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Abstract

Supernovae (SNe) are the spectacular deaths of stars aadhaped the universe we see
today. Their far-reaching in uence affects the chemical dgnamical evolution of galaxies,
star formation, neutron star and black hole formation, d®y tare largely responsible for
most of the heavy elements that make up the universe, imguatiound 90 per cent of the
reader. They also provide laboratories of nuclear andglaghysics far beyond what we can
construct on Earth and act as probes of extreme density angye his thesis presents new
research into understanding the nature of the progenitiesys of various types of SNe,
as well as presenting results that will allow their study ¢onbore productive in the future,
through use of automated pipelines and methods to incréasecience value of discov-
ered SNe. An environmental study of two peculiar types afdients ("Calcium-rich' and
"2002cx-like"), which may not be true SNe, reveals extrgnufiferent ages of the exploding
systems that will constrain the current theoretical efiioi® discovering the progenitor sys-
tems. The GRB-SN 120422A/2012bz is investigated and found tmkextremely luminous
and energetic SN, even amongst the infamously bright GRB-8Meethod is presented that
allows an accurate reconstruction of the bolometric lighive of a core-collapse SN, which
relies on only two optical Iter observations — this will haly reduce the observational cost
of constructing bolometric light curves, a tool of great mngance when hoping to constrain
the nature of a SN explosion and hence its progenitor. Kintlls method is utilised to

construct the largest bolometric CCSN bolometric light cuisaeple to date, and these are



analytically modelled to reveal population statisticstad explosions, thus informing on the

nature of the progenitors.
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Chapter 1

Introduction

Abstract

Supernovae (SNe) are hugely luminous events in the transkgrcaused by the explosive
death of a star. This death can be caused either by the oelEps massive star (core-
collapse SNe; CCSNe) or by a massive white dwarf (WD) undergaitigermonuclear ex-

plosion, known as Type la SNe (SNe la). Despite originatiogifa stellar process, they can
reach brightnesses comparable to entire galaxies forgedba few weeks. As such, SNe
act as beacons in the Universe, allowing them to be studiduearby and at cosmolog-
ical distances. Their study has intensi ed immensely in plast few decades as their link
to massive stellar evolution and ability to probe the acegien of the Universe's expansion
have come to light. In the following sections, a discussib8M discoveries, historical and
modern, are presented as well as some highlights of SN @siarecent years. The current
state of knowledge about their progenitor systems is rextbwefore a brief introduction to

the rest of this thesis.
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Figure 1.1: How SN 1572 looked to Tycho Brahe upon discovesit,(labelled asNova
Stellg and how it looks at present in high resolution imaging (fgmage credit: NASA).

1.1 Historical origins

Before the arrival of modern astronomy (speci cally, modastronomical instrumentation),
identi cation of SNe was reliant on the event being brighbegh to be observed by the
naked eye for an appreciable length of ttm&his obviously meant the SN would need to
be very nearby, within the Galaxy most likely, which natlyakeverely limits the volume in
which an observable SN could explode, and so the rate. Thiestavidence for a potential
SN was in 185AD, described iHouhanshualthough the cause of the "guest-star' has been
debated Chin and Huangl994 Schaefer1995 Zhao et al.2006. Since then a sparse and
irregular stream of events have been documented. Two fam@amples are SNe 1572 and
1604. SN 1572 was discovered by Tycho Brahe (Eid) — such was his disbelief of this
immensely bright intruder on the night sky, he asked ses/tnton rm his observations.
The rst recorded observation of SN 1604 is noted by Johandegder, and it is still the
most recent Galactic SN to have been observed during italifiiminous explosion. Both
SN 1572 and 1604 have been since classi ed as SNe la from\aigsrs of light echoes

and analysis of the elemental abundancesKeawise et al.2008.

1Also, a southern hemisphere event would be less likely te Bawiving documentation from the civilisa-
tions of the time, if indeed it was documented.
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1.2 Modern SN Discoveries

The rate of SN discoveries dramatically increased with tivenat of astronomical instru-
mentation (which allowed extragalactic SNe to be obsernaul) regular night-sky observ-
ing, beginning around the middle of the 19th century. Irdene SNe also grew following
the work of Fritz Zwicky and Walter Baade (e Baade and Zwicky1934 Zwicky, 1942,
who linked them to exotic phenomena such as neutron stasgjicaays and dark matter.
Throughout most of the 20th century supernovae were stiladiered by professionals and
amateurs manually observing repeated patches of the slegalar intervals, looking for
new objects that were not present in previous observatidonsvards the end of the 20th
century dedicated transient surveys began. With the ef@yeof scheduled observations,
and automated object detection in difference imaging (septen2), SN discoveries have
increased from one a month to several every night 50 years. The Supernova Legacy
Survey QAstier et al, 2006 found around 1000 high redshift SNe from 2003-2008, and the
Palomar Transient Factorkdw et al, 2009 Rau et al.2009 had discovered 2135 SNe as of
17/12/2013, since its rst detections in March 2009. These are just twaneples of many
recent surveys performing searches in this automated manhe huge increase in discov-
eries is highlighted in Figl.2, which shows the discoveries of SN by year from the 1AU
SN lis— a noticeable rise in the SN discovery rate is evident pe8%lafter the extremely
close by SN 1987A was discovered, a landmark event in they stu8Ne. Although a huge
number of SNe are shown, this list does not include the ntgjofi discoveries from the
most recent dedicated, proprietary searches which wowalchaltically increase the number

of discoveries for the years since 2000.

1.3 Classi cation of SNe

A large number of discoveries, as shown in Fig2, has been coupled with intensive mon-
itoring of a small sub-section of events. Such a strategyléds$o great advances in the

knowledge of SNe in a relatively short time-scale, and rckthe heterogeneity of SNe. A

2http://ptf.caltech.edufiptf/
3http://www.cbat.eps.harvard.edu/lists/Supernovae.ht mi
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Figure 1.2: SN discoveries since 1900 from the IAU SN listfak/@12/2013. Note this does
not include the majority of recent (since 2000) SNe discedday proprietary searches.

brief overview of the main SN classi cations is given hereddhe observational differences
causing their classi cation. A graphical representatiéithe decision tree for the main SN

classes is shown in Fig.3.

After the initial distinction from Novae by Zwicky, ever ingasing divisions have been made
to the family of SNe, in order to group similar events. Begmgniith Minkowski (1941),
supernovae were grouped into Type | (SNe I), which displaygder homogeneous char-
acteristics, and Type Il (SNe 1) that appeared more divef$e distinction being whether
a SN displayed signatures of hydrogen in its spectra — atasas a SN | if there was no
evidence for hydrogen, and a SN Il if hydrogen features wbsenved (e.gOke and Searle

1974).

Barbon et al(1979 identi ed two subclasses to SNe I, [IP and IIL, through ady of 21
SNe Il light curves. SNe IIP display a characteristic longfilag ¢> 100-120 daysplateau
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after peak brightness, where the brightness of the supamaonains roughly constant. SNe

[IL do not display this andinearly decline in brightness after peak.

SNe | now exist as three main subclasses, la, Ib and Ic. Thiesgpactral classi cations;
SNe la display strong silicon absorption, SNe Ib and Ic shitkheeweak or absent silicon
features. The distinction between SNe Ib and Ic comes frenexiistence of helium features
in the former that are absent in the latter. S@gpenko(1997) for a review of the spectral
classi cation of SNe. SNe Ic also exist dsoad-line variants (SNe Ic-BL). SNe Ic-BL
exhibit unusually high explosion velocities (up#B0000 km &1, cf. » 10000 km & for
normal SNe Ic) and are the only SNe type found to be associwithdgamma-ray bursts

(GRBSs); a discussion of the SN-GRB connection can be found itideet. 1

Alongside these are other common designations for SNe therap a smaller fraction
of the observed explosions. One such is SNe llb, which iyteppear as SNe Il but the
initially strong hydrogen features disappear on a timdesgb» a week to months, and they

then evolve to resemble a SNe Ib. SN 1993J was the prototygiaaple of this class.

SNe lIn are SNe Il that display unusual features in their bgén line emission. The classi -
cation of IIn is made whenmarrow component, with a typical width of hundreds km‘¢cf.
normal SNe lines of many thousands ki) is observed overlaid on the existing, broader
features of hydrogen in the SN's spectruicfilegel 1990. These SNe can be exceptionally
bright (although a very large range in peak absolute madeitxists) and display wide-

varying time-scales of evolution (e.jiewe et al, 2012.

1.4 Physics of the explosions and progenitor properties

The empirically-driven classi cation system is naturadyconsequence of the events that
are observed. What may be considered a well de ned class nawhave been considered
“peculiar' when rst discovered, until a signi cant sampésimilar events could be grouped
by their common properties. Similarly “peculiar' SNe novill imevitably have a yet further
designation once studies of their properties are complgteh taxonomy is a relic of the

initial attempt to categorise SNe without a knowledge ofithderlying properties giving rise
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Figure 1.3: SNe classi cation scheme, taken fréoratto(2003.

to the observations, and obfuscates details of the pragesyistem(s) and the mechanism of
explosion. Since the impact of SNe on shaping the universsa@doday is dictated by such
properties, it is important to understand the links betwaeservations and these underlying

properties.

When considering explosion mechanisms and progenitorsirtaia classes can be de ned

—thermonucleaandcore-collapseSNe.

As an aside, it appears nature has a multitude of mechanisitsdisposal to cause the
death of a star. Electron capture-SNéiyaji et al., 1980 are thought to occur at the low-
est mass range possible for a SN to occur, with super-asyimgiant branch stars mooted
as the progenitors. These stars explode with a O+Ne+Mg ®oppose to an Fe core in
more massive CCSN progenitofddmotq 1984). The temperature becomes large enough
in the core for signi cant electron capture by magnesiumtesdore grows, consequently
the degeneracy pressure drops and the core collapses. Xphasien mechanism results in

SNe with characteristic velocities and energies lower tiham of typical CCSNe and light



1.4. Physics of the explosions and progenitor properties 7

curves displaying an intermediate plateau length 60 days Tominaga et a)2013. At the
other end of the brightness scale are super-luminous SN8N8jGal-Yam 2012, which
appear to occur at large distances and are extremely begm, by SN standards. Outshin-
ing even the brightest SNe la, they can reach peak magnitfdds; i 22. Already three
distinct subclasses exist based on spectral and light deatares. The explosion mecha-
nisms, and the energy sources of their light curves are afemdive study; pair-instability
explosions (e.gWoosley et al.2007 Cooke et al.2012, the synthesising of huge amounts
of radioactive materialoung et al, 201Q Dessart et al2012 e.g.), CSM interaction (e.g.
Chatzopoulos et 312013, and magnetar production in the cokagen and Bildster2010Q
Nicholl et al, 2013 e.g.) have all been investigated as potential mechanismpsewer such
luminous events. The discussion in this introduction walllmited to thermonuclear and

core-collapse, however.

1.4.1 Thermonuclear SNe

Thermonuclear SNe arise due to nuclear burning of degenpraterial in a carbon-oxygen
(CO) white dwarf (WD); this explosion mechanism is resporesior SNe la. Direct, very
early time observations of SNe la constrain the explodiagssio be very compact objects,
consistent with a WD origin. For examplagent et al(2011) concluded for SN 2011fe that
the exploding star's radius was).1 R-, with Bloom et al. (2012 con rming the degenerate
nature of the progenitor and favouring a WD. SN 2013dy was reksleonly a few hours
after explosion and similarly had tight constraints on thegenitor radius of5 0.24 R
(Zheng et al.2013, indicative of a WD progenitor. The ability to standardiddeSla for
use as cosmological distance indicatdPhi(lips, 1993 to probe the cosmic expansion of
the universe (e.d?erlmutter et a).1998 1999 Riess et a].1998 Schmidt et al.1998, has

ensured ardent observational and theoretical study of.them

The details of how the WDs explode is an area of ongoing studydabate. The delayed-
detonation model{hokhlov, 1991, where an initially sub-sonic ame burns before the WD
detonates, can produce explosions that match the chasticeeof SNe la. Recent three-

dimensional hydrodynamical simulations (eSgitenzahl et al.2013 are able to produce
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the observed spreads in SN la properties (peak brightr@ssx&dmple) and comparison to
observed light curves and spectra reveals generally go@aagent, although some discrep-
ancies exist$%im et al, 2013. Another explosion mechanism, the pure de agration model
(Nomoto et al. 1984), is generally thought to be applicable to sub-luminougtySNe (see
Chapter3) due to the lower expansion velocities and peak brightrsefegend from simula-
tions utilising pure de agration (e.d.ong et al, 2013. The lack of abundance strati cation
in the pure de agration model is also at odds with what is seamormal SNe la. Ignoring
the nuances of the particular method of ignition, for an eggn, the CO WD must reach a
point where carbon ignites. Since the WD is degenerate thasmmthat the carbon burning
increases the local temperature but does not decrease ribtydePositive feedback from

this reaction leads to a thermonuclear explosion that wishémd explodes the WD.

How the WD reaches the conditions required for carbon burrsrgjso a matter of great
debate. Two competing models are the single degenerateai8Djouble degenerate (DD;
Iben and Tutukoy1984 Webbink 1984 channels. In both cases the WD is in a proxi-
mate binary system. In the SD scenario, where the compasiamon-degenerate star, the
gravitational pull of the WD causes the companion to Il its Redobe and material passes
through the inner Lagrangian point to accrete on the WD (Roohe bver ow; RLOF).
Through this mechanism the WD grows in mass and thus the tetypercan reach the car-
bon ignition temperature when it reaches the Chandraseikhia(» 1.4 M-). The nature of
the companions in SD systems is not known; limits have beaceglinLi et al. (20113 for
SN2011fe, where observations rule out red giants and mbstinetars as possible compan-
ions. Observations of SN2011fe appear to favour a DD prage(@homiuk et al. 2012,
although the SD cannot be ruled out with current observat{Bipke et al. 2012. Obser-
vational support for the SD scenario came in the form of Pkik1ivhere the circumstellar
material (CSM) around the system is naturally explained bgdagiant wind and multiple
previous nova outbursts from the progenitor, prior to egjo as a SN lalilday et al,
2012. The effect of an evolved companion in the system can alsdyme SN Ilin-like spec-
tral features for a SN laHamuy et al. 2003 although also seBenetti et al. 2005 and
indeed it is argued that a fraction of SNe classi ed as lIniaract la, masked beneath the

dense CSM%ilverman et a].2013. See Sectiord.4.2for a discussion of SNe lIn. In the
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DD scenario the companion is another WD and it is the mergaggrad these WDs that
causes allows conditions suf cient for carbon ignition tocar in the merger remnant. A
search for the surviving donor star companion of SN 1572 {@&gSN) found no plausible
candidatesKerzendorf et a].2013, and as such a DD scenario is favoured for this SN. It is
apparent that the SD and DD progenitor channels for SNe ladmttribute to the observed
population, and current studies are now focussing on ttegivelfractions of SNe la that
are formed by each mechanism. A potential discriminatitpiabetween the two channels
could be the velocity of spectral features in SNe la, withhkig(lower) velocities indicative
of the SD (DD) scenario, which may also correlate with thet igasaxy type, and thus age
(seeMaguire et al.2012. A recent extensive review of the observational evidemcedte

various SN la progenitor systems is presentedlaoz et al.(2013.

The light curves of thermonuclear SNe are homogeneous im#ie, with "'normal’ SNe la
obeying a width-luminosity relation (i.e. broader, morevdly evolving light curves are
brighter; Phillips, 1993. Although some unusual sub-types contribute to a largeaspm
luminosities, the light curves are all powered by the racliva decay of heavy elements,
primarily %6Ni over the initial light curve peak. Two examples of SN la lightves can be
seen in Fig.1.4, including SN 1991T, the prototypical high-luminosity S&lL | Spectra of
SNe la are characterised by a lack of hydrogen or helium, stithing silicon absorption (see

Fig. 1.5Filippenkq 1997, often with high velocities.

1.4.2 Core-collapse SNe

The method of exploding via core-collapse is expected taioaoly in massive stars. Theo-
retical (e.glben and Renzinil983 Heger et al.2003 and observational (e.§&martf 2009
constraints place the lower limit for this to occumai88 1 M-, with some dependence on
metallicity (Ibeling and Heger2013. Upper limits are more uncertain as extremely massive

stars may undergo a different explosion mechanism.

The life of a massive star, once the main sequence is reasheg,comprises (se&Voosley

et al, 2002 for an in-depth review) the following stages.
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2 Steady burning of hydrogen to helium occurs in the core, arilmvia the CNO cycle.

2 Hydrogen burning continues via the CNO cycle in a shell aroandassive, non-
degenerate helium core, which is unable to support the ¢ayers of the star and

contracts until the temperature increases to initiateuheburning (% 16PK).
2 Helium burning produces a carbon-oxygen core surroundedi@lium-burning shell.

2 Carbon burning occurs as the core contracts due to pressundlie outer layers. Pair
annihilation becomes signi cant at the temperatures reddt this point and nuclear
burning is now driven predominantly by replacing the losergly from neutrinos by

the star, rather than its radiated surface energy.

2 After carbon, continued, rapid exhaustion of neon, oxyged silicon follow in a
similar manner, until nuclear statistical equilibrium acg during the nal stages of
the silicon burning core — i.e. photodisintegration becsnmeportant and reactions

where nuclei gain particles are balanced by destructiverga/reactions.

At this point an iron core exists, with a shell of silicon bumgpoccurring around it. While the
silicon is burning the core will not contract as any attengpdd so will increase the burning
rate, expanding the core and counteracting any contraciiars silicon shell will migrate
out in mass until it passes the point where the mass intesids textent, the iron core, is
above that given by the Chandrasekhar limit. The degenexatecore is now susceptible
to collapse and does so on a thermal time-scale. The colisggeeded up due to electron
capture by iron-group nuclei, which removes electrongp@asible for much of the internal
pressure) and also emits neutrinos that carry away enelgpro@isintegration of the nuclei
also occurs, producing a large number of f@particles. The resulting binding energy of
the core is lowered and the energy gained by contractiontiemough to match that lost,

resulting in an accelerating collapse that is complete warhilli-seconds.

At the limit of its maximal density, dictated by neutron degeacy pressure, the collapse
abruptly stops. Outer core material falling in collidestwihis inner, incompressible ma-
terial and the core rebounds. The supersonic interactiomdas this core rebound and the

outer layers of the star that continue to fall inwards predua strong shock wave. Al-
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though the energy of this shock wave contains enough enengyliind the outer layers, the
shock wave loses a signi cant amount of energy by phototigirating the nuclei of these
infalling layers that it encounters (losing arouh@®? erg/ M-), and neutrino emission — as
the shock wave propagates outwards, and thus encountess di@nsities, neutrinos have a
higher chance of escape beyond the shock front. As suchhemmiechanism is required to
reinvigorate the shock wave, which is now believed to be nmeuenergy deposition ( rst
proposed byColgate and Whitel966. The huge densities in the inner regions mean the
neutrinos produced here will interact before escape fi.mean free patly core radius),
depositing the energy of the neutrinos into the dense inragemal of the star before they
can escape, thus providing a means to couple the energyedjbyg the core bounce to the

outer layers of the star. This leads to an unbinding of theraatar and a CCSN.

Although it is thought this same principal explosion medblamis responsible for inducing
core-collapse, and the subsequent explosion of massige &@SNe exhibit very heteroge-
neous properties; core-collapse is the responsible meshdar SNe of types IIP, IIL, Ilb,
Ib, Ic and at least a fraction of lIn. The diversity in obsahmwoperties is due to the nature
of the exploding star and the local medium into which it is@xging. Broad properties such
as the mass, metallicity, rotation and binarity of the starwell as intricacies such as the
particulars of the star's nuclear burning, internal magnetilds and mixing of the ejecta
during the propagation of the shock wave, will all affect tiserved SN. Since the effects
of many of these factors are not well understood, a broadveaerof how the nature of the
exploding star affects the observables of the SN will followeglecting many of the ner

details which are subject to ongoing, intense theoreticakw

Whereas SNela follow a similar light curve evolution, CCSNeilitla wide spread in light
curve properties and brightnessemmuy (2003 found a 5-magnitude spread in the plateau
luminosities of SNe IIP, similarlyprout et al.(2011) found a>5 mag spread in peak bright-
nesses for a sample of SNe Ib/c. Despite this heterogepéibyis to make distance indica-
tors of SNe IIP, following the method @firshner and Kwar{1974, and SNe lIin Potashov

et al, 2013, are being made since they can provide primary distandedtats, as oppose
to SNe la that are reliant on local calibration. Examples of §di§ht curves can be seen

in Fig. 1.4.
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The spectral difference between SNe Il and SNe Ib/c is thegmee or absence of hydrogen
(see Figl.5for example spectra). In order for a massive star to exhigpitzgures of massive
amounts of hydrogen, as is seen in SNe I, the exterior epeahoust be retained up to the
point of core-collapse. The mass loss experienced by asstfaought to be highly dependent
on its mass@'Connor and Ott2011), alongside metallicity and rotation, to a lesser extent
(e.g.Vink et al,, 200% Vink and de Koter2005. Thus SNe Il are proposed to be massive
stars at the lower end of the mass range for a CCSN progenitadar to retain their ex-
ternal hydrogen envelopes, which is backed-up obsenahothrough direct detection of
progenitor systems that reveal them to be red and yellowrgigrgs, around 15 M-
(e.g.Van Dyk et al, 2003 Smartt et al.2004 Li et al., 2007 Van Dyk et al, 2012 Maund

et al, 2011, seeSmartt 2009or a review). It follows then that we expect SNe Ib/c to arise
from more massive stars (with SNe Ic being more massive thanlB given they also lose
their helium envelope before core-collapse). Such starddvoe Wolf-Rayet (WR) stars,
whose strong mass loss has stripped the outer layers ttoatgieir evolution Crowther
2007); a tentative detection of a SN Ib, iPTF13bvn, which is cetesit with a WR progen-
itor (Mzaws © 30j 40 M-) has been madeCgo et al. 2013 Groh et al, 20133.* This
scenario, however, encounters problems when one consiaessellar initial mass function
(IMF). Due to the steep slope of the IMF, low mass star numbdersinate over high mass
stars, and even moderately massive stars numbers (SNegekmtors) will also dominate
over very high mass stars (proposed SNe Ib/c progenitols$. sSimple argument is dif cult

to reconcile with the observed SN rates of the two classeseXampleArcavi et al.(2010),
from an early analysis of PTF discovered SNe, NdIb/c)/N(ll) ' 0.23-0.25 (depending
on host mass), an earlier study Byessan et al(2002 found a similar fraction when con-
sidering all nearby SNe. The Lick Observatory Supernovac®e@ OSSLi et al., 20110
also found high proportions of SNe Ib/c — that they make upiadd30 per cent of the core-
collapse population. Taking a Salpeter IMF and mass lintitokar metallicity for various
SN types fromHeger et al(2003, one would expedt (Ib/c)/N (Il) * 0.10. This has driven
interest in the role of close binaries in the progenitorsigé3o/c (e.gNomoto et al. 1995
Heger et al.2003 Eldridge and Toyt2004) as a potential solution to this problem. Bina-

rity, speci cally closebinarity, will signi cantly alter the evolution of a star ithe system

4Con rmation of the progenitor's disappearance in late timaging being awaited at the time of writing.
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from that of a single star (or, equivalently, one in a wideaoy). The gravitational pull of
the companion introduces the potential for RLOF to occurghumcreasing the ef ciency
of envelope stripping and allowing even lower mass starxpdoele with a spectrum that
would warrant a Ib/c classi cation — therefore increasing SN Ib/c/SN Il ratio Eldridge

et al, 2008. This additional channel provides additional progensigstems to SNe Ib/c, in
order to support their relative prevalence cf. SNe Il. Irdjeeis proposed that the majority
of massive stars do not evolve alone, with more than halfg&ira binary system where
the stars have some form of interaction (consequently a $raefion of massive stars being

actually true single stars), as showrSana et al(2012).

