshift of NGC 3287. The total
equivalent width of the Na ID doublet at the redshift of NGC 3287 is ~0.45 A. Using the
empirical relation of Poznanski et al. (2012) this implies a host galaxy contribution to the
total reddening of E(B—V),,st = 0.047 mag. As a check, we apply the same procedure
to the observed Milky Way Na ID absorption which yields an E(B—V)yw value of 0.037
mag. This value is slightly higher than that found by Schlafly & Finkbeiner (2011), but
within the quoted errors of the relation from Poznanski et al. (2012). Throughout this
paper we adopt an R = Ay /E(B—V) = 3.1 Milky Way extinction curve with a total
reddening of E(B—V),, = 0.067 mag. This value is consistent with that derived from

the V=R color method described in Drout et al. (2011).
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4.3 Photometric Properties

4.3.1 Light Curve Evolution

A deep pre-explosion limit for SN 2013ge was obtained 7 days prior to its initial discovery.
However, the rapid rise observed in the Swift u— and wl—bands (photometric coverage
in these bands began ~2 days after first detection; see Figure 4.5) indicates that our
constraints on the epoch of first light may be more stringent than allowed by this
non-detection alone. Extrapolating polynomial fits of the rising phase of these light
curves backward in time, we infer an epoch of first light only ~2 days prior to first
detection. Power-law fits of the form Ly o t'® and Ly o< t? yield similar results. The
former power law is expected for the rising phase of cooling envelope emission (e.g. Piro
& Nakar 2013) and the latter is expected for early radioactive heating in the fireball
model (Nugent et al. 2011). Throughout this paper we adopt an epoch of first light
of 2014 Nov. 6.5 = MJD 56602.5 & 2 days. An epoch of first light prior to this date
would be inconsistent with the early u— and wl—band light curves unless the rate of
rise increased some time post-explosion. Such behavior is not typically observed in SN
light curves, and would have implications for the early emission source, which will be
discussed in Section 4.6. The possibility of a “dark period” separating the epoch of first

light from the explosion epoch (Piro & Nakar 2013) will be also discussed in Section 4.6.
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Figure 4.5.—: Characterization of the epoch of first light. Shown are the R-band (orange),
u-band (cyan), and wl-band (blue) light curves, shifted to the AB system in the same
manner as for Figure 4.2 (see Section 4.2.1). The rapid rise observed in the u— and
wl—band light curves puts a tight constraint on the epoch of first light. Dashed colored
lines are power law fits of the form t'° to the rising phase of each band, all of which
imply an epoch of first light 2 days prior to first detection. The unfiltered discovery
and pre-explosion limit are shown as a hexagon with an asterisk and an open triangle,
respectively.
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In Table 4.7 we list basic properties for the UV and optical light curves of SN 2013ge,
which were measured based on low order polynomial fits®>. Throughout this paper, the
phase of the SN will be given with respect to V-band maximum light: MJD 56618.6.
This time of maximum implies a rise time in the V-band of ~16 days. As is observed in
other Type I SN, the time of maximum light cascades through the UV and optical bands
(as shown by the dashed dotted line in Figure 4.2). SN 2013ge peaks at an absolute
magnitude of approximately —17.3 mag (AB) in the optical, and declines between
1.1 mag and 0.38 mag in the first 15 days post maximum light (b—through—I bands,
respectively). This places SN 2013ge at both the low luminosity and slowly-evolving end

of Type I SN.

The BVRI light curves are characterized by a smooth rise to maximum light,
followed by an initial decline and then a shallowing of the slope between 20 and 30 days
post maximum light. Linear fits to the BVRI light curves between 60 and 120 days
post-maximum reveal linear decline rates between 0.01 and 0.02 mag day~'. This light

curve morphology is typical for Type I SN.
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Table 4.7. Basic Photometric Properties
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4.3.2 Early UV Light Curves

In contrast, the u— and wl—band light curves observed for SN 2013ge show a distinctly
non-standard evolution. They display an early “bump” which is characterized by a rapid
rise and decline over the first week of observations, before plateauing and then falling off
rapidly again. In the top panel of Figure 4.6 we demonstrate that the u—band light curve
can be decomposed into two components: a main component which peaks ~11 days

after discovery superimposed with an early peak of emission which rises rapidly over ~4
days and declines rapidly after ~1 week. This particular decomposition is for illustrative
purposes only, as we do not constrain the rising behavior of the second component.

Vertical dashed lines mark our first three epochs of spectroscopy, which probe the early

rising portion of the first component.

Although well sampled u—band light curves between —14 and —7 days are still
quite rare for Type I SN, no previous object has shown two distinct components with
these timescales. This is demonstrated in the lower panel of Figure 4.6 where we compile
u—band light curves from the literature. A majority of the events peak ~4 days prior
to V—band maximum and then decline rapidly, consistent with our inferred time of

maximum and subsequent evolution for the second component in SN 2013ge.

Prior to this maximum, the evolution of the literature events is varied. Both
SN 2008D and SN 2005bf also show double-peaked u—band light curves, but with
timescales significantly different than those observed in SN 2013ge. The first peak in the
light curve of SN 2008D rises on a timescale of ~1 day from the observed X-ray flash,
while the first light curve component of the peculiar Type Ib SN 2005bf has a rise time

213 days. The early emission from SN 2008D has been interpreted as both adiabatic
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Figure 4.6.—: Top: Example decomposition of the u-band light curve into two compo-

nents. This should be taken as representative only as we do not constrain the rising
behavior of the second component. Dashed vertical lines represent our first three epochs
of spectroscopy, which occur on the early rising portion of the first light curve compo-
nent. Bottom: Comparison of the u-band light curve of SN 2013ge to other stripped
core-collapse SN. Shaded regions highlight the time of maximum for both components of
SN 2013ge. Most events peak on a timescale similar to that observed for the second com-
ponent in SN 2013ge. The light curve of SN 2009jf shows a plateau that may be indicative
of an early component similar to that observed in SN 2013ge. References: SN 2005bf (Fo-
latelli et al. 2006), SN 2004aw (Taubenberger et al. 2006), SN 2009jf (Valenti et al. 2011),
SN 2007gr (Hunter et al. 2009), SN 2008ax (Pastorello et al. 2008), SN 2008D (Soderberg
et al. 2008), iPTF 13bvn (Fremling et al. 2014; Cao et al. 2013). Photometry for all objects
was converted to the AB system zeropoint before plotting.
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cooling emission and as emission associated with a double-peaked °°Ni distribution. In
contrast, in the model of Maeda et al. (2007), the first peak of SN 2005bf is powered by
the radioactive decay of ®*Ni while the second peak requires an additional power source
such as a central engine. Intriguingly, the U—band light curve of the Type Ib SN 2009jf
shows a plateau which could be consistent with two components similar to those in

SN 2013ge if the luminosities were comparable.

Finally, we note that the wl—band light curve of SN 2013ge shows tentative evidence
for multiple changes in slope over ~30 days. However, additional observations would be
necessary to discern if the behavior between +20 and +30 days is due to a change in

input power source or variations in spectral features/line blanketing.

4.3.3 Color Evolution and SEDs

In Figure 4.7 we plot the U—B and B—V colors of SN 2013ge and several other Type
Ib/c SN. The grey shaded region highlights the time of the u—band excess described
above. During these epochs, the u—b color of SN 2013ge is relatively flat for 3 days
before rapidly reddening from ~0.4 mag to ~0.9 mag over 4 days. The B — V color

evolution of SN 2013ge is similar to other Type Ib/c SN.

In Figure 4.8 we plot the spectral energy distribution (SED) of SN 2013ge for
epochs on the rising phase of the initial u—band peak (including our first three epochs
of spectroscopy). The first spectroscopic observations are characterized by a very blue
continuum, while from day —11 onward the Swift-UVOT photometry shows that the
SED falls off significantly in the UV—bands. As shown in the lower panel of Figure 4.8,

it is not possible to fit both the slope of the optical SED and the low flux level in the
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Figure 4.7.—: u—b and B—V color evolution of SN 2013ge in comparison to other Type
Ib/c SN. Shaded regions indicate the time of the first light curve component. During
the declining portion of the first light curve component (—8 to —5 days) the u—b color
reddens drastically. The B—V evolution of SN 2013ge is very similar to other Type Ib/c
SN. Photometry for all objects was converted to the AB system zeropoint before plotting.
SN 2013ge data contains u—b and b—v observations from Swift-UVOT as well as Bessell
B—V data from CAO and FLWO. All literature objects were observed with Bessell filters
(see Figure 4.6 for references).

UV—bands with a single blackbody. Such behavior may indicate that line blanketing is

significantly depressing the UV—flux, even at these very early epochs.

Fitting blackbodies to the BVRI—bands only we find color temperatures which fall
from around 13,000 K at —12 days to around 7000 K at V—band maximum. The precise
temperature evolution during the initial u-band peak is difficult to assess due to (1) the
depressed UV flux and (2) our lack of dense R— and I-band photometry at the earliest

epochs.
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Figure 4.8.—: Top: Spectra and broadband photometry obtained on the rising phase of
the first light curve component. Our earliest spectra, obtained before broadband pho-
tometry, show a steep blue continuum with narrow superimposed spectral features. Our
first epoch of Swift-UVOT photometry (—11 days) constrains the peak of the SED to be
around 3500 A. Early spectra have been multiplied by a constant for clarity. Bottom: The
—10 day SED with superimposed blackbody fits. It is not possible to fit both the slope of
the SED in the optical and the depressed UV flux with a single temperature blackbody;,
indicating that line blanketing may be important even at these early epochs.
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4.3.4 Pseudo-Bolometric Light Curve

To create a pseudo-bolometric light curve, we first sum our UV-optical photometry

by means of a trapezoidal integration. To account for missing IR flux, we attach a
blackbody tail from the best-fit blackbody to the BVRI data. This method of accounting
for IR flux is equivalent to adding an IR contribution which monotonically increases from
15% at early times to ~50% at late times. This is in line with what is found for Type I
SN with well-observed IR light curves (see, e.g., Valenti et al. 2008; Lyman et al. 2016).
To account for UV contributions at later epochs (beyond our Swift-UVOT coverage) we
extrapolate the observed w2, m2, wl, and u—band light curves until they account for less
than 0.5% of the pseudo-bolometric luminosity, at which point they are dropped from
the integration. We note that the flux contained in the w2/m2—bands and w1/u—bands
accounts for < 1% and only a few % of the bolometric luminosity at the epoch of their
final observed data points, respectively. Thus, ambiguity in the morphology of the

late-time UV light curve should not significantly impact the derived light curve.

The resulting pseudo-bolometric light curve is shown in Figure 4.9, along with the
pseudo-bolometric light curves of other SN. Although two distinct peaks are not evident,
an excess ‘shoulder” of emission can be seen at early times corresponding to the first
u—band component described above. The bolometric light curve peaks at 2.1 4 0.1 X
10*2 erg s~! and the total radiated energy between —12 and +120 days is 8.1 + 0.3 x

108 erg.

Assuming SN 2013ge is powered mainly by the radioactive decay of 5°Ni, we use
the analytic models of Arnett (1982) and Valenti et al. (2008), with the corrections

of Wheeler et al. (2015), to extract estimates of the explosion parameters from this
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Figure 4.9.—: Pseudo-bolometric Light Curve of SN 2013ge in comparison to other Type
Ib/c SN. SN 2013ge is relatively faint and slowly evolving. Two distinct peaks are not
visible in the pseudo-bolometric light curve, but the morphology of the early UV light
curves results in a “shoulder” of excess emission at early times. References for comparison
objects: SN 2005ek (Drout et al. 2013), SN 2002bj (Poznanski et al. 2010), SN 2004aw
(Taubenberger et al. 2006), SN 2009jf (Valenti et al. 2011), SN 2007gr (Hunter et al. 2009),
SN 19941 (Richmond et al. 1996), iPTF13bvn (Fremling et al. 2014). U-band photometry
was available for all comparison objects with the exception of SN 2002bj. When NIR
photometry was available, UBVRIJHK data was summed to produce the comparison
light curves. When NIR photometry was not available, a black body tail was added to an
integration of the UBVRI data. The comparison light curves shown here do not account
for UV flux emitted blueward of the U-band.
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pseudo-bolometric light curve. We assume that from —8 to +20 days SN 2013ge is in the
optically thick photospheric phase (we neglect the earliest data, during the “UV bump”,
when performing our fit), and utilize a constant opacity of 0.07 cm? g=! (corresponding
to the case of electron scattering). Under these assumptions we find best-fit explosion

parameters of My; &~ 0.12 Mg, Mg = 2 — 3 Mg, and Ex = 1 — 2 x 10! erg. We have

1

assumed a photospheric velocity at maximum of 10,000 — 11,000 km s~ in order to

break the degeneracy between My and Ex (see Section 4.4).

Inserting these best-fit parameters from the photospheric phase in the nebular model
from Valenti et al. (2008) we find a predicted luminosity which is relatively consistent
with our late-time (> 60 days post-maximum) pseudo-bolometric light curve, although
the predicted model declines more rapidly than the observed light curve. Such a trend
has been noted in the literature when attempting to model Type Ib/c SN with single
zone models (see, e.g., Maeda et al. 2003 and Valenti et al. 2008), and may indicate
that SN 2013ge could be better described by a two-zone model with a high-density
inner region and a low-density outer region. Alternatively, this could be evidence for an

asymmetry in the explosion.

4.4 Spectroscopic Properties

4.4.1 Type Ib/c versus Type lax

SN 2013ge can be immediately identified as a Type I SN since it lacks conspicuous
hydrogen emission, and can further be sub-classified as a Type Ib/c from the lack of

a strong Si 11 A6355 feature (Wheeler et al. 1995). Near maximum light, the spectral
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features are relatively narrow and resemble maximum light spectra of both normal (not
broad-lined) Type Ib/c SN and Type lax SN (Foley et al. 2013). In order to resolve this
degeneracy, in Figure 4.10 we compare spectra of SN 2013ge (red) to spectra of several

normal Type Ib/c SN (black) and Type Iax SN (blue) at three phases: maximum (panel

A), intermediate/transitional (panel B) and nebular (panel C).

Taken in conjunction, it is clear that from maximum light onwards SN 2013ge follows
a spectral evolution typical for normal Type Ib/c SN. Near maximum light, iron peak
elements are visible at bluer wavelengths as well as O T and the Ca IT NIR triplet in the
red. By +39 days, SN 2013ge has entered a transitional phase, marked by the onset
of increased emission in the Ca IT NIR triplet. This growth of the Ca II NIR feature
has been observed in numerous Type Ib/c SN. Finally, at nebular phases SN 2013ge is
dominated by emission from forbidden transitions of intermediate mass elements such as

[O 1], [Ca II], and Mg I].

This is in stark contrast to Type lax SN, which do not show growth of the Ca IT NIR
triplet at intermediate phases and whose late-time spectra are dominated by forbidden
Ca II and Fe II lines with no obvious contribution from [O I]. However, it is worth
emphasizing the strong similarity between some Type lax spectra and normal Type Ic
spectra at maximum light—especially in the wavelength range 4200 — 7500 A. The main
differentiating spectral features seem to be at wavelengths shorter than 4200 A, where
SN Tax show a plethora of lines which are not evident in normal Type Ib/c SN. Caution

should be taken in classifying a Type Iax SN from a single maximum light spectrum.
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Figure 4.10.—: Comparison of the spectrum SN 2013ge at maximum light (panel A),
intermediate phases (panel B) and nebular epochs (panel C) to spectra of Type Ib/c SN
(black) and Type Tax SN (blue). Although there is significant overlap between both classes
of objects at maximum light, at intermediate and late phases the evolution of SN 2013ge
is similar to Type Ib/c SN. References: SN 2005cc and SN 2008A (Blondin et al. 2012),
SN 2005hk (Phillips et al. 2007), SN2008ge (Silverman et al. 2012), SN2011ay (Foley
et al. 2013), SN 2009jf (Valenti et al. 2011), SN2007gr (Valenti et al. 2008), SN 2004aw
(Taubenberger et al. 2006), SN 2005¢k (Drout et al. 2013), SN 19941 (Filippenko et al.
1995).
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4.4.2 Early Spectra

Despite evolving similarly to normal Type Ic SN from maximum onward, the early
spectra of SN 2013ge are unusual for Type Ib/c SN. Our earliest three spectra, obtained
between —13 and —11 days, are characterized by a blue continuum, superimposed with
relatively shallow and narrow features (FWHM < 3500 km s™!). These spectra were
obtained during the early rising phase of the first u—band component described in
Section 4.3. Spectroscopic observations of Type Ib/c SN at such early epochs are rare,
but a majority of events show broad high-velocity features at early times, which narrow
as the photospheric velocity deceases. Indeed, these spectra vary significantly from the
earliest spectra obtained for SN 2008D, SN 2009jf, PTF 12gzk, and iPTF 13bvn, all of

which showed broad spectral features at similar epochs (see Figure 4.11).

During its first light curve peak, the spectrum of the peculiar Type Ib SN 2005bf did
show several narrow spectroscopic features between 4500 A and 5300 A (see Figure 4.11;
phases are given with respect to both the first and second peak). However, features in
the rest of the spectrum were broader and more comparable to the other Type Ib/c
SN shown in Figure 4.11. Folatelli et al. (2006) interpret this as the combination of an
underlying photosphere (broad) and high-velocity iron and calcium features (narrow). In
contrast, in the early spectra of SN 2013ge, all of the features observed have similarly
narrow widths. Intriguingly, the “super-Chandra” Type Ia SN 2006gz (Hicken et al.
2007) also showed narrow spectroscopic features with blue-shifted absorption minima
similar to SN 2013ge at early times. However, by maximum light SN 2006gz developed a
very prominent Si IT A6355 feature, indicative of Type Ia SN, which was not observed in

SN 2013ge.
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Figure 4.11.—: Very early spectra of SN 2013ge (red) compared to other Type Ib/c SN
(black) and one “super-Chandra” Type Ia SN (purple). The spectra of SN 2013ge are
characterized by blue continua and narrow spectroscopic features. In contrast, most
other Type Ib/c SN with spectra at similar epochs show very broad features. One excep-
tion is the Type Ib SN 2005bf which during its first light curve peak showed both broad
underlying features and narrow high-velocity features of Fe 1T and Ca II (phases are listed
for SN 2005bf with respect to both light curve peaks). Interestingly, the “super-Chandra”
Type Ia SN 2006gz also showed narrow spectroscopic features with blue-shifted absorp-
tion minima—similar to SN 2013ge—at early times. The dashed grey box highlights two
features in the spectra of SN 2013ge whose ratio shows significant evolution over ~2 days.
References: SN 2006gz (Hicken et al. 2007), SN 2008D (Modjaz et al. 2009a), PTF 12gzk
(Ben-Ami et al. 2012), SN 2007gr (Valenti et al. 2008), SN 2009iz (Modjaz et al. 2014),
iPTF 13bvn (Milisavljevic et al. 2013), SN 2009jf (Sahu et al. 2011), SN 2005bf (Folatelli
et al. 2006).
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In addition, we observe rapid evolution in both the slope of the continuum and
photospheric velocity over the two days in which these early spectra of SN 2013ge were
obtained. Two absorption features between 6000 and 6500 A also undergo a large change
in their ratio over this time period. These features are highlighted by a grey box in

Figure 4.11.

4.4.3 Assessing the Presence of Unburned Material

For many models, fully stripping the H/He layers from putative Type Ib/c progenitors
has proved challenging. This makes possible identifications of trace amounts of these
elements in Type Ib/c SN both important and long debated (see Parrent et al. 2014
for a review). Unfortunately, the identification of such contaminants is particularly
complicated in the optical photospheric spectra of Type Ib/c SN where a number of
degeneracies exist, most notably between H I A\6563, C IT A6580, and Si IT 6355, and
He T A5876 and Na I A5889. These degeneracies can be partially alleviated if NIR spectra

are available.

Early phase spectra probe the outermost regions of the ejecta where unburned
material such as hydrogen and helium are most likely to be present, if at all. We
therefore begin by examining our earliest three optical spectra (days —13, —12, —11)
as well as our IR spectra at later epochs. In Figure 4.12 we shift the spectra from rest
frame wavelength to the projected Doppler velocities of commonly found lines in order
to examine preliminary matches between spectral features and dominant candidate lines

of hydrogen, helium, and carbon. Each panel will be discussed in turn, below.
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Figure 4.12—: Projected Doppler velocities around key features in the spectra of
SN 2013ge. These are used to assess the presence of unburned material (hydrogen, he-
lium, and carbon). Grey regions mark particular velocities and are placed to guide the
eye. Dashed lines highlight the velocity evolution of certain features with time. Left: The
regions around Si IT A6355 and Fe IT A5169 in the —13, —12, and —11 day spectra. Middle:
Assessing the presence of helium in the early optical spectra (top; blue) and maximum
light NIR spectra (bottom; red). See text for details. Right: Assessing the degeneracy
between Ha, SiIT A6355, and the presence of C IT A6580. See text for details.
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Hydrogen

When we associate lines with Si IT A6355 and Fe II in the left panel of Figure 4.12, we
see that the velocity of the absorption minima is ~14,000 km s=! (grey vertical bands
are placed to guide the eye, and correspond the the same velocities in each panel).

At the top of the right panel of Figure 4.12 we show the spectral region around Ha
(purple). While the feature observed at ~6300 A appears at similar velocities to Fe II
when interpreted as Ha, we find that the velocity overlap and implied velocity evolution
is more consistent with the interpretation of C IT A6580 (see below for further discussion
of carbon). However, this does not preclude very weak contributions from Ha to the

observed feature.