Nevertheless, it has been demonstrated through envirdahstndies that their exists a mass
sequence of SN progenitors. This was statistically showArimerson et al(2012), through
correlations of SN location with ®& emission, who nd a sequence, in order of increasing
mass, of: SNe IIP  SNellL! SNelln! SNe Ib! SNe Ic. The discrepancy in progen-
itor life time (and thus mass) between various SN types rasl@en shown bigelly et al.
(2008; Kelly and Kirshner(2012; Crowther(2013, with the aforementioned sequence (or
a broader classi cation version, but maintaining the oraflencreasing mass) being posited
in each case. It is important to note that these are statistiadies of SNpopulations and

as such they can only distinguish between the average ptogemasses, i.e. it is possi-
ble to say thabn averagea SN Ib/c will be more massive than a SN Il progenitor, but the
distributions of the initial progenitor masses may indeeerlap (thus not ruling out a pop-
ulation of moderately massive SN Ib/c progenitors in bieswor the effects of metallicity in

determining SN type).

Besides observing directly the progenitor system, or olasgithe environment of SN pop-
ulations, observing the luminous transient itself can ogemealth of information on the
progenitor. Light curve and spectral information act as gerprint for an explosion, iden-
tifying the structure of the progenitor and the nature ofékplosion. The electromagnetic
signature of a SN begins at shock breakout (SBO). This occhenwhe shock wave that
is propagating out of the star reaches an optical depth »f 25 (seeKistler et al, 2013

and references therein), at which point radiation from theck front leaks from the star,

emission peaking & » 1. The signature of this SBO is an extremely bright burst of emis
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sion peaked in the UV/X-ray regime, whose duration is deiteechlargely by the radius of
the progenitor (e.gTominaga et al.2011); the bolometric luminosity of the SBO can be
» 10" erg $ 1, reached in seconds to hours. After this initial burst, theling phase oc-
curs, during which the extremely hot, shocked material€aold expands causing the light
curve to initially rise in the UV/optical for a short time waithe peak of the black body
emission from this shocked material is bluer than these lgagéhs Piro and Nakar2013,
before fading as the peak of the thermal emission moves @elowavelengths. The du-
ration of this cooling phase is tied to the radius of the edig star also — the very large
red supergiant (RSG) progenitors of SNellP have been ob$émshow signatures of rising
UV/optical emission for» 2 days after explosionGezari et al. 2010, with the signature
of emission from cooling of shocked material present in tarfg UV/optical light curves
observed for several days, and up to wedRsi(nby et al, 2007). For SE SNe the durations
are much shorter (signatures of any emission related to B@@ @sappear within a day of
explosion, except for the most extended SN lIb progenit@s)l there is consequently only
a small number of SE SNe showing SBO cooling (e.g. SNe 1R@hmond et al. 1994
1999ex Stritzinger et al. 20022008D,Modjaz et al. 20092011dhArcavi et al. 201} The
previously accepted notion that a larger pre-SN radius voeult in a longer SBO (and
associated cooling) duration has been questioned recélttig doubt has arisen from the
detection of the progenitor of SN 2011dh, which was beenddorbe a relatively large yel-
low supergiant (YSGMaund et al. 2011), despite its modest and very shostl( day) SBO
signature. Observations were thought to be indicative adrapact progenitor§oderberg
et al, 2012 although se®ersten et a).2012), and it had been argued that the YSG observed
at the location of SN 2011dh was the binary compankam(Dyk et al, 2017). Late time
imaging showed the YSG had disappeared, con rming it waptbgenitor itself {Yan Dyk
etal, 2013.

SNe rebrighten after SBO cooling emission due to one of twocagsu In SNe IIP the
massive hydrogen envelope, which has been ionised by thek steve passing through it,
recombines and the photosphere recedes through this pevasothe outer ejecta cool and
become transparent. This causes the plateau observed ilSNéereby the luminosity

remains roughly constant for 100-120 days. It is thought this plateau duration is very
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short or non-existent in SNe IIL owing to a much less massidrégen envelope. This
recombination energy source is also not available in otkeBENe (at least not at signi cant
luminosity or duration), and it is the radiative heatingnfrthe decay of®Ni that causes a
rebrightening of the SN once it has diffused to the outerrgytypically peaking 2 weeks
after explosion. The rise time of this peak is determinedHgydistribution of®Ni in the
star Piro and Nakar2013, as well as the combination of mass and energy in the ejébta.
peak luminosity is determined by the amount®i synthesised in the SN (see Sectfa.1

for a description of this in an analytical framework).

Over the evolution of a SN, deeper and deeper layers of tlataegge probed as the pho-
tosphere recedes. Thus, the abundance and distributiolerkerts in the ejecta can be
gleaned from good spectral coverage. Early spectra ofroge@lmission after SBO are gen-
erally quite featureless and display a strong blue contmaue to the high temperatures
of the material at the photosphere (6guimby et al, 2007. In SNe II, the recombination
of hydrogen then gives rise to strong hydrogen lines, wieere&Ne Ib/c it is helium and
calcium that appear as prominent features initially. Gitrenlarge velocities involved in SN
explosions, such features form P-Cygni like pro les, witluéshifted absorption and red-
shifted emission. From the minima of the blueshifted absomp the velocity of the ejecta
producing that spectral line can be determined (see Se6tibf). The explosions of SNe
result in homologous expansiom{ R) and it therefore follows that the velocities of these
spectral features decrease with time, since it is the owtstrgjecta that are probed initially,
with the photosphere receding in ejecta velocity as timg@sses. The recession of the
photosphere in velocity and mass of the ejecta eventualysiéo thenebularphase, ulti-
mately revealing the composition of the entire ejecta (a-fveral months past explosion).
During the nebular phase the continuum becomes weak asdtia @re optically thin, and
forbidden lines begin to show. Nebular phase observatianseveal asymmetries of the ex-
plosion via double-peaked emission lines in speditadda et al.2008, inform on amount
of radioactive elements synthesised in the explosionsgamdestimates of the progenitor's
initial mass through oxygen mass measurements, which agetlgilinked Jerkstrand et al.
2012 2013.

The expansion of the ejecta is very fast in CCSN& 0000-20000 km's'). These velocities
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are much higher than typical velocities associated witlestevolution. The ejecta therefore
feel the in uence of the progenitor's behaviour that oceurin the years to decades leading
up to core-collapse as it catches-up previously ejectedniaat This interaction between the
ejecta from the SN and the circumstellar material born ofpfegenitor system's prior evo-
lution is responsible for SNe lIn. The aforementioned narines exhibited in their spectra
are a result of the collision of this ejecta with a dense CSMhSugh density (or highly-
clumped) CSM is indicative of large, episodic mass-loss ftheprogenitor and massive
star evolution theory would present luminous-blue vagalfL BVs) as suitable progenitors.
This has an observational grounding@al-Yam et al.(2007), where it was proposed the
progenitor of the [In SN2005gl was a very massive LBV star,cllwas later con rmed by
post-explosion image<s@al-Yam and Leonard2009. Also, in Smith et al.(2011), a very

massive ( 30 M-) progenitor for SN2010jl was found using pre-explosion gies.

The cases for massive LBVs as SNe IIn progenitors, and therstldss itself, are not clear
cut however. Such massive progenitors retaining a signi dgydrogen envelope up until
explosion poses problems for stellar evolution models. ilWetently models of massive
star formation did not predict LBV stars to become SN, instiédstar would evolve to a
WR star, shedding its hydrogen envelope before reachingahditions for core-collapse.
Groh et al.(2013h present recent models that can produce LBV progenitors N, ut
suggest the resulting spectra are more representativp@itly explosions, and in any case,
these progenitors are 20-25Mmuch lower than the inferred progenitor detections thus
far. When high mass-loss values are found that lead to fawgwan LBV progenitor, the
density pro le for the CSM surrounding the SN is taken toré&, which constitutes the
case of steady mass losBwarkadag(2011) argues this is an incorrect assumption, thus
a high density medium (giving rise to the narrow emissioedimn SN IIn spectra) is not
reliant on high mass-loss rates from the progenitor. Clumepgim or shells of high density
produced from winds with different velocities collidinggegpossible scenarios providing the
requisite conditions for a IIn classi cation, for exampl®warkadassuggests that SN IIn
should not be designated as a separate class, but rathéhelgedbrm a possible phase of
evolution of any SN, regardless of class. It has also beemdfdliat a fraction of previously

classi ed SNe IIn are in fact SNe la with a dense CSM, givingdpeearance of IIn spectra
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Figure 1.4: Example light curves of various types of SNedtakomPatat et al. 2001

(Silverman et a].2013. This may account for some of the inconsistency envirortaien
studies nd between massive star locations and the locatadrSNe [In Anderson et al.
2012. The population of SNe IIn are extremely heterogeneousitaisdikely they arise

from more than one progenitor system.

Although both photometric and spectroscopic observatiae been fundamental to fur-
thering knowledge regarding CCSN, perhaps the greatestsubmethe theory of CCSNe
came from a non-electromagnetic source. Over a six secaed/ah, eight neutrinos were
detected by the Irvine-Michigan-Brookhaven detector in ti#A, as reported byionta

et al. (1987, with a simultaneous detection of 11 neutrinos in Japarhkyiktamiokande-

Il detector Hirata et al, 1987). The huge signi cance of these particular neutrinos ig tha
they were shortly followed by the optical detection of SN 788n the Large Magellanic
Cloud © » 50kpc) — a resounding success for core-collapse theory tleatigied very

large neutrino luminosities for CCSNe.

Finally, it is proposed that mass ranges exist in which stansot produce a luminous coun-
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Figure 1.5: Example spectra of various types of SNe (takam filippenko 1997.

terpart to the collapse instead collapsing directly to @lblaole. For exampleKochanek
2013 suggest direct collapse of stars of initial mass6.5-25 M. This explains the lack
of a detected SN IIP progenitor in this mass range, where angdiexpect RSGs to exist,
and would also alleviate some of the inconsistency betwieerabundances of SNe Il and

SNe Ib/c when considering the stellar IMF.

1.5 Thesis introduction

SNe studies have advanced knowledge of massive star/WDtiewvgland the ultimate fates
of these stars. Each new advance in both theoretical andvalbemal investigations, how-

ever, is coupled with new questions and, generally, everernizarre explosions.

The next step for SNe research is to link directly betweerptbgenitor star, and the nature
of the explosion. To this end, this thesis investigates thst-galaxy environments of a two

peculiar types of transients in Chap8IThe terminal/non-terminal nature of the explosions
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is not known so their description as a SN is even called inestjaon. Constraints are placed
on the ages of the progenitor systems of these peculiari¢rtssand a discussion of the
implications for theoretical models and explosion mecsiausiis made. As is evident from
Sectionl.4.2 the light curves of SNe divulge important informations be explosion, and
also the progenitor system. A particularly useful tool is bolometric light curve of a SN,
i.e. one that accounts for all the electromagnetic emisstodiscussion of how these bolo-
metric light curves can inform on the explosion parametérs 8N is given in Chaptet,
alongside an application of modelling to a GRB-SN. Despitér theefulness, bolometric
light curves are observationally very expensive since gelavavelength range needs to be
observed. To counteract this, bolometric corrections for RE&re presented in Chapter
which allow bolometric light curves to be made very inexpegly for CCSNe. These cor-
rections are then utilised to construct and model the lasgeaple of bolometric light curves
of CCSNe in Sectio®.2.], in order to investigate the explosion parameters of difietypes

of CCSN and deducing differences or similarities betweerr fir@genitor systems.



Chapter 2

Image subtraction and theCLASP

pipeline

2.1 Image subtraction

The night sky is largely unchanging on the time-scale of huiifatimes. In general, if one

were to repeatedly observe a random patch of sky, there warildo difference between
the images (aside from those differences arising from tfeesf of the Earth's atmosphere,
such as seeing and sky brightness); the same objects won&dmeand at constant bright-
ness. If a variable star, lensing event or transient hapfmebs in one of the observations
however, they will be noticeable as a difference in brighthef an object (a variable star
or a lensing event) or a new object (a transiénfaditionally, photometry would need to
be performed on all objects to detect any changes in brightoé objects in the eld, or

subsequent frames would be “blinked” to attempt to identinsients. This is clearly a
labour intensive job given the scale of the problem, whenmag be potentially searching
for variables in an entire galaxy of sources, or searchingyntaundreds of frames a night
to discover transients/lensing events. Image subtrac@burally provides a solution to both

problems: each image is subtracted from a template. Thela¢enp simply another image

1For the purposes of this discussion, moving objects sucbktasoéds, minor planets or high proper motion
stars, will be neglected. Although clearly these would &lsamoticeable on subsequent images of a eld.

20
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of the eld that was taken previously, and is generally a dstagk of previous, good-seeing

images.

Considering idealised data, a subtraction of the image flartémplate would result in an
image containing only zero-valued pixels for the case of etected variables or transients.
A new transient or increase in brightness of a variable wdiddmanifest as positively-
valued pixels, as the pixels in the image at the location efdiange would be larger than
those in the template (similarly, a fading variable or transwould result in negatively-
valued pixels). Study of such subtracted images then makegial to identify interesting
objects. ldealised data does not exist for observationeberyand there are many factors
associated with taking multiple observations that makespitocess of image subtraction
less straightforward. The following is a list of some im@mitt phenomena to consider when

performing image subtraction with modern CCD detectors:

i. removal of cosmic rays, detector artefacts, and fringiaigons
ii. accurate alignment between the image and template
iii . sky-background level and variability across (and betw@eage and template

iv. brightness scale factor which will account for differingpesure times, Iter transmis-

siong, observing conditions etc. between the image and template
v. saturation and non-linearity of detector response foncti

vi. point-spread function (PSF) variability within each obhsgion and between image and

template

Typical methods for dealing with these issues are:
i.
Correct reduction of the data beyond standard CCD reductiorasfdverscan removal and

at- eld division can aid with obtaining a clean subtractio Naturally cosmic rays will

2See Sectior.2.3for a a discussion of an application of image subtractiongisiifferent Iters for the
image and template.
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appear in random locations on each frame and will result pikés' or “holes' over the
subtraction. As well as this bad pixels in the detector wél fresent as it is likely that
the frames will need some alignment (se¢ and as such they will not be at the same
pixel coordinates for the aligned image and template. Thewal of cosmic rays and bad
pixels is usually done by replacing the bad pixel values wélues obtained from a simple
interpolation of nearby good pixels over the shortest akis@bad pixel region. A bad pixel
mask is used to identify defects in the detector, whereadextien algorithm must be run
to identify cosmic rays, since these appear randomly foh @aage (see Sectioh 2.1 for

a description of the detection algorithm used by CLASP)ndirg patterns, although not
varying in form by large amounts over reasonable timescaewary in strength on short
timescales. Coupled with the small scale of variation (wldahnot be easily removed by
typical background tting functions used in image subtraet sedii. ), fringe patterns must
be removed from each of the image and template frames prisulitraction to obtain a
smooth, near-zero background over the image. Removal afgirfig pattern is done using a
median-stacked image of dithered on-sky frames taken isdhee Iter as the observations.
This fringe frame is then subtracted from the image and tatephfter scaling to match the
pattern strength in each.

i.

Alignment of frames, including rotation, scaling and imgj, can be performed using either
a world coordinate system (WCS) transformation or object magc WCS alignment is
obviously reliant on an accurate WCS solution for each frameerGtwo WCS solutions
a transformation can be trivially produced by existing ayds (such a8/REGISTERIN
IRAF), however, this willnot fail in the case of erroneous WCS solutions for one or both
frames, in the sense that an alignment can always be foungéeptwo arbitrary coordinates
on the sky as it is simply a geometrical transformation. Theans that it is dif cult in

a programmatic sense to discover these erroneous aligafeftmore robust and fail-
safe procedure is to nd objects in the two frames and thenpdmthe transformation

based on creating matched coordinate pairs for objectsdh maage. By doing this, a

3There is also the possibility that an incorrect telescopetjmgy could produce an image or template with a
nominally correct WCS solution, but of a different patch of.skgain, in this case the WCS alignment routine
will not fail, but the transformation will obviously be inaect.
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success alignment is dependant upon the two observatismsgheommon sources, and it
will naturally fail in the case of no overlap between the femn The alignment is sought
by attempting to match triangles of objects in the framesmauthe ratios of the triangle
lengths to nd corresponding triangles in each frame. Thiscpss is detailed further in
Section2.2.1

iii—Vi.

Even with cleaned and properly aligned images, there exgtofs that must be accounted
for in order to produce a useful subtraction. These diffeesrarise from the varying condi-
tions each observation will have been taken under; softpackages have been developed
that attempt to deal with these, such as ISA&(d, 2000 and HOTRANTS?, the methods
of which follow. The atmospheric conditions and optical sptwill produce background
variation between the frames that varies as a function atipnsn the image. This is ac-
counted for by rstly scaling each image based on the brigh$nof objects in each frame
such that they match (typically an iterative sigma clippofighe object list which produces
this scaling factor is performed so as to remove anomalogEh- i.e. variable or saturated
objects). Then a two-dimensional function (low order palymal or spline) is tin order to
match the form of the background in the image to that of theptate. However, by far the
biggest factor affecting the quality of the resulting sabtion is the difference in the PSF.
Signi cant PSF variations can happen on timescales of nguand as such, even in the case
of a template and image being taken sequentially on the selescbpe and instrument, a
treatment of the PSF variation must be included in the datapunéation before subtraction.
This typically takes the form of kernel(e.g.Alard and Lupton 1998, with which one of
the frames is convolved in order to match the PSF of the ofBieice this convolution will
always degrade the seeing of a frame, the convolution isexpp the better seeing. In the

case where the image is worse seeing than the template thg@ytakes the form:

I(x;y) - K(u;v)i T(xy) = S y); (2.1)

where | is the image, K is the kernel, T is the template and Baisesulting subtraction. The

“http://lwww.astro.washington.edu/users/becker/v2.0/h otpants.html


http://www.astro.washington.edu/users/becker/v2.0/hotpants.html

2.1. Image subtraction 24

kernel is practically obtained by selecting a numbest@mpswithin each image (regions
of the frame centred on point sources), and modelling thetfomal form of the difference
in the PSF between the frames at the locations of these stafheskernel model consists
of a number of gaussians of varying order and full-width fma#ximum (FWHM) superim-
posed, and is typically allowed to vary in a low order polynomiasFfaon over the extent of
the image to account for PSF variatiodddrd, 2000. The FWHM of the gaussians should
re ect the seeing of the frames otherwise they will not pnbpenodel the kernel, e.g. in the
case of poor seeing (PSF is spread over a large number o§ pixehch stamp) but narrow
gaussians (small pixel widths), the full extent of the PSH mot be accounted for since
the gaussians are not characteristic of the PSF's form.r\ga¢ selection of stamps to use
has an iterative sigma clipping applied in order to prevetgfacts or extended or saturated
sources from inclusion in the nal kernel creation. Natiyauch bright stars, which have
a deformed PSF from the rest of the image due to their pixehtsoentering the regime
of non-linearity for the detector, will not be cleanly sidatted. Most stars will leave some
small imprint in the subtraction, but these bright stars theaye signi cant residuals, and so

bright sources would be masked prior to detection algostbeing run on the subtraction.

Clearly, although image subtraction provides a naturaltswitto the task of nding vari-
able and transient objects within subsequent observatibas eld, there are still a large
number of steps that must be performed, each with severafgders that affect the quality
of the resulting subtraction. Typically large surveys wileate or utilise real-time subtrac-
tion pipelines that perform some automated searching oftidractions in order to ag
potentially interesting sources. The advantages of thiafeingle survey are that they can
produce source catalogues of variable stars to prevenategeagging of them, the data
are of a consistent form and the details of the telescope r@stcuiment setup are known.
However, a large amount of image subtraction is still penied investigating individual ob-
jects, or on follow-up observations of transients detettgthese large-scale surveys. The
challenges here are not running detection routines on thigastions (it is already known

that a transient is in the frame), but an ease of usability iwder audience and the accep-

5Although seeBramich (2008; Becker et al(2012 for methods using delta functions to properly model
the kernel at each pixel of the stamp, to remove the depegdema functional form (e.g. a summation of
gaussians).
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tance of diverse imaging data from many different telessgp® instruments. This led to

the development of CLASP.

2.2 CLASP

CLASP (Create Light curves with Alignment, Subtraction aritb@®metry) is a tool for

performing small- to medium-scale image subtraction taskth a focus on usability and
success for a wide variety of imaging data, regardless obfieei ¢ telescope/instrument
setup. CLASP is reliant on some common FITS header value$ (@1 an exposure time,
date of observation, read noise and gain of detector). Agigéhdescribes the details of the

requirements.

CLASP is written in R THON® (utilising IRAF’ tasks through the ¥rRAF® package), call-
ing on SEXTRACTOR® and HOTRNTS. It consists of a subtraction pipelineUBPIPE to
perform the image alignment and subtraction, a photomeépsiipe PHOTPIPH to perform
photometry on the subtracted image (producing it in the tatajs photometric system), and
a GUI interface to both. A simpli ed outline of the actions @ich pipeline is shown in the
form of ow charts in Figs.2.1and2.2, and a detailed description in plain English follows.
See AppendixB.1 for practically how to use CLASP, including a fuller des¢iop of the

optional arguments and details of the con guration les.

2.2.1 SUBPIPE

Designed to perform some data reduction (after basic atlireg and bias/overscan subtrac-
tion has been performed), image alignment and subtractioBpiPEcan be run on individ-

ual images or in batch mode on a directory of images. The tieg@red elements are: one
or more science imagesr(age, a template imageiémplatg to subtract from these, and a

work directory (vorkdir) where all the output data are stored (along with logs andrtef

Shttp://www.python.org/

http:/firaf.noao.edu/
8http://www.stsci.edu/institute/software_hardware/py raf
Shttp://www.astromatic.net/software/sextractor
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the pipe's progresssuBPIPEthen performs the following actions:

2 A list of input images is created by searching the speci edgm directory based on
le name selection criteria (e.g. “*. ts”). If an image paik provided, a single image

is sent forward for processing.

2 workdir is created if it doesn't exist, or the user is prompted to rcitsacontents if it
already exists. A log and a report are created to hold outgatrnation. Ashelve
le 1%is also created as a permanent store for the data that camddyeHOTPIPE

The following are then copied intworkdir:
— template into a sub-directory ofvorkdir called “template/'.
— The con guration lesHOTPanTScfg.py andPIPEcfg.py
— The rstimagein the list of science images.

2 imageis cleaned as required by the user and some information liecstbout the

image. (This is also performed feemplateon the rst pass.)

— image header is read as per ®PEcfg.py le for date of observation, lter,

read noise, gain and exposure time; the validity of the WCSsis ethecked.

— Cosmic rays are removed using Laplacian edge detection asilzbxs in van
Dokkum (2001), originally implemented in PTHON by Malte Tewe&!, and
modi ed here for integration witlsuBPIPE as well as including bad-pixel mask-
ing.

— A bad-pixel mask, if given, highlights pixels that will bet@mpolated over by the

cosmic ray routine.

— image is defringed if a fringe frame is offered using #eFRINGE package of
IRAF.

— The median seeing is determined usingkK$ RACTOR with clipping of non-point

sources from the catalogue.

Onhttp://docs.python.org/2/library/shelve.html
Uhttp://obswww.unige.ch/ ~tewes/cosmics_dot_py/
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2 SEXTRACTOR is run onimage(andtemplateif it is the rst pass) iteratively until a

satisfactory number of objects are detected (limits ard fiean PIPEcfg.py ).

— The threshold for detection is raised (lowered) a limitechber of times to de-

crease (increase) the number of objects detected.

2 Alignment ofimageandtemplateis attempted if one or both of the alignment options
areTrue in PIPEcfg.py . Pre-alignment is assumed if neither alignment option is

True .

— The object lists created by SERACTOR are fed toxYXYMATCH in IRAF to

attempt to align the images directly based on these obgst |i

— If XYXYMATCH fails, the coordinate lists are reduced to include only bgar
objects in each frame (i.e. objects that exist in dothgeandtemplatewithin a

set number of pixels, to help if the two images are only shghtisaligned.

— In the event thakyXYMATCH fails to align the images thenREGISTERIS used,
which is reliant only upon the solutions of the WCS in the reipeteaders.
This is not used if the header of the image or template shoatsthie WCS

solution was incorrect.

2 TheHOTPanTScfg.py con guration le is read to store the user's con guration of

the subtraction to be performed.

2 The SEXTRACTOR output catalogues of the align@dageandtemplateare parsed to
ensure objects are coincident in each frame (to sanity ctiecklignment). Direct
comparison of the FWHM in each frame is made with an objectibygct comparison

— the median seeing ratio is included in the report.

2 The FWHM of the newly-alignetmageandtemplateare checked and the FWHM of
the gaussians used to produce the kernel are increasedardance with the seeing

to achieve a better subtraction.

2 HOTPANTS is called to subtracemplatefrom image the direction of the convolution

is by default to convolve the better-seeing frame but thig beaoverridden by the user.
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2 The subtracted image has its pixel statistics read (std, a@an etc.) as a measure of

the goodness of subtraction and these are included in tlogtrep

2 PNG images of alignemnageand the subtracted image are made for quick look anal-

ysis inworkdir.

2 Anew line is added to the report with an overview of the prasisubtraction (the see-
ing in each frame, alignment process used, which frame wasbeed, pixel statistics

of subtracted frame etc.)

The postworkdir creation process is repeated for each subsegoegein the list of input

images (minus the steps speci ctemplate which only need to be performed once).

Potential failure points (barring simply poor data) are itreility to detect a good number

of objects inimageor templateand the alignment process. Although, as mentioned in Sec-
tion 2.1, the WCS alignment will not fail (provided both frames have a W@®8d, correct

or not), an additional check of the alignment is made by $gagcfor sources in each frame
and matching their positions to within a threshold of 2 mxelf the number of matched
objects is too low, the alignment is deemed to be incorraatc8ss/failure of the subtraction

is noted in theshelve le such thatPHOTPIPEKNOWS which to perform photometry on.

2.2.2 PHOTPIPE

PHOTPIPEWIll produce photometry of object(s) in the subtracted fesmand transform these
to the photometric system aémplate meaning only theemplateneeds to be calibrated
and then the zeropoint of themplatecan easily be applied to the photometry output here.
PHOTPIPEIS reliant upon the presence of an unaltesaeBPIPE workdir that contains a
valid shelve le. Alteration of names or deletion of directories/ les tveeen performing
suBpPIPEandPHOTPIPEfor a givenworkdir will result in unanticipated behaviour. Given a

workdir, PHOTPIPEthen performs the following:

2 The coordinates of the object(s) on which to perform photoyrezre either read from

the provided input or found through interactive selection:
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— The astronomical image viewer DS9 is loaded and a subtratiage is shown.

— Viathe IRAF packag@vEXAM, the user can select one or more objects and their

centres are passed$oBPIPE

2 The alogandreport le forHOTPIPEare created imworkdir alongside dightcurve.txt

le which will hold the nal photometry.
2 Theshelve leis opened and the list of successful subtractions areesto

2 If a list of star coordinates is not supplige@mplateis shown to the user in DS9 and
the user can select various stars by their annotated ohjetber. These are the stars

that will be used to calculate the aperture correction ardhtlagetemplateoffset.

2 The IRAF aperture photometry routinexiOT, is called to perform aperture photome-

try on the objects at the speci ed small aperture size.

2 For imageandtemplate(for the rst pass),PHOT is called to perform aperture pho-
tometry on the stars chosen in apertures of increasing wadio the speci ed large

aperture size (the aperture we wish to correct the objeapietry to).

2 From this photometry a curve-of-growth (COG) model is foratetl usingnKAPFILE
in IRAF for each image, and the object(s) small aperture grhetry is corrected to

the large aperture using the COG.

2 A median offset betweeimageandtemplateis found by comparing the instrumental
magnitudes of the large aperture photometry outpumB®PFILE on an object-by-
object basis. A sigma-clip is applied to the list of offs&tsemove contributions from

anomalous objects.
2 The offset value is applied to the large-aperture photoydtthe object(s).

2 Areport line is added detailing the object photometry atestage and the values and

errors of the associated corrections.

2 The corrected magnitudes and errors are output into a ligiviec le with a column
for each object chosen, with a time column given by the datdeérvation which was

gleaned from the header whagein SUBPIPE
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Again, in batch mode where tighelve le contains multiple subtractions, the process is
repeated (from performing small aperture photometry ormtjects) for eacimage barring

templateonly steps, which only need to be performed once.

Potential failures include inability to determine the COGdmland object photometry fail-

ing if the object has faded below the detection thresholmeimages.

2.2.3 Examples of usage

Some examples of subtractions performed by CLASP are pesenFigs.2.3and2.4. In
Fig. 2.3 a trail left by a fast moving body is clear in the template leé second example,
this is clearly visible in the subtraction but does not adebr affect it in a noticeable way
as the background determination is largely robust from smhll perturbations and the
kernel determination is made from point sources only. Hugaturated stars and associated
diffraction spikes are also problematic for image subtoagtas shown in the penultimate
example. The orientation of the diffraction spike is diffiet as these images have been
originally taken at different orientations and aligned bizASSP. The region around the
saturated star clearly suffers from strong residuals, kkeweote that the overall subtraction
is clean and the background mean is indeed close to zero iongegway from the strong

residual. This would make photometry of the SN located at#wre of the image possible.

The third row in Fig.2.4 shows an image of SN2011fe in M51 taken with SkyCamZ — the
very large large eld-of-view (1 square degree) and strongalignment between the image
and template are dealt with by CLASP and the SN is well re@Var a clean subtraction

(barring the asteroid/satellite trail near the top of thagm).

CLASP, although designed to ease light curve creation &orsient follow-up, was tested
for a similar but initially unenvisaged subtraction task® knaging must have the contin-
uum level subtracted from it before being representatiyasifthe Hp ux. This is typically
done by observing in a narrow band Iter centred o® EHnd one centred just off it which
should be subtracted, this could also be an Rrjdsand image which would need to be

scaled before subtraction. Because the image subtractitineancorporates a scaling fac-
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tor which accounts for varying sky brightnesses, it turnistbig can also absorb the varying
transmission pro le width of the narrow and R band imagesdales them correctly before
subtraction. The usefulness of CLASP to create continuuintracted ® maps is shown in
the bottom 3 rows of Fig2.4. The rst of these suffers from anomalous background levels
in the four quadrants of the frame, at different strength@image and template, due to
varying ampli er noise — the subtraction shows no sign osthiwo sets of Isaac Newton
Telescope (INT) observations (bottom 2 rows) produce éxeeH® maps with largely clean
removal of foreground stars. This ability to produc® ebntinuum maps allows CLASP to
be used when considering the pixel statistics methakhofes and Anders¢8006. A study
using CLASP and this method is given in Sectib

When failures do occur (be they complete errors or just battactions and thus bad pho-

tometry), the main reasons are:

Inability to deduce the alignment. This will not occur in the case of a correct WCS tted
to the image and template and with some overlap betweendhees, but may occur

when relying solely on star-matching.

Large difference between each frame's PSFBe it from elongation or just very poor see-
ing, these differences are dif cult to reconcile to a comniR#F in image subtraction,
as as such the extended wings of the poor-seeing image niidyesgresent around

point sources in the subtraction.

Not enough point sources to determined kernel.This can be an intrinsic lack of point sources
in the images, or only point sources in one region of the imagehich case the ker-
nel function over the spatial dimensions of the image cay wadly away from these

point source tie points.

Wrong convolution direction. Although HOTRANTS makes some attempt to deduce the
best convolution direction, this can sometimes be incormesulting in a poor sub-
traction — forcing HOTRBNTS to convolve in the other direction solves this problem

(see AppendiB).

Two examples of poor subtractions are given in Rigp.
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Figure 2.3: Examples of subtractions performed by CLASP iarpool Telescope images
(RATCam and 10:0) of various SNé&eft: the templatesCentre:the science imageRight:
the subtractions.
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Figure 2.4: Examples of subtractions performed by CLASP wrrpool Telescope (RAT-
Cam, SkyCamZ and LT 10:0) and INT+WFC. Columns are the same as2Rg. The
last three columns are R-band®Hand continuum-subtracted®@images of star forming
galaxies. The excess seen in these galaxies is not resithualgenuine ¥ ux above the
continuum level.
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Figure 2.5: Examples of poor subtractions performed by CBAS Liverpool Telescope
images (RATCam) of various SNe. The top row shows an exampleryfpoor seeing in
the science image, hence the wings of the PSF are visiblesosutbiracted image since the
kernel is too small to cover this large area. The bottom row drdy a few point sources,
all concentrated down the centre of the image, from whichotastruct the kernel. In this
case the polynomial function of the kernel varies greathgwho tie points are present, i.e.
the top left and bottom right of the image — using a lower ofdenon-varying) kernel may
alleviate this.Left: the science imageRight: the subtractions.



Chapter 3

The environments of low-luminosity type

| supernovae

Abstract

This chapter describes a study using CLASP to investigaethbperties of the locations
of supernovae within their host galaxies. Utilising stainfation tracers, constraints can be
placed on the ages of progenitors by investigating the alpadincidence of SNe with these
tracers. This method is used to investigate of the propeie types of unusual transients,
both being sub-luminous compared with the major classegp#reiovae. Those of one type
exhibit unusually strong calcium features, and have beeneg "Ca-rich'. Those of the sec-
ond type, with SN 2002cx as the prototype, have some prasdarticommon with the rst,
but show typically lower ejecta velocities, and differeatlg spectra. Important differences
in the environments of the two types are con rmed, with Cdrriansients preferentially
occurring in galaxies dominated by old stellar populatioQsantitatively, the lack of asso-
ciation of the Ca-rich transients with regions of ongoing stamation is well matched to
that of the overall Type la supernovae population. The SN22gdike transients are very
different, with none of the present sample occurring in atyegpe host, and a statistical
association with very recent star-formation similar tot thiaType IIP supernovae, meaning
a similar delay time ob» 30-50 Myr. Further constraints from ultraviolet imaginghaomn

the progenitor lifetimes of SN 2002cx-like events tobd 00 Myr.

37
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3.1 Star-formation tracers in SN hosts as diagnostics for

the progenitor systems

Stars are luminous at a range of wavelengths throughoutliees from the onset of nucle-
osynthesis, to their ultimate fate. Thus photometric olzgtérns of a stellar population in
an arbitrary wavelength range ( Iter) will include contutions from stars of a wide range
of ages and masses. In order to speci cally observe cenyaiest of stars, observations can
be made in speci c wavelength ranges where the emissioninsapity comprised of light
from those stars. Discussion here will concentratestan-formation(SF) tracers, i.e. those
wavelengths of emission that are present only for a relgtisieort time after stellar birth,
and hence act as a diagnostic for recent star formationhficase of unresolved stellar

populations:

SF tracers are generally the result of the emission dirdatlyn young, massive stars, or
from its effect on the immediate surroundings. Massive (fslved) OB stars are extremely
hot (blue) and luminous. A large fraction of their emissisnin the UV regime, hence
observations revealing UV-bright stellar populationsaadgagnostic for recent star formation
over the life time of these stars (a few—30 Myr). This largeoant of UV emission also
affects the dust local to the recent SF. Given the increakelthiood of interaction with dust
grains for UV compared with optical or near-infrared enossiand the fact these higher
energy photons will heat the dust to higher temperaturesjrituence is different to that
from older stellar populationdHelou, 1986. Characterisation of the temperature of dust
through mid- to far-IR observations (as derived from thekpefithe SED in this regime
given the black body nature of the emission) can thus alset poithe presence of young,
massive stars — recent SF. The need to characterise the S¥[2 oange of wavelengths,
and the uncertain contributions from the underlying, olstetlar populations makes the IR
a less straightforward tracer of SF. The radiation from ¢hest, young stars also contains
a signi cant number of hydrogen-ionising photons, thatpsotons of wavelengtk 912

A, which ionise the local medium. Cascading electrons reraptby ionised hydrogen

1The particulars of deriving absolute SF rates from suchetsgcand the assumptions inherent to this of
constant versus instantaneous SF, will be neglected irufasodetailing simply the observations that would
be indicative of a young stellar component.
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produce very strong hydrogen emission lines, includingoibtecal Balmer series, meaning
observations of ® or H-, for example, are tracers of SF. The amount of ionising ux is
strongly dependent on the mass of the star, i.e. the mostivaasdars will dominate the
ionising ux of a SF region. Given this, the ® ux from a new stellar population also
rapidly evolves since the extremely massive stars, whiettantributing signi cantly to the
ux, will explode as SNe in a very short time. As sucl®nd similar emission tracers are
probes of very recent SF, with measurable uxes diministsegeral Myr after the cessation

of the SF episode.

By comparing the locations of SNe in external galaxies to ttesgnce of such SF tracers,
it is possible to determine if there has been any recent Sikedbtation of the SN within
the time-scale probed by the tracer being used. This allstunates to be placed on the age
of the SN, e.g. if a SN is coincident with a@fmitting HII region, it is probable that the
SN progenitor lived less than the time-scale probed ®yerhission $ 10-20 Myr), whereas
an absence of such emission would be indicative of a progreaiitliving this time-scale.
Naturally for a given SN in a given host, such a method is stligeuncertainties and indeed
the presence or absence of a tracer may be unrelated to tlsep@Mnt population. For
example, line-of-sight effects, where the SN is along the-bf-sight to a burst of recent
SF but not coincident, may give an anomalous result, and@&idn, particularly important
for UV tracers where the wavelengths probed are highly dshied by such extinction, may
veil the appearance of emission at the SN's location. Howedwelooking at astatistical
association between the locations of many SNe in many gadattie contamination by such
effects should be minimised. Furthermore, when lookinglkaitive differences between the
associations of different SN types, these contaminatibiosild be roughly equivalent for
each type and thus any differences are due to the differandbe ages of the progenitor
systems. This analysis is employed in the following sec{i®action3.2) as a follow up
study to the larger scale studiesJafimes and Anders¢8006); Anderson and Jamg2008);
Anderson et al(2012.
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3.2 The environments of low-luminosity type | supernovae

3.3 Introduction

With the advent of dedicated SN searches that are discgverany SNe in a single night,
coupled with in-depth follow-up that is now possible, irtatly events will be discovered
that challenge the current understanding of SNe. Indee@razenoving away from the ob-
servationally based classi cation system as increasimglbers of events are discovered that
do not t this system. It is not even known if many of these lmais events are in fact SNe
in the sense of the death of a star or stellar remnant, andntinigluces other possibilities
for progenitor systems and explosion mechanisms. Two ebegd such transient types
are "Ca-rich' and "SN2002cx-like'. Given the uncertain mataf these events, "transients'

rather than "SNe' will be used to describe them. An overviéeaxh type is now presented.

3.3.1 Ca-rich transients

Named "Ca-rich' on the basis of the relative strength of cafclines in spectra observed
during the nebular phase these transients are also knowsNa2005E-like" after the pro-
totypical event Perets et al.2010, example light curves and spectra are shown in Big.

In their overall spectral properties, the Ca-rich transentiite closely resemble CCSNe of
Type Ib (i.e. lacking hydrogen, but showing strong heliumtéees). Their very low ejected
massesx a few tenths of M) have calcium to total-ejecta mass ratios many tens or hun-
dreds times that of other SNe types — for examplerets et al(2010 found almost half of
the total ejecta of SN 2005E was calcium and showed that thassients actually produce
more calcium in absolute terms than ordinary SN per expipgiespite CCSN releasing up
to several solar masses of ejecta. Their contribution tadtes calcium production budget
of the intracluster medium could be very signi caMlchaey et al.2014), although rates
remain uncertain currently. The spectral similarity to Shiéed to the claim byKawabata
et al.(2010 that one of the members of the class, SN 2005cz, could ingeadore-collapse

object with a 10 M zero-age progenitor. This would be a surprising discovgisen that
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the host galaxy of SN 2005cz, NGC 4589, is an elliptical gahaith a “classical E2 mor-
phology' (Sandage and Bedk&994), and a corresponding expectation of a predominantly
old stellar population. Simultaneously, the even moreesré environment of SN 2005E,
the prototypical member of the Ca-rich class that occurretidan the disc plane of an early
type SO0/a galaxy, NGC 1032, |dekrets et al(2010 to conclude that these explosions are
likely to arise from the accretion of helium on to an old, lowass progenitor, probably a
WD. Modelling was used to show that such a progenitor can cep®the observed proper-
ties, with ejecta that has high velocities but low masses aaromposition that is dominated
by the products of helium burning, without the iron-groupreénts indicative of explosive
nucleosynthesis found in SNe [Berets et a2011) extended this analysis to SN 2005cz in
NGC 4589, again preferring a low-mass, long-lived progenih contradiction tdawabata

et al.(2010.

The spectroscopic and environmental properties of thergenkass of these Ca-rich tran-
sients have been investigated Bgrets et al(2010 andKasliwal et al.(2012. The for-
mer identi ed eight SNe in this group (SN 2000ds, SN 2001cN, Z)03H, SN 2003dg,
SN 2003dr, SN 2005cz, SN 2005E and SN 2007ke) and the latatiied three addi-
tional objects in this class from the Palomar Transient tgcsurvey [Law et al, 2009
Rau et al, 2009 henceforth PTF)Kasliwal et al.(2012 combined these three new objects
(PTF 09dav, PTF 10iuv (SN 2010et) and PTF 11bij) with two &f lietter observed earlier
events (SN 2005E and SN 2007ke) which share common propeftiew peak luminosities,
fast photometric evolution, high ejecta velocities, sgy@n emission lines and locations in
the extreme outskirts of their host galaxies. They follBerets et al(201Q 2011) in pre-
ferring long-lived, low-mass progenitors, pointing ouattihe core-collapse objects with
the lowest generally-accepted progenitor masses, Typ8N® (SNe 1IP), are almost never

found at the extreme outlying locations that charactehisee¢ ve Ca-rich events.

Valenti et al (2014 have reported on another possible member of the Ca-rick, G&2012hn,
that was discovered by the Catalina Real-Time Transient $uites was initially classi ed
as a peculiar Type Ic SNBenitez-Herrera et gl2012, but Valenti et al.(2014 conclude
from analysis of later spectroscopic and light-curve diag EN 2012hn much more closely

resembles members of the Ca-rich class, with a low peak lwitinand rapid evolution.
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This is supported by its location in the outskirts of an eaylye (E/SO) galaxy (discussed
further in this chapter). However, it should be noted tMalenti et al.(2014 nd some
detailed spectral differences between SN 2012hn and oteerhars of the Ca-rich class.

A study byYuan et al.(2013 has investigated the progenitors of the Ca-rich class by-com
paring their host galaxy locations to results from cosmiglagsimulations. By comparison
to the simulated metallicity distribution in hosts, theyd the progenitors are likely to be of
low metallicity and, tied with their remote locations comgaé to the bulk of the host stellar
mass, consequently of old ageX0 Gyr). They conclude that a massive star origin for such

events is disfavoured.

3.3.2 SN2002cx-like transients

Some similarities exist between the Ca-rich events and thwsuat transient SN 2008ha
(Valenti et al, 2009 Foley et al, 2009 20103, in particular the extremely low luminosity
and the inferred low ejecta-mass, and some similaritiehénlate spectra. SN 2008ha,
however, does not show evidence for helium — it is classi 8@ &N Type la (SNe la) event
—and has extremely low photospheric velociy2000 km $ cf. 6000-11000 km's! for the
Ca-rich transients)Foley et al.(2013 have recently linked SN 2008ha and similar objects,
including the prototypical example SN 2002dx €t al., 2003, to a proposed new class
of stellar explosion, that they term “lax’. These differrframormal SNe la in having lower
maximum-light ejecta velocities (2000-8000 kim sand lower peak luminosities for a given
light-curve shape. SN 2008ha then appears as probably teeaxibeme object in this class
identi ed to date, with the lowest peak luminosity, and egeeelocities at the bottom end of
the range for this clas$oley et al (2013 infer high rates, with> 30 for every 100 SNe la in
the local Universe. Example light curves and spectra of SDR2&-like transients are shown
in Fig. 3.2

Various models were suggested for the origin of these teatsiincluding complete ther-
monuclear de agration of a WDL{ et al., 2003 Branch et al.2004), failed detonation of a
C/O WD (Jordan et a)2012 or possibly a peculiar type of CCSN eve¥Wa(enti et al, 2009.
Foley et al(2013 suggested the progenitors to be C/O WDs that accrete mdtenah He-
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Figure 3.1: Example light curves (top panel) and nebulactspgbottom panel) of Ca-rich
transients. The low velocity, fast evolution and strongciteth/oxygen ratio compared to
other CCSNe are evident. Taken frafasliwal et al.(2012).
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star, and therefore consider some possible connectiongebrtSN 2002cx-like and Ca-rich
transients, where both type of events arise from a He-sleétindition scenario. However,
one of the major differences between the two types is their@mment, as rst noted by
Perets et al(2010. The Ca-rich events occur in all galaxy types (with a largetion in
early-type galaxies), and/or far from the centres of hosixges Kasliwal et al, 2012,
whereas SN 2002cx-like transients preferentially occuaia-type, star-forming galaxies,
indicating a possibility for having younger progenitor ®ras. Foley et al.(2013 suggest
that the difference might originate from a different origiithe accreted He in the two cases,
i.e. SN 2002cx-like events arise from accretion from a H&-non-degenerate donor star,

whereas the Ca-rich events originate from accretion frongaerate He-WD.

Valenti et al.(2009 discuss the class of SN 2002cx-like events in general, &ha®8ha
speci cally, and conclude that these may be low-lumino§i@SNe, with progenitors that
are either high-mass (25-30-N1Wolf-Rayet stars, or stars from the low-mass limit of CC-
SNe (7-9 M). However,Eldridge et al.(2013 have recently discussed SN 2008ha in the
context of a study of the rates of CCSNe, and on the balance déeee decide in favour
of a thermonuclear interpretation. They thus exclude inftbeir study, although they warn
that the evidence is far from conclusive, and that furthedgtof SN 2008ha and other

SN 2002cx-like transients is clearly required.

3.4 Methods

It is clear from the above discussion that the associatidh different types of stellar en-
vironment is of key importance in distinguishing betweeasth different types of luminous
transients, and in constraining the possible progenitstesys. However, much of the envi-
ronmental information, e.g. the association of the Ca-rahgients with old populations and
SN 2002cx-like transients with young, lacks quanti catiand in many cases is little more
than anecdotal. Host galaxy classi cations give some usefarmation, but they are noto-
riously subjective and, even if free from actual errorsytte not give precise information
on the stellar population at the location of the transieenévFor example, even a late-type

spiral may have a bulge, or extreme outer disc, that is éyntmmposed of old stars. In this
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Figure 3.2: Example light curves (top panel) of SN 2002&e-liransients. A spectrum
of SN 2002cx at» 12 days past peak (bottom panel) shows the lower velocity featu
compared to other SNe la, including the sub-luminous SN §9Taken fronFoley et al.

(2013 andLi et al. (2003.
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section, both host galaxy types and quanti ed measures ac@kity, local to the sites of
events within their host galaxies, will be applied specilgdo the known samples of Ca-
rich and SN 2002cx-like transients, to determine whethey tippear to rise from the same
progenitor populations, and to compare these populatiaotistihe same measures for other

types of SN (including "'normal’ SNe la, and core collapses/SNe Ib, Ic and IIP).

The idea of obtaining a statistical association betweenyplid and recent SF, as introduced
in Section3.], is implemented here as a quanti ed analysis of these teatsienvironments.
This analysis takes the form of the Normalised Cumulative RAIKR) method. The NCR
method is explained in the speci ¢ context of the manner irniclht is applied here in
James and Andersd2006. It is also discussed at length in more general terms, fogs
on the mathematical and data reduction steps, in Appefddikhe NCR method has been
previously applied to large samples of supernova&riderson and Jamé2008; Anderson

et al.(2012), and the latter provides the main comparison sample foctnent work.