We next investigate the possibility of high-velocity Ha in these early spectra. In
particular, we note that the feature most often associated with Si IT A6355 appears at
slightly lower velocities than Fe II, which would seem to suggest that photons from
deeper layers are escaping opaque resonance line regions of iron. This model-independent
discrepancy between the line velocities of Si IT and Fe IT absorption minima is frequently
encountered for Type Ib/c SN (e.g. Branch et al. 2006; Elmhamdi et al. 2007;
Milisavljevic et al. 2015; see Parrent et al. 2016 for a comprehensive examination), and
may indicate that another ion is contributing to the observed line(s). In core-collapse
SN, a candidate line in the wavelength region around Si II A6355 is high-velocity Ha
(Wheeler et al. 1995; Benetti et al. 2011; Parrent et al. 2016). In the top of the right
panel of Figure 4.12 we show the velocities of Si II (black) versus H I (purple) which
would be necessary to overlap with the feature observed at ~ 6100 A (dashed lines

indicate the relevant feature in each case). If Ha contributes, it requires velocities in
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excess of 20,000 km s~!. Unfortunately, we lack certain detections of either Si IT \5972
or HB in the early spectra of SN 2013ge, and therefore we cannot definitely confirm the

presence or relative contributions of H I versus Si II to the observed feature.

Helium

In the middle panel of Figure 4.12, we examine the case for He T in the spectra of
SN 2013ge. In the top portion of the panel, we show the earliest optical spectra in the
region of He T AA5876, 4471 and find evidence for both lines at velocities which are
consistent with the composite Fe II feature. A slight notch is also present at ~6400 A,

consistent with He I A6678 at a similar velocity (see Figure 4.14).

In the lower portion of the panel, we examine four NIR spectra (—2 to +40 days;
red) and focus on the features near 1ym and 2um. The large 1um feature is significantly
broader than the 2um feature, and is often attributed to a blend of multiple ions
including C I and Si I (Millard et al. 1999; Taubenberger et al. 2006). We detect a
feature near 2um, which is consistent with faint He I at ~8000—9000 km s~!. This is
comparable to the photospheric velocities at these epochs (the dotted line is placed to
guide the eye between the relevant features). Thus, we find that there is room for the
existence of He T A\4471, 5876, 6678, 10830, and 20580 in the spectra of SN 2013ge. In
addition, the identification of weak optical signatures of He I is consistent with either
weak or absent signatures of He I A6678 and 7065 (Branch et al. 2002; Hachinger et al.

2012).

We therefore conclude that our data is consistent with the identification of weak

He T in the early spectra of SN 2013ge. We emphasize that these lines are weak and fade
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with time; they are distinct from the strong He I features observed in many SN classified
as Type Ib, which are strongest a few weeks past maximum (e.g. Filippenko 1997; Liu
et al. 2015). SN 2013ge may therefore represent the detection of weak helium features in

an event which would generally be classified as Type Ic.

Carbon

Finally, in the lower portion of the right panel of Figure 4.12 we identify signatures of
C II AX6580, 7234 in the early spectra of SN 2013ge (green). We also examine our NIR
spectra for evidence of C I features at later epochs (Figure 4.13). While we cannot rule
out weak contamination from C I, the influence must be substantially weaker than that

observed in the NIR spectra of the “carbon-rich” SN 2007gr (Hunter et al. 2009).

2013ge |
-2d

2007gr ]

2013ge |
+40d -

---- Signatures of C | 4
L 1]

2.0 2.2

Scaled Flux Density (f,) + Constant

.1.2“ | 14 .1.6 .1.8‘
Rest Frame Wavelength [um]

Figure 4.13.—: A comparison between the NIR spectra of SN2007gr and SN 2013ge.
Vertical dashed lines denote C I lines marked by Hunter et al. 2009 in their Fig. 12. Lines
of a comparable strength are not observed in SN 2013ge.
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4.4.4 Species Identification and Velocity Estimation

In order to further constrain the full set of ions present in the spectra of SN 2013ge, as
well as the evolution of the velocity of the line-forming region, we utilize the fast and
publicly available spectral synthesis code SYN++ (Thomas et al. 2011)°. Line formation in
SYN++ is assumed to be dominated by pure resonant scattering with Boltzmann statistics
determining relative lines strengths for a given ion. We use an exponential optical depth
profile that begins at the (sharp) photospheric velocity, which is set by hand for each

epoch. See Parrent (2014) for general fitting methods and procedures.

In Figure 4.14 we present detailed line identifications inferred with SYN++ and show
example SYN++ fits (red lines) for both the early phase and maximum light spectra. For
the photospheric spectra of SN 2013ge, we tested a full list of ionization species (H I
through Fe IIT). Colored ticks at the top of each panel mark the wavelengths where a
given ion is believed to be influencing the spectrum. Main contributors to the model fits
include He I, C II, and O T as well as Mg II, Si II, Ca II, Ti II, Fe II, and possible S II
and Fe III. In the SYN++ models shown, only Si IT contributes to the feature observed at

~6100 A (we have not included high-velocity hydrogen).

The velocity of the line-forming region is estimated to decrease from ~15,000 km s~*

to ~13,000 km s~! between —13 days and —11 days. This is similar to the early velocity
evolution observed in SN 2008D (Modjaz et al. 2009b). In order to simultaneously
reproduce the relatively high blueshift and narrow width of the features at these early
epochs with SYN++, we set the minimum velocity parameter, v,,;,, for all of the ions to

~15,000 km s~ while the model photosphere, v,,, was set to 10,000 km s~*. Within
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the semi-empirical parameter space of SYN++, this is equivalent to the process by
which one typically adds “detached” high-velocity features to a spectrum. We emphasize
that in this case this process was applied to all of the ions and is not necessarily meant
to suggest a region which is physically detached from a luminous source; the physical

interpretation of these early spectra will be discussed in Section 4.6.

A similar set of ions is inferred for the maximum light spectrum, although significant
evolution is observed. For instance, the spectrum is now significantly redder, a
substantial Ti II absorption trough has formed between 4000 A and 4500 A, and the
strength of the He I and C II identified features has decreased significantly with respect
to the 6250 A feature (which may be influenced by both Si II A6355 and trace amounts
of hydrogen, as described above). In addition, the velocity of the line-forming region
has decreased to ~11,000 km s~*—typical for Type Ib/c SN at maximum light—and
the width of the features is relatively well matched to the velocity of their absorption
minima. Unfortunately, poor weather prohibited us from obtaining any spectra between
—11 and —1 days. As a result, we were unable to observe the evolution from narrow
high-velocity features in the early spectra toward moderate width and velocity features

in the maximum light spectra.
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Figure 4.14.—: Ion identifications in the early (top panel) and maximum light (bottom
panel) spectra of SN 2013ge. Observed spectra are shown in black while SYN++ models
are shown in red. Colored rectangles designate the ions that contribute to each feature
in the model spectra, as labeled between the panels. Species identified include He I, C II,
and O I as well as contributions from Mg II, Si II, Ca II, Ti II, Fe III, and possibly S II
and Fe III. Between —12 days and maximum light the blue continuum is significantly
depressed. See text for more details.
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4.4.5 Nebular Spectra Analysis

In the left panel of Figure 4.15 we plot the nebular spectra of SN 2013ge in comparison to
SN 2007gr and SN 2009jf. The late-time spectra of SN 2013ge show conspicuous features
due to [O 1], [Ca II], and Mg I]. The flux contained in the [O I] A6300, 6364 feature is
significantly larger than that in either [Ca II] AA7291, 7324 or Mg I] M571, with ratios
of ~0.3 and ~0.12, respectively. Notably, these ratios show very little evolution between

+150 and 4450 days.

The [Ca II]/[O I] ratio may be an indicator of progenitor core mass, with lower
values implying a larger core mass, although mixing can also play a role (Fransson &
Chevalier 1989). The ratio measured in SN 2013ge is on the low end of values observed

in stripped core-collapse SN, comparable to that observed in SN 2009jf.

Hunter et al. (2009) examined the Mg I]/[O I] ratio for a large number of stripped
core-collapse SN and the ratio observed in SN 2013ge is on the extreme low end when
compared to this sample. It is also notable for its lack of evolution; a majority of events
show a Mg I]/[O I} ratio that grows with time. For example, in SN 2007gr the Mg I]/[O I
ratio grows from ~0.1 to ~1 between 150 and 450 days post-maximum. This growth is
not observed in either SN 2013ge or SN 2009jf (see Figure 4.15). To explain a weak Mg I
feature at late times in comparison to other SN we require that either the abundance
of Mg produced in SN 2013ge is lower, or that the Mg I] line itself is suppressed due to
other effects. For instance, Hunter et al. (2009) invoke mixing in the ejecta to explain
the decreasing Mg I]/[O I] trend observed in SN 1998bw and SN 2006aj. In addition, in
spectral models of Type IIb SN, Jerkstrand et al. (2015) find that the Mg I] A4571 line

is very sensitive to clumping in the O-Ne-Mg layer, with denser clumps favoring brighter
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Figure 4.15.—: Left: A comparison between the nebular spectra of SN 2013ge, SN 2007gr,
and SN 2009jf at multiple epochs. At ~150—250 days, all have a Mg I} A4571 to [O I]
AA6300, 6364 ratios of ~0.15. However, by ~450 days, the ratio in SN 2007gr has grown
substantially to ~1, while it has remained relatively constant in both SN 2013ge and
SN 2009jf. Center: Nebular line profiles of SN 2013ge in comparison to SN 19941 and
SN 2004aw at a variety of epochs. By late times the [O I] feature in SN 2013ge more
closely resembles the peaked structure observed in SN 2004aw. Right: The CO band-head
observed in SN 2013ge at three epochs. We observe evolution of the profile between +48
and +97 days. References: SN 2009jf (Valenti et al. 2011), SN 2007gr (Chen et al. 2014),
SN 2004aw (Taubenberger et al. 2006), SN 19941 (Filippenko et al. 1995).

emission. In this context, the small Mg I]/[O I] ratio observed in SN 2013ge at late times

could indicate a relative lack of high density enhancements due to clumping.

In Figure 4.15 we plot the [O I} AX6300, 6364 and [Ca II] AA7291, 7324 profiles
of SN 2013ge in comparison to those of SN 2004aw and SN 19941. The shape of the
profiles in the +139d spectrum of SN 2013ge appears intermediate between the rounded
profiles of SN 19941 and the highly peaked profiles of SN 2004aw, while at +447 days the
spectrum of SN 2013ge appears more heavily peaked, with slightly blue-shifted velocity.
Mazzali et al. (2005b) found that a sharp peak in the [O I] feature is consistent with

viewing a jet on axis, although we emphasize that a sharp ejecta density profile can also
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produce a peaked nebular profile in the absence of a large asymmetry.

4.4.6 The Detection of CO Emission

We identify CO-band emission from the first overtone (Av = 2) at ~2.3um in the NIR
spectra of SN 2013ge. Although CO has been detected in the spectra of a number of Type
IT SN, SN 2013ge is only the third Type Ib/c SN in the literature, to date, with reported
molecular CO emission. Previous identifications were reported in SN 2007gr (Hunter

et al. 2009) and SN 2000ew (Gerardy et al. 2002). In the right panel of Figure 4.15 we
plot the spectral region between 2.1 ym and 2.5 pum for three epochs of SN 2013ge NIR
spectra (448, 497, and +123 days). The CO band-head and Na I are labeled. Only
marginal emission above the continuum was present in our previous NIR spectrum,

indicating significant growth of the CO emission between +40 and +48 days.

It is also evident that there is evolution of the emission profile between +48 days
and +97 days. The feature dramatically narrows, an effect that—to our knowledge—has
not previously been observed. The width of the emission feature observed in SN 2007gr
did not evolve over a similar range of epochs. This behavior may be linked to different
clumping/mixing properties in the ejecta of SN 2013ge and SN 2007gr, as evidenced by
their nebular line ratios, above. Detailed modeling of the CO-band will be presented in

Milisavljevic et al. (in prep).
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4.5 Local Environment Properties

4.5.1 Host Galaxy Environment

SN 2013ge exploded on the outskirts of NGC 3287, an SB(s)d galaxy, approximately 51
arcseconds north-east of the galaxy core. This corresponds to an offset—normalized
by the g—band half-light radius—of 2.33. The north-east portion of NGC 3287 is
characterized by a large number of blue stellar knots (see Figure 4.1). In our 2015 Jan.
15 IMACS spectrum the SN flux had fallen enough to reveal an unresolved knot of star

formation (in the form of narrow emission lines) at the SN position.

We measured the fluxes of these emission lines at the SN explosion site using the
MCMC method of Sanders et al. (2012). The measured Ha luminosity of ~1.0 x 1038
erg s~! leads to an explosion site star formation rate of ~ 8.0 x 107* My, yr~! (Kennicutt
1998). This value is on the low end of the HII regions associated with core-collapse SN

studied by Crowther (2012).

Using the PP04N2 diagnostic (Pettini & Pagel 2004), we find an explosion site
metallicity for SN 2013ge of log(O/H) + 12 = 8.40 £ 0.05. This value is approximately
half-solar (assuming log(O/H)sr + 12 = 8.69; Asplund et al. 2005) and does not deviate
strongly from a metallicity measured with an SDSS spectrum taken near the galaxy core.
This places the host environment metallicity of SN 2013ge in roughly the bottom 25% of
the distribution measured for Type Ib and Type Ic SN and the top 25% measured for

Type Ic-BL in Sanders et al. (2012).
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4.5.2 Non-Thermal Limits on Progenitor Mass-Loss Rate

We observed SN 2013ge in both the radio and X-ray bands during the main part of the
optical outburst. Although we obtained only non-detections, these limits are among the
deepest ever obtained for a Type Ib/c SN (Figure 4.16). Only the nearby (d ~ 10 Mpc)
Type Ic-BL SN 2002ap has intrinsically fainter emission which was detected in both

regimes. Particularly notable, our radio observations constrain SN 2013ge to be fainter

than SN 2007gr at similar epochs.

For SN that explode into a relatively low-density CSM (as is the case for Type Ib/c
SN) X-ray emission near maximum light is due to Inverse Compton (IC) up-scattering
of optical photospheric emission by electrons accelerated at the SN shock. In contrast,
radio emission is characterized by a synchrotron self-absorbed spectrum, created when
the electrons accelerated by the SN shock interact with shock-amplified magnetic fields
(Chevalier & Fransson 2006). As such, radio and X-ray emission (or lack thereof) provide

independent constraints on the density of the CSM surrounding the progenitor star.

X-ray IC Limits

To model the X-ray upper limit in the context of IC up-scattering, we utilize the
models of Margutti et al. (2012, 2014a) which are based on the formalism of Chevalier
& Fransson (2006). The luminosity of the IC signal is proportional to the bolometric
luminosity (L) and additionally depends on the outer density structure of the SN
ejecta, the density structure of the CSM, the energy spectrum of electrons which
up-scatter the optical photons, the fraction of post-shock energy in relativistic electrons

(€.), and the explosion properties of the SN (ejecta mass, kinetic energy). The IC signal
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Figure 4.16.—: X-ray (left) and Radio (right) upper limits obtained for SN 2013ge (red
stars) in comparison to other Type Ib/c SN. GRB-SN are shown in blue, relativistic SN
in black and other Type Ib/c SN in grey (labels for notable objects are shown in the same

color as the data points). The limits obtained for SN 2013ge are among the deepest to
date for a Type Ib/c SN.

does not depend on the fraction of energy in magnetic fields (eg) and because Lic o< Lyl

the mass-loss rate we derive is independent of any uncertainty in the distance to the SN.

Throughout our analysis we use the bolometric light curve derived in Section 4.3
and assume Mg = 2.5 Mg and Ex = 1.5 x 10°! erg. We additionally assume that the
accelerated elections possess a power law structure of the form n(y) oc v~ with p=3 (v
is the Lorentz factor of the electrons) and that e,=0.1. These values are motivated by
the study of Type Ib/c SN in the radio (e.g. Chevalier & Fransson 2006; Soderberg et al.
2006b). The outer portion of the SN ejecta is assumed to follow a steep power law of the
form psy o< R~™ with n=10 (e.g. Matzner & McKee 1999). Finally, we consider the case
where the density of the CSM can be described as a wind environment with a steady
mass-loss rate M (p = M/4mr?v,, where vy, is the wind velocity). Using these input
parameters our X-ray limit leads to an upper limit on the progenitor mass-loss rate of M

<23 %1070 (— e
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Radio Synchrotron Limits

To model the radio upper limits in the context of self-absorbed synchrotron emission, we
use the models outlined in Kamble et al. (2014), which are based on those of Chevalier
(1998). For the radio spectrum characterized by synchrotron self-absorption (SSA), the

peak spectral flux (F,,) and SSA frequency (v,) are given by:

F, (mly) = 0.16A% (E—B



CHAPTER 4. SN2013GE

M < 4.0 x1070 v,,; (&
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Figure 4.17.—: Wind Speed versus Mass-loss rate. Locations of galactic WR stars come

from Crowther (2007), WN3/O3 stars from Massey et al. (2015), normal and extreme
RSGs from Marshall et al. (2004), van Loon et al. (2005) and de Jager et al. (1988),
and LBV wind (not outburst) properties from Smith (2014). Overplotted are measure-
ments of progenitor mass-loss rate as a function of wind speed for SN 2013ge (this work),
SN 2007gr Soderberg et al. (2010), SN 2002ap (Berger et al. 2002), SN 2006aj (Soderberg
et al. 2006¢), SN 2009bb (Soderberg et al. 2010), SN 2012ap (Chakraborti et al. 2015),
SN 19941 (Weiler et al. 2011), SN 1990B (van Dyk et al. 1993), SN 1983N (Sramek et al.
1984), SN 2003L (Soderberg et al. 2005), SN 2008D (Soderberg et al. 2008), SN 2001ig
(Ryder et al. 2004), SN 2003bg (Soderberg et al. 2006a), SN 2008ax (Roming et al. 2009),
SN 2011dh (Krauss et al. 2012), and SN 2013df (Kamble et al. 2016). We emphasize that
the colored boxes represent the wind parameters measured for known, apparently single,
evolved massive stars. Binary interaction may play a role in producing the progenitor
systems of a significant fraction of stripped SN.
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CSM environments. This is particularly relevant here, as a significant fraction of the
observed population of stripped SN may have progenitors formed via binary interaction
(see, e.g. Smartt 2015, and references therein), although only a small fraction (~ 6.5%;
Margutti et al. 2016) of Type Ib/c progenitors are expected to undergo mass transfer
during the final stages of their evolution (“Case-C” mass transfer). Finally, the SN
shown in Figure 4.17 are events which have been detected at radio wavelengths and

published in the literature, and therefore may be biased towards brighter events.

Nevertheless, despite these caveats, several trends emerge. The Type IIb SN all
appear at the high end of the CSM density range. They have values of M /vy that
intersect with the red/yellow supergiants, as might be expected if their progenitors have
not fully lost their hydrogen envelopes”. Five of the Type Ib/c SN fall at intermediate
densities, while the Type Ic-BL SN appear to preferentially explode in regions of low
CSM density. However, it appears that SN 2007gr and SN 2013ge, represent examples of
normal Type Ib/c SN that exploded into particularly low density environments, similar

to those observed for the broad-lined (including engine-driven) SN.

It is possible that this trend is partially due to metallicity. Type Ic-BL events
preferentially occur in low metallicity environments (Sanders et al. 2012) and SN 2013ge

and SN 2007gr also occurred in low metallicity regions of their hosts®. In addition, there
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are both empirical observations and theoretical predictions (for line-driven or partially
line-driven winds) that WR mass-loss rates are metallicity dependent (Crowther 2007).
However, the relativistic? SN 2009bb and SN 2012ap were both Type Ic-BL events with
low CSM densities that occurred in solar or super-solar environments (Levesque et al.

2010; Milisavljevic et al. 2015).

Intriguingly, several Type Ie-BL SN and SN 2007gr have measured values of M [V
which are a factor of 3 to 10 lower than any Galactic or LMC WR star examined
in Crowther (2007). They are consistent with the mass-loss properties inferred for a
new class of WR stars recently discovered in the LMC (Massey et al. 2015). Dubbed
WN3/03, these stars are both fainter in optical bands than “normal” WN/WC stars,
and have inferred mass-loss rates an order of magnitude lower. The formation mechanism
of these new WR stars is not fully understood, but they demonstrate that some evolved
massive stars in the Local Group have mass-loss properties consistent with the very low

densities inferred from radio observations of several Type Ic events.

4.6 Discussion

In this Section we discuss the observations outlined above in the context of their
implications for the physical configuration of the progenitor system and explosion
mechanism of SN 2013ge. From maximum light onward, the optical emission from

SN 2013ge is fairly standard for a Type Ib/c SN. Its explosion parameters (Mg = 2—3
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Mg, Ex = 1 — 2 x 10°! erg) are well within the range observed for other SN and its
maximum light spectra are characterized by ions of various intermediate mass and iron

peak elements at velocities of ~10,000 km s~

However, the early UV and spectroscopic observations of SN 2013ge are unusual.
The u—band light curve shows an extra component of emission, which rises on a
timescale of ~4—5 days. During the rising phase of this initial peak the optical spectra
are characterized by a blue continuum superimposed with a plethora of P Cygni features,
which are both rapid (~15,000 km s™!) and narrow (FWHM < 3500 km s™'). Below, we
discuss the physical interpretation of these early spectra, possible origins for the excess
UV emission, and progenitor scenarios which can explain both these observations and

the other properties of SN 2013ge.