Brie y, each transient is assigned an NCR, based on pixel statisf a continuum-subtracted
H® image of the host (taken either prior to, or long after thegrant), as a measure of the
degree of association of the transient with recent SF witisitnost. The continuum sub-
tracted H® images are trimmed to contain the host and transient lotatnal then binned
3 £ 3 such that the pixel location of the transient given by the WQ#&#othe centre of a
3£ 3 super-pixel'. A pixel in the binned images represent®:9 arcsec across the various
instruments used, or 260pc at the mean galaxy distance. Star residuals and artefiasts
ing from saturation in the subtracted images are masked adwcal median. Pixel values in
this binned image are sorted, cumulatively summed and tbhemalised by the total sum of
pixel values. In this way each pixel now has an associated NgliR\between 0 and 1 (any
negative values are set to 0). Any pixel with NER) is considered a background pixel, i.e.
there is no K® ux at that position. Positively valued pixels are then radkwithin the NCR
method such that low values have an association with weakssoni, and high values are
coincident with the brightest ®emitting regions of the host. Speci cally, the NCR value is
the fraction of host galaxy ux that is below the level of ux the location of the transient,
i.e. NCR= 1 means the transient location is at the site of the most iet&fsactivity within

its host galaxy.
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Using these methodgnderson et al(2012 nd a clear separation of the CCSN subtypes,
with types IIP, Ib and Ic forming a clear sequence of incregisitrength of association with
current sites of SF, and high mean NCR values. This is mostgimerpreted in terms of a

sequence of increasing mean progenitor mass, and henaadexy progenitor lifetime.

Crowther(2013 has looked at the progenitor constraints that can be dresmn &ssociation
of SNe with ongoing SF, using a smaller sample tiarderson et al(2012 with higher
spatial resolution, and employing rather different stat# methods based on distance to the
nearest region of & emission.Crowther(2013 nds very similar results tcAnderson and
Jameq2008 andAnderson et al(2012 in terms of the difference of strength association
between SNe Il and SNe Ibc, which he interprets in terms afggelraction of SNe Il outliv-
ing their natal SF regionCrowther(2013 argues that the complications involving lack of
resolution of individual SF regions should obscure anyedédhces between the correlation
strengths for shorter-lived, higher-mass progenitors thase of the SNe Il, but this argu-
ment seems hard to reconcile with the clear statisticatgifices found for the populations
of SNe Ib and Ic investigated BAnderson et al(2012.

H®was chosen as a SF tracer since there already exists largéesashNCR values for the
more common SN types which can be compared to. The typicalidarof H® emission
from HII regions is comparable to that of the ages of the naedHower mass end of CC-
SNe. Kuncarayakti et al(2013 show the evolution of the ® equivalent width for a single
burst in Starburst99, which weakens strongly after 5 Myltinig to very low values after
» 15 Myr (roughly the lifetime of a 14 M star). Although this is very much a lower limit in
terms of the time-scale of SF, since a typical SF region vaitlform stars in a delta-function
manner, it must be stressed that the loss of gas is not tateeadoount (i.e. the earliest SNe
will disperse the gas), which will strongly diminish the ¢tad ux of a region after several
Myr. H®imaging allows, through the NCR method, to distinguish betweansients whose
progenitor ages fall entirely within, or overlap with, thisiit. Since each transient's NCR
value is normalised to its own host, the analysis is not §gagd absolute calibration issues

of H® as a SF rate tracek¢e et al, 2009 Botticella et al, 2012.

The NCR method is particularly reliant on the&®Hter used for observations. Its transmis-

sion pro le must allow for detection of # over a reasonable velocity range so as to detect
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Table 3.1: R narrow-band Iter properties.
Filter name Telescope Wavelength limits  )/limits

A km/s
"Halpha' INT 6522-6614 i 1865—-2357
"Ha 66572 INT 6618-6697 2400-6100
"H-alpha-100' LT:RATCam 6517-6617 i 2093-2478
"Ha 6566 LT:10 6522-6610 i 1865-2164
"Ha 6634 LT:10 6608—-6662 2080-4520
"Ha_.6705' LT:10 6680-6733 5349-7764
"Ha 6755 LT:10 6729-6783 7595-10047
"Ha 6822 LT:1O 6798-6849 10747-13097
'665/12' MPI-2.2 6598-6713 1616-6857

2 No scanned transmission pro le is available for this ltey the
limits are based on manufactured speci cation.

all host galaxy emission, whilst being narrow enough tovalfor accurate subtraction of
the underlying continuum light. Clearly, if a Iter fails toansmit H® emission from some
regions of the host, this will affect the NCR value of the tiant As such, transients that
are potentially well separated from their hosts in recess®ocity (Viec) provide a prob-
lem of Iter choice, especially when ), cannot be determined for the transient itself. In
the present study, for all cases except PTF 09dav, the li#n & central wavelength best
matching the host-@ wavelength was chosen; for PTF 09dav, the redshift of thesteat
was used to nd the best matched lter as its host is anonymdsisen the widths of the
lters (typically » 2000-3000 km's'), this meant ¥® over a broad range of host velocities
would be detected, giving con dence that the observatiogrsat missing some regions of

H® emission in the host or, importantly, at the location of tfaasient.

Alongside H® NCR analysis, UV NCR values are obtained usB4LEX archive imag-
ing following the same method as detailed abo®ALEX is a space-based UV telescope
with imaging in two Iters, the near- and far-ultraviolet (W/; | o = 2267A, FUV, | &t =
1516A). The large eld of view of (1.2 degrees diameter) makegigal for observing the
large, nearby hosts of these transients. The data redwspri ¢ to these observations and

the results of this analysis are given in Secti@



3.5. Transient samples and observations 49

3.5 Transient samples and observations

Table 3.2: Properties of Ca-rich transients and their hdsixgss.

SN name  Hostgalaxy Hosttype re¥ Discovery Abs. mag I|AU
(kms?1)  (unltered mag) classn.

2000ds NGC 2768 EG6 1373 i 1359 Ib/c
2001co NGC 5559 SBb 5166 i 1569 Ib/c
2003H NGC 2207 SABbc 2741 i 1416 Ib/c
2003dg UGC 6934  Scd (edge-on) 5501 i 1531 Ib/c
2003dr NGC 5714 Scd (edge-on) 2237 i 1506 Ib/c
2005E NGC 1032 SO/a (edge-on) 2694 i 1586 Ib/c
2005cz NGC 4589 E2 1980 i 16:36 Ib
2007ke NGC 1129 E 5194 i 1571 Ib
PTF 09dav Anon Sb 11123 i 147 -
2010et Uncertain - - i 138 -
PTF 11bij IC 3956 E 10406 i 15.9° -
2012hn NGC 2272 SABO 2130 i 16.0° I-p

@ Classi ed by P.A. James based on the imaging presented here
b Mg at discovery taken frorKasliwal et al.(2012
¢ Mg at peak taken fronvalenti et al.(2014)

The samples of transients analysed here are inevitablywsbateclectic and subject to se-
lection biases, and thus cannot be considered in any sereggrésent a statistically complete
sample of objects of either type. This is unavoidable fossds of transient objects that are
both relatively rare (although the global rates are highigartain) and substantially fainter
than the main SN types. Thus, in order to compile the samgl€aeaich and SN 2002cx-
like transients presented here, a variety of sources we hdost of the Ca-rich transients
are listed inPerets et al(2010 andKasliwal et al.(2012), alongside SN 2012hnvélenti

et al, 2014. For a complete recent compilation of the SN 2002cx-likasients, seEoley
etal.(2013.

It should be stressed here that although this is an invegtigaf two classes of transients,
their unknown nature, and the lack of detailed observationsome, means that there is
potential contamination in each sample by transients émdint origin and the potential for
diversity within the each sample. Discussion of progerstamstraints for each sample will
be presented as a whole due the small numbers in each sampkeydr it may be true that

some speci ¢ events differ from these conclusions due to #reoneous classi cation.
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Table 3.3: Properties of SN 2002cx-like transients and thest galaxies.

SN name Host galaxy Host type re¥ Discovery Abs. mag |AU
(kms?1)  (unltered mag) classn.

1991bj IC 344 SBct 5440 i 1546 la
2004gw CGCG 283-003 S&b 5102 i 16:33 la
2005P NGC 5468 SABcd 2842 i 1514 ?
2005cc NGC 5383 SBb pec 2270 i 1518 ?
2005hk  UGC 272 SABd 3895 i 17.05° la-p
2006hn  UGC 6154 SBa 5156 i 1869 la
2007J UGC 1778 Sdm 5034 i 1592 la
2008A NGC 634 Sa (edge-on) 4925 i 1657 lap
2008ha  UGC 12682 Im 1393 i 127° la?
2009J IC 2160 SBc pec 4739 i 1617 la-p
2012z NGC 1309 SAbc 2136 i 1462 la-p

@ Classi ed by P.A. James based on the imaging presented here
b Mg at discovery taken frorRhillips et al.(2007)
¢ Puckett et al(2008

New imaging observations presented here were made usintgdhe Newton Telescope
(INT) and Liverpool Telescope (LT) at La Palma and the MPELESO. For each transient,
exposures were taken in the R band, to characterise thenaonti light, and a narrowband
H® Iter. Details of the H® lters used are given in Tabl8.1, where wavelength and corre-
sponding Vec limits are de ned as the 50 per cent transmission limits ef tter. Exposure
times were 300 seconds for R band and 900 seconds@prHich corresponds to a limit-
ing H® ux of » 3:8£ 10 ® erg 8 * cm ? (seeAnderson et al. 201%or a discussion of
SF limits using this method). Images taken with the LT weduoed using the automated
pipeline; standard bias and overscan subtraction and &ting was performed for other
data. Typical seeing was 1-2 arcsec. Subtraction of the R inaages from the ®images
was performed using a version ®BPIPE an image subtraction pipeline that is detailed in
Section2.2 (note this earlier version used the ISIS codeAtdrd 200Q cf. HOTRANTS,

which is used currently).

Data for the Ca-rich and SN 2002cx-like transients in the gmestudy are given in Ta-
bles3.2and3.3, respectively. These list the International Astronomigdaion (IAU) super-
nova name for all transients except PTF 09dav and PTF 1lhbighware not on the IAU

list; the host galaxy name, classi cation and recessioncigf from the NASA Extragalac-



Table 3.4: Observations of the host galaxies of Ca-rich tesuts

SN name  Hostgalaxy M Telescope Obs. date Seeing Filter name ®rHnge NCR index SF detected
(kms 1) (arcsec) (kmist) in host?
2000ds NGC 2768 1373 INT Jan 2012 1.6 "Halpha'j 1865-2357 0.000 No
2001co NGC 5559 5166 INT Mar 2007 1.6 "Ha 6657°  2400-6100 0.35 Yes
2003H NGC 2207 2741 LT:10 Sep 2012 1.8 18634  2080-4520 0.312 Yes
2003dg UGC 6934 5501 INT Jan 2012 1.3 "Ha 6657  2400-6100 60.62 Yes
2003dr NGC 5714 2237 INT Jan 2012 1.6 "Halpha'j 1865-2357 0.000 Yes
2005E NGC 1032 2694 LT:IO Jan 2013 1.3 8634 2080-4520 0.000 No
2005cz NGC 4589 1980 INT Jan 2012 1.2 "Halpha'j 1865—-2357 0.000 No
2007ke NGC 1129 5194 INT Jan 2012 1.7 "Ha 6657  2400-6100 00.00 No
PTF 09dav Anon 11123 LT:IO Dec 2012 1.6 '18822' 10747-13097 0.000 Yes
2010et Uncertain - LT:IO  Mar 2013 2.9 "HEY05'  4900-7640 0.000 -
PTF 11bij IC 3956 10406 LT:IO Jan 2013 3.0 18822  10747-13097 0.000 No
2012hn NGC 2272 2130 LT:10 Feb 2013 2.4 8866 | 1865-2164 0.000 No
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Table 3.5: Observations of the host galaxies of SN 2002exthansients.

SN name Host galaxy e Telescope  Obs. date Seeing Filter name ®rAnge NCRindex SF detected
(kms 1) (arcsec) (kmis?) in host?
1991bj IC 344 5440 INT Jan 2012 1.9 "Ha 6657 2400-6100 0.163 esyY
2004gw CGCG 283-003 5102 INT Jan 2012 1.7 "Ha 6657 2400-6100 0000. Yes
2005P NGC 5468 2842 INT Feb 2008 14 "Ha 6657 2400-6100 0.055 Yes
2005cc NGC 5383 2270  LT:RATCam Dec 2005 1.8 "H-alpha-1002093-2478 0.621 Yes
2005hk  UGC 272 3895 LT:IO Oct 2012 1.1 "Ha 6634’ 2080-4520 00.0 Yes
2006hn  UGC 6154 5156 INT Jan 2012 1.3 "Ha 6657 2400-6100 90.28 Yes
2007J UGC 1778 5034 INT Jan 2012 11 "Ha 6657 2400-6100 0.904 Yes
2008A NGC 634 4925 INT Jan 2012 0.9 "Ha 6657 2400-6100 0.000 es Y
2008ha  UGC 12682 1393 LT:IO Oct 2012 1.9 g366' | 18652164 0.407 Yes
2009J IC 2160 4739 MPI2.2 Feb 2010 1.9 '665/12' 1616-6857 0@.0 Yes
20127 NGC 1309 2136  LT:RATCam Aug 2009 15 "H-alpha-10Q'2093-2478 0.000 Yes

SuoIeAIaSqo pue sajdwes juaisuel] ‘G’

[AS]



3.5. Transient samples and observations 53

tic Database (NED) the absolute discovery magnitude (taken from the AsiagmeBwva
Catalod, using distance modulus values for the host taken from NEBY;the classi cation

of the supernovae from the 1AU database.

Details of the observations and NCR values are given in Taéh#and 3.5 for the Ca-rich
and SN 2002cx-like transients respectively. Velocity tsrfrom Table3.1 are shown for
the H® Iter used — the bulk of the detected light in the continuunigracted images will
come from emission within these velocity limits (althougk tlters also have non-negligible
transmission for a few hundred krm'soutside these limits). Whether any recent SF (i.@. H

emission) is detected in the host in the observations isredted.

Images of the of the twelve Ca-rich hosts are shown in 8ig. showing the R band and
continuum-subtracted ®lexposures with the location of the transient marked. Ofahsix
(NGC 2768, NGC 1032, NGC 4589, NGC 1129, IC 3956 and NGC 22@@parly-type
galaxies, and hence should have no recent SF. Indeed, no t&&ced by K® is found at
the location of the transients in these early hosts or anyevhkse in the hosts. The only
apparent emission in the subtracted images arises fronetigecentre of these galaxies; due
to the dif culties in obtaining a clean subtraction on sucttremely bright regions, this is
most likely to be artefacts arising from the image subtaacprocess and saturation effects
rather than real ® ux, although neither can be ruled out conclusively. It ig otear which
galaxy hosted the very isolated transient SN 2010et, asisisc below. The remaining ve

hosts all display varying levels of SF.

Fig. 3.5shows the corresponding images for the SN 2002cx-like sangl these hosts are

late type, and all display strong ongoing SF with prominehtregions.
Further discussion of the hosts of the two samples is giv&euntion3.7.1

As a check on the presence and nature of emission lines ab¢hédns of these events,
long-slit optical spectroscopy was obtained (with a slitthiof 1.9 of two of the host
galaxies in the samples (Fig.7). The observations were taken on the INT in January 2013

using the IDS spectrograph with the R632V grating. The sl pasitioned to include both

2http://ned.ipac.caltech.edu/
3http://heasarc.gsfc.nasa.gov/W3Browse/all/asiagosn. html



3.5. Transient samples and observations 54

the galaxy nucleus, as a positional reference, and theidocat the transient. The spectral
range covered included the location of any potenti@eission. NGC 2768 (SN 2000ds)
was observed at an airmass of 1.3 in seeing d1t& corresponding values for NGC 2207
(SN 2003H) were 1.57 and 08
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3.6 Individual properties of the transients and their envi-

ronments

3.6.1 Ca-rich transients

SN 2000ds in NGC 2768.NGC 2768 is classi ed as an E6 galaxy in NED, and in the
Third Reference Cataloglé Vaucouleurs et al1991). This classi cation is discussed by
Hakobyan et al(2008, who ultimately prefer a classi cation of SO. As expectad,H®is
found in the obervations (apart from the region affectedudytsction artefacts at the very
centre) indicating a lack of recent SF at the transient lonabr indeed anywhere within
this host galaxy. The INT+IDS long-slit spectrum crossing hucleus of NGC 2768 and the
location of SN 2000ds is shown in Fi§.7, con rming the lack of any line emission close
to the location of the SN. There is weak, diffuse line emissioH® and [NII] in the central
regions of the galaxy, far from the SN location, that is pldpaelated to the known LINER

nucleus of this galaxy.

SN 2001co in NGC 5559.An inclined spiral galaxy, NGC 5559 displays prominent SF
throughout the disc. SN 2001co is located near the edge afititeand is coincident with

some diffuse SF.

SN 2003H in NGC 2207. NGC 2207 is a close interaction with Sc galaxy IC 2163 at
2765 km $1; SN 2003H lies immediately between the bulges of the twoxjedaon an area
of intermediate-level . For the purposes of the NCR analysis, the pixels used indlude
those from both galaxies since they cannot be cleanly disigmed as separate systems. As
such, SN 2003H's NCR value is relative to the interactingeysas a whole. A long-slit
spectrum crossing the nucleus of NGC 2207 and the locaticBNoR003H is shown in
Fig. 3.7, showing that there is clearly detectable SF at the locaifd®N 2003H, although

it appears to lie in the outer regions of a SF complex. Theacteng system of NGC 2207
and IC 2163 has also hosted SNe 1975A (la), 1999ec (Ib) an@ij2Qi1n).

SN 2003dg in UGC 6934.The host displays strong HIl regions along its highly inetin
disc. SN 2003dg appears to be somewhere in the plane of thebdisdue to line of sight
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2.9 10 3.8

12.2 5.9 4.9

Figure 3.3: R band (top) and continuum-subtracte®l (Hottom) images of Ca-rich tran-
sients. The location of the transient is marked in each casbeocontinuum-subtracted@-
image. The bars in each R band image indicate 30 arcsec alabated with the linear size
at the distance of the host in kpc. For all images North is @3t ks left.
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Figure 3.4: Same as Fig.3, for the rest of the Ca-rich sample.
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Figure 3.5: Same as Fig.3but for the SN 2002cx-like transients.
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Figure 3.6: As for Fig3.3, for the rest of the SN2002cx-like sample.
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Figure 3.7: Spectra showing th&Hegion of the long slit spectra of SN 2000ds in NGC 2768
(left) and SN 2003H in NGC 2207 (right). The arrows indicatsigions corresponding to
H® emission from the location where each transient occurredDApectrum is extracted
for each at the position of the transient and shown below lative ux. SN 2000ds and
SN 2003H are located 33.4 arcsec and 51.4 arcsec away framggpective hosts' nuclei.

effects it cannot be determined where in the disc it lies.sTheans the NCR value may
not be accurate (see Sectidr7.2. From the projected view, SN 2003dg is coincident with

some fairly bright KB emission.

SN 2003dr in NGC 5714. SN 2003dr occurred in another galaxy that is viewed almost
exactly edge-on, but in this case the transient locati@wiell outside the plane of the disc.
Thus it is safer to say it is indeed in a region of no recent 3fe dnly apparent SF in

NGC 5714 is diffuse and concentrated along the plane.

SN 2005E in NGC 1032NGC 1032 is an S0/a galaxy, and n®l$ found along the plane
of the disc lending weight to the argument this is a lenticgidaxy. The host is edge-on and

the transient well separated from the disc plane with @oeMident at its location.

SN 2005cz in NGC 4589NGC 4589 is classi ed as an E2 elliptical galaxy in NED, and in
the Third Reference Catalodd€ Vaucouleurs et al1991). Moellenhoff and Bendef1989

nd unusual central kinematics, and a minor axis dust laneictv they interpret as the re-
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sult of merging activity. However, they conclude from thgukar shape, and a smooth
light pro le that follows the classidR pro le characteristic of elliptical galaxieslé Vau-
couleurs 1948, that "the merging already is in an advanced state'. As WiBC 2768, in
the very bright central region a saturated core is obsew#l associated subtraction resid-
uals, which accounts for the apparer® Emission seen in the continuum-subtracted image.
No other detected SF is seen from the host, as is expectadgRimorphology is accepted.
The transient is located fairly close to the centre of thaxplalthough it is still outside the

region of subtraction residuals.

SN 2007ke in NGC 1129The central excess in the continuum-subtracted frame maiyn ag
be due to saturation effects, although it is less clear ;mi¢hse. However, SN 2007ke is very
distant from the centre of this halo on a location of no detwd¢#®. (Note that the bright
spot nearest SN 2007ke in the subtracted frame is a foredistanresidual and was masked
prior to NCR analysis.) Although NGC 1129 is the proposed,hmearly seen between this
galaxy and the transient is another galaxy, MCG+07-07-008,.a = 4967 km s 1. Due to
the similarity of the velocities of the two galaxies, the saon narrowband lter would have
detected any Bfrom both these galaxies, so there is con dence that thergagens are not
missing potential SF from MCG+07-07-003 (the location of M@E+407-003 was included
in the NCR analysis since it lies between the putative hostlaadransient). MCG+07-07-
003 appears to be an elliptical galaxy, possibly of the cangl type, and so it is immaterial
whether this galaxy or NGC 1129 is adopted as the host forimaisision of the statistics of
host types in SectioB.7.2

PTF 09dav. The most distant transient in the sample, this could provelalem for the NCR
method when trying to compare consistently with the otharcimnearer examples where
the resolving distance at the host will be much smaller. Hawéhe extreme separation of
the transient from the host negates this problem and ®osHletected anywhere near the
transient, though there is clear SF in the disc of the puwatiost galaxy> 40 kpc away.
Kasliwal et al.(2012 present a limiting magnitude &g » j 10for any underlying dwarf

host at the location of the transient.

SN 2010et.SN 2010et PTF 10iuv was discovered by PTF in a very isolated locatiath w

no obvious host galaxy. The images, shown in Big, contain three galaxies which prob-
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ably constitute a small galaxy group, since they have simileession velocities. These are
6997 km $ 1 for the elliptical galaxy toward the right-hand edge of theges, 7132 kmi ¢

for the faint edge-on spiral galaxy, and 7407 kim for the brighter spiral toward the left-
hand edge of the images. The brighter spiral is the only gatathe frame to show evidence
for H® emission, and hence for ongoing SF, but this galaxy is vanote from the location
of SN 2010et. The elliptical galaxy is marginally the mokely host, given its luminosity
and somewhat lower (but still substantial) projected dista However, it would be very
misleading to claim any strong preference for a host galakiis case, and so SN 2010et is
omitted from the analysis of host galaxy types presentext latthis chapter. The NCR in-
dex for the location of SN 2010et is unsurprisingly 0.008, ¢onsistent with an empty "sky'
location. The limiting magnitude for an underlying dwarfayey is estimated ablr » | 12

by Kasliwal et al.(2012).

PTF 11bij in IC 3956. Another relatively distant example, the transient is leda®3 kpc
from IC 3956, an elliptical galaxy that displays no de nité®#¢mission in the continuum-
subtracted image. The recession velocity, unfortunatayttis study, lies in the overlap
region of the transmission curves of twe@®Hters, where both have transmissions of about
half of their peak values. The Iter with the slightly betteansmission at the ) of IC 3956
was chosen, however a strong caveat must be attached todhsiarof this transient as
there is a possibility that the observations miss potehi@lemission. Regardless of this
problem, the remote location around an early type galaxyisModicate an unlikely place for
signi cant SF and hence ®lemission.Kasliwal et al.(2012 present a limiting magnitude

of Mg » j 125 for any underlying dwarf host.

SN 2012hn in NGC 2272.The host galaxy is an early type (SABO in NED, E/SO in Hy-
perLed4) with no detected SF in the imaging shown here, althoughdtikhbe noted that
the recession velocity of the host galaxy would put ar® éiission only just within the
half-peak transmission limit of the Iter used. The trandiéocation lies well away from
the nucleus, and no emission is seen close to its locatioithareghe broad or narrow-band

imaging.

“http://leda.univ-lyona.fr/



3.6. Individual properties of the transients and their emuinents 63

3.6.2 SN 2002cx-like transients

SN 1991bj in IC 344.1C 344 is a spiral galaxy showing clumpy SF in strong HIl regio

SN 1991bj lies on a region of weak&tmission within the disc.

SN 2004gw in CGCG 283-003Weak SF is displayed throughout the disc, apart from the
southerly arm, which displays several bright areas @fétnission. The bulk of the SF is
centrally located. The transient location is close to regiof very diffuse Kb emission, but

is not coincident with any.

SN 2005P in NGC 5468 Clumpy H® structure with some regions of extremely intense SF
are seen in this face-on spiral. SN 2005P is located on the eidg fairly bright HIl region,
although the low NCR value of 0.055 is warranted by the otmenisely bright regions in
the host. NGC 5468 also hosted SN 1999cp (1a), SN 2002cr a5 2002ed (11P).

SN 2005cc in NGC 5383A strongly barred galaxy, NGC 5383 displays strorg ¢imission
in the centre of the bar including an intense star burst rediower-level, diffuse emission
occurs near the ends of the bar and the base of the spiral &%2005cc is located on a

bright region on the southern edge of the bulge.

SN 2005hk in UGC 272.The transient is located towards the outer edge of the hadists
which displays several regions of stron@ldmission. SN 2005hk is located close to some
very faint emission but is coincident with an area devoidmf detected ux and thus has
NCR=0.

SN 2006hn in UGC 6154 Star formation is concentrated around the bar region irsihiisl
with little elsewhere in the disc. The transient is locatedize cusp of a moderately bright

HIl region.

SN 2007J in UGC 1778.Star formation is clumpy, spread evenly across nearly ahef
disc. SN 2007J lies towards the outer edge of the disc cantigith one of the brightest

HIl regions.

SN 2008A in NGC 634.NGC 634 is a highly inclined spiral galaxy that shows reabbna

strong H® emission in the central region with weaker emission cominghfthe disc plane.
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Line-of-sight effects mean the NCR can potentially be eromséy high, but for SN 2008A,
NCR = 0, meaning it is likely to indeed be in a region of no SF. NGC 6&b dosted
SN 2006Q (type given in the IAU list as "11?").

SN 2008ha in UGC 12682.An irregular galaxy, UGC 12682 displays several regions of

strong SF. SN 2008ha is located directly on top of a region @denate K® emission.

SN 2009J in IC 2160. A strongly barred spiral showing some clumpy SF. The tramsie
SN 2009J is near very low level SF but coincident with a regibno detected B emission.

IC 2160 also hosted SN 2009iw (la).

SN 2012Z in NGC 1309.Intense regions of ® emission are observed in the arms of the
face-on spiral galaxy NGC 1309. The transient is locatedddin the disc of the host, on a

region devoid of Kb emission.

3.7 Strength of association of transients with ongoing SF

3.7.1 Host galaxy classi cations

The rst indications of the association of these transiewitsi ongoing SF come from the
Hubble types of the host galaxies. For the Ca-rich transiémtsamost important observation
is that six of the eleven which have host types arise fronyagpe galaxies (four ellipticals
and two lenticulars) which, as expected, are shown by thergagons to have no detectable
SF as revealed by®emission. The other ve Ca-rich transient hosts are all n@ihyrspiral
galaxies; these are bright, star-forming galaxies witlesym the range Sb—Scd, which are
the types that dominate the overall SF rate in the local Usev@ames et 8l2008. One of
these ve is PTF 09dav, which lies at a projected distanceddd &pc from a bright, disturbed
star-forming galaxy that was identi ed as the probable HpsGullivan et al.(2011), and
which has been classi ed as being of type Sb from the imagmggnted here. However,
the identi cation of this galaxy as the host is far from camtagiven the very substantial

projected offset.
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The host galaxies of the eleven SN 2002cx-like transiergsadirclearly of star-forming
types, ten being spiral galaxies and one a Magellanic-typgular. Two are classi ed as
Sa, one as Sab, one as Sh, one as Shc, one as Sc, two as Scdsoperesas Sdm and one

as Im.

These distributions of host galaxy types can be compardutigtexpectations for the typical
host environments of low- and high-mass stars, picked aa@anfrom across the ensemble
of all galaxy types, with the important caveat that both sétgransients are likely to be
subject to substantial selection biases. For low-mass,saaeasonable comparison is with
the distribution of total stellar mass across the poputatibgalaxies in the local Universe,
which has been estimated Dyiver et al.(20073ab). Driver et al.(20073 gives the following
fractions of stellar mass in different galaxy componentscsl 58 6 per cent; elliptical
galaxies 18 4 per cent; bulges B4 per cent; 3 per cent other. While the signi cance is
far from compelling, this indicates that the Ca-rich trantseare if anything more strongly
weighted towards elliptical galaxies than would be expectehey accurately traced the
low-mass stellar population. The expectation might be fog t lie in an elliptical host,
whereas four are actually found. For the SN 2002cx-likesiemts, the reverse is true; none
of the hosts is an elliptical galaxy. From an inspection of Bi5, all occurred within the star-
forming disc components of their host galaxies, with theadable exception of SN 2008A,

which would be a surprising nding if they follow the distuition of old stellar mass.

To determine the expectations for high-mass stars pickeghdom from local galaxies, es-
timates of the contributions made by galaxies of differgpes to the SF density of the local
Universe are used, presentedJemes et al(2008. This comparison is made in Fi§.8,
where the lled circles in both frames represent the contiidns made to the local SF rate
density by galaxies of the different types. Thus, Sc gakXietype=5) make the largest
single contribution, and host about 25 per cent of the cti$&nin the local Universe. The
differences between the distribution of Ca-rich host typas those contributing to the SF
rate density are striking. The lower frame of F&)8, where all the quantities are plotted
as cumulative, normalized distributions, con rms thisalepancy for the Ca-rich transients
(solid line), which show a large excess of early-type hadtswever, this cumulative distri-

bution comparison shows that the SN 2002cx-like transiglatshed line) much more closely
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match the expectations for a population that traces SF amckh@gh-mass progenitors.

The numbers of transients involved in this study are smadl,the sample is potentially sub-
ject to signi cant selection effects. Noting these impaottaaveats, it is still interesting to
test the statistical signi cance of the difference betwé#endistributions shown in Fig.8.

A one-sample Kolmogorov—Smirnov (KS) test gives a critidalalue of 0.468 for a sample
of eleven objects and a probabili®/of 0.01; the observed maximuibh between the Ca-rich
hosts and the SF density distribution summed over typesdsidahan the critical value, at
0.523. Thus the Ca-rich hosts are signi cantly differentnfirthe expectations for a popu-
lation that traces cosmic SF. A two-sample KS test shows@Ghatich and SN 2002cx-like
host galaxies differ signi cantly, with a maximuim value of 0.55 and a probability of only

0.047 that the two sets of host galaxies could be drawn frenséime parent distribution.

It is useful, in the interests of increasing sample size,otiklat the host types of other
SN 2002cx-like events, even those for which no suitab®iidaging exists. Some events
prohibit a con dent host classi cation to be made due to tietahce to and/or a lack of high
resolution imaging of the host. Additional transients ud#d are SN 2002bp (UGC 6332,
SBa), SN 2003gqg (NGC 7407, Shc), SN 2004cs (UGC 11001, Sdngp88ge (NGC 1527,
SABO0), SN 2010ae (ESO 162-17, Sb), SN 2010el (NGC 1566, SABEDNP011ay (NGC 2315,
S0/a) and SN 2011ce (NGC 6708 Sb); setey et al.(2013 for a discussion of each event.
As can be seen in Fig.8, this enlarged sample of 19 transients broadly follows tbst h
distribution of the KB-imaged SN 2002cx-like sample, as expected, although amsignt
has an early-type host classi cation — SN 2008ge in NGC 15¥s may argue against a
young age for the progenitor; indedebley et al.(2010) nd an absence of evidence for
recent SF at the transient's location and conclude that tbgemitor is likely to be a WD,
however see Sectidh8 SN 2008ge is further discussed in Secti

3.7.2 Transient locations and ongoing SF

To further quantify the apparent association of the twodiem populations with current
sites of SF, the NCR statistic is used, applied to a pixelHagt@nalysis of the continuum-

subtracted ¥ images, which was introduced in Secti®d.
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Figure 3.8: The SF density of the local Universe as a funabiogalaxy T-type (solid cir-
cles), compared with the distribution of types of the hosaxjas of Ca-rich (solid lines) and
SN 2002cx-like (dotted lines) transients. Also shown aeeltbst types of the full sample
SN 2002cx-like events for which a good host classi cation ba made (see text; dot-dashed
lines). Both frames show the same data, but quantities ploitéhe lower frame are cumu-
lative values along the sequence from early- to late-tyexgs.
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For the ve Ca-rich transients in galaxies with detectable t86 mean NCR value is 0.259
(standard error on mean 0.119), range 0.000-0.626. Ingjuttie seven for which the®
imaging reveals no SF anywhere in the galaxy (including SN020 which has no obvious
host), and which all thus have NCR values of 0.000, this vadlls fo 0.108 (0.060).

The Ca-rich transient with the strongest apparent assogiafith an HIl region is SN 2003dg.
This occurred in the disc plane of UGC 6934, an edge-on Scdlggmlaxy. This galaxy
orientation makes the interpretation of the NCR index higltybiguous, with a greatly
increased probability of line-of-sight projection effeeesulting in spurious apparent cor-
relations, and large, poorly-constrained extinction&fe Thus, edge-on galaxies were ex-
cluded from the NCR analysis in previous papdanies and Andersp2006 Anderson and
James2008 Anderson et a).2012, with a limiting criterion of a major- to minor-axis ratio
of 4.0. For UGC 6934, this ratio is 7.7, so it would have beerlieed from earlier studies.
Removing SN 2003dg from the sample, the mean NCR value fallO&1(0.041).

Two more of the Ca-rich transients, SN 2003dr and SN 2005kyroed in disc galaxies that
are very close to being exactly edge-on. In these cases;ahsie¢nt occurred far from the
disc plane, so the line-of-sight projection argument daztsapply. However, for the sake
of consistency the average NCR value is recalculated wittihedke edge-on hosts removed,

giving an average for the remaining nine of 0.074 (0.049).

For the eleven SN 2002cx-like transients, the mean NCR valQeR?2 (0.092), range 0.000
-0.904. Removing SN 2008A, which occurred in the edge-on 8g&GC 634, this mean
is 0.244 (0.099).

Figure3.9shows the distributions of NCR values for the two samplesgmesl here, and of
other SN classes. The values for la, IIP, Ib and Ic types &emntiomAnderson et al(2012).

The study ofAnderson et al(2012 was of only star-forming galaxies however, whereas this
sample has six early type hosts in the Ca-rich transient thagslisplay no detected SF. In
order to compensate for this fact, the rate of SNe la goingnoffarly type galaxies from
LOSS (i et al,, 2011, » 27 per cent, is used. With no SF, any location in the host will
have NCR= 0, so by adding 27 per cent to the SNe la sample as H@Revents, this will
give an expected SNe la distribution across all galaxy typése number of CCSNe that
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Figure 3.9: Cumulative distribution of the Ca-rich and SN 200kke samples as compared
to other SN types. Data for other SNe are basederson et al(2012), with a correction
factor applied to the SN la sample to account for the factdhft star-forming galaxies were
included in that study (see text).

have been observed in non-star-forming early type hostssand as a result no correction

was applied to the SN II, Ib or Ic distributions.

The KS test was applied to the distributions of NCR values shioviFig. 3.9. These con rm
the extreme nature of the environments of the Ca-rich tratsieven with a small sample
(12 objects), the test conclusively shows that the valuesiar consistent with a distribution
that perfectly traces the SF activity in the host galaxibs {ilack diagonal line in Fig3.9),
with a probability of these distributions being consisteint 0:1 per cent. More importantly,
the Ca-rich transient NCR values are inconsistent with thigibligions for SNe of Type I
(including all subtypes and unclassi ed Type II; sAaderson et a).2012 and Ib, with

probabilities less than 2.5 per cent of being drawn from tis&itutions of either type; the
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Table 3.6: Mean KW NCR values for the locations of different SN types.

SN Type No. Mean Std. err.
Ca-rich 9 0.073 0.049
Ca-rich 12 0.108 0.060
la 98 0.114 0.019

SN 2002cx-like 11 0.222 0.092
SN 2002cx-like 10 0.244 0.099

P 58 0.264 0.039
Ib 39 0.318 0.045
Ic 52 0.469 0.040

a All edge-on hosts excluded

b Corrected for an assumed early-type
fraction of 27 per cent; mean in star-
forming hosts is 0.157

¢ Edge-on host excluded

consistency with the SNe IIP sample shown in Bdis » 5 per cent. Notwithstanding the

small sample size, a clear distinction exists between CQuatramsients and SNe 1l/1b.

The Ca-rich transient distribution is completely consisteith that of SNe la, and by eye the
two distributions overlay very closely, given the consitaiof small number statistics. For
the SN 2002cx-like transients, the situation is less clEamally the NCR values of these
eleven transients could have been drawn from any of the diseibutions shown in Fig3.9.
However, the distribution most closely approximates tti&Me I1P, and indeed, again con-
sidering the small number statistics, reproduces it wdtle distribution of SN 2002cx-like
transients shows a stronger association to SF than that®l1&Nvith the mean NCR being

larger even in the case of considering only star-forming$oESNe la (see Tabl&.6).

3.8 GALEX NCR analysis

Investigations thus far have concentrated on the use®inthging to build NCR distribu-
tions as there exist comparative samples of these digtritsifor ‘normal’ SN types. How-
ever, the duration of appreciablegHemission post SF, although ideal to probe the lifetimes
of very massive stars, is not conducive to investigatingahger time-scales these transients

appear to exhibit. For this reason the excellent coveragfeeafiltraviolet (UV) sky afforded
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by the GALEX observatory is exploited. The FUV and NUV bands act as teacE6F on
longer time-scales, up t©100 Myr for the NUV, with FUV being a slightly longer time-
scale than kb (Stewart et al.200Q Gogarten et al.2009. The same method as described
in Section3.4 is employed but here using t@ALEX UV imaging instead of continuum-
subtracted ¥ imaging. TheGALEX archiveé was queried on the locations of all Ca-rich
in Table3.2 and all SN2002cx-like events listed Foley et al.(2013. 21 (20) out of 25
SN2002cx-like events have suitable NUV (FUV) imaging, w8tlof the Ca rich appearing
in the archive. For each host the "Sky background image' wagacted from the “Inten-
sity map' to obtain a zero-mean background. The normal NChhaakivas then applied to
this subtracted imageThe results of the NCR analysis are given in Taldésand3.8, the

cumulative distributions of NCR values are shown in Bd.0

Fig. 3.10 shows that SN2002cx-like transients appear to almost gigyfeace the NUV
emission with only 10 per cent having NCR = 0. The FUV distridmat however, deviates
signi cantly from tracing the underlying emission with 4@ipcent occurring on regions
of no FUV emission. This is not unexpected as the FUV probeisndas time-scale to
H®, but is a good sanity check for ruling out very short-livedgenitors. This allows
constraints on the progenitor ages<ofl00 Myr, i.e. shorter-lived than the time-scales of
NUV emission, with a probable age of a few tens of Myr, giveattthey outlive FUV
emission and appear quantitatively similar to SNe IIP imof H® associatioh One
interesting note is regarding SN 2008ge where, notwitltsteythe SABO classi cation for
its host, GALEXimaging reveals extended emission in both NUV and FUV. The N@lRes
are 0.917 and 0.000 for NUV and FUV, respectively. This waualdicate there has been
fairly recent SF in the host, and speci cally SF at the looatof SN 2008ge, potentially

meaning this was a young system (€tley et al, 20108.

For the Ca-rich transients, the association to FUV is not bdybat which might be reason-

ably expected from random coincidence g0 per cent have NCR = 0), as expected from the

Shitp://galex.stsci.edu/GR6/?page=mastform

5The pixel scale ofSALEXis 1.5 arcsec, and the WCS solutions will be more robust thaargt based
imaging, we therefore do not apply a binning factor to thegesaprior to NCR analysis, as was done in the
case of ®®imaging.

"The similarity between SN2002cx-like transients and SNeislalso strikingly evident when comparing
Fig. 3.10with gure 4 of Anderson et al(2012.
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Table 3.7:GALEXNCR values for Ca-rich transients.
SNname NUV NCR FUV NCR

2000ds 0.583 0.000
2001co 0.332 0.233
2003H 0.342 0.000
2003dg 0.782 0.431
2003dr 0.000 0.353
2005E 0.000 —

2005¢cz 0.674 0.000
2007ke 0.000 0.000
PTFO9dav  0.000 0.000
2012hn 0.000 0.000

H® distribution in Fig.3.9. We also see that even the longer time-scale of the NUV emis-
sion also does not encompass the progenitor lifetimes séttransients, witk 40 per cent
outliving the NUV emission. This gives con dence that th&serich transients have indeed

very old progenitors.

One potential issue witiGALEX data is the relatively coarse spatial resolution &5
arcseconds. This may result in an observed coincidenceeofrémsients location with
NUV/FUV that is, in reality, spatially distinct and couldreneously shift a distribution to-
wards a closer association to the emission. Even with tfesiethe Ca-rich display little if
any association and this reinforces a long-lived progemi&bure for these transients. Some
con dence that this effect is not completely distorting thistribution of the SN2002cx-like
transients comes from the comparison of the® distribution (Fig.3.9) with their FUV dis-
tribution (Fig.3.10 — since these tracers probe similar time-scales of SF kpsaed they

would display similar distributions for each, as is seen. 6

3.9 Discussion

Though the total rate of Ca-rich and SN 2002cx-like transienight be signi cant com-
pared to SNe la, the actual number of observed events issidll, mostly due to their low
luminosity, which limits their detection at large distaacé-or this reason the sample sizes

in this study are limited. Nevertheless, a clear picturerge®from these results, pointing



3.9. Discussion 73

Table 3.8:GALEXNCR values for SN2002cx-like transients.
SN name NUV NCR FUV NCR

1999ax 0.481 0.000
2002cx 0.392 0.872
200399 0.453 0.000
2004cs 0.974 0.170
2004gw 0.000 0.000
2005P 0.304 0.248
2005cc 0.796 0.000
2005hk 0.125 0.154
2006hn 0.498 0.491
2007J 0.091 —
2007ie 0.781 0.618
2007qd 0.148 0.168
2008A 0.000 0.000
2008ae 0.376 0.000
2008ge 0.919 0.000
2008ha 0.373 0.037
2009ku 0.818 1.000
2010ae 0.849 0.814
2010el 0.500 0.452
2011ay 0.560 0.000
20127 0.132 0.214

to signi cant differences between the host environmenthege two transient types, which,
in turn, implies different types of progenitor systems. Thesar distinction between the two
classes is strengthened by the possible contamination fn@tiassi ed transients in each
sample. Such contamination would serve to dilute any daistsehaviour between the two

samples.

The rstindications for such difference come from the hoslaxy populations analysis. All
SN 2002cx-like transients have host galaxies that dispiapng, recent SF activity. The
progenitor systems are therefore likely associated witbuag stellar population, quite sim-
ilar to that of CCSNe. Conversely, six of the eleven Ca-rich h@@issegarding SN 2010et,
where the host is not certain) are early-type galaxies watetected SF, and therefore point

to an old stellar population lacking any young, massivesstar

The host galaxy distributions provide strong support tostinggestion oPerets et al2010

of an old progenitor system for Ca-rich transients. Thegioal analysis of a smaller sample
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Figure 3.10: Cumulative distributions of NCR values for Cdrramd SN2002cx-like tran-
sients fromGALEX NUV and FUV imaging. The black line indicates a distributitivat
perfectly traces the SF.

of events, showed the host galaxy distribution of varioust@ds compared with the Ca-
rich events. The distribution of Ca-rich transient hostpldigs similarities with that of
regular SNe la, a trend strengthened by the addition of ameWents identi ed since then

and presented here.

Furthermore, the NCR analysis allows the locations of thesiemtswithin their respective
hosts to be investigated. More than simply saying the SN @0dRe transients are found in
hosts that display ongoing SF, a quantitatively good magtivéen SN 2002cx-like events
and SNe IIP with respect to association with very recent SB) (id their host galaxy is
found. Such a match would indicate a similar progenitor ageSN 2002cx-like transients
and SNe IIP (i.e. a typical delay time 80j 50Myrs). This suggestion is reinforced by the

association of SN2002cx-like transients to NUV emissior through their almost perfect
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tracing of NUV emission it can be concluded that their lifetis are< 100 Myr. From the
NCR analysis it is con rmed that Ca-rich transients do not a@ppe follow very recent SF
in their hosts and closely resemble the distribution of nmalr SNe la, whose progenitors
are expected to have signi cant life times Gyrs). The longer time-scale of NUV emission
is not traced by these transients either, lending suppdhie@rgument of very long lived

progenitors.

The samples are, as mentioned previously, inherently &claod suffer many biases rela-
tive a volume-limited sample. Their fainter magnitudes paned to SNe in general would
suggest that they will be dif cult to detect on bright galarggions. Note, however, that
SN 2003dg (Ca-rich) and SN 2005cc (SN 2002cx-like), bothdgipof the mean bright-
ness of their sample, were discovered on the brightestalemrggions of their respective
hosts. The preference for discovery in fainter host locatiovould strengthen the argu-
ment for SN 2002cx-like events' association with SF, givers iplausible to miss some of
these events if they are coincident with the brightest Hiloas. The discovery magnitudes
guoted in Table8.2and3.3show there is no statistically signi cant difference beemehe
distributions of brightnesses in the two samples, sugggstny bias from magnitude-limited
searches will affect each sample similarly (although tfeimtness will possibly affect the

comparison to ‘normal’ SN types).

For the Ca-rich transients at large host offsets, nothingetyithg is detected in these data
at their locations. It should be noted the limits of theseadaill not rule out the majority

of underlying potential systems, such as low surface bmiggdg dwarf galaxies or globular
clusters. Literature limits provide more useful restoos on underlying dwarf galaxies and
nd nothing to Mg » j 12for a small subset of the sample. When looking at very deep
imaging, Lyman et al. (in prep) nd nothing at the locationsSNe 2005E and 2012hn,
with limits deep enough to probe down the globular clusterihosity function, ruling out a
globular cluster origin at high con dence. Limits on survig massive binary companions
(or other massive stars at the locations) are also placed,nething detected to stringent

limits.

This analysis provides new clues regarding the origin o$¢hgeculiar transient events, and

can help constrain the suggested theoretical models. Ifollosving a discussion of these
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constraints, in view of the suggested theoretical modelthiese transients, is provided.