4.6.1 Physical Interpretation of the Early Spectra

When a SN shock reaches the low density outer regions of the progenitor envelope

it will accelerate, leading to a high-velocity gradient in the outer regions of the SN
ejecta (Matzner & McKee 1999; Piro & Morozova 2014). The high velocities, rapid
velocity evolution, and rapid evolution of observed line ratios in the early spectra of
SN 2013ge indicate that we are probing these outer regions. However, for a spherically
symmetric explosion in which the differential optical depth of the ejecta decreases
monotonically outward from the photosphere, a high-velocity absorption minimum
should be accompanied by a broad P Cygni feature. A departure from this picture (as
we see in the early spectra of SN 2013ge) implies that the line formation is limited in

some sense and likely requires either a modification to the geometry of the explosion or
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to the optical depth profile of the ejecta.

The high-velocity, narrow, absorption features observed in the early spectra of
SN 2013ge could be understood in terms of an asymmetric explosion in which a fraction
of the ejecta was launched at high velocities along the line of sight to the observer. In
this case, the widths of the lines are affected by the opening angle of the ejection. After
some time, this material becomes transparent, revealing the underlying photosphere of
the bulk explosion. Folatelli et al. (2006) suggest a similar model for the double-peaked
SN 2005bf, which displayed both high-velocity Fe IT and Ca II lines and broader features
(associated with the underlying photosphere) at early times. The presence of both
features was understood in terms of the asymmetric explosion being close, but slightly
off from the observer angle. In contrast, in SN 2013ge all ions observed in the earliest
spectra show narrow, high-velocity features; no underlying photosphere with broader
components is visible. This has implications for both the ions present in such an

asymmetric ejection, as well as the angle at which we observe the outflow.

Alternatively, it may be possible to recreate the spectral features in SN 2013ge if the
line absorption coefficient does not decrease monotonically with radius. In this case, the
main line-forming region at early epochs could be “detached” above the photosphere.
Physically, this could be due to an actual increase in density or to a change in the
ionization state of ejecta at a certain distance above the photosphere, resulting in an
increased line opacity. The latter argument was used by Tanaka et al. (2009) to explain
the high-velocity Ca IT and Fe IT lines in SN 2005bf. They note that these lines coincide
with high-velocity Hea, indicating that they were formed in a thin hydrogen shell that
remained on the progenitor star at the time of explosion. They argue that the high

electron density in this (solar abundance) hydrogen shell enhances the recombination of
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Ca IIT and Fe IIT (Mazzali et al. 2005b; Tanaka et al. 2009), allowing narrow, high-velocity
Ca IT and Fe II lines to be formed in the outer portions of the ejecta. In the case of
SN 2013ge, a plethora of high-velocity ions are observed at these early epochs which

would have implications for the composition of the outer layers of the progenitor star.

4.6.2 The Nature of the early UV emission

The early rising light curves of Type I SN are powered by a combination of two primary
sources: energy deposited by the SN shock and the radioactive decay of 5Ni. Excess
emission can also be produced by external sources, such as the collision of the SN shock
with a binary companion. We now examine the likelihood that the excess UV emission
observed in the early light curve of SN 2013ge is powered by each of these sources, and

the implications for the explosion in each case.

Cooling Envelope Emission

After shock breakout, the shock heated ejecta cool, giving rise to a light curve component
independent from that powered by °°Ni. During this phase, both the bolometric
luminosity of the transient and the color temperature should decline with time (Nakar
& Sari 2010), with the exact values depending on the radius of the progenitor star, the
explosion energy, the ejecta mass, and the ejecta opacity. The luminosity observed in
any given optical/UV band will rise as long it is located on the Rayleigh-Jeans tail of
the temperature spectrum. As a result, one expects a rise in the UV /optical bands

t1.5

proportional to if the emission is powered by shock heated cooling (Piro & Nakar

2013; Nakar & Sari 2010).
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In the case of SN2013ge, the observed rise time for the first u—band component
is abnormally large for cooling envelope emission from a stripped progenitor star. A

t15 can be fit to the initial rise observed in the u— and wl—bands

power-law of the form
(see Figure 4.5; although this solution is not unique), yielding a rise time of 4—6 days
from the epoch of explosion. In contrast, the first light curve components of both

SN 2008D and SN 2006aj (which some authors associate with cooling envelope emission;
Soderberg et al. 2008; Campana et al. 2006) rise in the UV /optical on timescales <1 day.
By ~5 days post explosion, emission from the radioactive decay of *Ni likely comprises
a non-negligible fraction of the total light, making it difficult to assess whether the
temperature and luminosity evolution of the first component is consistent with cooling
envelope emission. The u—b color remains roughly constant during the rising portion
of the first u—band component (before rapidly reddening during the decline phase),
which is consistent with the peak of the blackbody passing through the observed band.
However, we caution that the UV flux was also depressed compared to a single blackbody

during this time period, and the rapid reddening could therefore be due to increased UV

line blanketing.

Under the assumption that this emission is caused by shock-heated cooling then,
when compared with theoretical models, the long rise time implies that SN 2013ge cannot
have a standard WR progenitor. In order to account for the 4—6 day rise in the u—band,
we require that the temperature remain above 10* K (~ 0.9 eV) at a minimum for this
time period. In contrast, in the WR model of Nakar & Sari (2010) the temperature has
already fallen below this level by <1 day post-explosion. Using the parameterization
from Piro & Nakar (2013) for a progenitor with a hydrogen-free radiative envelope, in

Figure 4.18 we plot the color temperature versus time for a range of progenitor radii,
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assuming My = 2—3 Mg, and Ex = 1-2 x 10°! erg (as derived from the bulk explosion).
We see that for this envelope structure, we require a progenitor radius of at least 50 Rg
to account for the observed u—band rise. The cooling envelope luminosity at 4 days

1

post-explosion for this model is 4 — 5 x 10* erg s=!, compatible to the shoulder of

excess emission observed at early times.

The modest ejecta mass and extended progenitor radius derived above lead us to
also consider the models of Nakar & Piro (2014) for double-peaked SN. These models
employ a non-standard progenitor envelope structure, in which a massive compact core
is surrounded by extended low-mass material. In this picture, the luminosity of the
emission is mainly a function of the radius of the extended material while the time to
maximum is related to the total mass in the extended envelope. Both also depend on
the velocity and opacity. For a peak time of 4 days, peak luminosity of 0.6 — 1.2 x
10*2 erg s7!, a characteristic velocity of ~12,000 km s!, and Eqns. 10 and 12 of Nakar
& Piro (2014) we find an extended envelope mass of ~0.1 My at a radius of 15 — 25
Re. Although less extreme than the value derived for a standard progenitor envelope

structure, this is still more extended than a typical WR progenitor star.

Outwardly Mixed *°Ni

Alternatively, the early emission from SN 2013ge could be due to *Ni mixed outward
in the explosion. In this case, our rising light curve can give constraints on the radial

distribution of the outwardly mixed material.

For any given light curve point, there is a degeneracy between the depth of the

contributing ®Ni and the explosion epoch. For deep deposits, there will be a “dark
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Figure 4.18.—: Left: Color temperature versus time since explosion for cooling envelope

emission from hydrogen-poor progenitors with radii between 1 Rg and 50 Ry. Bands for
each radius assume explosion parameters of My = 2 — 3 Mg and Ex = 1 — 2 x 10%
erg. If the early emission from SN 2013ge is due to cooling envelope emission, then the
temperature remain must above 10,000 K (0.9 eV) at a minimum for 4—6 days post-
explosion, implying an extended progenitor. Right: Decomposition of the bolometric
luminosity of SN 2013ge (blue) into two components. The solid black line represents our
best fit *Ni decay model to the bulk explosion. Red points show the excess emission
above this model at early times. The black dashed line is an Arnett model fit to the rise
time and luminosity of this early component and the gold line is a model for the decline
phase based on the instantaneous energy deposition from the *°Ni — %6Co — 5Fe decay
chain, allowing for incomplete gamma-ray trapping. Dotted lines indicate the epochs of
our early spectra.

period” between the explosion and the epoch of first light (Piro & Nakar 2013). Our
spectroscopic observations from ~3 days after the epoch of first light displayed high
velocities and rapid velocity evolution which argue against any significant dark period for
SN 2013ge. This is compatible with our first measurement of the luminosity, temperature
and photospheric velocity which, using Eqn. 17 of Piro & Nakar (2013) only require that
the explosion was ~2 days prior to our first bolometric light curve point. In this model,

the lack of a significant dark period in SN 2013ge requires that some amount of *Ni was
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mixed into the outer portions of the ejecta.

The morphology of the early bolometric light curve also has implications for
the distribution of this outwardly mixed °Ni. A radial distribution of °Ni which is
monotonically decreasing should yield a smoothly rising light curve (e.g. Dessart et al.
2012). In contrast, the “shoulder” of emission as seen in SN 2013ge may require a
distinct deposit of *°Ni at shallower depths, qualitatively similar to the model used
by Bersten et al. (2013) to explain the first light curve component of SN2008D. If a
small clump of *Ni-rich material was ejected at high velocities, we can obtain a rough
order of magnitude estimate for the ejecta mass, nickel mass, and kinetic energy of this
material by decomposing the bolometric light curve into two components. This is done
in the right panel of Figure 4.18, where the solid line is our model for the bulk explosion

(Section 4.3) and the red points are the excess above this model at early times.

Using the models of Arnett (1982) to fit the rise time and luminosity of this

L —vields an ejected mass of ~0.06

excess—and assuming a velocity of ~12,000 km s~
Mg, a **Ni mass of ~0.012 My, and a kinetic energy of ~6 x 10" erg. To investigate if a
% Ni-powered explosion with these parameters is consistent with the rapid post-maximum
decline inferred for the early light curve component we use the model of Drout et al.
(2013), which was developed for the rapidly-declining SN 2005ek. It fits the entire
post-maximum evolution of an explosion based on the instantaneous rate of energy
deposition from the Ni — 56Co — 5Fe decay chain, including incomplete trapping of
gamma-rays produced during *Ni — 5¢Co decay. This is appropriate for the declining

phase of SN with very low ejecta masses, which become optically thin quickly, making

the models of Arnett (1982) inapplicable.
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Using this model with the explosion parameters found above yields the gold curve
shown in the right panel of Figure 4.18, which is well matched to the decline timescale
inferred for the early light curve component in SN 2013ge. However, we emphasize that
these explosion parameters should be taken as order of magnitude estimates only. We
do not uniquely decompose the bolometric light curve into multiple components and
the analytical models used here do not account for variations in geometry, opacity, or

contributing radioactive species.

Shock Collision with a Binary Companion

Finally, we consider an external source for the early UV emission: a collision between
the SN ejecta and a binary companion. During such a collision a bow shock will form,
compressing and shock-heating the SN ejecta in the direction of the interaction. This
heating can lead to an extra source of UV /optical emission for several days post explosion
(Kasen 2010). The observed properties of this emission depend on several parameters
(e.g. binary separation, ejected mass) and are highly viewing angle dependent. Using a
binary population synthesis model for core-collapse SN, Moriya et al. (2015) find that
only ~0.53 % of Type Ib/c SN light curves should have a detectable visible brightening

due to this mechanism. As such, any detection of this collision would be rare.

Using the models of Kasen (2010), we assess whether both the luminosity and
timescale of the early emission observed in SN 2013ge can be reproduced by this
mechanism. Using their Eqn. 22 and the explosion parameters derived in Section 4.3
we find that the luminosity of the excess emission in SN 2013ge would require a

binary separation of <10'? cm (~ 15 Ry). However, reproducing the timescale of the
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early emission is challenging. The source of the UV /optical emission in this model is
shock-heated cooling, analogous to the cooling envelope emission described above. Thus,
in this model, the u-band rise time of 4—6 days similarly requires that the u—band
remain on the Rayleigh-Jeans tail of the temperature spectrum for this time period. In
contrast, none of the models presented in Kasen (2010) have rise times longer than ~2
days. Using Eqn. 15 in Kasen (2010) for the effective temperature of the emission, we
find that a separation of at least 10'® cm is required to have T.g > 10* K at 5 days
post-explosion. This is inconsistent with the required separation found above. Thus, we
find that (for the current set of theoretical models) the early observations of SN 2013ge

are inconsistent with the collision of SN ejecta with a companion star.

4.6.3 The Progenitor of SN 2013ge

SN 2013ge was the explosion of a stripped massive star with a moderate ejecta mass,
weak He features in its optical /IR spectra, a low pre-SN mass-loss rate, and a local
environment metallicity of ~0.5 solar. However, we are left with two distinct scenarios
depending on our interpretation of the early emission. Either SN2013ge was the
explosion of a star with an extended envelope or it was the result of an explosion in
which a clump of °Ni was mixed outward in the ejecta, possibly coupled to the ejection
of a small amount of mass along the line of sight to the observer. We now examine the
consistency and consequences of each of these progenitor models. We emphasize that
although SN 2013ge is a relatively unique object, the results presented here potentially
have general implications for the progenitors of Type Ib/c SN. Without either our early

spectroscopic or UV observations SN 2013ge may not have been flagged as unusual.
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Extended Progenitor Surface

If we interpret the early emission from SN 2013ge as cooling envelope emission, it implies
that shock breakout occurred from an extended surface. Our estimates for the extent
of this surface range from 15 — 25 R, for a low-mass envelope on a compact core, to
> 50 Ry for a standard envelope structure. In principle, this surface could either be a
genuinely extended progenitor envelope, or it could be located within a dense optically

thick wind region surrounding the progenitor star.

While some WR stars have particularly dense wind regions, which extend their
photospheric radii by up to a factor of 10 (Li 2007), the interpretation of SN 2013ge as
the explosion of such a star is complicated by the need to reconcile it with the radio
observations obtained ~9 days post-explosion. These observations indicate that by
~10% cm (for a standard SN shock velocity of vy, = 0.15¢) the progenitor of SN 2013ge
is characterized by a low density wind region. Thus, if the shock breakout occurred
within a dense CSM, the progenitor star must have either experienced a significant
change in its mass-loss properties or ejected a portion of its envelope during the final
stages of its evolution. This process must have occurred within the final <100 days
before core-collapse in order to be contained within the region probed by our radio
observations or the final <0.5 days if the breakout radius we derive is the outer extent
of this mass. These timescales are normalized to an ejection velocity of 1000 km s—*,
and are consistent with models that predict that instabilities and internal gravity waves
can be induced during the final advanced nuclear burning stages, possibly leading to
enhanced mass-loss/eruptions during the final year(s) before core-collapse (e.g. Shiode

& Quataert 2014; Smith & Arnett 2014).
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Alternatively, SN 2013ge could be explained by the explosion of a stripped star with
a low final mass-loss rate and an inflated stellar envelope. Several of the Type Ib/c
binary progenitor models from Yoon et al. (2010) have radii inflated to ~30 R, low
pre-SN mass-loss rates (M < 1076 My, yr~!), final masses between 3—4 Mg, (consistent
with our derived ejecta masses), and sub-solar metallicity. However, the helium envelopes
for these progenitors are relatively large (~1.5 Mg ; significantly higher than the mass
Hachinger et al. 2012 find is necessary to produce observable features) and are therefore
likely inconsistent with the weak He I features observed in SN 2013ge. In particular, these
low-mass, extended, progenitors are predicted to be more efficient at mixing °Ni into
the He-rich layers via RT-instabilities (Yoon et al. 2010; Hammer et al. 2010; Joggerst
et al. 2009), which should lead to stronger observed He lines. Thus, the observations
of SN 2013ge likely require a progenitor which differs from any presented in Yoon et al.

(2010) in having an extended envelope but low final He mass.

Finally, we consider if this progenitor scenario can account for the unusual spectra
observed during the rise of the first light curve component. In particular, while this
scenario requires a high effective temperature, the ions present in these spectra are
standard singly ionized species. It is possible that this, as well as the unusual velocity
profile of the lines, could be understood if there was a change in ionization state in the
outer portion of the ejecta, associated with either the low-mass extended envelope or
a density enhancement due to a pre-explosion mass ejection. In the former case, the
presence of even a very small amount of hydrogen could increase the electron density

enough to lead to enhanced recombination (Mazzali et al. 2005a; Tanaka et al. 2008).
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Asymmetric Ejection

Alternatively, if we interpret the early emission as heating due to °°Ni, then an
asymmetric ejection of a small amount of *°Ni-rich material at high velocities could
explain both the early light curve peak and the unusual velocity profile in the early
spectra. Intriguingly, our observed velocity (~15,000 km s™!) and estimated mass (~0.06
M) for this material are comparable to those observed in the high-velocity clumps in
the northwest portion of the Cassiopeia A (Cas A) SN remnant (Fesen 2001; Laming
et al. 2006). This material in Cas A has an opening angle of ~45 degrees and has been
argued by some to originate in the stellar core (Hwang et al. 2004; Laming et al. 2006;

Milisavljevic & Fesen 2013).

While the moderately peaked nebular emission line profiles and low-CSM density
observed for SN 2013ge also show similarities to jet-driven explosions in the literature,
the observations obtained do not necessarily require a highly asymmetric explosion
mechanism. They could also potentially be understood if viewing one of the nickel
and silicon-rich plumes of material observed in 3D simulations of mixing instabilities
in neutrino driven explosions (e.g. Hammer et al. 2010). In these models, fast clumps
of metal-containing material are able to penetrate through the outer layers of the
ejecta, possibly leading to asymmetric variations in the ejecta velocity. Indeed, velocity

! were detected in light echoes from the explosion of Cas A,

variations of ~4000 km s~
depending on viewing angle (Rest et al. 2011). However, resolved imaging of titanium in
Cas A indicates that the explosion mechanism was dominated by slightly asymmetric,

low-mode, convection, as opposed to a highly asymmetric/bipolar explosion mechanism

(Grefenstette et al. 2014).
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In this scenario, the weak helium features observed in the spectra of SN 2013ge also
have implications for the true helium abundance of the progenitor star. In particular,
they suggest a different scenario than that observed in SN 2005bf, where Tanaka et al.
(2009) proposed that a %°Ni-rich plume penetrated only slightly into a nearly intact
helium envelope. In this case, both the strength and velocity of the observed helium
features grew with time as more of the helium envelope fell within a ~v-ray optical depth
of the %°Ni deposit. In the models of (Dessart et al. 2012), the asymmetric ejection of
a single blob of %*Ni-rich material to high-velocities is only predicted to produce weak
helium features. However, if this blob is part of a larger scale mixing instability, as
described above, then it would favor a scenario where the progenitor of SN 2013ge was

genuinely He-poor, containing only a thin layer at the time of explosion.

4.6.4 Comparison of the Early Emission to the Rapidly-

Declining SN 2002bj

While investigating the early spectra of SN 2013ge, we found that the first spectrum
obtained for the rapidly declining SN 2002bj (Poznanski et al. 2010) displayed a similar
blue continuum and narrow spectroscopic features. In Figure 4.19 we show this spectrum
along with the —11 day spectrum of SN 2013ge. The spectrum of SN 2002bj was obtained
at +7 days, when its photospheric velocity was only ~4000 km s~!, and we have linearly
blue-shifted it by 8000 km s™! for comparison with SN 2013ge. We emphasize that,
unlike in the early spectra of SN 2013ge, there is no mismatch between the widths the
features in this spectrum and the blueshifts of their absorption minima. From modeling

its SED as a blackbody, Poznanski et al. (2010) found that the velocity of SN 2002bj was
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higher at earlier epochs—consistent with a photosphere rapidly receding into a low-mass
envelope. Unfortunately, no spectrum of SN 2002bj is available to assess whether its
spectroscopic features were similarly narrow at earlier epochs. However, the similarity
between the spectrum of SN 2002bj and spectra obtained during the first emission

component of SN 2013ge is still striking.

The nature of the explosion which produced SN 2002bj is still a mystery. The rapid
light curve and unusual spectrum lead Poznanski et al. (2010) to hypothesize that it
was due to the detonation of a He shell on the surface of a WD. Comparing the early
emission of SN2013ge (as shown in Figure 4.18) to the light curve of SN 2002bj (see
Figure 4.9) we find that the first emission component in SN 2013ge is nearly an order
of magnitude fainter and also declines a factor of ~1.4 faster than the bolometric light
curve of SN 2002bj. Thus, even neglecting the second (main) light curve component of
SN 2013ge (which is entirely lacking in SN 2002bj) the energetics of these explosions are
very different. However, Figure 4.19 demonstrates that the ions and ionization state
present in the ejecta of SN 2002bj can also be produced during the core-collapse of a
massive star. It has already been shown that massive stars may be able to produce
rapidly-evolving Type I SN, either due to very low ejecta masses (Drout et al. 2013;
Tauris et al. 2013) or through the combination of a large progenitor radius and a lack of
ejected radioactive elements (Kleiser & Kasen 2014). More detailed modeling attempting
to ascertain whether SN 2002bj may be a more extreme example of the first emission
component in SN 2013ge in an explosion which lacks the second, main, light curve

component powered by **Ni would be warranted.
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Figure 4.19.—: A comparison of an early spectrum of SN2013ge to a spectrum of the
rapidly evolving SN 2002bj (Poznanski et al. 2010). The spectrum of SN 2002bj has been
linearly blueshifted by 8000 km s*.

4.7 Summary and Conclusions

We have presented extensive observations of the Type Ib/c SN 2013ge beginning ~2 days
post-explosion, when the light curve is particularity sensitive to both the progenitor

configuration and mixing within the ejecta. Here we summarize our main conclusions.