Ca-rich transients:Several models were suggested for the origin of the Ca-riehtsv The
model of He-shell detonation on a CO WD, following He accretimm a He-WD, was
suggested byerets et al(2010, with support from the theoretical analysis Bjren and
Bildsten(2009 andWaldman et al(2011). Such a model points to a double degenerate ori-
gin for these types of transient. In particul@aldman et al(2011) suggested a low mass CO
WD progenitor, which requires a long lived stellar origindgossibly a low metallicity en-
vironment. An alternative model of a CC origin as suggesteldyabata et al(2010 (see
also discussion biasliwal et al. 2012 would require a young, star-forming environment.
This H®-based analysis of the hosts of the Ca-rich transients ma&astbat the majority
of these are occurring a very long way from any detectable'Bis. also strengthens the ar-
guments oPerets et al(2010 andKasliwal et al.(2012 that even extremely high-velocity,
high-mass runaway stars are implausible candidates asmtogs of the Ca-rich transients.
It can be concluded therefore that this analysis consligtgoints towards old progenitor
systems, and a likely thermonuclear origin, for the Ca-niahgients (see additional support

through the analysis ofuan et al. 20138

SN 2002cx-like transientSeveral models were also suggested for the origin of SN 2002c¢
like events. Li et al. (2003 and Branch et al.(2009 suggested they originate from the
de agration of a Chandrasekhar mass C/O WD. This model encmidikculties explain-
ing the diversity of such events and in particular the exelgrnow-mass and sub-luminous
SN 2008ha event. A more recent and detailed modeldrgan et al(2012 see alsaCalder

et al, 2004 Livne et al, 2005 Kromer et al, 2013 discusses a failed detonation model,
in which a de agration scenario fails to explode the WD, andiydurns and ejects a frac-
tion of the WD, leaving behind an intact (but now lower mass poliuted) WD remnant.
This scenario can similarly explain the low velocities alved for SN 2002cx-like events
due to de agration, but in addition provides a robust exptaon for the diversity of the
SN 2002cx-like events and the possible production of exa¢tgriow-mass and low lumi-
nosity events. Both of these models begin with a Chandrasekhas WD, similar to the
single-degenerate model suggested for SNe la. WDs inifiafiyed at high masses (which

in turn form from higher mass stellar progenitors with sholifetimes) and require less ad-
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ditional accretion in order to achieve the Chandrasekhasnidss would generally point to
their association with younger environments, where morssia stars and binaries evolve
and transfer mass. However, the evolution towards the Chaalklhar mass is still expected
to be generally longer, and sometimes much longer, tharythedl lifetimes of CCSN stel-
lar progenitors ¥ 8 M- stars). Although some SN 2002cx-like transients have beend
in supposedly old environment&dley et al, 2013, these ndings suggest a very young
environment for the progenitors of these transients, coaipa with that of SNe IIP. The
environmental constraints found here therefore do notuebe;lbut are less favourable for a

Chandrasekhar mass C/O WD explosion.

Ferrandez and Metzgg2013 suggest neutron star-WD mergers as a possible origin for
SN 2002cx-like events. Some of the properties of SN 200R&xttansients are qualitatively
reproduced by the model, but more detailed studies are de&ties model would suggest a
mixed distribution of old and young environments, due todis¢ribution of the gravitational
wave inspiral time leading to the merger, in contrast with gtrong bias to very young
environment found here. In addition, the total rate of neutstar-WD mergers is about

3 per cent of that of SNe la — even if all such mergers resuitehiSN 2002cx-like event,
the expected rates would be an order of magnitude lower tih@setobserved=pley et al,
2013.

Valenti et al.(2009 suggested that SN 2002cx-like transients arise from antnof CC-
SNe with low ejecta velocity, although currently no detditeeoretical modelling of such
events has been done. The ndings of similar environmentd&ih these transients and
those of CCSNe, are therefore consistent with the CC origin oR802cx-like transients.
In particular, the detailed NCR statistics indicate that S02Ztx-like events share similar
environments to those of SNe IIP, i.e. while they are evigeagsociated with SF, a substan-
tial fraction appear to outlive their natal HII regions, uésg in lower values of the NCR
index than would be expected for the highest mass progenitarthe context of this sce-
nario, this analysis would therefore point to the lower-;p&s-9 M- (with typical lifetimes
of 30-50 Myrs) progenitors discussed Wglenti et al.(2009, rather than the alternative
high-mass Wolf-Rayet stars also discussed by them. Thesioclwf SN 2008ge as a young
progenitor is still debatable @oley et al.(20108 conclude a lack of any recent SF at the
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transient's location, however, our NUV NCR analysis wouldigate the host, and the loca-

tion of SN 2008ge has undergone moderately recent SF.

Two of the SN 2002cx-like transients show spectral evidéockelium. Taken together with
the young environment found for these evefisley et al.(2013 suggest this as possible
evidence for their origin from a helium star accretion on WB. However, a helium layer
may also form following hydrogen accretion and burning iméium on a WD Cassisi et aJ.
1998 and references therein). It is therefore concluded thlabagh the existence of helium
in even a small fraction of these events is a potentially irtgod clue for their origin, its

interpretation is still inconclusive.

3.10 Summary

The investigations presented here of the environments asttypes of Ca-rich transients
show a lack of association with recent SF (similar to that dé3a), and thus point to old
progenitor systems, consistent with helium-shell deionabn low mass C/O WDs, and
inconsistent with a CCSN origin. Conversely, SN 2002cx-lilknsients are well matched
by young progenitors<{ 100 Myr lifetime and likely to be 30-50 Myr) through a close
association to NUV emission and an association to very teSénthat is similar to that
displayed by SNe IIP. Such young progenitors are less falero failed detonations of
Chandrasekhar mass C/O WDs, and more consistent with eitheothecollapse of a 7-
9 M- star, or a WD explosion following the accretion of helium sta&hile the failed
detonation model for these events appears to be consisignth& observable parameters
of SN 2002cx-like events themselves, the latter two modalseatly lack an actual detailed
study. Therefore, they can not yet be adequately comparédobiservations, beyond the

generally consistent aspects of their expected envirotsrenstudied here.



Chapter 4

Creating and modelling the bolometric
light curve of SN 2012bz

Abstract

The bolometric light curve of a SN is a powerful tool to inugate the nature of the explosion
since it contains the entire kinetic energy output of the &qulo non-electromagnetic
sources, e.g. neutrinos, which can account for 99 per ceéheanergy). As such bolometric

light curves often form a tight constraint for any modellioigSNe.

In this chapter the gamma-ray-burst-SNe (GRB-SNe) phenometilbbe introduced and
speci cally the recent case of GRB120422A/SN 2012bz. The foelwic light curve of
SN 2012bz is created through the integration of spectrabgraistributions based on broad-
band photometry with a correction for the missing nearargd regime based on another
GRB-SN, SN 2010bh. An analytical model for bolometric lightv@s of stripped-envelope
SNe is briey introduced and used to model SN 2012bz. Despéig an unremark-
able GRB in cosmological terms, SN 2012bz was very luminouSKystandards (exclud-
ing SLSNe), brighter than SN 1998bw and an inferMg; amongst the largest for SNe
(» 0:6M-). A comparison of the results of this modelling is made agfatimose found with

more involved spectral analysis performed by others, wathegally good agreement found.
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4.1 GRB-SNe and the case of GRB120422A/SN 2012bz

The link between long GRBs (LGRBS; i.e. those bursts with gammamnaission> 2 sec-
onds) and CCSNe is well established both theoretically andrgagonally. Proposed under
the “collapsar' model ofVoosley(1993, the collapse of a massive star can create a stellar
mass black hole with an accretion disc. The accretion orgdtack hole (the central en-
gine) powers a relativistic jet which penetrates the owtgeits of the star, producing narrow,
beamed emission of gamma rays, most likely due to collidimgjls of differing Lorentz
factor within the relativistic jet (the exact emission mantsm for the gamma rays is an area
of ongoing study, for a recent review skkesaros 2013. The duration of this emission

is intrinsically linked to the time-scale of the central areggand this is thought to depend
somewhat on the size of the collapsing star, where a larged siollapsing body will fuel

the central engine for a longer duration.

Observational support arrived in the error box of the very tedshift GRB980425, where
an emerging SN was seen to be brightening temporally cantidith this burst Galama
et al, 1998. The SN, SN 1998bw, was very luminous and classi ed as a SRUcdue
to the very high photospheric velocity it exhibited (resdtin broad-line features in its
spectra). The observational association has been cemeavitedHjorth and Bloom(2012
counting 11 objects with good light curve, and at least sgomeetsoscopic, evidence for a SN
in the light curve of a GRB afterglow (not including the vergeat examples SN 2012bz,
Melandri et al. 2012Schulze et al. 20345N 2013cgXu et al. 2013and SN 2013dx Cenko
et al., in prep). In each case that a classi cation is possithile identi ed SN has been of
type Ic-BL. Previous studies comparing GRBs that have an obde®N to "‘cosmological’
GRBs (i.e. those at high redshift, or where no SN was detectgmbaaed to show to a bias
towards lower luminosity for GRBs that show a SBuetta and Della Valle2007), with the
notable exception of GRB030329/SN 2003&tanek et a).2003.

However, Xu et al. (2013 present GRB 130427A/SN 2013cq — with the GRB bring ex-
tremely luminous even for cosmological GRBs, despite its mateeredshift oz = 0:3399
Coupled with GRB030329, this would suggest there is in fact ansomprogenitor system

for GRB-SN to those GRB at high redshift, and high explosiongnevents are capable of
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producing a SN. Further to this, GRB 030329 and 130427A weng leag duration bursts

(in terms of the time-scale of gamma-ray emission). Thisp@scontradiction between the
putative compact Wolf-Rayet progenitors (given they digpthSNe Ic) and consequently
short fall back time, and the ling time-scale of the centraiee, suggesting progenitor size

and central engine duration may not be so simply link&lthfig et al.2013.

GRB120422A was nearby in GRB termszat 0:283 Monitoring of the event revealed
the accompanying SN, SN 2012bz which peaked around a fottaiter the GRB. True to
previous GRB-SNe, it was classi ed as a SN Ic-BL. Interestirnthly GRB is intermediate
between the typically lower luminosities of GRB-SNe and higtishift cosmological GRBs
and is likely a transition event in this parameter spatjerth, 2013 Schulze et a).2014).

4.2 The bolometric light curve of SN 2012bz

Construction of bolometric light curves can be observallgnaxpensive even for very
nearby objects. In principle all wavelengths should be plesk but this is infeasible and as
such bolometric light curves often rely on theoreticallytiveted prescriptions for very long
and very short wavelengths, with observations concemtriatehe near ultraviolet (NUV)
to near infrared (NIR) regime. Presented here is an exampistrextion of a pseudo-

bolometric light curve that covers the NUV to NIR.

GRB120422A was subject to intensive observational follow Ujne accompanying SN,

SN 2012bz also contained well sampled coverage ingttie bands. The light curves in

each lter were tted with spline interpolations starting 2 days past the GRB trigger (to
avoid including points dominated by the GRB afterglow in ths), such that an estimated
magnitude for all four bands was available at each epoch sémhtion. The tted splines

are shown in Fig4.1 Magnitudes were converted into monochromatic uxes agtfective

(rest-frame) wavelengths of the lters using:

C . mpg+48 :6

F. = £10 "z ergslcm ? (4.1)
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Figure 4.1: Light curves of SN 2012bz taken fr@chulze et al(2014), data have been
corrected for Galactic extinctiore(B ;| V) = 0:04mag). Very early data where the GRB
afterglow dominates have been removéd 2 day). The cubic splines used to interpolate
the light curves are shown (solid lines).

wherec s the speed of lighthg is the AB magnitude, andes; is the effective wavelength

of the Iter. This was done for each lter at every epoch to guze an SED.

Each SED was then interpolated linearly in ux and integdateer the limits of the lter
wavelength range, assuming zero ux at the rest-frame btigeeofg and red edge of
(» 3000 and 800@ respectively). Some example SEDs are shown in 4ig. The differen-
tial peaking of the light curves (i.e. peaking later in reddands; Fig4.1) is evident in the
form of these SEDs. The integrated uxes were converted tairosities using a distance
modulus oft =40:79.2

1Since the SED is being evaluated for every observationbyeggochs (withinc 0:2 days of each other)
were rst calculated individually and then averaged wheodurcing the nal bolometric light curve for clarity.

2Based orz = 0:283and az CDM cosmology ofHg = 71 kms * Mpci 1, - , = 0:27, and- . = 0:73
(Larson et al.2011).
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Figure 4.2: Sample SEDs of SN 2012bz constructed fgsin photometry (the sequence
yellow to red represents increasing time past the GRB trjggdére SEDs are arti cially tied
to zero ux at the blue edge of thgband and red edge of tlzeband.

Contributions to the ux (and hence luminosity) outside thegime, however, are not in-
signi cant. This is particularly true in the NIR, wherein tifiaction of the total luminosity
emitted increases with time, reaching a comparable catimib to the optical within 30 days
(e.g.Valenti et al, 2008. By using the fractional NIR ux of a similar transient, antiesate
of the missing ux can be applied to SN 2012bz. A photomettiady by Olivares et al.
(2012 of the low redshift £ = 0:059 XRF100316D/SN 2010bh contains well sampled
light curves inzJH bands, extending upon the rest-frame wavelength limitg ddntribu-
tion of wavelengthss 8000A to the ux was determined by rst integrating SN 2010bh's
dereddened SED over wavelength8000A and then wavelengths 8000A. Thus, for each
epoch of SN 2010bh observation, the NIR contribution as etifva of the» “optical' ux

(» 4000—800() is obtained. This fractional ux s then applied to SN 2@i2after similarly

obtaining integrated uxes for the optical regime. The pFssf these fractional contribu-
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Figure 4.3: NIR contributions to SN 2010bh as a fraction @& tbptical' ux (» 4000—
8000A). The tted polynomial is shown. Epochs are normalised atreétched to match
those of SN 2012bz (see text).

tions were normalised 950 was the optical peak of the respective SNe, and stretched b
factor ¢ mis,opica (a laPhillips, 1993 to match the light curve shape of the two SNe (0.78
for SN 2012bz, 1.00 for SN 2010bh). The peak &Mt 1s.qpicar Values were found by tting
polynomials to the data around peak. The fractional NIR eslof SN 2010bh were tted
with a polynomial (Fig4.3) in order to sample it at the epochs of SN 2012bz observations
and the appropriate amount was added to the optical ux of 82Bz. The result is a
NIR-corrected light curve covering 3000-1708Gor SN 2012bz. No attempt was made to
account for ux missed below 3008, due to the paucity of data constraining the UV in such

objects.

The resulting pseudo-bolometric light curves are showngn44 along with modelling ts
(see Sectiod.3).
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4.3 Analytical modelling of SN 2012bz

The bolometric light curve of a stripped-envelope SNe (SE)S®n be modelled using the
simpli ed analytical prescription oArnett(1982, updated byalenti et al.(2008), to obtain
physical parameters of the explosion, the mas®hi, the mass ejected and the kinetic
explosion energyNl ni, M¢j andEk respectively). The model is brie y introduced here with
results of the modelling of SN 2012bz. The model is furthaaiked in Chapte, along
with a discussion of the relevant equations and assumptwinesre it is applied to a large

sample of SE SNe.

Although the model formally describes a bolometric lightvaiof a SE SN, the pseudo-
bolometric light curve (plus NIR correction) created in @t 4.2 is used as an approxi-
mation since observations of wavelengths outside theselemgths do not exist. The data
cover the photospheric phase of SN evolution, when theaegretconsidered optically thick.
The opacity is chosen to be= 0:07cn? g * (seeCano et al.2011). To constrain the de-
generacy in th&k /M ratio, ascale velocitys required (see equation 54 Arnett, 1982,

and this is taken to be the photospheric velocity, ) at peak. Fell lines are a good tracer
of vpn (Valenti et al, 2011), and the peak of the pseudo-bolometric light curve occtirs a
» 13.9 days (from tting low-order polynomials around peal)sing data fromSchulze

et al. (2014, 20500 km & is used forvy, by linearly interpolating between the measure-

ments taken from spectra at epochs 11.380 days and 14.585 day

Fitting to the optical bolometric light curve reveals thédwing parametersMy; ' 0:4M-,
Mg ' 47M- andEx ' 33 £ 10°2 erg, when including the NIR contribution
from SN 2010bh, the t results obtained aky; * 0.6 M-, Mg ' 59 M- andEk

4:1 £ 10°% erg. The rst 8 days were ignored in the t as contributionsrfr other sources
(GRB afterglow, SN shock-breakout cooling) would compranitse assumptions of the SN
model. SN 2012bz shows one of the highest nickel massesesriiisa GRB-SNeHufano
etal, 2012.

Systematic errors arise from both the simplifying assuamiin the model (spherical sym-
metry, centrally concentratet!Ni mass etc.) and the choice of parameters for the t,

which typically dominate statistical errors. For examghking an uncertainty ivp, of
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2000 km $1 translates to an error iWl¢ andEx of » 10%and» 25%respectively. The
Myi value derived is more secure given the GRB signal gives aermely precise time to
set as the time of explosion in the model. The rise time isclioee very well constrained,
however any uncertainty in the peak luminosity directlyeats theMy; value derived. The
redshift of the host has a well determined redshift of 0.2B8h(ilze et a).2012); a 10%
error inMy; is therefore estimated, arising from the inherent photametrors (which af-
fects SED construction) and also uncertainties on the NHRridmtion. The two-component
model for hypernovae bilaeda et al(2003 would suggest these data are only represen-
tative of the outer, lower density region of the ejecta tlatisible during the photospheric
phase § 30 days), and a fraction is hidden in a denser, inner compaheing this time,
this means the quoted values will have a more uncertain Uppir studies show this in-
ner component can be 10%of the total ux but can reach up th5; 30%in some cases
(Valenti et al, 2008. A fuller detail of the errors inherent to the modelling sate employed
here is provided in Chaptd; including a discussion of the assumptions that are used and

their effect on the resulting parameters.

Although the afterglow component of GRB120422A is shown naiatribute signi cantly
around the SN peak, potential contamination by underlyiogt lgalaxy light is included in
this bolometric light curve, although the potential impantthe resulting parameters would

be small compared to other systematics detailed.

Melandri et al.(2012 modelled SN 2012bz using a scaled spectral model for SN @903
to obtain estimates of the physical parameters. They addamlues oMy; ¥ 0:35M-,

Mg Y2 7M- andEx ¥ 35 £ 10°% erg using a bolometric light curve covering 3300-
7400 A. Comparing these to the values for the 3000-8@00olometric light curve, the
Myi values are in good agreement, given the slightly extendeeieagth range here (and
hence higher derived luminosityg« values are consistent, however the ejected mass found
is lower compared to their value. Differences could be cdumsechoices of/,, and- , or

asymmetries, which spectral modelling can account for.

One thing to note is the importance of the NIR contributiothi®extracted parameters from
such modelling. A» 45% increase in the nickel mass obtained is found, and @5%

increase inMM¢; andEx when including this correction. Although SN 2010bh was diea
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Figure 4.4: Pseudo-bolometric light curves of SN 2012bmfdbrect integration of the SED
overgriz lters, and including a NIR contribution as found for SN 20#0 For comparison
theUBV RI light curve of SN 1998bw(locchiatti et al.2011) and thegrizJH light curve

of SN 2010bh are showrQO(ivares et al.2012. The models for SN 2012bz are shown as
solid lines. Early time data are not t as the analytical miadtges not account for other non-
negligible sources of luminosity at these times (see tet)ly photometric and calibration
uncertainties are included in the error bars.

different from SN 2012bz, the NIR contribution as a fractadrthe optical is not expected
to differ hugely across SN of the same type (see bidj). The contribution of the NIR is
clear when comparing the analytical models to the data in4=# much better agreement
is found at late times when including a NIR correction, whemfractional ux contained at

these longer wavelengths is substantial.



Chapter 5

Bolometric corrections to optical light

curves of CCSNe

Abstract

With the usefulness of bolometric light curves of CCSNe as @salf the progenitors sys-
tems, it is bene cial to expedite their creation in terms bkervational cost, given the huge
mismatch between the resources of telescope time and thefr&N discoveries. Charac-
terisation of the bolometric light curve of a SN requiresivegimpled observations over the
NUV to NIR regime, since these wavelengths exhibit the lsrgiversity and will contain

the vast majority of the total ux over nearly all epochs of N'Sevolution. To perform

this for even a very small fraction of discovered SNe is isfele. In this chapter we collect
literature SN photometry over a wide range of wavelengthd,raake simple but robust ap-
proximations for the ux emitted in less well observed wasmdths to construct bolometric
light curves for a large sample of SNe. These bolometrictl@hves are correlated with
easily-obtained optical colours and a tight relation isnddior several optical colours. The
method presented here shows that the bolometric output of &NGQ@S8 be reliably deter-

mined from just two- Iter observations in the optical wingpvastly reducing the telescope
time required to construct bolometric light curves. Suchedhad has implications for large-
scale supernovae surveys by making it possible to condbalometric light curves for a

large fraction of their discovered supernovae using orgyrtbwn optical monitoring.
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5.1 Investigating the progenitors of CCSNe and the role of

bolometric light curves

Core-collapse supernovae (CCSNe) are spectacular hightlgioisghout the transient uni-
verse. As the extremely luminous end-point of the evolubtémassive stars,( 8 M-;
Smartt 2009, CCSNe are valuable tools to many areas of astrophysicahnese Their
ability to probe the environments they inhabit and our ustderding of the diverse range
of explosions that occur, however, is limited by our knovgeaf the progenitor system for

each event, and the surrounding medium.

If the event occurs in a local galaxy, searches in high réwolarchival imaging can allow
direct observations of the progenitor system to be maddt analysis has proved successful
in a growing number of cases (eMan Dyk et al, 2003 Smartt et al.2004 Li et al., 2007,
Gal-Yam and Leonard2009 Van Dyk et al, 2012 Maund et al. 2011 seeSmartt 2009
for a review). This technique is clearly reliant on the proity of the SN, to be able to
resolve individual progenitor systems from star clustargj also the existence of archival
high-resolution imaging to a suf cient depth for direct detion or stringent upper limits
to be made (preferably in several bands). For the vast niyajofidiscovered SNe, direct
studies cannot be performed; post-explosion observatiodsmodelling of the luminous
event must be used to infer the properties of the progenaorlsd the explosion. Dedicated
SN searches are nding SNe of all types with such regulathiyt in-depth observational

follow up, required for accurate modelling, is not feasitdemost SNe discovered.

Modelling of CCSNe, from simple analytical descriptions of tight curve evolutionAr-
nett 1982 Valenti et al, 2008 to spectral synthesis codes (éMpzzali and Lucy1993 and
hydrodynamical modelling (e.gNakamura et a].2001; Utrobin, 2007 Tanaka et a).2009
can provide good estimates of the physical parameters axplsion; typically the mass
of nickel synthesised and the mass and kinetic energy of¢legae Such modelling typically
requires at the very least one spectroscopic observatianpsak (for analytical methods),
with good spectroscopic coverage into the nebular phaseedds obtain the most accurate

results from spectral/hydrodynamical modelling. Howeteiobtain accurate explosion pa-
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rameters, models must typically be scaled to a bolomegitt kurve, this is particularly true

for hydrodynamical modelling.

A NUV-NIR light curve contains the vast majority of the lightm a SN, but obtaining well-
sampled data over this wavelength range is expensive, iafipdor signi cant samples of
objects. Data are often limited to much shorter wavelengtiges, meaning estimates of
bolometric magnitudes can be vastly underestimating théeanux. (U)BVRIintegrated
light curves have been used as a proxy for a bolometric lighte; although a comparable
amount of ux is emitted in the near-infrared (NIR) alone. Hg&t no attempt is made to
correct for ux outside this regime (e.foung et al, 201Q Sahu et a].2011), since no reli-
able methods exist, or a zero order assumption, that thednaaf ux outside the observed
window is constant with time, is mad&lmhamdi et al.2011), despite this demonstrably
not being the case (e.yalenti et al, 2008 Modjaz et al, 2009 Section5.4.1). An improved
method is to nd a similar object and assume the same prapwti ux to be emitted out-
side the observed window/dlenti et al, 2008 Mazzali et al, 2013 Schulze et al. in prep).
Bolometric light curves are therefore created using a wvanémethods and this introduces

uncertainties on how to compare the results of modellingisbently across events.

Bersten and Hamuy2009 have investigated bolometric corrections (BC) to three well
observed type II-P SNe (SNe II-P) and two sets of atmosphergets. The progenitor
stars of SNe II-P are expected to be at the lower end of the mage for CCSNe§martt
2009 and to have kept their outer layers throughout their evmiut These hydrogen-rich
envelopes make their evolution well approximated by sghéegxplosions whose evolution
is blackbody-like and continuum-dominated (until the efdhe plateau phase)Bersten
and Hamuy(2009 indeed nd very tight correlations between the BC and optadour

of the SNe/models in their sample, providing a parametengay of obtaining bolometric
magnitudes fronBVI photometry. Including another well-observed SN IMguire et al.
(2010 looked at BCs versus time, and found relatively similar etrotuof the BC toR-band

magnitudes between the four SNe, although\thband BC appears rather more diverse.

Pritchard et al(2013, utilising Swiftdata, have considered all CCSNe types to produce bolo-
metric and ultraviolet corrections (UVC). TI8wiftdata set is uniquely able to constrain the

behaviour of SNe in the 1800-3000A wavelength regime. By correlating directly with
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optical colours and UV integrated uxes, both taken with théOT instrument, they nd a
linear behaviour of the UVC, which appears to have no stromeeéence on CCSN type.
These correlations, however, are subject to substanti@adpwhich highlights the diversity
of UV evolution in CCSNe. An attempt was also made to create a BC@SNe, how-
ever since the reddest Iter available on UVOT\s the BC is reliant upon modelling and
the blackbody (BB) approximation for wavelength regimes timattain the majority of the
bolometric ux at all but the very earliest epochs. As theleurs noted, ground-based obser-
vations will provide a more robust estimate for the contiinu of these longer wavelengths

to CCSN bolometric light curves, particularly when includiNtR observations.

Clearly a consistent manner in which to obtain an approxiondior the bolometric output,
particularly for stripped-envelope CCSNe (SE SNe, i.e. typek and IIb), is lacking. Such
a method would allow results from modelling to be comparedemonsistently, as well as

providing further tests for current and future models amalgations of SNe.

In this chapter literature data for well observed CCSNe igsetil to investigate ux con-
tributions of different wavelength regimes, and to condtBCs based on optical colours.
Although these literature SNe are predominantly obseméka Johnson—Cousins systems,
ts in Sloan optical bands are also presented, given thewgence in current and future
SN surveys. The data and SN sample are presented in Séc®dection5.3describes the
steps involved in creating spectral energy distributid®B@s) for the SN sample. Results

and t equations are presented in Sectmd and discussed in Secti@nb.

5.2 Data

5.2.1 Photometry

SEDs, from which to calculate integrated light curves, wloidleally be constructed from
spectra. However the expense of such spectral coveragepasdquent dearth of available
observations, means that the SEDs analysed here have besmucted exclusively from

broad-band photometric data. The phase ranges coveredsbgrtalysis (typically< 70
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days past peak for SE SNe, and the duration of the plateawper it SNe; SNe II) are
regions where continuum emission dominates the brightwfesSN, with line emission only
dominating in the later, nebular phases. As such, photareatid spectroscopic integrated

luminosities will typically agree well in the phase rang&plered here.

All photometric data used here are taken from the literatdrere a CCSN has photometric
coverage over the)-to-K wavelength range. All types of CCSNe are included except those
exhibiting strong interaction with their surrounding mewii (typically with an "n' designa-
tion in their type). Strong CSM interaction introduces a & photometric and spectro-
scopic evolution, as well as the possibility of early dustdation (e.g. SN2006jdJozawa

et al, 2008 Smith et al, 2008, making SED evolution between these events diverSee

Moriya et al.(2013 for an analytical treatment of SNe IIn bolometric light ces.

5.2.2 SN sample

Naturally, a sample of well-observed SNe taken from theditere will be extremely hetero-
geneous since it is often the events that display unusua@airar characteristics (and/or are
very nearby) that nd the most attention. As such this sangplg/ no means a representative
sample of discovered CCSNe, or CCSNe as a whole. This makes itdiiatdt to break
down the sample by type as some are unique events. The ummsuatteristics across this
sample are evident from the uncertain and peculiar ags eir thitial IAU typing.? In Ta-
ble5.1we present SN type, as taken from more detailed literatudiest of the objects, host
galaxy name and redshift from the NASA Extragalactic Dasai(®NED¥, E(B i V) values
for Galactic and total reddening, the Iters used to condtthe SED, an epoch range over
which the full Iter set can be reliably used in constructitige SED (see Section3.1), and

at¢ mjsy value (see Sectiob.4.]) for each SN in the sample.

The sample includes a GRB-SN (SN1998bw), XRF-SNe (SN2006a2088D) and the

unusual SN2005bf that displayed two peaks and a transitamn fype Ic to Ib, discussed

IFurthermore, recent evidence suggest some fraction of bblild be type la, thermonuclear, explosions

that are expanding into a dense hydrogen-rich medisiag€rman et al.2013.
2http://www.cbat.eps.harvard.edu/lists/Supernovae.ht ml
3http://ned.ipac.caltech.edu/
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variously as a magnetakigeda et al.2007) and an asymmetric Wolf-Rayet explosion (e.g.
Folatelli et al, 2006. See the references in Talilel for a detailed discussion of individual

events and further unusual characteristics.

Given the limited sample and the previously mentioned éclend peculiar nature of many
of them, we limit our sub-typing to SE SNe (i.e. those of typelt and lIb) and SNe Il (i.e.
those of any type Il except IIb). Practically, we considerlSB7A, SN1999em, SN2003hn,
SN2004et, SN2005cs and SN2012A as the SNe Il saniple=(6), with all others being
SE SNe N = 15).



Table 5.1: Data for SNe in the sample.

SN name Type Host RedshiftE(B i V)ww E(B i V)t Filtercoverage Full SED coverayet misy° Refs.
(mag) (mag) € tpeakv) (mag)
1987A ll-pec LMC 0.0009 0.08 0.17 UBVRIJHK 2-134 - 1-4
1993J lb M81 -0.0001 0.081 0.194 UBVRIJHK j 18toj 10, 14-27 0.935 57
1998bw Ic-BL ESO 184-G82 0.0087 0.065 0.065 UBVRIJHK 6, 31, 49 0.816 8,9
1999dn Ib NGC 7714 0.0093 0.052 0.10 UBVRIJHK 24, 38,123 0.500 10
1999em II-P NGC 1637 0.0024 0.043 0.10 UBVRIJHK 11-117 - 11,12
2002ap lc-BL M74 0.0022 0.072 0.09 UBVRIJHK i 81025 0.881 13-20
2003hn l-P NGC 1448 0.0039 0.014 0.187 UBVRIYJHK 20-140 - 12
2004aw Ic NGC 3997 0.0159 0.021 0.37 UBVRIJHK 4-27 0.558 21
2004et -P NGC 6946 0.0001 0.314 0.41 UBVRIJHK 8-112 — 22,23
2005bf Ib/c MCG +00-27-5 0.0189 0.045 0.045 UBVriJHK i 17 to 20 0.462 24
2005cs l-P M51 0.0015 0.035 0.050 UBVRIJHK 3-80 - 25
20064 Ib/c Anon. 0.0335 0.142 0.142 UBVRIJHK i 7106 1.076 26,27
2007Y Ib NGC 1187 0.0046 0.022 0.112 uBgVriYJHK i 131029 1.049 28
2007gr Ilc NGC 1058 0.0017 0.062 0.092 UBVRIJHK i 3to141 0.861 29
2007uy Ib NGC 2770 0.0065 0.022 0.63 UBVRIJHK i 4t05,33-35 0.815 30
2008D Ib NGC 2770 0.0065 0.023 0.6 UBVRIJHK i 16to 18 0.697 31
2008ax IIb NGC 4490 0.0019 0.022 0.4 uBVrRIJHK i 10to 25 0.909 32,33

eleg ‘¢’
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2009jf Ib NGC 7479 0.0079 0.112 0.117 UBVRIJHK i 17to54 0.592 34,35
2011bm Ic IC 3918 0.0015 0.032 0.064 UBVRIJHK 8-56 0.251 36
2011dh  lIb M51 0.0015 0.031 0.07 UBVRIJHK i 18to 70 0.968 37
2012A [I-P NGC 3239 0.0025 0.028 0.037 UBVRIJHK 9-90 - 38

& The phase(s) over which there exists a full complement ef tibservations (or well constrained interpolations) fnehich to construct
an SED in days relative to thé-band peak

b Difference in magnitudes of thé-band light curve at peak and 15 days later 13-20

¢ Phase is quoted with respect to estimated explosion date

4 The second/ -band peak is used &S ax, SN 2005Dbf is the famous "double-humped' SN.

References: (1Menzies et al(1987); (2) Catchpole et al(1987; (3) Gochermann et al1989; (4) Walker and Suntzef{1990; (5)

Richmond et al(1994); (6) Matthews et al(2002 and IAU circulars within); (7)Matheson et al(2000; (8) Clocchiatti et al(20117); (9)

Patat et al(2001); (10) Benetti et al.(2011); (11) EImhamdi et al(2003; (12) Krisciunas et al(2009; (13) Mattila et al.(2002; (14)

Hasubick and Hornoc(fR002); (15) Riffeser et al(2002);(16) Motohara et al(2002; (17) Gal-Yam et al(2002); (18) Takada-Hidai et al.
(2002); (19) Yoshii et al.(2003; (20) Foley et al.(2003; (21) Taubenberger et a{2009; (22) Zwitter et al.(2004); (23) Maguire et al.
(2010; (24) Tominaga et al(2009; (25) Pastorello et al(2009; (26) Mirabal et al.(2009; (27) Kocevski et al.(2007); (28) Stritzinger
et al. (2009; (29) Hunter et al(2009; (30) Roy et al.(2013; (31) Modjaz et al.(2009; (32) Taubenberger et a(2011); (33) Pastorello
et al. (2008; (34) Valenti et al.(2011); (35) Sahu et al(2011); (36) Valenti et al.(2012; (37) Ergon et al(2013; (38) Tomasella et al.
(2013.
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5.3 Method

Flux evolution and BCs are found through integrations of wsiaavelength regimes of
SEDs for our SN sample. A description of how these SEDs arstaated from the photo-

metric data, and the treatment of unconstrained wavelsrigtlows.

5.3.1 Interpolations of light curves

Photometric data will not have equal sampling across adirdt For example optical data
may be taken on a different telescope to the NIR, or poor weaile¥ent the observations
in one or more bands on a given night. Since we are interesteltaining a full SED over

the U-to-K Iter range, we must rely on interpolations in order to prd@igood estimates

for these missing data.

Such interpolations were tted to each lIter light curve asvliole and chosen as the best
estimate of the missing evolution of the light curve. Tyflicanterpolation functions were
either linear, spline or a composite t (consisting of an ewpntial rise, a Gaussian peak,
and magnitude-linear decay; seacca and Leibundgui996. The choice of function was
linked to the sampling; where the light curve had denselypdadevolution ¢ daily), linear
interpolation was suf cient, whereas splines and the casitpanodel were used when the

light curve had substantial gap3 (several days) where the light curve was not constrained.

Interpolated values were used to Il in missing values fratarhture photometry such that
at every epoch of observation a full complement of magngudesach Iter of theU-to-K
range existed from a mixture of observed and interpolated plaints. Epochs over which
the interpolations were valid were noted and interpolat@des were only trusted within
a few days of observations; for regions of simple behaviatngre we could be con dent
the interpolation accurately represented the missinggdatte light curve (e.g. epochs on
the plateau for SNe II), this limit was increased. Any epodtere the evolution of the SN
light curve in one or more lters was not well constrained weggected from further analysis.
Extrapolations were typically not relied upon, althougimgocases warranted extrapolated

magnitudes to be used in one or two lters — these were onld gs2 days beyond the data,
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and where the function was well-behaved. See Taldléor ranges where full-to-K uxes

could be used in SED construction for each SN.

5.3.2 SED construction

SED construction is performed using a different methodHoee different wavelength regimes:
the optical-NIR (3659-21908; the wavelength range covered by teto-K photometry),
the BB tail (> 21900A) and the UV € 3569A). A discussion of the construction of the SED

in each regime follows.

The optical-NIR regime

In this wavelength range we are constrained by photomebsevations from the inter-
polated light curves, which form tie points of the SED. PriorSED construction, the
photometry is corrected for extinction assumingrigzpatrick (1999* Ry = 3:1 Galac-
tic extinction curve for both Milky Way and host galaxy extiion. E(B i V)it (=
E(Bi V)uw + E(Bi V)nost) values are given in Table 1

Extinction-corrected magnitudes are then converted tesuf ). An optical-NIR SED is
created for every epoch of observation usingfhand effective wavelength {+ ) values of
each lter. Filter zeropoints, to convert t , and, ¢t values are taken frofAukugita et al.
(1996, Bessell et al(1998 andHewett et al(2006. Note thakK -corrections were neglected
in this analysis due to the very low redshift of the sample (&ble5.1). K -corrections were
investigated using available spectra of the SN sample alasiapochs to SED construction
in WISeREP Yaron and Gal-Yam2012, with over 90 per cent of measurements across all

Iters having jK j < 0:03mag.

4The choice of extinction law has minimal impact on the nasués.
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The BB tall

Although longer wavelengths than tie-band are not expected to contribute signi cantly
to the bolometric ux, a treatment of these wavelengths m#tDs must be made to avoid
systematically underestimating the bolometric ux. Dwithe photospheric epochs mainly
investigated here, we assume the ux evolution of the longelength regime to be well

described by a BB tail — see Sectibrb.1for a discussion of this approximation.

A BB was tted using theR (orr), I (ori), J, H andK-band uxes R-to-K), since
optical uxes, particularly for SE SNe, fall below the expatton from a BB once strong line
development of Fe-group elements begins (S#ippenkq 1997 and references therein).
Epochs where bluer bands are expected to be well charaatdrisa BB t (5 20 days for
SE SNe and prior to the end of the plateau for SNe II), were ségmarately tted, here
including theB - andV -bands, to ascertain the difference to Bwo-K ts. Including these
extra bands had very little impact on the ts and resultingggrated luminosities. As such
we favour using th&k-to-K bands for our BB ts, since this is appropriate for each SNe at
all epochs investigated here and we reduce the danger aofeznugly tting to wavelengths

that are not described by a BB.

CURVE_FIT in the scIPY® package was used on each pair of parameters in an initial grid
of reasonable SN temperatures and radii to nd the glé¥aninimised BB function. The
resulting function was appended to the optical-NIR SED atrédd cut-off of theK -band
Iter (de ned as 10 per cent transmission limit, 244@) and extended to in nity. The

K -band and beginning of the BB tail were linearly joined in tHel5

The UV

The UV represents a wavelength regime with complex and mehe heterogeneous evo-
lution for CCSNe Brown, 2009. Coupled with a dearth of observations, correcting for
ux in the UV is uncertain. Early epochs in the evolution of & $an be dominated by

the cooling of shocked material which emerges after thetdived shock breakout (SBO)

Shttp://www.scipy.org/
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emission. This cooling phase is observed as a decliningietiac light curve that is very
blue in colour. After this the radioactively powered componof the light curve begins to
dominate and the light curve then rises to the radioactiedk ffim SE SNe; for SNe II-P the
recombination-powered light curve will become dominard &me light curve will settle to
the plateau phase). The time over which the cooling phasendoes is highly dependent
on the nature of the progenitor star, primarily driven bysite. The extended progenitors of
SNe Il, which have retained their massive envelopes, catagishe signature of this cooling
phase for many days, whereas in compact SE SNe progenitoshibrter and ofterg 1 day.
Indeed for SE SNe it has only been seen in a handful of cases$éle 1993JRichmond
et al. 1994 1999ex Stritzinger et al. 20022008D,Modjaz et al. 20092011dh Arcavi et al.
20117, generally thanks to extremely early detections. Theuwdian in the UV regime also
quickly falls below the expectations of a BB approximatios nantioned in Sectioh.3.2
and as such a BB t to these wavelength ranges over most of thlatesn of a SN would be
inconsistent with one drawn from longer wavelengths. Dgithre cooling phase however, a
BB t across all wavelengths is appropriate as the SN is doteithdy the hot, continuum

ux.

Given the changing behaviour of the UV we utilise two treattador the differing cases.
For epochs over the cooling phase, the UV ux is taken to beitktegrated ux of a BB
function, from zeroA to the blue edge of th&J-band (following e.gBersten and Hamyy
2009; the BB is tted and joined to the SED in the same manner asi@ebt3.2 (Note that
for these epochs we opted to include #heandV lters as further constraints for the BB.)
Signatures of this cooling phase were taken to be earlyriexin theJ- andB -bands in the
light curves of SNe. All SNe Il and SNe 1993J, 2008D and 201Haith epochs during the
cooling phase which contained fWl-to-K photometry, i.e. where we could construct SEDs
for them. The extent of the cooling phase was determined bgreing a drop in th&J-band

ux in the SED, relative to that predicted by the BB t.

To account for UV ux at later epochs, when the BB approximati® not appropriate, each
SED was tied to zero ux at 2008 by linearly extrapolating from th&)-band ux. This was
found to be a good estimate of the UV ux when compared to UVestations, as discussed

in Section5.5.1
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5.4 Results

Using the constructed SEDs, investigations into the coutions of different wavelength

regimes can be made over various epochs of SN evolution andsadifferent types.

5.4.1 Flux contributions with epoch

Initially, SEDs were integrated over three wavelength megg: an optical regime (de ned
here as covering thgri bands; 3924—-8588), the IR (including the BB tail; 9033—in nity)

and the UV (0-39240). For the SE SNe each SED was assigned an epoch relative to th
peak of theV-band light curve, where the peak was found by tting a polynal to the
data near maximum. & mys,, value for each SN was also found, following the method of
Phillips (1993, using theV-band.¢ m;s., values are presented in Taldel. Each SN was
normalised to the evolution of the avera@en,sy (0.758) in order to correct for varying
light curve evolution time-scales. This was done by apgyanlinear stretch facto to

the epoch for each SN, whefe= ¢ mjsy, =0:758 For SNe Il each SED epoch was made

relative to the time of explosion (see references in Tablg

The behaviour of the ux contained in the UV, optical, and IR @lotted as a function of
the total bolometric ux in Fig.5.1 Clearly the individual components, as fractions of the
total emitted ux, evolve strongly with respect to time, aashbeen indicated previously
for individual or small samples of events (eMplenti et al, 2008 Modjaz et al, 2009
Stritzinger et al.2009. This behaviour appears to be qualitatively similar fdrS&E SNe
(after normalising to a common light curve evolution tineade). IR fractions typically
reach a minimum on or slightly befok& peak and then rise untl 20=S days after peak,
reaching a comparable fraction of the bolometric ux to tbthe optical. The UV is weak
at most epochs, falling from 10-20 per cent prior to peak to just a few per cent a week
past peak for most SE SNe. However, in the case of an obseB®dc8oling phase, as is
the case particularly for SN1993J and, to a lesser exterg, ZM08D and 2011dh, the UV
contributes a signi cant fraction of the bolometric ux fa short time after explosion. Due

to the putative compact nature of the progenitors of these I&vever, the fraction of the
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Figure 5.1: The evolution with time of the UV (blue), opti¢gleen), and IR (red) uxes as
a fraction of the bolometric ux for SE SNe (top) and SNe II {tmm). Light curve evolution
has been stretched for each SE SNe to a comtnons.,, of 0.758 (see text).
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light emitted in the UV falls rapidly.

For SNe Il we see largely coherent behaviour amongst thelsamihe three regimes, albeit
very different from that of SE SNe. The IR rises almost monaally from explosion until
the end of the plateau, where it contribute40 per cent to the bolometric ux. The optical
remains roughly constant with time indicating the BC to agitidters should be roughly
constant (e.gMaguire et al.2010. The UV contributes a larger fraction than in SE SNe
and for a longer time, owing largely to the generally muchemmxtended cooling phase that
SNe Il exhibit, for example SN2003hn shows signi cant UV tdoutions to its bolometric
ux ( » 30 per cent) more than 20 days past explosion. SN1987A, raweswery unusual
compared to the other events. Being UV de cieDiafziger et al.1987), any signi cant
contribution from the cooling phase rapidly falls, with td® making up only a few percent
of the bolometric ux within a week of explosion. The IR of SBI87A also increases much
more rapidly than other SNe II, maintaining a similar fraatias that of the optical from

20 days, and overtaking the optical as the dominant regitee>a80 days.

5.4.2 Optical colours and bolometric corrections

CCSNe evolve strongly in colour during the rise and fall of theightness. Previous work
looking at the optical colours of SE SNe and SNe Il (&4gguire et al.201Q Drout et al,
2011 shows that the colour evolution changes strongly as a ifemaif time. The driving
force of these large colour changes during the photospbeoiction of a SN is the change in
temperature of the photosphere, with some smaller coniitbérom development of heavy
element features in the spectra. It is expected that the BGldthe linked to the colour of
the SN (a diagnostic for the temperature) at that epoch.rGive relative ease of obtaining
colours for SNe as oppose to characterising entire ux regias is given in Sectidn4.], it

is prudent to quantify BCs as functions of the colours serestthe SN's temperature (i.e.

those in the optical regime).

For lters used in the construction of the SEDs, obtaining tlolour at each epoch is trivial.
However, when one or both Iters are not observed and thusatdarm tie points of the

ux in the SEDs, we must rely on interpolations. The linearCsiEterpolations used in order
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to integrate over wavelength were used to sample the SEDe at# of the desired lter,
and uxes inF_were then converted to apparent magnitudes. The contirdarmnated
SEDs largely do not contain signi cant uctuations on theakcof broad-band Iter widths
between neighbouring broad-band Iters and one would npeeklarge deviations from a
linear interpolation between neighbouring Iters. In tikdrest of presenting results that will
be useful for future surveys, corrections to Sloan magesudere investigated. An analysis
of using these linear interpolations to derive Sloan magies is made in Sectidn5.4 by
comparing to the expected magnitudes directly from conteaneous spectra. We nd that
g andr magnitudes are very well estimated by the linear interpmtamethod; however,

there is some systematic offsetiin

Given the highly uncertain nature of the UV correction, twpds of BC were investigated.
These are a ‘true' BC including the UV, and what will be termgr$eudoBC (pBC) which
will neglect contributions from the UV (i.e. the BB integmati to zeroA or linear extrap-
olation to 2000A, see Sectiorb.3.2 and instead cut-off at the blue edge of tteband.
This makes the@BC independent of the treatment of the UV presented here akdsma
attempt to account for these shorter wavelengths, usethkiicase where UV observations
exist, where indications of unusual UV behaviour are presemwhere a complementary

treatment of the UV exists that may be added topgB€.

The SEDs were integrated over each of the wavelength rangdstdin (pseudo-)bolometric
uxes. These were then converted to luminosities, and yatl bolometric (or pseudo-

bolometric) magnitudes using:

Mpol = M= po1 i 2:5l00; X (5.1)

whereMy, and Lo can be replaced by their pseudo-bolometric counterpart®CA(or

pBC) to Iter x can then be de ned as:

BCx = Mpai My; (5.2)

whereM, is the absolute magnitude of SN in Iter that has been corrected for extinc-

tion (see Sectiorb.3.2. This de nition can also be expressed in observed magagud
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(BC, = myo i mMy) using the distance modulus for each SN Host.

All colours and p)BCs in theBV Rl andgri ranges were computed. For both higC
and BC, the tightest correlation for the Johnson—CousinsslieasBCg againstB |
colour. For the Sloan Iters this was tH&Cy againsty j i colour; however, as detailed in
Section5.5.4 thei-band derived magnitudes are susceptible to a systemddiet,ohnd as

such we preserg r as the representative t.

We will limit our discussion here to mainly the BC B |, alongside plotting the BC to
gi r relation for a visual comparison; the parameters for alkoeablepBC and BC ts,
which may be useful in the case where good coverage is ndahigin either of these Iter

pairs, are presented in Sectidrt.5

Furthermore, distinct behaviour was observed for thoselepduring the cooling phase (see
Section5.3.2 and subsequent epochs, mainly due to the differing bebaaibthe UV and
subsequent differing treatment in our method. We thus pteke two phases separately and

offer distinct ts to each.

5.4.3 The radiatively-/recombination- powered phase

Those epochs post cooling from SBO are analysed hereBTihé andg r data for these
epochs are plotted in Fi§.2for the BC and Fig5.3for thepBC.’ As is evident, even across
all SNe types, we nd a tight correlation between tigEC, and the respective colour. Such
a universal trend of behaviour allows us to construct tséscribe the bolometric evolution
of CCSNe for each lter set. The BC has some parabolic evolutiodent at blue and very

red epochs, and as such a second order polynomial is tteth®BC in each case.