Early Emission: The rapid velocity evolution and rapid rise observed in the early
spectra and UV light curves, respectively, indicate that our first observations probe the
outer regions of the ejecta shortly after explosion. The early u—band and UV light curves
show two distinct components. The first component has a rise time of ~4—5 days and is

visible for the first week post-explosion. This manifests itself as a “shoulder” of excess
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emission in the bolometric light curve with a luminosity of ~ 6 x 10* erg s~!. Spectra
of the first component display a blue continuum and are unusual in possessing features

which are both moderately high-velocity (~15,000 km s™') and narrow (~3500 km s™').
This indicates that the line formation region is limited in some sense, possibly due to an

asymmetric geometry or a change in ionization state in the outer portions of the ejecta.

Bulk Explosion: With Mg peax = —17.5 and Amy5 g = 0.4, SN 2013ge is relatively
faint and slowly evolving, but the derived ejecta mass (2 — 3 My) and kinetic energy
(1 — 2 x 10° erg) are well within the distribution observed for Type Ib/c SN. Weak
He T lines, which fade with time, are detected in early optical and NIR spectra. These
are distinct from the conspicuous He I lines which are usually used to classify Type Ib
SN. Near maximum light the spectra are dominated by a plethora of intermediate mass
and iron peak elements. The late-time spectral evolution of SN 2013ge is also distinctive,

showing a lack of evolution in the Mg I}/[O I} ratio and a shifting CO-emission profile.

Environment Properties: SN 2013ge exploded on the outskirts of a star forming
galaxy. There is an unresolved HII region at the explosion site, which has a metallicity
of ~0.5 solar. The radio and X-ray limits for SN 2013ge are among the deepest ever
obtained for a stripped-envelope SN and constrain the progenitor mass-loss rate to be M

< 4.0 x107% Mg, yr~! for eg = 0.1.

Power Sources and Progenitors: SN 2013ge was the explosion of a stripped
massive star with a moderate ejecta mass. However, we are left with two distinct
progenitor scenarios depending on our interpretation of the early emission. In both
cases, we find it likely that the progenitor of SN 2013ge had only a thin layer of helium

remaining at the time of core-collapse.
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1. If the early emission is due to post-shock-breakout cooling envelope emission, then
its relatively long rise time (~4—6 days) requires that the progenitor of SN 2013ge
either had an extended envelope or that it ejected a small portion of its envelope

in the final <1 year before core-collapse.

2. If the early emission is due to outwardly mixed *°Ni then we require that a distinct
clump of *°Ni was mixed into the very outer portions of the ejecta. Coupled with
the early spectra, this may imply an asymmetric ejection of a small amount of

nickel-rich material at high-velocities.

More detailed modeling beyond the scope of this work will be necessary to fully
distinguish between or rule out one of these two progenitor scenarios. In particular,
it would be useful to ascertain whether either scenario can actually reproduce the
plethora of high-velocity and narrow features observed in the early spectra, with the
cooling envelope model facing the additional challenge of explaining the depressed
UV flux at early epochs. We note that if the epoch of first light is earlier than that
derived in Section 4.3 from power law fits to the early UV light curves, then the cooling
envelope/extended progenitor scenario would be put under additional tension, or ruled
out entirely. In contrast, the model of a high-velocity clump could be naturally extended
to explain a rise in the UV light curve after the epoch of first light. Finally, we find
that current theoretical models for the collision of a SN shock with a binary companion
cannot reproduce both the luminosity and timescale of the early emission observed in

SN 2013ge.

Rapidly- Evolving SN 2002bj: The early spectra of SN 2013ge are similar to the

spectrum of the rapidly-evolving SN 2002bj, demonstrating that the ions and ionization
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state present in the ejecta of SN 2002bj can also be produced by the core-collapse of a

massive star.
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Chapter 5

Luminous Interacting Transients I:

Background and Motivation

5.1 Introduction

Approximately 10% of core-collapse SN exhibit narrow hydrogen emission lines in their
spectra (dubbed Type IIn; Schlegel 1990), indicative of the SN blast wave interacting
with a dense CSM (Smith et al. 2011; Chevalier & Fransson 1994; Chugai & Danziger
1994). The light curves and spectra of Type IIn SN can be used to estimate pre-SN
mass-loss rates and, in many cases, the derived values of 107* to 1072 My yr~! are
orders of magnitude higher than steady winds observed in evolved massive stars (Vink
et al. 2001; Crowther 2007). The origin of this dense CSM poses a challenge for models
of stellar evolution, as it implies that a subset of massive stars undergo intense (possibly

violent /eruptive) mass-loss in the years immediately preceding core-collapse.
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These challenges have been accentuated by the recent discovery that some Type IIn
SN reach luminosities 10—100 times that of normal core-collapse SN, with total radiated
energies > 10°! erg (e.g. Smith et al. 2007, 2008; Rest et al. 2011). If powered primarily
by shock heating due to ejecta-CSM interaction, these super-luminous SN require intense
mass-loss episodes of up to a Mg yr~! and dense CSM shells of >10 M, (e.g. Smith &
McCray 2008; van Marle et al. 2010; Chatzopoulos et al. 2013). Such mass-loss is not a
priori predicted, and both the progenitor stars and physical mass-loss mechanism are

debated (e.g. Smith et al. 2007; Woosley et al. 2007).

Our current observational capabilities offer two main routes to advance our
understanding of the progenitors and physical mass-loss mechanism which operates in

luminous Type IIn SN:

1. Modeling observed light curves and spectra in order to constrain the full range

CSM parameters (physical scale, density profile) and explosion properties.

2. Studying host galaxies and sub-galactic environments in order to investigate the

physical conditions present in their progenitor star populations.

Both of these endeavors require large and unbiased samples of events, and motivate the
remainder of this thesis. In this chapter, we provide some brief additional background
regarding both Type IIn SN and luminous SN (Sections 5.2 and 5.3) and outline the
definition of a “luminous” interacting transient which will be used in the following

chapters (Section 5.4).
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5.2 Background: Type IIn SN Progenitors

Type IIn SN are an incredibly heterogeneous class of explosions. They show wide variety
in both their peak luminosities (—16 to —22 mag) and timescales (few days to multiple
years) which, in turn, lead to a wide variety in their inferred pre-SN mass-loss rates
and histories. However, as reviewed by Smith (2014), a number of observations have led
many to associate Type IIn SN with the explosion of Luminous Blue Variable (LBV)
stars. These include the typical masses, energies and velocities inferred for the dense
mass-loss regions surrounding Type IIn SN, a growing number of events observed to
exhibit pre-explosion outbursts (e.g. Pastorello et al. 2007; Foley et al. 2011; Mauerhan
et al. 2013a; Ofek et al. 2014b) and the identification of luminous progenitor systems
in pre-explosion images of SN 2005gl and SN 2009ip (Gal-Yam et al. 2007; Gal-Yam &
Leonard 2009; Smith et al. 2010; Foley et al. 2011). This hypothesis is in direct conflict
with the traditional view of LBVs as a short-lived transitionary phase in the evolution

of the most massive single stars (Conti 1976; Humphreys & Davidson 1994).

Additional insight into the progenitor stars and physical conditions required to
produce Type IIn SN can be gained by studying their sub-galactic environments, and the
results of several initial studies are intriguing. For example, Anderson & James (2009)
and Kelly & Kirshner (2012b) did not find any statistically significant difference between
a sample of ~20 Type IIn SN and the more common Type IIP SN when considering
a variety of host environment properties (explosion site offset, metallicity, specific star
formation rate). Further, Anderson et al. (2012) and Habergham et al. (2014) found the
surprising result that Type IIn SN are not strongly correlated with the Ha emission in

their host galaxies. These results seem to contradict the idea that Type IIn SN come
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primarily from massive LBV stars. If Type IIn SN result predominantly from more
massive progenitors than the bulk of Type IIP SN (the explosions of red supergiants
with initial masses between 8 and 15 Mg; Smartt 2009) then we would expect this to
manifest in their host environments. Specifically, they would be expected to more closely
trace the sites of active star formation in their host galaxies. Such a trend is observed for
Type Ic SN, which are also thought to arise from more massive progenitors (Anderson &

James 2009; Anderson et al. 2012; Kelly & Kirshner 2012b; Habergham et al. 2014).

Motivated by these studies, Smith & Tombleson (2015) examined the locations of
known LBVs in Milky Way and Magellanic Clouds and found that LBVs were more
isolated on average than Wolf-Rayet (WR) stars, a result which is also in conflict with
the idea that LBVs represent a short transitionary phase between massive O—stars and
WRs. They further proposed proposed that some LBVs are actually mass gainers in
binary systems that have been kicked from their natal positions, which offers a potential
resolution between the interpretation of Type IIn SN as the explosion of LBVs with
their apparent isolation. However, the heterogeneity of Type IIn SN must again be
emphasized. It is likely that different subclasses of Type IIn SN can be tied to different
progenitor systems, with other possibilities including extreme red supergiants (RSGs;
Fransson et al. 2002), asymptotic giant branch stars (Mauerhan et al. 2013b), and a
wide array of binary channels, such as common-envelope evolution (Chevalier 2012) and

photoionizition/confinement of a steady wind (Mackey et al. 2014).

The likelthood of multiple progenitor systems hidden within the broad class of
Type IIn emphasizes the need to incorporate information about the explosion and CSM
properties into any study of Type IIn sub-galactic environments in order to draw robust

conclusions about their progenitor populations. Until recently, such an exercise had been
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limited by the availability of well-sampled light curves and spectra for a large sample of
events. Many of the early studies described above are based on heterogeneous samples
which are drawn from the circulars, including objects for which no public information
other than a single classifying spectra and discovery magnitude were known. This
highlights the need for large and unbiased samples of Type IIn SN with well-sampled light
curves in order to perform a systematic comparison between the explosion properties

and host environment.

5.3 Background: Luminous Supernovae

Luminous supernovae are a rare class of stellar explosions whose discovery was facilitated
by the advent of wide-field untargeted transients surveys. They are characterized by
peak luminosities 10—100 times that of typical core-collapse SN, and total radiated
energies on the order of ~10°' erg. These extreme luminosities require either a very
energetic explosion, or a particularly efficient means of converting explosion energy into
radiation. Proposed mechanisms include the radioactive decay of large amounts of *°Ni
following a pair-instability SN (Gal-Yam & Leonard 2009), magnetar spin-down (Kasen

& Bildsten 2010), and interaction with a dense CSM (Chatzopoulos & Wheeler 2012).

Luminous SN can be divided into at least two spectroscopic classes (Gal-Yam 2012):
hydrogen-poor (SLSN-I) and hydrogen-rich (SLSN-II). A majority of the hydrogen-rich
events discovered are of Type IIn, displaying narrow and intermediate width Balmer
emission lines in their spectra, indicative of a dense CSM. Thus, while the process(es)
which produce the extreme luminosity observed in SLSN-I are still hotly debated, a

consensus is emerging that the conversion of kinetic energy to radiation through CSM
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interaction plays an important role in many SLSN-II. Powering the extreme luminosity
of these events predominately via CSM interaction requires a dense CSM (~10 M) at a
physical scale of ~10' cm (e.g Smith & McCray 2008). Accordingly, several theoretical
mass-loss mechanisms have been proposed specifically for luminous Type IIn SN. These
include LBV-like eruptions (Smith et al. 2007), instabilities or wave-driven mass-loss
during late nuclear burning stages (Smith & Arnett 2014; Shiode & Quataert 2014),
common-envelope evolution (Chevalier 2012), pulsational-pair instability (Woosley et al.

2007), or the presence of a relic proto-stellar disk (Metzger 2010).

However, even asserting that a dense CSM produces the extreme luminosity of
luminous Type IIn SN, questions still remain about the nature of the underlying
explosions, as well as how the progenitor stars and physical conditions required to
produce these luminous interacting transients relate to those of “standard luminosity”
Type IIn SN, and to other classes of energetic explosions. These questions motivate
the studies and preliminary results presented remaining chapters of this thesis. Due
to their relative rarity, luminous Type IIn SN have generally not been included in the
statistical studies of Type IIn host environments described above, and studies of the
explosion/CSM properties have mainly focused on individual events (e.g. Smith et al.
2007, 2008; Chatzopoulos et al. 2011; Gezari et al. 2009; Drake et al. 2010; Rest et al.
2011; Fransson et al. 2014) or small samples of ~5 events (e.g. Chatzopoulos et al. 2013).
In is only in recent years that the number of events identified have allowed for statistical

analysis of their progenitor populations and explosion properties.
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5.4 Definition of a “Luminous” Interacting Transient

5.4.1 Basic Definition

An important concept for the remaining chapters of this thesis will be the definition of a
“luminous” interacting transient. For the purposes of this work, we define an interacting
transient to be an event which shows narrow hydrogen emission lines in its spectra (e.g. a
Type IIn SN). With regards to luminosity, a fiducial cutoff of —21 mag (in any observed
band) is often quoted for official classification as a “super-luminous” supernovae (e.g.
Gal-Yam 2012). However, such a cutoff is arbitrary and does not necessarily represent
a distinct explosion mechanism or progenitor channel. For example, when SLSN-I are
selected based on their spectroscopic features, identified members have peak magnitudes
ranging from ~ —20.5 to < —23 mag (Quimby et al. 2011b; Lunnan et al. 2013; Nicholl
et al. 2015). The classification of luminous interacting transients is even less clear, in
large part because the interaction often masks any spectroscopic information about the

underlying explosion. As a result, there is no clear break in spectral class with luminosity

as there is for SLSN-I.

Based on the distance-limited sample of the Lick Observatory Supernova Search
(LOSS), Li et al. (2011) derive a luminosity function for Type IIn SN of —16.86 4+ 1.61
mag. Kiewe et al. (2012) quote a slightly higher peak magnitude range of My = —18.4
+ 1.0 mag based on 4 objects from the Caltech Core-Collapse Project (CCCP), which is
unbiased in the sense that follow-up is not based on explosion properties. Motivated by
these findings for the “typical” luminosity of interacting transients, in this work we have

chosen to define a “luminous” interacting transient as any event whose peak luminosity
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is comparable or above that of the Type IIn SN 2010jl.

SN 2010j1 was an extensively studied Type IIn SN (see, e.g. Stoll et al. 2011; Ofek
et al. 2014c; Fransson et al. 2014) whose peak magnitude M; = —20.5 mag was well
above the typical values found by LOSS or CCCP. SN 2010jl had a peak luminosity
of ~ 3 x 10* erg s7!, and a slow evolution, resulting in a total radiated energy on
the order of 6—9 x 10°° erg. Modeling of multi-wavelength data shows that the CSM
surrounding the progenitor of SN 2010jl possessed mass in excess of 3—10 My, ejected in
the final decades before collapse. In short, despite falling below a fiducial cutoff of M,, <
—21 mag, SN 2010jl was an extreme explosion and we base our definition of “luminous”
interacting transients on its properties, requiring M, < —20 mag (or Lyy, > 3 x 10 43
erg s7!). Figure 5.1 shows the absolute R-band magnitude for a range of interacting

transients, to place this definition in context.

5.4.2 Connection to Type IIn/Ta-CSM

We note that our adopted definition would not only include SN such as SN 2010jl
and the extreme SN 2006gy (Smith et al. 2007), but also several members of the
ambiguous/controversial class of events dubbed “Type IIn/Ia-CSM”. These are
transients which show narrow hydrogen emission lines in their spectra, indicative of CSM
interaction, but also broad and diluted SN-like features, and have been hypothesized
to be Type Ia SN exploding into a dense CSM (e.g Hamuy et al. 2003). While several
members of this class show only relatively weak interaction and are unambiguously
Type Ia SN (e.g. PTF11kx; Dilday et al. 2012), others are significantly more luminous,

long-lived, and dominated by interaction (e.g. SN 1997cy, Figure 5.1), and their
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Figure 5.1.—: Luminosity Range of Interacting Transients. Bars on the right designate

the typical peak luminosity for Type IIn SN as derived from the Lick Observatory SN
Search and the Caltech Core Collapse SN Project. In the remaining chapters of this thesis
we adopt a cutoff of ~—20 mag for designation of a transient as “luminous”. References:
SN 1998S (Liu et al. 2000), SN 2009ip (Margutti et al. 2014b), SN 2010j1 (Fransson et al.
2014), SN 2006tf (Smith et al. 2008), SN 1997cy (Germany et al. 2000), SN 2006gy (Smith
et al. 2007).
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interpretation as Type la SN has been debated (e.g Benetti et al. 2006; Trundle et al.
2008). In a systematic search Silverman et al. (2013) identified objects with spectral
similarity to members of this class with peak magnitudes ranging from —19.0 mag >
Mg > —21.3 mag. At the high luminosity end, the broad SN-like features are heavily
diluted, and Leloudas et al. (2015b) find that Type IIn SN brighter than —20.1 mag
may be able to hide Type Ia SN. On the other hand, Inserra et al. (2016) argue that
many of the luminous events now classified as Type IIn/Ta-CSM are difficult to reconcile
with a thermonuclear explosion from an energetics perspective-requiring nearly 100%
efficiency in converting explosion energy into radiation. In addition, Benetti et al. (2014)
note strong spectral similarities at late times between the super-luminous transient
CSS121015 and SN 2005gj (which has been classified as a Type IIn/Ia-CSM; Aldering
et al. 2006). CSS121015 had a peak luminosity and total radiated energy in excess of
10* erg s~ and 10°! erg, respectively, and a Type Ia progenitor can be excluded based

on energetics.

The Type IIn/Ta-CSM class of events therefore highlights the difficulty in assessing
the underlying explosions and progenitor systems of interaction-powered SN. Jointly
assessing the explosion properties and host environments of transients which have
been explicitly classified as Type IIn/Ia-CSM along with other luminous interacting
transients can provide insight into the progenitor populations of each. These events will
be considered in addition to other luminous interacting transients in Chapter 7 when we

investigate sub-galactic environments.
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Abstract

We present the light curves, spectra, and basic properties for the full sample of Type IIn
SN discovered during the PanSTARRS1 Medium Deep Survey. These 25 events span a
wide range in peak luminosity (—16 mag > M > —21 mag) and timescale (12 days <
tenar < 200 days). The sample includes 10 events with peak luminosities above 6x10%3
erg s~! and total radiated energies in excess of (0.3—1.0) x10° erg. This represents

a significant contribution to the total number of luminous interacting transients with
well-sampled, multi-band light curves available. When modeled as a shock breakout
and interaction within a dense wind, the bolometric light curves for these luminous
events require pre-SN mass-loss rates on the order of ~My yr~! and dense CSM shells
of ~10 M. This sample, supplemented with events from the literature, will be used in
Chapters 7 and 8 to study the host-galaxies and sub galactic environments of interacting

transients, with an emphasis on luminous events.

6.1 Introduction

As outlined in Chapter 5, a large and unbiased sample of events is a key asset in
advancing our understanding of the progenitor stars and mass-loss mechanism of Type
IIn SN. In this chapter we present the full sample of Type IIn SN discovered by the
PanSTARRS1 Medium-Deep Survey (PS1-MDS). This sample is unbiased in the sense
that it comes from a single, untargeted, transient survey, and it includes events which
span a wide range of luminosities and timescales. In addition, due to its volume and

depth, the PS1-MDS is particularly efficient at identifying luminous transients. This
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sample includes a significant contribution to the total number of luminous interacting
transients with well sampled, multi-band light curves presently available. These events
also form the core of the sample which we will use in Chapters 7 and 8 to investigate
the global host galaxy properties and sub-galactic environments of luminous interacting
transients in comparison to both “standard luminosity” Type IIn SN and other energetic

transients.

This chapter is organized as follows: In Section 6.2 we describe the selection
process for the PS1-MDS sample of interacting transients, in Section 6.3 we describe
the basic properties of the full sample of 25 Types IIn SN discovered in the PS1-MDS,
in Section 6.4 we provide preliminary estimates of the CSM densities inferred, and in

Section 6.5 we briefly discuss future work.

6.2 Sample Selection

Approximately 25% of the PS1 observing time was devoted to the Medium-Deep Survey,
which operated between late 2009 and early 2014. The PS1 imager is an array of sixty
4800 x 4800 pixel detectors with a pixel scale of 0.”258, mounted on a 1.8-m primary
with a 3°.3 diameter field of view (Kaiser et al. 2010; Tonry & Onaka 2009). Details of
the filters and photometric system are given in Tonry et al. (2012) and Stubbs et al.
(2010). The PS1-MDS consisted of 10 single-footprint fields distributed throughout
the sky, which were imaged in gpirpiip1zp;—with a nominal cadence of 3 days per
filter—to a typical 5o depth of 23.3 mag. yp; was observed during times of full moon to
a depth of ~ 21.7 mag. Standard initial reductions, astrometric solution, and stacking of

nightly PS1-MDS images were carried out with the PS1 Image Processing Pipeline (IPP;
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Magnier 2006; Magnier et al. 2008). The nightly PS1-MDS stacks were then transferred
to the Harvard FAS Research Computing cluster where difference images were produced

and potential transients identified by the photpipe pipeline (Rest et al. 2005, 2014).

Throughout its 4.5 years of operation, the PS1-MDS identified ~5000 transients. Of
these, ~10% were selected for spectroscopic follow-up. which was primarily preformed
using the Blue Channel spectrograph on the 6.5-m MMT telescope (Schmidt et al. 1989),
the Inamori-Magellan Areal Camera and Spectrograph (IMACS; Dressler et al. 2006)
and Low Dispersion Survey Spectrograph (LDSS3) on the 6.5—m Magellan telescopes,
and the Gemini Multi-Object Spectrograph (GMOS; Hook et al. 2004) on the 8-m
Gemini telescopes. Over the duration of the PS1-MDS, we spectroscopically confirmed
~25 interacting transients. For formal classification as a Type IIn SN, we required that
a transient showed resolved hydrogen emission but lacked the broad P Cygni absorption
features associated with standard Type II SN. While a subset of events have only a single

classifying spectrum, a majority have 2—3 spectra acquired over 1—2 observing seasons.

Due to its pencil beam observing strategy, most of PS1-MDS volume is at moderate
redshift. This has several important consequences for the identification and properties of
our sample of interacting transients. As we detail below, particular care must be taken

both to eliminate possible contaminants and to assess sample completeness.

6.2.1 Contamination

At moderate spectral resolution and signal-to-noise, a number of transients can resemble
Type IIn SN. This is particularly true in the central regions of galaxies. Some active

galactic nuclei (AGN) possess spectra remarkably similar to Type IIn SN (Filippenko
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1989) and in recent years a number of “changing look” AGN have been identified in which
the broad-line components of Ho and Hf are observed to either appear or disappear
(see Shappee et al. 2014, and references therein). In addition, several tidal disruption
event (TDE) candidates have been observed with broad/intermediate width hydrogen
emission lines (van Velzen et al. 2011). In Chapter 8, we present precise astrometry on
our PS1-MDS selected interacting transients. While none of the events in this sample are
coincident with their galaxy centers within the 1o uncertainties, several lie in the inner
regions of their hosts. We have therefore taken several steps to examine our sample for

possible contamination by AGN/TDEs. These include:

1. Transient Color Evolution: Most optically-selected TDEs in the literature exhibit
blue colors and a distinct lack of color evolution with time. (van Velzen et al. 2011;
Gezari et al. 2012; Chornock et al. 2013). In is in contrast to most SN, which are
blue at early times but quickly evolve to colors significantly redder than those
found in TDE candidates. We have examined the photometric color evolution for
all transients in our sample. We observe reddening in most events after maximum
light (consistent with a cooling and expanding photosphere) and none display the

distinctive color evolution found in TDE candidates.

2. Host Galaxy Spectra: We have obtained host galaxy spectra for a many of the
events in our sample. In all cases, the resolved component of the hydrogen emission
has disappeared at late times. In addition, after measuring the nebular emission
lines fluxes in the galaxy spectra of events that exploded in the central regions
of their hosts, we find that they show emission line ratios similar to star-forming

galaxies in a BPT diagram.
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3. Pre- and Post-explosion Variability: We examined the full 4.5 year PS1-MDS light
curves of events in our sample for evidence of AGN-like variability. In all cases, the

main outburst is the only transient event/variability observed above the detection

threshold of the PS1-MDS.

6.2.2 Completeness

We are interested in understanding the progenitor stars and mass-loss mechanism

of luminous interacting transients, and it is therefore useful to assess our ability to
identify these events in the PS1-MDS. Due to its pencil beam observing strategy, the
PS1-MDS is well suited to identify luminous and blue transients at moderate redshift.
However, luminous Type IIn SN have several properties which make them difficult to
spectroscopically classify at moderate redshift. In particular, many luminous Type IIn
SN only possess weak hydrogen emission emission lines in their spectra, which—in some
cases—do not develop until weeks post-maximum (Benetti et al. 2014; Smith et al. 2008,
2007). This spectral evolution is often interpreted as the CSM interaction being so
optically thick that the energy must first diffuse outward from an opaque shell. This
results in a spectrum dominated mainly by a blue continuum (e.g Smith et al. 2007).
Indeed, for many of the luminous Type IIn SN we identified in the PS1-MDS;, the first
observed spectrum was featureless and blue, and only in later epochs do resolved Balmer

emission lines become apparent.

These weak emission features complicate the spectral identification of luminous
interacting transients, especially at redshift z>0.4 when Ha is redshifted out of the range

of most optical spectrographs. This is in contrast to SLSN-I, whose UV spectroscopic
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features are favorable for identification at high-z'. We therefore examined all events
from the PS1-MDS spectroscopic sample whose spectra showed only blue continua
for candidate interacting transients. We required that any objects identified pass the

following cuts:

1. Are luminous. This avoids contamination from other classes of core-collapse SN,

whose early spectra can also be blue and featureless.
2. Lack the UV absorption features used to classify SLSN-I.

3. Pass the same cuts for AGN/TDEs listed above (i.e. color evolution, lack of pre—

and post—explosion variability).

This process yielded two additional transients, both at z>0.68 (PS1-13byi and
PS1-13cvy). We consider these likely, but non-confirmed, luminous interacting transients,

and analyze their basic properties alongside rest of the sample below.

6.3 Basic Properties

Our final sample of PS1-MDS selected interacting transients consists of 25 events. We
list their basic properties in Table 6.1. The transients span a redshift range of 0.04 < z

< 0.780 with a median value of z = 0.259.
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Table 6.1. Basic Photometric Properties




CHAPTER 6. PS1-MDS TYPE IIN SN

6.3.1 Observed Light Curves and Spectra

The full gpi7rpiipizp1 light curves are presented in Figures 6.1 and 6.2. Representative
spectra are shown in Figure 6.3. For 19 (of 25) events our photometric coverage includes

the epoch of peak brightness.

In Figure 6.4 we plot the peak observed absolute magnitudes in gp17piipi2zp1 versus
redshift for the entire sample. All calculations in this paper assume a flat ACDM
cosmology with Hy = 71 km s~ Mpc™!, ©,, = 0.27, and Q) = 0.73. Events for which
we do not observe the epoch of peak brightness are shown as open symbols. We do
not perform full bandpass k—corrections, but correct the measured magnitudes for

cosmological expansion by adopting M = m — 5 log; (d—L
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Figure 6.1.—: gp1,rp1,ip1, andzpy light curves for the sample of PS1-MDS Type IIn SN
with peak magnitudes which approach or exceed —20 mag (blue, cyan, green, and red,
respectively). Upper limits are plotted as triangles. For PS1-12bub and PS1-12gy the
epoch of maximum light occurred between observing seasons and the peak magnitude is
not well constrained.
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6.2.—: gp1,7p1,ip1, andzp; light curves for the sample of PS1-MDS Type IIn SN

with peak magnitudes below —20 mag (blue, cyan, green, and red, respectively). Upper

limits are plotted as triangles.
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Figure 6.3.—: Representative spectra for the sample of PS1-MDS Type IIn SN.
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Figure 6.4.—: Peak absolute magnitudes and peak bolometric luminosities for the PS1-
MDS sample of Type IIn SN as a function of redshift. Thirteen events could be classified
as “luminous” by the definition outlined in Chapter 5.4.
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6.3.2 Pseudo-Bolometric Light Curves

In order to constrain the true energy scale of the PS1-MDS Type IIn SN, we use the
gp1rp1ip1zpy light curves to construct pseudo-bolometric light curves for the entire
sample. As gpi7rpiipi1zp1 are not all observed concurrently during the PS1-MDS, we
begin by fitting low-order polynomials to our observed data in each band, and use
these polynomials to interpolate our data to a set of common epochs. In choosing our
interpolation epochs, we require that all bands were observed within a time period of ~3
days. We then sum the observed flux in these interpolated bands and attach a blackbody
tail (based on a fit to the gp1rpiip12zp; data) to account for missing IR flux. The resulting
peak bolometric luminosities are shown in the bottom panel of Figure 6.4 and span the

range 10*? erg s7' < L < 10* erg s7!. These values are listed in Table 6.1.

None of our transients are as extreme as the prototypical super-luminous Type IIn

0* erg s7!

SN 2006gy?, which had an derived peak bolometric luminosity of 1.7 x 1
(Smith & McCray 2008). However, 13 events meet our definition of “luminous” outlined
in Chapter 5 in having Ly, > 3 x 10% erg s7!. Of these 13 transients, one (PS1-11jf)
is spectroscopically classified as a Type IIn/Ia-CSM and two (PS1-12cht and PS1-13epy)
have peak luminosities which just reach our cutoff. The remaining 10 objects all have

Lpol > (5—6) x 10%® erg s71, similar to luminous events such as SN 2003ma (Rest et al.

2011) and SN 2006tf (Smith et al. 2008). In Figure 6.5 we plot the pseudo-bolometric

light curves for the entire sample.
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Figure 6.5.—: Bolometric light curves for the PS1-MDS sample of interacting transients.
Events span two orders of magnitude in both peak luminosity and characteristic timescale.
A number of events have luminosities which exceed 103 erg s™' ~1 year post-explosion.
Objects for which we do not constrain the peak magnitude are plotted in grey.
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6.3.3 Timescales

As can be seen in Figure 6.5, the SN display a wide range of observed timescales.
These range from PS1-13adh, which declines by ~2.5 magnitudes in the first 20 days
post-maximum, to PS1-11ad, which decays by only ~0.5 mag over >100 days. Of
the luminous transients in our sample two (PS1-11vo and PS1-12zc) appear to show
bell-shaped light curves reminiscent of SN 2006gy, while others exhibit slow and linear
declines after peak that span multiple observing seasons. Eight SN have dense light curve
coverage ~1 year post explosion. At these epochs their luminosities are still in excess of

102—10" erg s7! (i.e. the typical peak luminosity of a Type Ib/c SN; Drout et al. 2011).

By contrast, many of the “non-luminous” Type IIn SN in our sample have peak

L and decline significantly over 50—100 days, similar to

luminosities of L, ~10% erg s~
the prototypical events SN 1998S (e.g Liu et al. 2000) and SN 2009ip (e.g Margutti et al.
2014b). In several cases, we observe a rapid post-maximum decline followed by a plateau

in the observed band which includes Ha (e.g. PS1-12bli; See Figure 6.2)—possibly

indicative of continued interaction.
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6.3.4 Pre-Explosion Outbursts

A number of Type IIn SN have been observed to exhibit pre-explosion outbursts. We
have examined the full 4.5-year light curves of the PS1-MDS transients for evidence
of such eruptions. While we do not detect any precursor events in the years prior to
explosion, several transients in the PS1-MDS sample show multiple peaks/undulations
in their light curves. In Figure 6.6 we highlight one event, PS1-10acl, whose light
curve displayed two peaks in all observed bands. The separation between these peaks
is ~30—40 days, similar to separation observed between the pre-cursors and “main”
explosions in SN 2009ip (Margutti et al. 2014b) and SN 2010mc (Ofek et al. 2013). The
strong similarity between the light curves of SN 2009ip and SN 2010mc has been argued
to imply that that the physical mechanism which leads to these peaks is fundamental to
stellar evolution, rather than the fine-tuned details of any individual progenitor system
(Margutti et al. 2014b). While PS1-10acl shows several differences in comparison to
SN 2009ip and SN 2010mc (most notably the increased luminosity of the initial light
curve peak), it represents an additional example of this characteristic timescale in Type

IIn SN.
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Figure 6.6.—: The light curve of PS1-10acl in comparison to those of the Type IIn
SN 2009ip (Margutti et al. 2014b) and SN 2010mc (Ofek et al. 2013). PS1-10acl shows
two peaks in its light curve with a similar temporal separation to the precursor and main
explosions observed in SN 2090ip and SN 2010mc. Grey vertical lines highlight epoch of
maximum for the two light curve peaks and the epoch of minima between them.
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6.3.5 Total Radiated Energies

Finally, we put lower limits on the total radiated energy for each of the PS1-MDS
transients by integrating our bolometric light curves. A histogram of these values in
shown in Figure 6.7. For many of our luminous transients these limits approach or
exceed 10°! ergs, therefore requiring either very energetic explosions, very high efficiency

in converting explosion energy to radiation, or both. These values are listed in Table 6.1.

Number

48.5 49.0 49.5 50.0 50.5 51.0
LOg Erad,min (erg>

Figure 6.7.—: Histogram of lower limits on the total radiated energies for the PS1-MDS
Sample of Type IIn SN. Many objects approach or exceed 10°! erg.
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6.4 Preliminary Estimates of CSM Densities

The wide array of luminosities and timescales displayed by the PS1-MDS interacting
transients are consistent with a similar diversity in the underlying explosions and
properties of the CSM surrounding the progenitor systems. Detailed modeling of these
parameters for the full sample of PS1-MDS interacting transients (including luminosity,
temperature, and spectral evolution, multiple power sources and CSM density profiles,
and constraints from late-time multi-wavelength (radio and X-ray) observations) will be
presented in future work. Here, in order to provide context for how observed properties
can translate to physical parameters, we provide order-of-magnitude estimates for the
density of the CSM surrounding the progenitor systems of the PS1-MDS Type IIn SN,
under the assumption that the observed luminosity is dominated by energy production

from ejecta-CSM interaction.

To first order, a basic interaction model can be constructed by assuming that the
observed luminosity directly tracks the instantaneous rate of energy generation from the
ejecta-CSM interaction. Smith et al. (2010) construct such a model for the luminous
Type IIn SN 2006gy, adopting L = (1/2)wv?® where 7 is the efficiency which which kinetic
energy is converted to radiation, v is the expansion velocity of the shock into the CSM,
and w is a parameterization of the density of the CSM. Specifically, w = pcgm X 47R?
= M/Vw where pcogy is the density of the CSM, M is the pre-SN mass-loss rate, and
v, is the pre-SN wind speed. Applying a similar model to the PS1-MDS Type IIn SN,

assuming a shock velocity of Ve = 5000 km s=! and n = 0.5, yields inferred pre-SN

Vw

mass-loss rates spanning 1 x 1072 Mg yr~! < M x (
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Figure 6.8.—: Pseudo-bolometric light curves for three representative examples of the

PS1-MDS Type IIn sample in comparison to the luminosity predicted by the models of
(Chevalier & Irwin 2011) for continued interaction within a dense CSM shell after shock
break-out in an optically thick wind region. PS1-11vo (left panel) and PS1-11kj (middle
panel) are both luminous Type IIn SN. However, at late times (t ~ 1 year post-explosion)
the luminosity of PS1-11kj is consistent with the prediction for continued interaction while
the luminosity of PS1-11vo falls an order of magnitude below this level. When modeled
with the CSM-interaction/diffusion model, the light curves of both PS1-11vo and PS1-
11kj require dense CSM masses of 210 M. PS1-12dm (right panel) is a lower luminosity
Type IIn SN whose light curve can be fit by shock-breakout/interaction with a CSM

characterized by a pre-SN mass-loss rate of a few x1072 Mg yr~! and a total CSM mass
of ~0.3 M@.

luminosity” and luminous Type IIn SN (e.g Smith 2014).

The assumption of an optically-thin CSM-ejecta interaction will be violated at early
times if radiative diffusion of the shock generated luminosity through an optically thick
shell is important. In this case, we can model the rising and portion of the light curve
as a shock breakout within a dense wind (see, e.g. Chevalier & Irwin 2011; Ofek et al.
2010; Balberg & Loeb 2011; Chatzopoulos et al. 2012). We now present a preliminary
analysis for three of the PS1-MDS Type IIn SN that span the range of behavior observed

in the sample. We use the analytic shock-breakout models of Chevalier & Irwin (2011)
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as parameterized by (Margutti et al. 2014b) for the case where the radius of the dense
wind region is larger than the radius where diffusion becomes important (R, > Rg).
These models assume a wind environment density profile (p oc r72), and relate the
explosion kinetic energy, ejecta mass, and CSM density to three observable quantities:
the rise time of the transient (ts), the total energy radiated on the rise (E;.q), and the
shock-break out radius (Rpo). Eiaq and tyse can be measured directly from many of the
PS1-MDS light curves, while an estimate of Ry, can be derived from the radius evolution

of the blackbody SED fits.

6.4.1 PS1-11vo

PS1-11vo is a luminous SN, reaching a peak magnitude in excess of —20.5 mag. The
PS1-MDS observed its rise over a dynamic range of ~5 mag, and its bolometric light
curve is shown in the left panel of Figure 6.8. With an observed t,. ~ 38 days, E;.q

~1.15 x10% erg, and estimated Ry, ~ 8x10'cm, the models of (Chevalier & ITrwin

E

2011) yield an explosion ejecta mass of ~ 30 (
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that predicted for continued interaction (see Figure 6.8). This allows us to infer a radius
and mass for the dense wind region in this physical model of 2 x 10 cm < R,, < 6 X

10" c¢m, and 8 My < M,, < 20 My, (Equation A7, Margutti et al. 2014b).

6.4.2 PS1-11Kkj

PS1-11kj is another luminous SN. It reached a similar peak luminosity to PS1-11vo,
but displayed a slower post-maximum decline. Approximately 1 year post-explosion
the luminosity of PS1-11kj was an order of magnitude higher than PS1-11vo at similar

epochs (see Figure 6.8). Using the models Chevalier & Irwin (2011), in the same manner

D)

as above, we find an ejecta mass of ~ 5 (
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6.4.3 PS1-12dm

PS1-12dm is a Type IIn SN with a peak magnitude of ~—18.5 mag. It was very blue
at early times (Tgg > 15,000 K), showed rapid cooling, and declined linearly by ~2.5
mag over 100 days. We have deep pre-explosion limits which constrain its rise time

to be <8 days. For this event, the breakout models of (Chevalier & Irwin 2011) yield

Vw

a pre-explosion mass-loss rate of ~3.5x1072 (



CHAPTER 6. PS1-MDS TYPE IIN SN

A particular research direction offered by this sample is late-time follow-up at radio
wavelengths. Radio synchrotron emission is produced when the SN shock interacts
with the surrounding medium. This emission is heavily absorbed at early times (due to
synchrotron self-absorption and free-free absorption) but eventually enters the optically
thin phase and brightens. Both the radio luminosity and the time of peak brightness at
a given frequency are proportional to CSM density (Chevalier & Fransson 2006). As a
result, luminous Type IIn SN—with their high inferred mass-loss rates—are predicted to

be bright radio sources on a timescale of years.

As demonstrated by the preliminary models presented above, optical emission in
the first year post-explosion probes the progenitor environment on physical scales of
~10% cm (corresponding to mass ejected in the final decade prior to explosion). In
contrast, late-time (~2—5 years) radio observations can probe the density profile on
scales that are ten times larger, and hence reach back centuries in the mass loss history
of the progenitors. Coupled with inferences from the optical data, this information will
give us further leverage to distinguish between CSM geometries predicted by various
mass-loss mechanisms such as a steady dust- driven wind, pulsational pair instability
(which leads to multiple dense shells; Woosley et al. 2007), and unsteady late nuclear
burning (which operates only in the final decade before collapse; Smith & Arnett 2014).
We are currently undertaking a late-time radio survey of the luminous Type IIn SN

discovered by the PS1-MDS.
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6.5 PS1-MDS Sample: Summary

In this section, we have presented the identification and basic observed properties of
the sample of interacting transients discovered by the PS1-MDS. These events represent
an unbiased sample of interacting transients in that they were selected from a single,
untargeted, transient survey. The sample spans a wide range of redshift, peak luminosity,
and timescale. It is notable in including 13 events with peak luminosity’s above 3 x 1043
erg s~! (10 events above 5—6 x10%3 erg s7!). This represents a significant increase in the

number of luminous type IIn SN with multi-band light curves available.

Using this sample, supplemented by events from the literature, in the following
Chapters of this thesis we investigate the global host galaxy properties and sub-galactic
environments of luminous interacting transients in comparison to standard luminosity

Type IIn SN, and other classes of luminous transients.
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Abstract

Using the PS1-MDS sample, supplemented with events from the literature, we present
an analysis of the global host galaxy properties of 61 interacting transients, 37 of which
are classified as luminous. The host galaxies of luminous interacting transients span a
wide range in luminosity, mass and metallicity, with median values of (Mp) = —18.5
mag, (Mga) = 10° My, and (12 + Log(O/H)x2) = 8.54. We do not find any statistically
distinguishable trends between the host galaxies of luminous interacting SN and the hosts
of “standard luminosity” Type IIn SN. However, the host galaxies of luminous interacting
transients are robustly distinguished from those of hydrogen-poor super-luminous SN
(SLSN-I), in being more luminous, massive, and metal-rich. While a fraction of luminous
interacting transients SN do explode in dwarf galaxies with sub-solar metallicities, the
physical conditions present in these galaxies are not required to produce all luminous

and interacting transients.

7.1 Introduction

Studies of host galaxy environments can provide important clues to the nature of the
progenitors of various classes of transients. Early investigations of the host galaxies of
luminous SN where primarily based on limited archival photometric data and included
members of both the SLSN-I and SLSN-II spectroscopic classes. These concluded
that luminous SN occur preferentially in dwarf galaxies (Neill et al. 2011; Stoll et al.
2011)—although the host of the “prototypical” luminous Type IIn SN 2006gy always

served as a stark counter-example, as it exploded in the nuclear region of an SO galaxy
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(Smith et al. 2007). Since that time Lunnan et al. (2014) and Leloudas et al. (2015a)
have presented detailed studies of the host galaxies of a large number of SLSN-I,
demonstrating that they explode almost exclusively in dwarf galaxies with high specific
star formation rates and low-metallicities. Similar trends have also been observed for
the host galaxies of long-duration gamma-ray bursts (LGRBs) (e.g. Savaglio et al. 2009;
Levesque et al. 2010). This strong environmental selection is thought to provide critical
information about their progenitors, although it is debated whether the dominant
ingredient is metallicity (Stanek et al. 2006; Lunnan et al. 2014), stellar mass (Leloudas
et al. 2015a), or some other byproduct of star formation in these extreme environments
(e.g. close binary interactions within dense star clusters; van den Heuvel & Portegies

Zwart 2013).

In contrast to this recent comprehensive work on SLSN-I and LGRBs, studies of the
host galaxies of luminous interacting SN remain limited. There exist individual examples
of SLSN-IT hosts that differ from those of SLSN-I/LGRBs (e.g. SN 2006gy) but a general
preference for dwarf galaxies and/or low metallicities is often still cited (e.g. Neill et al.
2011; Stoll et al. 2011; Chatzopoulos et al. 2011; Gal-Yam 2012; Benetti et al. 2014). The
most detailed study to date is by Leloudas et al. (2015a), who presented optical spectra
for the host galaxies of six members of this class along side a larger sample of 17 SLSN-I.
Based on these six events, they propose that hosts of SLSN-II have softer radiation fields
and higher metallicities than those of of SLSN-I, but lower metallicities than standard
luminosity Type IIn SN (Taddia et al. 2015). However, greater statistical significance is
needed to test these hypotheses, and no large study of the global host galaxy properties

of luminous interacting transients has yet been reported.

In this chapter, we present preliminary results from a statistical analysis of the
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global host galaxy properties (luminosity, mass, metallicity) of a large sample of luminous
interacting transients. We aim to address whether their global properties are significantly
distinct from (a) galaxies that host standard luminosity Type IIn SN and (b) galaxies

that host other classes of energetic transients (SLSN-I and LGRBs).

The full sample of both luminous and standard luminosity interacting transients
considered is described in section 7.2. Throughout this chapter, we will compare the
empirical distribution functions found for our samples of interacting transients, as well
as other classes of SN, using the Kolmogorov-Smirnov (KS) goodness-of-fit test. The
main comparison samples considered are the SLSN-I sample from Lunnan et al. (2014),
the LGRB sample from (Svensson et al. 2010) and the core-collapse SN (CCSN) sample

from the GOODS survey (Fruchter et al. 2006; Svensson et al. 2010).

7.2 Sample Selection

In order to assess the global properties of the galaxies that host luminous interacting
transients we have compiled a sample of 61 Type IIn SN, 37 of which are considered
luminous by the definition outlined in Chapter 5. These transients are derived from

three main sources:

1. The 25 Type IIn SN discovered in the PS1-MDS and described in detail in

Chapter 6.

2. The 19 Type IIn SN discovered by the Palomar Transient Factory (PTF; Law et al.
2009) and presented in Ofek et al. (2014a). These Type IIn SN are complementary

to the PS1-MDS sample in having well-constrained peak luminosities (albeit based
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on single-band observations) which span the full range of 10*? erg s™! < L, < 10*
erg s~'. They were also identified by an untargeted survey, avoiding bias in host
galaxy properties. The redshift range of the luminous events discovered by the
PTF is similar to that of the PSI-MDS (0.1 < z < 0.4), though their standard

luminosity Type IIn SN are identified mainly at lower redshift (z < 0.1).

3. 17 additional luminous interacting transients which are described in the literature.
These events were discovered primarily by PTF, the Catalina Real-Time Transient
Survey (CRTS Drake et al. 2009), the Robotic Optical Transient Search Experiment
(ROTSE; Akerlof et al. 2003) and The PanSTARRS Survey for Transients (PSST;

Huber et al. 2015b).

Basic properties for the full sample of interacting transient considered in this section
are listed in Table 7.1. At this time we do not explicitly consider the host galaxies of
luminous interacting transients which have been classified as Type IIn/Ia-CSM. These
events are considered in our analysis of the sub-galactic environments of luminous
interacting transients in Chapter 7, and their global host galaxy properties will be

assessed in future work.

7.3 Observations and Data Reduction

7.3.1 Host Galaxy Optical Photometry

For objects discovered in the PS1-MDS, we possess deep images of their host environments

in grizyp, that were made by stacking pre-explosion survey images. The construction
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of these PS1-MDS “deep stacks” has been previously discussed in detail by Rest et al.
(2014). On average, ~30—80 high-quality nightly stacks are combined, weighted by
the product of the inverse variance and the inverse area of the PSF. The typical depth
achieved in the templates is ~25.0 mag in grizps;. All the host galaxies for all but one
of the PS1-MDS Type IIn sample are detected in these template images. The observed
apparent r-band magnitudes span a wide range (14 mag < m, < 25 mag). In several
cases, the PS1-MDS host galaxies are also detected in the Sloan Digital Sky Survey
(SDSS), and we supplement the PS1 photometry with DR10 model magnitudes (Ahn
et al. 2012). Images of the host environments of all 25 PS1-MDS interacting transients

are shown in Figure 7.1. The location of the transient is marked with a red cross.

For the PTF Type IIn SN from Ofek et al. (2014a) and other literature events in
our sample we compile multi-band host galaxy photometry from the SDSS and the PS1
3 survey, when possible. The PS1 37 survey provides templates covering most of the
sky above Dec = —30 deg, and we use stacks constructed from pre-explosion images. In
two cases (CSS201015, SMTJ0125) we have obtained additional imaging using IMACS
and LDSS3 on the Magellan 6.5m telescopes. In these instances, all images were bias
and flat-field corrected, trimmed, and stacked using standard tasks in IRAF. Aperture
photometry was performed and image zero-points were determined from observations of

standard star fields taken on the same night.

Finally, for a number of luminous Type IIn host galaxies, we do not carry out an
independent analysis, but compile photometric measurements and host galaxy properties
(masses, metallicities, etc.) quoted in the literature. These instances are clearly outlined

in the sections below.
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PS1-12dm

Figure 7.1.—: Host galaxy explosion environments for all PS1-MDS Type IIn SN. Images
are from ip;-band PS1 templates. Transient explosion sites are marked with red crosses.
Rows 1-3: Host galaxies of transients classified as luminous. Row three also includes
host environments of PS1-12gy and PS1-12bub. These two transients peaked between
PS1-MDS observing seasons, and we cannot constrain whether they pass our definition
for “luminous” transients outlined in Chapter 5. We analyze their host properties here,
but they are not included in our statistical analysis. Rows 5-6: Host galaxies for Type
IIn SN not classified as luminous.
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Figure 7.2.—: Apparent Magnitudes. Left: Host galaxies for the interacting transients
considered in this section. Host galaxies of transients discovered by the PS1-MDS, PTF
and other surveys are shown in red, black and grey, respectively. Host galaxies of luminous
Type IIn SN are plotted as stars, while those of lower luminosity Type IIn SN are plotted
as circles. Dashed-dotted lines show constant absolute magnitudes of —16, —18, and
—20 mag, while dotted lines represent tracks of L,, 0.1L,, and 0.01L,. Right: Same as
left, but showing the host galaxies of all luminous interacting transients (red stars) in
comparison to the hosts of SLSN-I (black squares; Lunnan et al. 2014), CCSN (cyan
diamonds; Svensson et al. 2010) and LGRBs (blue triangles; Svensson et al. 2010).

In the left panel of Figure 7.2, we plot the apparent magnitudes for the Type IIn
host galaxies considered in this chapter as a function of redshift. These values are listed
in Table 7.1. In the right panel of Figure 7.2 we plot the host galaxies of the 37 luminous
interacting transients (red stars) in comparison to the SLSN-I host galaxy sample of
Lunnan et al. (2014, black squares), the LGRB sample of Svensson et al. (2010, blue

triangles) and the GOODs CCSN sample Svensson et al. (2010, cyan diamonds).
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Sample and Host Properties

Table 7.1.
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7.3.2 Host Galaxy Spectroscopy

We have obtained optical spectroscopy for the host galaxies of 19 of the PS1-MDS
Type IIn SN, of which 15 are of sufficient quality for determination of the host galaxy
metallicity (including the host galaxies of 7 luminous transients). We have also obtained
spectra for 6 additional luminous Type IIn SN from the literature. These spectra were
obtained primarily with Blue Channel and Hectospec on the 6.5m MMT telescope and
IMACS and LDSS3 on the 6.5m Magellan telescopes. Initial reduction and extraction
for all longslit spectra were performed using standard routines in IRAF. Flux calibration
and telluric correction was performed using a set of custom IDL scripts and observations

of spectrophotometric standards acquired on the same night as the science observations.

7.4 Host Galaxy Physical Properties

For events in our sample with multi-band photometry available, we have constructed
preliminary galaxy models using the FAST stellar population synthesis code (Kriek
et al. 2009). We use the Maraston (2005) stellar library and assume an exponential
star formation history and Salpeter IMF. Extinction was allowed to vary freely and we
have assumed Z=Z,. When possible, both extinction and metallicity values will be

constrained based on measurements from our spectroscopic sub-sample in future work.

7.4.1 Absolute Magnitudes

We use these synthetic galaxy models to calculate the absolute B-band magnitudes for

the host galaxies in our sample. Models were shifted to the rest frame and synthetic
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B-band photometry was performed. For galaxies where only upper limits or 1-2
photometric detections are available, we calculate an approximate k—correction from
other galaxies in our sample at similar redshifts, which is then applied. These instances
are indicated in Table 7.1. We supplement our measurements with the sample of Mg
values for the host galaxies of luminous Type IIn SN listed in Stoll et al. (2011), also

indicated in Table 7.1.

In Figure 7.3 we plot the resulting Mg values. The top-left panel displays Mg versus
redshift for the 61 Type IIn SN we consider. The Type IIn host galaxies span a wide
range in luminosity from —14 mag < Mg < —22 mag. Notably, both the luminous and
standard luminosity Type IIn host galaxies span this full range and have similar median
values of (Mp) ~ —18.6 and (Mp) ~ —18.5, respectively (~0.1Lg; Willmer et al. 2006).
Approximately 35—40% of both the luminous and standard luminosity Type IIn SN
samples explode in galaxies similar to or fainter than the LMC (Mg e ~ —18 mag;
Stanek et al. 2006). In contrast, approximately 30% explode in galaxies brighter than Mg
= —20 mag. In the bottom-left panel of Figure 7.3 we plot the cumulative distribution
functions for the luminous and standard luminosity Type IIn SN (red and black,
respectively) as well as several subsets of each sample. As KS-test between the luminous
and standard luminosity Type IIn events yields a p-value of 0.28, indicating that we

cannot exclude the null hypothesis that they are drawn from the same population.

However, subtle differences are observed between the samples identified by different
surveys. In the PS1-MDS sample, the host galaxies of standard luminosity Type IIn SN
are fainter on average than the host galaxies of luminous Type IIn SN. The host galaxies
of the standard luminosity Type IIn SN discovered by PTF span a similar range in Mg,

but a higher fraction are observed with Mg < —18.5 mag. We examine this further in
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Figure 7.3.—: Absolute Magnitudes. Symbols and colors have the same meaning as in Fig-
ure 7.2. Top Left: Galaxy Mg versus redshift for the full sample of interacting transients
considered in this section. The host galaxies of both luminous and standard luminosity
Type IIn SN span a wide range of luminosities (—14 mag > Mg > -22 mag), and have
similar median values (Mp) &~ —18.5 mag. Lower Left: Cumulative Distributions for var-
ious subsets of events shown in the top left panel. While subtle differences are observed
between samples of different surveys, the distributions of luminous and standard luminos-
ity Type IIn host galaxies are not statistically distinguishable. Top right: Comparison of
the host galaxies of luminous Type IIn SN to SLSN-I, LGRBs, and CCSN. Lower right:
Cumulative distributions of samples shown in the top right panel. Luminous Type IIn
SN explode in galaxies that are significantly more luminous than SLSN-I, a trend which
is accentuated when the sample is restricted to events at z<0.4.
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Figure 7.4.—: Host Galaxy Mp versus transient peak luminosity for Type IIn SN. Symbols
and colors have the same meaning as in Figure 7.2. Also shown are a set of SLSN-I (gold
circles). Mp values for the SLSN-I are from Lunnan et al. (2014) and transient luminosities
from Lunnan et al. (2015a) and Nicholl et al. (2015). Vertical dotted lines mark the Mg
values of the SMC, LMC, and Milky Way, for reference. A shift to lower galaxy magnitudes
at the highest transient luminosities for Type IIn SN is not observed, although there is
an apparent dearth of Type IIn SN with peak magnitudes below ~6x10* erg s~! which
explode in dwarf galaxies. Our conclusion that the host galaxies of luminous interacting
transients are statistically distinct from those of SLSN-I is not dependent on our adopted
luminosity cutoff.

Figure 7.4 where we plot host galaxy Mg versus the transient peak luminosity. Based on
this plot, it is possible that the difference between between the PS1 and PTF samples
is partially driven by SN properties. The PS1 sample of “non-luminous” Type IIn SN
is dominated by events with peak luminosities of ~10* erg s=!, which uniformly span

the full range of galaxy Mp. However, the Type IIn SN with peak luminosities below

~6 x10%? (which is dominated by PTF objects) explode almost exclusively in galaxies
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brighter than —18.5 mag. However, we note that redshift effects, sample selection,

and/or small number statistics may also contribute to this observed trend.

In addition, all but one of the PTF-discovered luminous Type IIn SN occur in host
galaxies fainter than —18.5 mag, while fully 50% of the luminous Type IIn SN identified
both in the PS1-MDS and other surveys explode in more luminous galaxies. The redshift
range in which luminous Type IIn SN are discovered is similar for all surveys considered
here, and these differences may therefore reflect different survey follow-up and reporting
strategies. A K—S test between the host galaxies of luminous Type IIn SN discovered by
the PS1-MDS and those discovered by surveys other than PTF yields a p-value of 0.8,

indicating that they are highly consistent.

In the right-hand panels of Figure 7.3, we compare the Mg values found for the
hosts galaxies of luminous Type IIn SN (red) versus the host galaxies of the SLSN-I
(black), LGRB (blue) and CCSN (cyan) samples described above. These are plotted

versus redshift (top panel) and as cumulative distributions (bottom panel).

The host galaxies of luminous interacting transients are both more luminous and
statistically distinct from the host galaxies of hydrogen-poor super-luminous SN (p =
0.03). This difference becomes even more pronounced if we consider the low redshift
populations. The median Mg values for the host galaxies of luminous Type IIn SN and
SLSN-T at z<0.4 are (Mg ) = —18.57 mag and (Mp) = —16.87 mag, respectively. A

KS-test between their distributions yields a p-value of 3x1073.

Critically, this difference is not driven by the luminosity cutoff we choose when
defining a “luminous” interacting transient. This is demonstrated both in Figure 7.3

where we also plot a cumulative distribution for luminous transients whose peak
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magnitudes exceed —20.5 mag (the same range found for SLSN-I), and in Figure 7.4
where we plot host galaxy Mp versus the transient peak luminosity. Above L, = 10 erg

s~1, no correlation with transient luminosity is found.

The host galaxies of luminous interacting transients are fainter on average than the
hosts of both the LGRB and CCSN samples. This difference is marginally statistically
significant in the case of the CCSN hosts (p = 0.07) but not versus the LGRB hosts (p
= 0.35). However, we note that the redshift range probed by these samples is different.
A majority of the GOODS sample is found at z>0.4, while a majority of luminous Type
IIn SN are found at z<0.4 (and M} evolves by ~ 1 mag between z=0.3 and z=1.0;
Willmer et al. 2006). In Figure 7.3 we also plot the cumulative distribution of 7 LGRB

host galaxies at z<0.4, which are fainter on average than the GOODS sample.

7.4.2 Masses

We next consider the total stellar mass contained within the interacting transient host
galaxies. The FAST stellar populations synthesis code provides the mass of the best fit
model, as well as 1o confidence intervals derived from Monte Carlo simulations, which
take uncertainties in both the models and measured fluxes into account (Brammer et al.
2008). We supplement our mass measurements with those of six luminous IIn SN given
in Leloudas et al. (2015a). In addition, in order to avoid skewing our distribution to
galaxies of higher mass, we use our models to calculate a median mass-to-light ratio as
a function of Mg. This mass-to-light ratio is then applied to single-band photometric
measurements for galaxies with too few detections for us to construct a synthetic galaxy

model, in order to derive an estimate (or upper limit) for the galaxy mass. In these cases,
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uncertainties are taken as the range of observed mass-to-light ratios. We list our galaxy
masses in Table 7.1, and explicitly state whether the value is derived from an SED model

fit, estimated from a mass-to-light ratio conversion, or taken from the literature.

In the left hand panels of of Figure 7.5 we plot the resulting masses for the full
sample of Type IIn SN. The host galaxies of luminous and standard luminosity Type IIn
SN both span ~4 orders of magnitude (10" Mg, < Mgy < 10" M), and have similar
median values of (Mga) ~ 1 x10° Mg and (Mga) ~ 2 x10° Mg, respectively. As above,
the distributions of host galaxy mass for luminous and standard luminosity Type IIn
SN are not statistically distinguishable, although slight variations between surveys are
present. In particular, the nine events in our sample with L, <6 x10%? have a median

stellar mass of (M) ~10'° M.

As shown in the right hand panels of Figure 7.5, luminous Type IIn SN are
robustly found in higher mass galaxies than SLSN-I (p = 1x1073). The current sample
of luminous Type IIn SN host galaxies appears shifted to lower masses than either
the GOODS CCSN sample (cyan) or the low-redshift sample of CCSN discovered by
untargeted surveys from (Kelly & Kirshner 2012b, green), although this is not formally
statistically significant (KS test p-value of 0.1). As before, our results for the mass
distribution of luminous Type IIn SN to do not heavily depend on either the redshift

range examined or the transient luminosity cutoff adopted.
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Figure 7.5.—: Same as Figure 7.3, but for host galaxy stellar masses. Symbols and colors

have the same meaning as in Figure 7.2. Left: The host galaxies of luminous and standard
luminosity Type IIn SN both span approximately 4 orders of magnitudes 10" Mg, < Mga
< 10" Mg, and have similar median values of (Mga) ~ x10° M. Right: Luminous Type
IIn SN host galaxies are robustly distinguished from the the host galaxies of SLSN-I.
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7.4.3 Metallicities

This section presents preliminary results from of a subset of our spectroscopic sample,
which includes the hosts galaxies of 7 luminous transients and 7 standard luminosity

Type IIn SN discovered in the PS1-MDS (Figure 7.6). This subsample doubles the number

of luminous Type IIn hosts with metallicity measurements available in the literature.

Several key comparisons can be made between our sample and the host galaxies
of other luminous transients just by visual inspection. In particular, SLSN-I have been
found to occur predominantly in extreme emission line galaxies with low-metallicities
(Lunnan et al. 2014; Leloudas et al. 2015a). These galaxies possess strong [OIII]
AAN5007,4959 emission lines that dominate over HF and weak (often non-detected) lines
of [NII] AX6583,6549. While examples of similar galaxies are found in the subset of our
spectroscopic sample presented here (for both luminous and standard luminosity Type
IIn host galaxies), many of the luminous Type IIn host galaxies are clearly distinct from
this subclass, possessing weak features of [OIII] and and clear detections of [NII]-—both

indicative of higher metallicities.

We have calculated an initial estimate for the metallicities of the host galaxies
shown in Figure 7.6 using the PP04N2 diagnostic (Pettini & Pagel 2004). Line fluxes
were measured via gaussian fits in a custom IDL routine. The resulting metallicities are
listed in Table 7.1, and span a range of 7.9 < 12 + Log(O/H)xn2 < 8.72, corresponding
to approximately 0.15Zx to Z. Notably, half of the luminous Type IIn host galaxies in

our spectroscopic sample have metallicities 20.8Z@.
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Figure 7.6.—: Host galaxy spectra for a subset of our spectroscopic sample which includes

host galaxies of luminous interacting transients (red) and standard luminosity Type IIn
SN (black).
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We supplement our sample with the metallicities of eight luminous Type IIn host
galaxies from the literature: the sample of six events from Leloudas et al. (2015a,
SN 2006tf, SN 2008am, SN 1999bd, PTF10heh, PTF10qaf, and PTF11dsf), SN 2003ma
(Rest et al. 2011) and SN 2010j1 (Stoll et al. 2011), all of which were also measured on
the PPO4N2 metallicity scale, allowing for a direct comparison. The median metallicity
for this full sample of 15 luminous Type IIn hosts is (124+Log(O/H)n2) = 8.54 ~ 0.7Z¢.

We plot its cumulative distribution in Figure 7.7.

Our sample of 7 luminous Type IIn host galaxies and those examined by Leloudas
et al. (2015a) span a similar range PP04N2 measured metallicities. However, the
PS1-MDS sample is weighted towards the higher metallicity end of this range. The
cumulative distribution of the combined sample is consistent the host galaxy metallicities
of the PS1-MDS standard luminosity Type IIn SN (p = 0.85), as well as with the
distribution of explosion site metallicities for Type IIn SN found by Taddia et al. (2015,
p = 0.93; see Figure 7.7). Thus, based on the current sample, we do not find evidence
that luminous Type IIn SN explode in lower metallicity environments than standard

luminosity Type IIn SN.

While our definition of a “luminous” transient is less strict that some other studies,
four of our highest metallicity galaxies were the hosts of PS1-11vo, PS1-12zc, PS1-11aop,
and LSQ15abl; all of which reached peak magnitudes <—20.5 mag. In addition, while
some previous examples of luminous SN in massive, metal-rich, galaxies exploded at
large offsets (e.g. PTF10qaf Leloudas et al. 2015a) with lower explosion site metallicities,
PS1-11vo, PS1-11aop and LSQ15abl all exploded in the inner regions of their hosts (see
Chapter 8). Thus, our conclusion that luminous interacting transients also explode in

moderately massive galaxies at roughly solar metallicity is robust.
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Figure 7.7.—: Cumulative distributions of PP04N2 metallicity values for Type IIn SN.
Luminous Type IIn SN are shown in red. The full sample of 15 luminous Type IIn SN
is plotted as a solid line, the luminous Type IIn SN from the PS1-MDS as a dotted line,
the luminous Type IIn SN sample from Leloudas et al. (2015a) as a dashed line, and all
events which pass a stricter transient luminosity cutoff of M< —20.5 mag as a dashed
dotted line. Standard luminosity Type IIn SN are shown in black. The PS1-MDS sample
presented here is plotted as a solid line and the explosion site metallicities from Taddia
et al. (2015) as a dashed line. The full sample of luminous Type IIn SN is consistent with
being drawn from the same distribution as the standard luminosity Type IIn SN (p =
0.93) and have a median value of (12+Log(O/H)n2) = 8.54 ~ 0.7Z,.
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In Figure 7.8 we plot the cumulative distribution for luminous Type IIn SN versus
other classes of SN. We plot metallicities for Type IIP SN discovered by PTF from Stoll
et al. (2013, blue), the Type Ib/c SN and Type Ic-BL SN discovered by untargeted
surveys from Sanders et al. (2012, cyan and green, respectively), and the SLSN-I
from Leloudas et al. (2015a, black). All metallicities were measured via the PP04N2
diagnostic. Luminous Type IIn SN appear at slightly lower metallicities that the Type
ITP and Type Ibc samples (p =0.18 and p =0.65, respectively) and are offset to higher
metallicities than either Type Ic-BL or SLSN-I. This distinction is statistically significant

for SLSN-I (p =0.04).

Indeed, based on their initial sample of six objects, Leloudas et al. (2015a) found
evidence that the host galaxies of luminous Type IIn SN were higher metallicity than
either SLSN-I or LGRBs. We have now doubled the number of luminous Type IIn
SN with host galaxy metallicities available. Our results not only confirm this initial
trend, but push the distribution for luminous Type IIn SN to even higher metallicities,
further demonstrating that the environments that host luminous interacting transients

are physically distinct from those of SLSN-I and LGRBs.

In Figure 7.9 we plot a mass-metallicity diagram, which further highlights this
distinction. The SLSN-I sample of Lunnan et al. (2014) is plotted as green squares, the
LGRB sample from Levesque (2010) as black circles and the luminous Type IIn SN as
stars. Grey contours represent the sample of 53,000 SDSS star-forming galaxies from
Tremonti et al. (2004). Metallicities for the SLSN-I and LGRB samples were measured
via the Rog diagnostic and we have plotted Figure 7.9 in the system of Kobulnicky &
Kewley (2004). Leloudas et al. (2015a) also present metallicities in the KK04 calibration,

and these are plotted directly (orange stars).
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Figure 7.8.—: Cumulative distributions of PP04N2 metallicity values for Luminous Type
IIn SN in comparison to other transients. Also shown are the explosion site metallicities
for Type IIP SN discovered by PTF from Stoll et al. (2013, blue), the Type Ib/c SN and
Type Ibe-BL SN discovered by untargeted surveys from Sanders et al. (2012, cyan and
green, respectively), and the SLSN-I from Leloudas et al. (2015a, black). All metallicities
were measured via the PP04N2 diagnostic. For 40% of the SLSN-I in the sample of
Leloudas et al. (2015a) only upper limits could be placed on the metallicity using the
PP0O4N2 diagnostic. The solid black line includes only detected measurements, while
the dashed line incorporates information from the upper limits. Luminous Type IIn SN
appear at slightly lower metallicities that the Type IIP and Type Ibc samples (p =0.18
and p =0.65, respectively) and are offset to higher metallicities than either Type Ic-BL
or SLSN-I. This is statistically significant for SLSN-I (p =0.04).
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Figure 7.9.—: Mass metallicity diagram. Grey contours represent SDSS star forming

galaxies from Tremonti et al. (2004). LGRB host galaxies are shown as black circles,
SLSN-I host galaxies as green squares, and luminous interacting transients as stars. The
sample of luminous transients from Leloudas et al. (2015a) is plotted in orange, events
analyzed in this work in red, and SN 2003ma (Rest et al. 2011) in yellow. Luminous
interacting transients are found in more massive, metal-rich galaxies on average than

either SLSN-I or LGRBs. See text for further details.
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For the transients in our spectroscopic sample and SN 2003ma (red and yellow
symbols, respectively), we have converted PP04N2 metallicities to the the KK04 system
using the conversions of Kewley & Ellison (2008). These events may therefore contain a
small systematic offset from their true values on this metallicity scale. A full analysis
of our entire spectroscopic sample across multiple metallicity calibrations—allowing for
a direct comparison with the distributions of SLSN-I and LGRBs—will be completed
in future work. However, the distinction between the luminous Type IIn SN host and
SLSN-I/LGRB hosts is clear, with a significant number of luminous Type IIn SN hosts

appearing at higher masses and metallicities.

7.5 Global Host Properties: Summary

In this Chapter we have presented a preliminary analysis of the global host galaxy
properties of luminous interacting transients in comparison to both standard luminosity
Type IIn SN and other classes of luminous transients. We have examined the absolute
magnitudes, masses, and metallicities of the largest sample of luminous Type IIn SN
compiled to date, including 13 luminous SN discovered as part of the PS1-MDS. The
host galaxies of luminous interacting transients span a wide range in all three properties,
with median values of (Mp) = —18.5 mag, (Mga) = 10° My, and (12 + Log(O/H)x2) =
8.54. Although there are indications of slight differences between discovery surveys, and
a possible dearth of Type IIn with peak luminosities below ~6x10*? erg s~ exploding in
dwarf galaxies, we do not find any statistically distinguishable trends between the host
galaxies of luminous interacting SN and the hosts of “standard luminosity” Type IIn SN.

However, the host galazies of luminous interacting transients are robustly distinguished
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from those of hydrogen-poor super-luminous SN, in being more luminous, massive, and
metal-rich. This finding appears to be independent of the luminosity cutoff considered
for interacting transients, and is accentuated when considering the low redshift sample.
While a fraction luminous Type IIn SN do occur in faint dwarf galaxies with low
metallicities, the physical conditions present in these galaxies are not required to produce

all luminous and interacting transients.

In future work, this analysis will be expanded to include estimates of the star
formations rates and stellar population ages of the interacting transient host galaxies, as
well as quantitative estimates for the CSM density and explosion properties of the the

transients considered. Particular questions we wish to address include:

1. Does the distribution of host galaxies observed for various classes of interacting
transients match the expectation if they trace star formation, or is there an excess
of explosions in low mass galaxies as has been found for LGRBs? (e.g. Perley et al.

2013; Stanek et al. 2006)

2. Is there a robust distinction between the distribution of host galaxies properties for
Type IIn at low peak luminosities? How do these trends depend on quantitative

estimates of their explosion and mass-loss properties?
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Abstract

We present the first statistical analysis of the location of luminous interacting transients
within their host galaxies. While luminous Type IIn SN are observed at a wide range
of host-transient offsets, we find that a significant fraction explode within the central
regions of their hosts ((R) = 1.43 kpc; (R/Rga50) = 0.42). This central concentration is
in excess of that predicted by an exponential disk profile and is also in stark contrast to
standard luminosity Type IIn SN, for which a central deficit is observed. We conclude
that the physical conditions of star formation in the bright inner regions of galaxies
(including Milky Way-like and SO galaxies) are conducive for the formation of luminous
Type IIn SN progenitors. Possible relevant factors include stellar interactions or IMF

variations in dense nuclear stars clusters or circumnuclear rings.

8.1 Introduction

In this Chapter, we now turn to the question of where luminous interacting transients
explode within the light distributions of their host galaxies. While this work represents
the first statistical study of the sub-galactic environments of luminous interacting
transients, such methods have been widely used to shed light on the progenitors of other
classes of astronomical transients. For example, LGRBs have been shown to explode
preferentially on the brightest star-forming regions of their hosts. This is notable in
comparison to core-collapse SN, which uniformly trace the light of their host galaxies
(Fruchter et al. 2006; Svensson et al. 2010), and to SLSN-I, which also correlate with the

UV light of their hosts (Lunnan et al. 2015b). In contrast, short-duration gamma-ray
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bursts (SGRBs) are distinctive in not tracing the light from their host galaxies, providing

evidence for a compact object merger interpretation (Fong & Berger 2013).

In studies of low-redshift SN, both Type Ia and Type II SN have been shown to
uniformly trace the light from their host galaxies, while Type Ic SN are also concentrated
on the brightest regions of their hosts—in a similar manner as LGRBs (Kelly et al. 2008).
As described in Chapter 5, the locations of standard luminosity Type IIn SN are notable
in not strongly correlating the tracers of active stars formation in their host galaxies
(Anderson et al. 2012; Habergham et al. 2014). Numerous studies have also noted a lack
of both Type II and Type IIn SN in the central regions of their host galaxies, which is
offset by a central excess of Type Ic SN (Prieto et al. 2008; Anderson & James 2009;
Kelly & Kirshner 2012b). This contrast is often interpreted as a metallicity effect (e.g.

Anderson et al. 2012).

Our main goal is to understand where luminous interacting transients occur within
their hosts and to contrast those results with (a) standard luminosity Type IIn SN and
(b) other classes of transients. The full sample of luminous and standard luminosity Type
IIn SN considered here is described in Section 8.2. Throughout this chapter, we compare
the empirical distribution functions found for our samples of interacting transients, as
well as other classes of SN, using the Kolmogorov-Smirnov (KS) goodness-of-fit test.
The main comparison samples considered are the low redshift SN samples of Kelly et al.
(2008); Prieto et al. (2008); Kelly & Kirshner (2012b), the LGRB sample from Blanchard
et al. (2016), the SLSN-I sample from Lunnan et al. (2015b), and the SGRB sample from

Fong & Berger (2013).
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8.2 Sample

In order to investigate the sub-galactic environments of luminous interacting transients,
we have constructed a sample of 64 Type IIn SN. This includes 30 standard luminosity
Type IIn SN, 22 luminous Type IIn SN, and 12 events which were explicitly classified as
Type IIn/Ia-CSM. In order for an event to be included in our sample, we required two
conditions to be met: 1) we were able to obtain deep template images of the explosion
environment, with sufficient angular resolution and signal-to-noise to resolve the host
galaxy, and 2) light curve information was available for the transient which could be
used to characterize its explosion properties. The main sources for our sample are
the PS1-MDS Type IIn SN—17 of which have both resolved imaging and sufficient
constraints on their light curve peaks for inclusion—the PTF sample of Ofek et al.
(2014a), the Type IIn/Ta-CSM sample compiled by Silverman et al. (2013), and other

Type IIn SN from the literature.

In Table 8.1 we list the full sample of 64 transients considered. As we note in the
table, some of the standard-luminosity Type IIn SN in our sample were also included
in various literature studies of SN environments (Kelly & Kirshner 2012b; Anderson &
James 2009; Anderson et al. 2012; Habergham et al. 2014). In all cases, we have carried
out an independent analysis to ensure that the same physical quantities were measured
in a consistent manner for our entire sample. In Figure 8.1, we plot redshift versus peak
transient luminosity for all of the SN considered. Events discovered by the PS1-MDS
are shaded in red. Events classified as Type IIn/Ia-CSM are plotted as squares, while
events considered luminous by the definition outlined in Chapter 5 are plotted as stars,

and standard-luminosity Type IIn SN are plotted as circles.
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Table 8.1. Type IIn Sample
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Table 8.1—Continued
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Figure 8.1.—: Redshift versus transient peak luminosity for the full sample of interacting

transients whose sub-galactic environments are analyzed in this work. SN discovered by
the PS1-MDS are plotted in red and those from the literature in grey. Transients which
are considered luminous are plotted as stars, events classified as Type IIn/Ia-CSM are
plotted as squares and all other Type IIn SN are plotted as circles.
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8.3 Observations and Data Reduction

8.3.1 Host Galaxy Images

We use ground-based data from a number of telescopes/instruments to obtain deep,
resolved imaging of the host galaxies of the transients in our sample. For interacting
transients discovered in the PS1-MDS, we use templates of their host environments that
were made by stacking pre-explosion survey images. As discussed in Chapter 7, the
construction of these PS1-MDS “deep stacks” follows Rest et al. (2014), in that 30-80
high-quality nightly stacks are combined, weighted by the product of the inverse variance
and the inverse area of the PSF. The typical depth achieved in the templates is ~24.5
mag in grizps;. For the events discovered in the PS1-MDS, we assess the location of the

transients within their host galaxy light distribution in all of (observed-frame) grizpg;.

For non-PS1 discovered events, we focus on rest-frame g-band imaging of their host
galaxies (4000 A < g < 4600 A). For 17 nearby events in our sample, high-quality
SDSS imaging of their host galaxies is available. In these cases we download the
“corrected frame” fits images from the DR10 online skyserver. For use, we require that
an SDSS frame was observed >6 months prior or >3 years post-discovery in order to
avoid contaminating SN flux. For four SN, we use stacks from the PS1 37 survey which
were constructed from an average of 20 single night frames, all obtained pre-explosion.
Finally, for four additional events, we download individual frames from the Palomar
Transient Factory DR2 archives which were either obtained prior to explosion or >4

years post-explosion.

Finally, for 20 events, which were either located outside the SDSS/PS1 footprint
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or lacked high S/N SDSS/PS1 detections, we obtained deep rest-frame g-band imaging
with IMACS on Magellan-Baade or LDSS-3 on Magellan-Clay. A majority of these are
luminous transients located at moderate redshift. Images were bias/flat-field corrected
and stacked using standard tasks in IRAF. Observations were taken a minimum of 2
years post-explosion, with a median age of 26 years post-explosion. In Table 8.2 we

summarize the source of host galaxy imaging for all non-PS1 events.

8.3.2 Transient Images

Pinpointing the location of a transient within its host galaxy to sub-arcsecond precision
generally requires an image with the transient visible, which can be used to preform
relative astrometry. For objects discovered in the PS1-MDS, we used all detections of
the transient (typically 50—200) during the duration of the survey in order to determine

its centroid to higher precision, as described below.

For non-PS1 targets (whose explosion epochs span back to the 1990s) we acquired
transient images from a wide array of sources. Most images were either supplied by
the Carnegie Supernova Project (CSP) or were publicly available in the European
Southern Observatory (ESO) or Palomar Transient Factory DR2 archives. We also
utilized data from the PS1 37 survey, the Fred Lawrence Whipple Observatory (FLWO),
Palomar-QUEST, and Keck Observatories. FITS images for some events were also
provided by amateur astronomers Joseph Brimacombe, Stan Howerton, and Odd
Trondal. In total, transient images were obtained for 33 of the 45 non-PS1 transients in
our sample, including all but 3 events with peak luminosities above 3 x 10** erg s7!. In

Table 8.2 we summarize the instrument and filter used to obtain each of these images.
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Table 8.2. Sub-Galactic Environment Literature Sample Observations
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8.4 Astrometry and SN centroids

To accurately determine the centroid of the PS1-MDS transients within the PS1-MDS
templates, we made use of the astrometry framework within the PS1-MDS photpipe
pipeline, which is described in detail elsewhere (Rest et al. 2014). The SN centroid
and associated error are first determined in each individual difference image. These
measurements are then combined to calculate a weighted, 3o clipped, SN centroid.
Through this process we achieve typical centroid uncertainties of 10-30 mas, depending
on the number of SN detections for each event and their S/N ratios. The centroid
accuracy, ogy, for all of the PS1 interacting transients is listed in Table 8.3. The PS1
templates have a pixel scale of 0.”258, and on average we pin-point the location where

the SN exploded to within ~1/10th of a pixel.

We also performed relative astrometry on the non-PS1 transients for which we
obtained archival SN images. We use SExtractor to create a catalogs of overlapping
sources between the SN and host images and the IRAF task ccmap to create an
astrometric tie. The (1 o) uncertainties for these astrometric ties, oy, are typically
50—200 mas, depending on the number of matched sources and the pixel scale/FWMH
in the SN images. We then use SExtractor to determine the position of the SN in the
frame of the host galaxy image. For each event, we use a single SN image and estimate

the uncertainty in the centroid as ™WHM
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is high enough (for low-redshift transients) or the SN outshines its host by >2.5 mag
(for moderate-redshift luminous SN), such that the host galaxy does not significantly

influence the computed centroid.

When no archival SN image was available, we rely on absolute astrometry and
the SN positions listed in online circulars. For SDSS and PS1 37 host images, we use
the astrometric solution present in the corrected frames/stacks, while for Magellan
host images we create matched source catalogs and tie them to either the SDSS (when
possible) or DSS astrometric system. The SDSS astrometric solution has sub-pixel
accuracy (Kelly & Kirshner 2012b), but many of the SN positions listed in the ATELs
rely on a wide array of catalogs with various astrometric precision. As a result, we adopt

a systematic uncertainty in the SN positions of 1.0” for all of these objects.

In addition, we consider three special cases. For the luminous Type IIn SN 2003ma,
Rest et al. (2011) provide a precise offset from the underlying host of 0.064 £ 0.012” =
460 + 85 pc based on centroids in the SuperMACHO difference images. We list this
offset in Table 8.3 and use it in our statistical analysis, below. In addition, the luminous
transient CSS100217 exploded in the very central region of a Seyfert 1 galaxy. Drake
et al. (2011b) argue for a luminous Type IIn interpretation of this event as opposed
either an extreme AGN flare or tidal disruption event, and they place a limit on its
offset from the galaxy core of <150 pc. While we do not consider this event in the
statistical analysis below (because its nature is less certain), we list the limit on its offset
in Table 8.3. Finally, for SN 2008am, we perform relative astrometry on our host image

with the offsets to 2 nearby stars reported by Yuan et al. (2008).

In Figures 8.2 and 8.3, we show our the host galaxy images for all non-PS1
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SN2006gy

Figure 8.2.—: Host galaxy images of non-PS1-MDS discovered luminous Type IIn SN
considered in this analysis. Red circles mark the transient location and error.

discovered luminous Type IIn and Type IIn/Ta-CSM transients considered in this
analysis, respectively. Host galaxy images for all PS1-MDS Type IIn SN were shown in

Chapter 7 (Figure 7.1).

8.5 (alaxy Sizes and Positions

We use SExtractor to measure the positions and effective radii of the host galaxies in our
sample. To determine which pixels are part of the galaxy we set a S/N threshold of 1

(DETECT.
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Figure 8.3.—: Host galaxy images of non-PS1-MDS Type IIn/Ia-CSM SN considered in
this analysis. Red circles designate the transient location and error.

The position (and associated error) are then determined as the flux-weighted centroid of
the galaxy. The error on this location is listed in Table 8.3 (0ga). The effective size of

the galaxy is then computed with the FLUX_
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Figure 8.4.—: Left: Cumulative distribution of host galaxy sizes for the samples of lu-

minous (red), Type IIn/Ta-CSM (orange) and standard luminosity (green) Type IIn SN.
Right: Cumulative distribution of the host galaxy sizes for our sample of luminous Type
IIn SN (red) in comparison to SLSN-I (Lunnan et al. 2014, teal), LGRBs (Blanchard et al.
2016, black), the GOODS CCSN (Svensson et al. 2010, blue).

of the host galaxies for the luminous Type IIn SN in our sample to the hosts of the
SLSN-I from Lunnan et al. (2014), the LGRBs from Blanchard et al. (2016), and the
GOODS-CCSN from Svensson et al. (2010). Although our sample is shifted to larger
sizes, we caution that each of these comparison distributions were derived from HST
imaging, while our data is ground-based. A FWHM resolution of ~0.8” corresponds to
~ 2 kpc at z~0.2 (the median redshift of our luminous IIn sample). As we have only
consider resolved host galaxies in this analysis, this plot mainly emphasizes a finding

from Chapter 7: that a significant number of luminous interacting transients explode in

galaxies significantly larger than any observed hosts for SLSN-I.
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Table 8.3—Continued
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Table 8.3—Continued
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Table 8.3—Continued
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8.6 Transient-Host Offsets

Using these SN centroids, galaxy positions, and galaxy radii, we compute the projected
angular separation between the transient location and the galaxy core (R), the projected
physical separation (Rype), and the rso host-normalized offset (Rpom). All three values
are listed in Table 8.3. The total error on the offset measurement is taken to be the
quadrature sum of oy, 0ga1, and ogy. For the nearby (z=0.01) irregular host galaxy of
the luminous SN 2010jl, we were unable to arrive at a SExtractor solution for the entire
host galaxy, prohibiting a robust determinations of the galaxy center. Therefore, we have
not computed a transient-host offset for this event, but note that it exploded near the

center of of the bright northern portion of the galaxy (see Figure 8.2).

8.6.1 Projected Physical Offsets

In the left panel of Figure 8.5 we plot the cumulative distributions of the projected
physical offsets for the three classes of interacting transients in our sample. The
distribution for the luminous Type IIn SN does not include the luminous transient
(CSS100217, which exploded in the inner 150pc of its Seyfert host galaxy. Our final
sample of events with computed host-transient offsets consists of 20 luminous Type IIn
SN, 12 Type IIn/Ta-CSM SN, and 30 standard luminosity Type IIn SN. To match the
literature sample, for the transients discovered in the PS1-MDS we plot data based on

the observed band whose effective pivot wavelength is closest to rest frame g—band.

On average, both the luminous Type IIn and Type IIn/la-CSM SN occur at smaller

projected physical offsets than standard luminosity Type IIn. The three samples have
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Figure 8.5.—: Cumulative distributions of projected physical offsets. Left: Luminous

Type IIn SN (red), Type IIn/Ia-CSM (orange) and standard luminosity Type IIn SN
(green). Grey shaded regions show the results of a Monte Carlo error analysis for the
cumulative distribution of the luminous Type IIn SN (see text). Middle: Same as left,
but also shown are Type la (purple), Type IIP (blue), and Type Ibc (cyan) from Prieto
et al. (2008) Right: Luminous Type IIn SN (red), SLSN-I (teal), LGRBs (black) and
SGRBs (Fong & Berger 2013, dashed black).

median values of 1.3 kpc, 3.2 kpc, and 4.8 kpc, respectively. 55% of the luminous Type
IIn SN in our sample occur within the inner 2 kpc of their host galaxies, while only ~5%
of the standard luminosity Type IIn SN are observed in these regions. As described
above, lack of standard luminosity Type IIn SN, in the central regions of their host
galaxies has been observed in previous studies (Anderson & James 2009; Anderson et al.

2012; Kelly & Kirshner 2012b; Habergham et al. 2014), and we now demonstrate that

this trend does not also apply to luminous members of this spectroscopic class.

In the left panel of Figure 8.5 we also show (dashed green lines) the cumulative
distributions of two sub-samples of our standard luminosity Type IIn SN: events

with peak luminosities explicitly below 10?3 erg s™' (to examine the influence of our
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adopted luminosity cutoff) and events discovered by the PS1 and PTF surveys only (to
examine any biases due to discovery by targeted versus untargeted surveys). All three
distributions of standard luminosity Type IIn SN are highly consistent with one another
(p >0.98). A K-S test between the luminous Type IIn SN and the Type IIn/Ia-CSM
yields a p—value of 0.43, while a K—S test between the luminous Type IIn SN and the
standard luminosity Type IIn SN yields a p-value of 1.8 x 1073, indicating that these

were drawn from distinct populations.

The total errors on our offset measurements (og) for the PS1-MDS transients and
the (low-redshift) standard luminosity Type IIn SN are small compared to the offsets
themselves. However, our samples also include a small number of luminous Type IIn SN
and Type IIn/Ta-CSM events from the literature for which only absolute astrometric
positions were available, resulting in larger values of og/R. In order to examine the
effect that these uncertainties have on our conclusions, we carry a Monte Carlo analysis.
We compute multiple realizations of the cumulative distribution function for both our
luminous Type IIn SN and IIn/Ia-CSM samples. The offset value for each event is drawn
from a probability distribution described by its measurement and error. Transient-host
offsets are a positive definite quantity and can be described by a Rice distribution
(see Blanchard et al. 2016). The results of this Monte Carlo analysis for the luminous
Type IIn SN are shown as a grey 2D histogram in the left panel of Figure 8.5, with
darker regions corresponding to higher probability. In 1000 realizations, the KS test
p-value for the luminous and standard luminosity Type IIn SN was always below 0.05,
with a mazimum value of 6.7x 1073. This indicates that our conclusion that they are
statistically distinct populations does not result from the small number of events in our

sample with higher offset uncertainties.
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In the middle panel of Figure 8.5 we compare our samples of interacting transients
to the projected physical offsets of Type Ia SN, Type II SN and Type Ibc SN from
Prieto et al. (2008). KS-tests between the luminous Type IIn SN and the Type II and
Ibc SN yield p-values of 4.2x 1073 and 3.6x 1073, respectively (and remain below 0.05
in all iterations of our Monte Carlo analysis). KS-tests between the Type IIn/Ia-CSM
and Type Ia SN and between the standard luminosity Type IIn and Type II SN yield

p—values of 0.54 and 0.72, respectively.

Finally, in the right panel of Figure 8.5 we compare our sample of luminous Type
[In SN to the SLSN-I sample from Lunnan et al. (2015b), the LGRB sample from
Blanchard et al. (2016) and the SGRB sample from Fong & Berger (2013). Luminous
Type IIn SN, SLSN-I and LGRBs all have similar median offset values of ~1 kpc, but
their distributions separate beyond this point. However, we note that the galaxy sizes

probed by each of these samples are different (see Figure 8.4).

8.6.2 Host-Normalized Offsets

In order to account for the intrinsic size variations between different galaxies, we
next examine the host-normalized offset (Ruom). In Figure 8.6, we plot cumulative
distribution functions of Ryom for our sample of interacting transients along with

comparison samples from the literature—similar to Figure 8.5.

In the left panel of Figure 8.6 we see that the luminous Type IIn SN and Type
[In/Ia-CSM events are significantly more centrally concentrated than the standard
luminosity Type IIn SN, even when galaxy size is taken into account. The median

host-normalized offsets are 0.42, 0.58, and 1.2, respectively. KS-tests between the
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Figure 8.6.—: Same as Figure 8.5 but host-transient offsets have been normalized by the

galaxy half-light radius. Middle panels now shows the Type Ibc SN (cyan) and Type II
SN (blue) samples of Kelly & Kirshner (2012b) and the Type Ia SN from Galbany et al.
(2012). All panels also show the cumulative distribution of an exponential disk profile
(smooth black line).

luminous Type IIn SN and the Type IIn/Ta-CSM events and standard luminosity Type
IIn SN yield p-values of 0.55 and 4.6x 1073, respectively (and in the latter case remain
below 0.05 in all iterations of our Monte Carlo analysis). Intriguingly, both the current
samples of luminous Type IIn SN and IIn/Ta-CSM events show an apparent gap in

host-normalized offsets between 0.5 and 1.0 effective radii. Larger samples will be

necessary to confirm this observation.

In the middle and right panels of Figure 8.6, we compare our samples of interacting
transients to the normalized offset distributions of Type Ibc and Type II SN from Kelly
& Kirshner (2012b) Type Ia SN from Galbany et al. (2012), and the same samples
of LGRBs, SGRBs, and SLSN-I described above. Our independent analysis recovers

the result found in previous studies even when only PS1/PTF discovered events are
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considered: that standard luminosity Type IIn SN and Type II SN appear to explode in
similar locations in their host galaxies. While Type Ibc SN are also centrally concentrated
in their hosts in comparison to Type II SN, we find a nominal KS test p-value of 1.6x
1072 between our sample of luminous events and the Type Ibc sample from Kelly &
Kirshner (2012b). This difference is driven by the high fraction of luminous Type IIn SN
with Ryomm < 0.5 in comparison to Type Ibc SN (~50% versus ~22%). In approximately
50% of our Monte Carlo trials this p-value rises above 0.05. However, if we perform a
quality cut on our sample by removing the one luminous Type IIn SN (SN 2011cp) with
ORnorm > Rnorm, then this fraction falls to ~20%. Finally, we find that the luminous
Type IIn SN and LGRBs show very similar normalized offsets, with the exception of a
set of LGRBs at very high offsets (although see Blanchard et al. 2016 for a discussion of

these events).

In each panel of Figure 8.6 we also plot (smooth black lines) the distribution
function that is predicted if a class of transients explodes at locations which trace an
exponential disk profile (the expected surface brightness profile for star-forming disk
galaxies). We find that the luminous Type IIn SN also show a large excess in comparison
to the exponential disk profile at small offsets (Rporm < 0.5), with a KS test p-value
between the two distributions of 7.0x 1073, This value exceeds 0.05 in only 5.5% of
Monte Carlo trials when we perform the quality cut on our sample described above
(~20% of cases when SN 2011cp in included). A similar excess at small offsets compared

to an exponential disk profile was observed by Blanchard et al. (2016) for LGRBs.

In Figure 8.7 we further examine this comparison by plotting the ratio of the
cumulative distributions for four populations (luminous Type IIn SN, LGRBs, Type Ibc

SN, and standard luminosity Type IIn SN) to the the cumulative distribution of the
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exponential disk profile. This highlights the large excess of both luminous Type IIn SN
and LGRBs in the central regions of their hosts, before they settle onto the exponential
disk profile between normalized offsets of 0.5 and 1.0. In contrast, the Type Ibc SN

follow the exponential disk distribution out to a normalized offset of ~0.5 and then show
and excess beyond that point. Standard luminosity Type IIn SN show a strong deficit of

events at small radii.

T T T T T
10 — Luminous IIn
— Lower Lum IIn
— SNIbe

— LGRBs

Ratio to Expo—Disk

0.1 1.0
Normalized Offset

Figure 8.7—: Ratio of the cumulative distribution of Luminous Type IIn SN (red),
LGRBs (black), Type Ibc SN (cyan) and standard luminosity Type IIn SN (green) to the
exponential disk profile. Both Luminous Type IIn SN and LGRBs show a large excess
inside a Ryorm = 0.5, Type Ibc SN show an excess beyond Ry = 0.5, and standard
luminosity Type IIn SN show a central deficit.
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8.6.3 Host-galaxy Offset versus Transient Luminosity

In the sections above we found that luminous interacting transients are more readily
observed in the inner portions of their galaxies than standard luminosity Type IIn SN.
In Figure 8.8 we plot the peak luminosity of the transients in our sample versus their
projected physical (right panel) and host-normalized (left panel) offsets. Symbols and
colors have the same meaning as Figure 8.1. There does not appear to be a strong linear
correlation between transient luminosity and host offset. Pearson correlation coefficients
for each panel are only —0.22 and —0.18, respectively. While a significant number of
luminous transients explode in the inner regions of their host galaxies, they also explode
at high offsets. This is true independent of the cutoff which we impose in our definition a
“luminous” transient. Even at the highest luminosities (Lyop, > 10* erg s71; M, < —22
mag) events are observed at both large and small offset. This plot also highlights (a) the
apparent lack of luminous Type IIn SN between 0.5 and 1.0 effective radii and (b) the
dearth of Type IIn SN with Ly, < 10*® erg s~! in the inner ~ 2 kpc (or inner 0.5 x
r50) of their host galaxies. Possible physical explanations for these trends are discussed

in Section 8.8, below.

8.7 Fractional Flux Measurements

In addition to simple host-transient offsets, we also investigate how the brightness at the
SN location compares to the overall surface brightness distribution of the host galaxy.
Such methods offer a useful means to examine if SN locations correlate with sites of

active star formation (as traced by Ha or UV light) as well as in cases of irregular
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Figure 8.8.—: Host-normalized (left) and physical (right) offsets versus peak transient

luminosity. Symbols have the same meaning as in Figure 8.1. There is a deficit of
standard luminosity Type IIn SN which not observed for luminous events, but no strong

correlation between offset and luminosity is observed.
galaxies where the concept of a “galaxy center” is not well-defined. As described in the

introduction to this work, these methods have been successfully applied to a wide array

of transients in the literature.

Here we utilize the method outlined by Fruchter et al. (2006) and calculate the
fraction of the host galaxy flux which is contained in pixels fainter than or equal to the
flux at the location of the transient. Using SExtractor, we first extract the pixels of
the host galaxy, defined as concurrent pixels >10 above the sky background. We then
calculate the flux at the SN position. For cases where the error circle of the SN position
is contained within a single pixel (as is the case for all PS1-MDS-discovered SN) we
simply take the flux at the transient location as the flux within that pixel. For events

where the error circle encompasses multiple pixels, we take an area-weighted mean of
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the flux within those pixels. We then compute the “fractional flux” as total flux in
galaxy pixels fainter than or equal to the flux at the SN location. Thus, a fractional
flux measurement of 1.0 implies that the SN exploded on the brightest pixel in the host
galaxy, while a fractional flux measurement of 0.0 implies that the SN exploded outside
the region of the galaxy which is >10 above the background. The resulting fractional

flux measurements for our sample of interacting transients is listed in Table 8.3.

In a detailed error analysis, Blanchard et al. (2016) found that fractional flux
measurements can be significantly biased if the ratio of the area contained with SN error
circle to the total galaxy area is high. As a result, we have not computed fractional
flux values for three events in our sample (a single luminous Type IIn event, and two
IIn/Ta-CSM events) where this ratio (listed for all events in Table 8.3) is larger than 0.15.
With this cut, our sample of interacting transients with fractional flux measurements
consists of 19 luminous Type IIn SN, 9 Type IIn/Ta-CSM SN, and 30 standard luminosity

Type IIn SN.

In Figure 8.9 we plot the cumulative distributions of the g-band fractional flux
measurements for various subsets of our sample (left panel), compared to low redshift
Type Ic, Type II and Type Ia SN (Kelly et al. 2008, middle panel) and to LGRBs,
SLSN-I, high redshift CCSN, and SGRBs (Blanchard et al. 2016; Lunnan et al. 2015b;
Svensson et al. 2010; Fong & Berger 2013, respectively; right panel). The one-to-one
relation shown in each panel represents the expectation if a population of transients

uniformly traces the light in their hosts.

The standard luminosity Type IIn and luminous Type IIn SN initially follow similar

distributions. However, the luminous events then deviate to the right portion of the plot,
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Figure 8.9.—: Cumulative distribution of the fraction of galaxy flux contained in pixels

fainter than the SN location. Left: Luminous Type IIn SN (red), Type IIn/la-CSM
(orange), and standard luminosity Type IIn SN (green). Middle: Same as left, but also
showing Type Ic (cyan) Type IIP (blue) and Type la (purple) from Kelly et al. (2008).
Right: Luminous Type IIn SN (red) in comparison to LGRBs (Blanchard et al. 2016,
black), SLSN-I (Lunnan et al. 2015b, teal), high-redshift CCSN (Svensson et al. 2010,
blue), and SGRBs (Fong & Berger 2013, dashed black).

indicating that they more closely trace the brighter regions of their hosts. A KS-test
between their distributions yields a p-value of 0.03. The luminous Type IIn SN show

a similar distribution to the Type IIn/Ta-CSM SN and SLSN-I (p = 0.93 and 0.86,
respectively) while both LGRBs and Type Ic SN are shifted to even higher fractional

flux values (although, p = 0.38 and 0.39, respectively).

In literature studies of fractional flux measurements, a common supposition made
when a class of transients closely trace the brightest regions of their hosts is that these
bright regions correspond to the largest star forming regions where the most massive stars
can form (e.g Fruchter et al. 2006; Kelly et al. 2008). And, indeed, in the case of LGRB
hosts, which are primarily dwarf galaxies with high specific star-formation rates, detailed

studies of local examples have revealed that bright clumps are predominately massive
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O—star and WR clusters (Hadfield & Crowther 2006). However, this interpretation is

more complex for the luminous Type IIn SN host galaxies presented here.

In Figure 8.10 we plot fractional flux versus host normalized offset for all of the
interacting transients in our sample. A clear correlation between the two parameters is
seen, with a Pearson correlation coefficient of —0.8. Thus, the location of luminous Type
[In SN in Figure 8.9 mainly reflects the result that a significant number of luminous
Type IIn SN explode in the (bright) central regions of their host galaxies. Notably,
(Blanchard et al. 2016) come to a similar conclusion for LGRBs. They find that LGRBs
located at offsets greater than 0.5R,om uniformly trace their host galaxy light (similar
manner Type IT SN) and that the location of LGRBs in the far right portion of the
fractional flux diagram is driven primarily by GRBs which explode in the bright central

regions of their host galaxies.

However, while the luminosity in these bright central knots of LGRB host galaxies
is likely dominated by young star formation—and a subset of luminous Type IIn host
galaxies are dwarf galaxies similar to LGRB hosts—our sample also includes a number
of Milky Way-like/S0 galaxies. In Figure 8.11 we plot our host—normalized offsets versus
host galaxy Mg for the galaxies which were also studied in Chapter 7. Of the luminous
transients in our sample that exploded at small offsets, half are located in galaxies
with Mg ~ — 20 mag. An examination of these galaxies (e.g. PS1-11vo, PS1-11aop,
LSQ15abl, SN2006gy; see Figure 8.12) reveal color gradients and signatures of older
stellar populations—in addition to active star formation—in their central regions. Thus,
the high fractional flux values measured for these objects mainly emphasizes that some
aspect of the stellar populations present in the central regions is conducive for the

formation of luminous Type IIn SN progenitors.
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Figure 8.10.—: Fraction of galaxy flux in pixels fainter than SN location versus normalized
host galaxy offset. A clear correlation is observed. The shift of Luminous Type IIn
SN to higher fractional flux values in comparison to standard luminosity Type IIn SN
(Figure 8.9) is entirely driven by the population of luminous events located at small
normalized offsets.

Finally, we note that many of our events in our luminous Type IIn SN and Type
[In/Ta-CSM samples occur at higher redshift than the standard luminosity Type IIn SN
taken from the literature. By setting a common signal-to-noise ratio of one when defining
galaxy pixels for all events in our sample, we may be including faint surface brightness
regions of local galaxies, which would below our detection limit for higher-redshift events.

However, such an effect would only accentuate the observed difference between luminous

and standard luminosity Type IIn SN.
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Figure 8.11.—: Host-normalized offset versus galaxy Mg from Chapter 7.

PS1-11vo

Figure 8.12.—: Color images of PS1-11vo, PS1-11aop, and LSQ15abl host galaxies con-
structed from gizp;-band images. The explosion sites of the transients within the central

PS1-11aop

regions of their giant hosts (Mg ~ — 20 mag) are marked with red crosses.
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8.8 Sub-galactic Environments: Summary and

Discussion

We have performed the first statistical analysis of the locations of luminous interacting
transients within their host galaxies. In our sample, we find that while luminous Type
IIn SN explode at a wide range of host-transient offsets, a significant fraction occur in
the central regions of their hosts—50% explode within half an effective radius of their
galaxies’ centers. This is in explicit contrast to Type IIP SN and standard-luminosity
Type IIn SN, both of which have been found to to display a dearth of events in the
central portions of their galaxies (Anderson & James 2009; Anderson et al. 2012; Kelly
& Kirshner 2012b; Habergham et al. 2014). Our independent analysis of standard-
luminosity Type IIn SN also observes a central deficit, even when our sample is restricted
to events discovered by untargeted surveys that perform image subtraction (PS1/PTF).
The central concentration of luminous Type IIn events is in excess of an exponential
disk profile. A similar distribution is also observed for interacting transients explicitly

classified as Type IIn/Ta-CSM due to underlying broad features in their spectra.

Though our sample represents an extensive collection of the events where suitable
data is available, we cannot rule out the presence of systematic biases in detection
efficiency, particularly due to the differing survey and follow-up schemes employed in
the underlying reports. This is especially true for the standard-luminosity Type IIn SN
in our sample, as many are low-redshift events taken from a mixture of targeted and
untargeted surveys (see Table 8.1). However, at the core of this analysis is the sample
drawn from the PS1-MDS. This sample is unbiased in the sense that the events were

identified in a single, untargeted, survey. We note that the same trends described above
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(central excess of luminous Type IIn SN, central deficit of lower luminosity Type IIn SN)
are observed in the 16 events from the PS1-MDS survey only, albeit at lower statistical

significance due to the smaller sample size.

In interpreting these results it is interesting to consider both the observed contrast
between luminous and standard luminosity transients, as well as the central concentration
of luminous events. First, the differing spatial distributions of standard-luminosity and
luminous Type IIn SN could arise from either a true physical difference between the
location where their progenitor star systems form within their host galaxies, or from an
observational bias. In particular, surveys could be ‘missing’ faint Type IIn SN in the
bright central regions of their host galaxies, due to increased noise and/or extinction.
This possibility was recently considered in detail by Habergham et al. (2014) for another
sample of low-redshift Type IIn SN. They concluded that such biases were likely not
responsible for the observed central deficit, based in part on the fact that other classes
of transients with comparable peak magnitudes (e.g. Type Ibc) were discovered in the
central regions. We have not yet performed a rigorous analysis of our detection efficiency
as a function of galactic offset for the PS1-MDS sample. However, even if surveys are
missing low-luminosity transients at small offsets due to the effects of increased noise
and extinction, this cannot explain the observed central concentration of luminous Type
IIn SN, as there should be no such bias prohibiting the detection of luminous events at

larger offsets.

Another important consideration when interpreting the distinction between the
location of these events is whether luminous and standard luminosity Type IIn SN
explode in similar or different types of galaxies. This topic was considered in Chapter 7

where we found no statistically distinguishable trends between the host galaxies of

339



CHAPTER 8. LUMINOUS TYPE IIN LOCATIONS

luminous and standard luminosity Type IIn SN. However, the literature sample of
standard luminosity Type IIn SN which we use to supplement the PS1-MDS in this
chapter consists of events drawn from a mixture of targeted and untargeted surveys,
resulting in possible oversampling of moderately large spiral galaxies. However, as
shown in Figure 8.11 the central concentration exhibited by the luminous Type IIn SN
is not driven exclusively by SN which explode in dwarf galaxies. There is also a central

concentration amongst luminous events which explode in galaxies with Mg ~ —20 mag.

Thus, if we assert that our sample is representative, then the observed central
concentration of luminous transients implies that the physical conditions for star
formation in the bright central regions of galaxies—including Milky Way-like and S0
galazies—is conducive for the formation of luminous Type IIn progenitors. Gal-Yam
(2012) noted that the luminous Type IIn SN 2006gy and CSS200217—which at the
time were the only luminous SN not found in dwarf galaxies—both exploded in the
central regions of their giant hosts, and posited that some physical condition in these
environments might mimic those found in dwarf star-forming galaxies. One possibility
is that young and dense stellar clusters occur in both of these environments (van den
Heuvel & Portegies Zwart 2013). Thus, some byproduct of star formation/evolution in
dense environments—such as binary fractions (Hut et al. 1992), dynamical interactions
(van den Heuvel & Portegies Zwart 2013), IMF variations (e.g Kelly et al. 2014), or
other—could facilitate the production of luminous Type IIn SN. Possible binary effects
are particularly intriguing as the “prototypical” LBV n Car—one of the only known stars
with a dense CSM of ~10 My—is located in an eccentric binary, and it is still debated
what influence this binarity has had on its evolution (e.g Smith 2014). Finally, we note

that while a central concentration is observed, this tenancy is not exclusive: luminous
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Type IIn SN are also found at a wide range of host-transient offsets. Thus, any proposed
model (if all luminous Type IIn SN due to the similar phenomena/progenitors) must also
operate in these environments. Future studies will examine how the preliminary results
presented here depend on both the global host galaxy properties and the explosion/CSM

parameters of the transient events.
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