Equations %.3) and 6.4) describe the BC ts to the entire sample, which allow a good

estimate of a SN's bolometric magnitude to be made basedecdiiour in each equation,

BCs = j 0:057j 0:219£ (Bj 1)i 0:169£ (B 1) (5.3)

SAlthough the BC is accounting for missing ux, its value cae jpositive in magnitudes, given the differ-
ence in the zeropoints for the Iter magnitudes avigy.
All plots of BC against a given colour have equal plotted esdor ease of comparison.
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BC, = 0:055; 0:219£ (gj r)i 0:629£ (g r)? (5.4)

The BC in each case is a tight correlation, with deviationsust» 0.1 mag from the best
tting function for even the most extreme objects in eachecahe rms scatter and colour
range fortheéB j | tare 0.053 mag and 0.4 to 2.8. Forthg i r tthe rms and colour
range are 0.070 mag and.3 to 1.2.

Despite the generally universal behaviour of the SNe in #mepe, there is certainly a dif-
ference in scatter and colour range between the two typdis, Sie Il populating very red
regions of the plots, and, although there is no indicatiomfstrong divergence of the SE SNe
from the extended behaviour of the SNe II, each SN type shanligbe trusted over the ob-
served colour range. For these reasons, it is useful to dedigidual ts for SE SNe and
SNe Il separately. These are plotted in Faglfor each lter set, colour-coded by type and
with the individual tsto SE SNe and SNe Il shown. As is cleairh these ts, there is good

agreement between the two samples over the range of cotmushich the samples overlap.

The equations describing the SE SN-sample ts shown in&iare:
BCg = j 0:055] 0:240£ (Bj 1) O:154£ (B j I)? (5.5)
BCy = 0:054j 0:195£ (gi r)j O:719£ (gi r)>, (5.6)
and for the SNe Il sample, the ts are:
BCgs =0:004] 0:297£ (B I)j 0:149£ (B 1)? (5.7)
BCy =0:053j 0:089£ (gj r)i 0:736£ (9i r)? (5.8)

As might be expected given their more homogeneous evolugdie Il appear to evolve
extremely similarly (including SN1987A, which displayedery unusual light curve) until
the end of the plateau, the time range over which this arslgsinade. This con rms the
coherent behaviour of SNe II-P shown Bersten and Hamuy2009 and indicates that

colour is a very good indicator of the BC for SNe Il. We preséet holometric light curve
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Figure 5.2: BC for all SNe in the sample presented for a redaticthe Johnson—-Cousins
(top) and Sloan (bottom) lters. Epochs shown notinclude those exhibiting signatures
of strong cooling after SBO. SNe Il are denoted by trianglesbeAt- tted second order
polynomial is shown for each (see text).
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Figure 5.3:pBC for all SNe in the sample presented for a relation in the SohaCousins
(top) and Sloan (bottom) Iters. Epochs shown include thesleibiting signatures of strong
cooling after SBO, since the UV is not accounted for in gB. SNe Il are denoted by
triangles. A best- tted second order polynomial is showndach (see text).
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of SN1987A constructed using the ts @ersten and Hamug2009 and those presented
here in Sectiorb.6. We nd a simple second-order polynomial suf cient to de niee BC
from our colours with a larger sample (up until the end of thetgau), which means the
bolometric light curve of a SN 1l can be robustly estimateahirjust two- Iter observations
with minimal scatter in the relation. An increase in sampi 3s obviously desired to

improve and con rm this relation across the family of SNe II.

SE SNe are an inherently diverse range of explosions givanvarious expected progenitor
channels; notwithstanding this, we still see evolutionagtably well described by a second-
order polynomial in each colour. Rather the opposite of itigasng a “typical” SE SNe
sample, we here show many unique and unusual outburstshwhggests that the spread
observed here is plausibly close to the worst-case sceafuncertainties on computing a
bolometric magnitude for a given SE SN that is constraindg mnthe optical. SN2007uy
appears as somewhat of an outlier from the SE SNe t and thissShNscussed further in
Section5.5.1

For the tstoB j | the rms values are 0.061 and 0.026 mag for SE SNe and SNe I,
respectively. The SE SN (SN 1) tis valid over ti& j | colour rangg 0.4 to 2.3 (0.0—
2.8).

For the tstogi r the rms values are 0.076 and 0.036 mag for SE SNe and SNe II, re-
spectively. The SE SN (SN Il) tis valid over thgj r colour rangg 0.3t0 1.0( 0.2 to
1.3)

5.4.4 The cooling phase

Due to the different treatment of the UV during the coolingagh of SNe evolution from
that at later phases, where the BB approximation is more tlzdid a linear interpolation, we
nd these epochs require a separate treatment as they aveetiatescribed by the parabo-
las given in Sectiorb.4.3 This is clearly displayed Figh.5 where the epochs over the
cooling phase are plotted alongside the data from the ragliahd recombination epochs.

The fact this cooling phase forms a "branch' in this plot eatthan an extension in colour
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Figure 5.4: As for Fig5.2but SNe are split between SNe Il (red triangles) and SE SNe, (Ib
lIb; grey circles) with a best- tting second-order polyn@hconstructed for each SN type.
Epochs showmlo notinclude those exhibiting signatures of strong coolingra&BO.
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also prompts a separate t, since the cooling phase occuestbe same optical colours as
the later evolution for some SNe. We follow the same prooedsrin Sectiob.4.3and t
parabolas to the cooling phase data for each colour. Septsdbr SE SNe and SNe Il were

not done due to the low number of points. The tted functiors a
BCg.cool = | 0:473+0:830£ (Bj 1) L064E (B I)? (5.9)
BCqy.cool = i 0:146 + 0:479£ (gi r)i 2:257£ (gi r)? (5.10)

The rms value foB j | (g i)is 0.072 (0.078) and the colour rangg i§.2 to 0.8 { 0.3

to 0.3). The cooling branch, as expected, is only observed the bluer colours of SNe
evolution, and shows a larger scatter than the later epaclesath colour, which is re ected
in the generally larger rms values of the ts given in Sectiod.5 The reader's attention is

drawn to Sectiorb.5.1for a discussion of the UV treatment in this regime.

5.4.5 Fits to other colours

Following Bersten and Hamu2009, we present all calculated ts for our BC apBC as

tables of coef cients to the polynomials:

BC, =  alxi y)' (5.11)

pBC = c(xi y) (5.12)
i=0

where BG andpBC, are the bolometric andBC to lter x, based on coloux j y. The
coef cients are presented in Tablés2 and5.3 for SE SNe and SNe Il respectively. The
parameters for the BC appropriate during the cooling phas@rvided in Tablé.4, note
these are appropriate for both SE SNe and SNe II, as we négléivide the sample by type
during this phase due to the small numbers involved. Alsergare the colour ranges over

which the tted data extend and rms values of the ts in magdés.

Note that the data used to producedhei ts were corrected for the systematic offset found
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Figure 5.5: As for Fig5.2 (grey markers), overlaid with those epochs which exhibgt th
signature of strong cooling after SBO emission. As is cleas¢hepochs do not occur at
unique colours, and as such a separate t must account f@iptiase of evolution. A best-
tted second-order polynomial is shown for each, tted tb @Ne types (see text).



5.4. Results 112

when estimating-band uxes from a linear interpolation of the SED, see Seth.5.4for
more details. However, it was found that ¢ i relation has the smallest intrinsic scatter
of any colours investigated here, and a t to this colour dtidie reassessed once a data set

of SNe observed in Sloan Iters with good UV/NIR coveragestsi

FitstoRj | andr j i were calculated, but the scatter about these ts was rasingef than
the ts presented here, and as such are not included in Tab?ds 5.4. The larger scatter
is probably due to both of these pairs of Iters failing to cheterise the peak of the SED at
any epoch. As such, a given value for either of these coloassahlarge uncertainty on the
strength of the peak of the SED, where the majority of the spemitted, and thus a large

uncertainty on the BC (quBC).



Table 5.2: Fit parameters for SE SNe. We indicate in bold tkevith the smallest dispersions (see text).

BC pBC
X Yy Xj yrange Co C1 C rms Co C1 C rms
B V 0.0-1.3 i 0:083 j 0:139  0:691 Q109 +0:076  0:347  0:620 Q112
B R 0.1-2.0 i 0:029 j 0:302 j 0:224 Q069 +0:136 0464  0:181 Q067
B | i 0.4t02.3 i 0:055 j 0:240 ; 0:154 0:061 +0:097  0:354  0:131 0:064
V R j0.2t00.7 +0:197  0:183 j 0:419 0101 +0:299  0:372  0:358 Q087
V | j07t0l.1l +0:213  0:203 j 0:079 Q090 +0:306  0:283 j 0:084 Q072
g I j08tcl1 i 0:029 j 0:404 ; 0:230 0:060 +0:051  0:511 ; 0:195 0:055
g r j03tol.0 +0:054  0:195  0:719 Q076 +0:168  0:407 ; 0:608 Q074

Table 5.3: Fit parameters for SNe Il. We indicate in bold tkewith the smallest dispersions (see text).

BC pBC
X Yy Xj yrange Co C1 C rms Co C1 C rms
B V 0.0-1.6 i 0:138 j 0:013 | 0:649 Q094 +0:058  0:331 j 0:520 0092
B R 0.1-25 +0:004 j 0:303 j 0:213 Q037 +0:124  0:406  0:191 Q038
B | 0.0-2.8 +0:004  0:297  0:149 0:026 +0:121  0:387 j 0:131 0:028
V R 0.0-0.9 +0:073 +0:902  1:796 Q050 +0:059 +1:039  1:958 Q060
vV | 0.0-1.2 +0:057 +0:708 j 0:912 Q043 +0:065 +0:744  0:953 Q053
g i j05t014 i 0:007 j 0:359  0:336 0:022 +0:063  0:497 ; 0:268 0:024
g r j02t013 +0:053 j 0:089  0:736 Q036 +0:165  0:332 | 0:612 Q037

synsey ‘t'q

€Tt
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Table 5.4: Fit parameters for the cooling phase, apprapfatboth SNe types. We indicate
in bold the ts with the smallest dispersions (see text).

BC
X Yy Xij yrange Co (o} C rms
B V j02to0.5 i 0:393 +0:786 | 2:124 Q089
B R j0.2t00.8 i 0463 +0:790 | 1.034 Q078
B | i 0.2t00.8 i 0473 +0:830 | 1:.064 0:072
V R 0.0-0.4 i 0:719 +4.093 | 6:419 Q125
vV | 0.0-0.4 i 0:610 +2:244 ; 2:107 Q146
g I j07t00.1 i 0:158 j 0:459  1:599 0:069
g r j03t00.3 i 0:146 +0:.479 | 2257 Q078

5.5 Discussion

Our results show that it is possible to obtain the full boltmeeux of a CCSN from two-
Iter observations through a simple second-order polyredmorrection. Here we will dis-
cuss aspects of the results in terms of the BC, although theylaxgely apply to thgpBC

relation as well (excluding discussion of UV treatment).

We observe differing scatter for the two samples. As meetiprENe Il are expected to
be a more homogeneous type of explosion, with the large lggaroich envelopes of the
progenitors upon explosion meaning continuum-dominateds&on occurs throughout the
plateau. The expected sphericity (and likely single-s&ture) of the events also means
viewing angle will introduce little if any scatter in the agiions. We see extremely similar
evolution across our SN Il sample, even the peculiar SN198He SE SNe are subject
to other factors that could explain the increased scatteolvgerve in their relations. First,
several progenitor channels are proposed and it is likedy éhcombination produce the
SNe we observe. Binarity and rotation of the progenitor ardrtlkrinsic asphericity of the
explosions (e.gMaeda et al.2002 are all likely to contribute to scatter in the BC across
the sample. High-energy components (e.g. gamma-ray bitestjlaw components) could
be expected also to affect the colours of the SNe. For examplsee that SN2008D lies
somewhat below the general trend in tpe r t, and to a lesser extent iB j | t, as

shown in Fig.5.2, although other SNe with high-energy components are wektleed by
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the t(e.g. SNe 1998bw and 20064aj). The stripped nature ialsoduces a range of possible
evolution time-scales as more highly stripped progenialisreveal their heavier elements
earlier than those retaining more of their envelopes, ntatieir spectra potentially diverge
from homogeneous evolution due to the different chemicalmasition and pre-mixing of

the progenitors.

A factor that could affect the evolution of any SN is the CSMinthich it is expanding. Al-
though we have ruled out SNe that show strong interactioh thigir surrounding medium,
in reality, all SNe will have some level of interaction thatdictated by density and com-
position of the CSM,; this being linked to the mass-loss of ttagpnitor system in the nal
stages of its evolution. Again, this may affect the SE SN dammmre markedly than SNe II,

which are expected to have retained the vast majority of #reielopes until explosion.

5.5.1 Treatment of the UV/IR

Some extremely well-observed SNe have observations tlost #mt the bulk of the light

is emitted in the near-ultraviolet (NUV) to NIR regime. Thbserved wavelength range
investigated here stops at 24480Jue to a paucity of data in wavelengths redder than this
for CCSNe. Ergon et al.(2013 show that the MIR regime contributes at most few per
cent to their UV-MIR light curve of SN2011dh and the conttiba diminishes to negligible
values beyond these wavelengthsl(per cent). There are no mechanisms producing signif-
icant sources of ux at long wavelengths in CCSNe over the epaavestigated here (e.g.
Soderberg et gl2010 and as such the treatment of wavelengths longer than theahll&

Rayleigh-Jeans law is appropriate.

Wavelengths shorter than thkband constitute a signi cant fraction of the bolometricx u
at certain epoctsand this fraction is dif cult to quantify for a large samplé $Ne due to
the inherently diverse behaviour, the prospect of stroegy blue emission occurring after
the SBO in certain SNe, and the fact it is not a very well obsemwavelength range in

CCSNe. The validity of the treatment of the UV used here (a BBagxtiation to zerdA

8We neglect a treatment of very high energy emission sineceishinsigni cant in terms of bolometric
luminosity on the time-scales of SN detections.
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during the cooling phase and a linear extrapolation to zewoat 2000A for epochs of no
strong cooling) was tested using UV observations. Eight 8\tke sample presented (two
SNe Il and six SE SNe) have suf cient existifBift data, as presented Pritchard et al.
(2013, to test our method. For each SN with UV data, SEDs were oactsid using both the
method described in Sectidn3.2and the following: instead of extrapolating the UV ux
(using the UV approximation appropriate to each epoi)ift UV observations are added
to our SEDs, having corrected their magnitudes for reddpuging the same method as for
the optical and NIR lters. The large red leak of thew?2 Iter (as demonstrated in relation
to SN2011dh byergon et al.2013 was evident from a strong excess in some SEDs for this
Iter. For this reason theivw2 Iter was only used for SNe 2007uy, 2008ax and 2012A in
epochs< 2 weeks from detection, when the blue continuum will miningsatamination in
uvw2from the red leak. Each SED constructed witiftdata was tied to 161A (the blue
cut-off of uvw2 in all cases. The UV luminosities at each epoch were condgnteach case
via an integration of the wavelengths from 1&1&030A in the linear extrapolation case) to
theU-band. By comparing the UV luminosity results of each methb8ED construction,
the accuracy of the UV treatments used here was tested. Heual vepresentation of the
treatment of the UV cfSwiftdata for SN 2005cs, see Fig.6.

The results of this test are shown in Fig7 for theB j | colour. There is generally good
agreement between our simple treatments of the UV and wiodinding Swift data for the
majority of the epochs, with differences in most cases beirtpe order of a few per cent
of the bolometric luminosity. SN2007uy, the SN which shotws largest deviation barring
epochs with strong post-SBO cooling (although stilLO per cent), has extremely large and
uncertain reddeningRoy et al, 2013. The larger discrepancy between the linear interpola-
tion and theSwiftdata seen for this SN could be indicative of an incorrect eadty value,
or reddening law, but it cannot be ruled out that it is intierte the SN. Contributions from
wavelengths shorter than 16A5will not contribute much to the bolometric ux except dur-
ing the cooling phase, when SNe are UV bright. Thus3keft data and, given the good
agreement seen, our linear extrapolation method, accéomtse vast majority of the UV

ux in a SN.

The cooling branch in this plot, however, displays fairlsgdiscrepancies, even though we
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Figure 5.6: The SED of SN 2005cs shown at three early epodtistive time after explosion
given in days above each SED. SEDs including swift dataqdles) are shown compared
to linearly extrapolating the UV frortd-band to zero ux at 2008 (dashed lines). The dif-
ference between the two methods is highlighted as the hdtaggon in each case. Clearly,
the very early SED of 5.38 days shows the linear method stgmitly underestimates the
true ux — the BB approximation of the UV ux is used in such casas a better approxi-
mation. At 10 days after explosion the linear extrapolabenomes a better approximation,
with the to methods of SED construction agreeing well at42&ys post explosion and sub-
sequent epochs, when the UV bright cooling emission dirhegsn favour of an optically/IR
dominated SED (Figh.1).

are unfortunately limited to three SNe (2005cs, 2011dh &i®2) that have contempora-
neous UV-optical-NIR data over the cooling phase. As maypedaed from its relatively
modest cooling phase, SN2011dh exhibits the best agregemiémeven the earliest epochs
(5 2 day after explosion) discrepant by less than 5 per cent apaths. The BB treatment
of 2005cs and 2012A, both of type 1I-P, appears to overesgéirtiee UV luminosity at early
epochs by 10-20 per cent. An explanation that may accousoioe of this discrepancy is
that theSwift SED is tied to zero ux at 161A (the limit of the UV integration), whereas
the BB will obviously be at some positive ux value. This "daj-off' of the Swift SED is
an under estimation of the ux, especially in these extrgnidlie phases, but a lack of data
at shorter wavelengths necessitates this treatment. Twoealy epochs of the evolution

of SN 2005cs are well matched by the BB treatment however, tamay be that the later
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Figure 5.7: The difference between the UV integrated lumsities (as a fraction of the bolo-
metric luminosity) between usin§wift data in SED construction and the UV treatments
presented here. Larger, black-edged points represeniptiche where the BB extrapola-
tion method was used for the UV, whereas smaller points sepitea linear extrapolation to
200QA (see Sectiorb.3.2. The methods are consistent within a few per cent excephéor
case of strong SBO cooling emission for SNe 2005cs and 2012A.

cooling phase epochs are falling from the BB approximatiaclar than expected. The in-
trinsically heterogeneous nature of this cooling phasegigeat in the large scatter observed
during these epochs (Fi§.5 and we must also add the caveat that our simple UV treatment
may be discrepant at the 10-20 per cent level. This discoyplaowever, appears only evi-
dentin SNe II-P and at the very early epochs. An increasempkasize is desired to further
guantify this and thus improve upon the UV treatment at tlegeehs. Given this, for events
where UV data exist which is indicative of post-SBO coolingssion, it is advisable to use

thepBC and add the UV contribution directly from observations.

5.5.2 Time-scales of validity

It is important to determine over what epoch range theséioakare valid for each sample.

Fig. 5.8 shows the evolution in time of the SE SNe in the BC plot. Thenstc scatter
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about the ts does not change dramatically with epoch andgels coherent evolution from
top-left to bottom-right in each plot is observed, with véage-time data beginning to move
top-left again. The duration of validity after the peak mdtito the time-scale of evolution
of the SNe. We have normalised our SE SN evolution by makimgofithe¢ m;s value
for each SN (Sectiob.4.1). When evolution is normalised by this factor, the two SNehwit
the data furthest past peak are SN2012dB3 days) and SN2007ge (/5 days). The data
representing these late epochs are clearly visible inF=8ywith the evolution of SN2011dh
explicitly shown offset from the data — both show a trend talsanoving above (below) the
Bi |l (gi r) tatlate epochs. Data covering-to-K for SN2007gr actually extend to
roughly 120 days after optical peak. These data are notdedwas they diverge from the
correlation, as appears to be happening for SN2011dh. SNP0OAnd SN2007gr are at the
higher end of th& ms.,, range (0.968 and 0.861, respectively) and may be considered
give a good limit for the range of validity of this t. The dapaesented show the corrections
for SE SNe to be valid from shortly after explosion (earleta are> 2 days post-explosion)
to » 50 days past peak, and potentially further, although wellanigeld to analysing only two
SNe.

Figure5.9 shows the evolution of the BC for the SN Il sample, where theuwoindicates
days from explosion date. For the SN Il sample we see that\essrearly data (e.g. begin-
ning at» 5 days past explosion for SN1987A) have a small dispersigaluon in this plot
appears to be simpler than the SE SNe with a smooth trangitiontop-left to bottom-right.
However, SN1987A undergoes a phase of little evolution lnwo(and BC) from days 40—
80, with other SNe Il displaying a similar period of inactyin the plot during the plateau
phase. Despite the fact that SN1987A also appears to evaled more rapidly and evolves
to much redder colours, as can be seen in Eigy. its evolution is still remarkably consis-
tent with the other objects in the BC plots, and its additionadider, evolution follows the
parabolic t. The phase range investigated here is broadér the plateau of SNe I, after
which the deeper layers of the ejecta act to destroy any henemys evolution. For exam-
ple, Inserra et al(2012 show optical colours for several SNe II-P to late timeshwiiverse
behaviour observed after120 days (the end of the plateau). This can also be seen in the

BCs presented bBersten and Hamug2009, where the BC scatter increases dramatically
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after the end of the plateau. We therefore limit the use dd¢hts from explosion until the

time of transition from plateau to radioactive tail.

It must be stressed however that the use of these ts will arily be for SNe detected
only in the optical regime. As such, there is no knowledgergf @V bright SBO cooling
emission, given that the optical colour ranges overlapHerdases of strong and no cooling
emission (as shown for the ts in Figh.5). Relying only on optical follow up, although
vastly increasing the number of SNe with the requisite dai@ans there is uncertainty in
the early light curve. Hence, although the above descriltedre valid at early epochs, they
are valid only for the case of no strong SBO cooling emissiorthé case where unobserved
SBO emission is present, the ts will under predict the ach@bmetric luminosity. In such
cases, use of the cooling phase ts will provide an alternaltausible, bolometric luminosity
in these early epochs by assuming the case of strong SBO gautiission. This uncertainty
can be coupled with previous knowledge of the durations of $B@ing emission and the
type of SN. For example, a SN Ib/c would not be expected to 8@ cooling emission
beyond 1-2 days and the cooling t would over estimate theihasity at further epochs.
Complementary data indicative of SBO cooling emission wouddrant the sole use of the
cooling phase t for those epochs, or the use of g and a separate treatment of the
UV emission from the available data. The cooling phase tdude data from early after

explosion ¢ 2 days) to the end of the SBO cooling being dominant.

5.5.3 Reddening

An uncertainty when constructing the SEDs is the redderomgitds each SN. Although
Galactic reddening may be well knowk,(B i V)nest Values are generally less certain.
Additional to this, the reddening law for each host is assiitoematch that of the Galaxy,
an assumption made in the absence of detailed knowledge gfath and dust properties of
the hosts. An increase in assunte(B ; V) will cause a decrease B j | andgj r (i.e.
make the SN intrinsically bluer); this will also affect the Blaywever. The BC becomes
more positive with increasing (B j V) as theg (or B)-band value increases more rapidly

than the bolometric magnitude for a given chang&{B ; V). Combining these effects
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Figure 5.8: The BC for SE SNe, colour-coded to show evolutigdh wime. The colour bar
indicates the phase with respect to thdand peakt(.a), where the SN evolution has been
stretched such th&tms, = 0:758(see Sectio.4.1). Epochs showdo notinclude those
exhibiting signatures of strong cooling after SBO. To ilhas¢ the typical movement of a SN
in this plot, the polynomial-smoothed evolution of SN20k1siplotted offset from the data.
The effect of reddening is shown by re-analysing SN2011dh an increase i (B | V)

of 0.2 (black dot-dashed line). Ef.6 (top) and Eq5.5 (bottom) are also plotted for each

Iter set (thick black dashed line).
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of 0.2 (black dot-dashed line). Ef.8 (top) and Eq5.7 (bottom) are also plotted for each
Iter set (thick black dashed line).
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means that the SNe actually move somewhat along the ts wlédening is varied. This
effect is plotted in Figs5.8 and5.9 via an arti cial increase of 0.2 ife(B | V) for the

offset SN in each plot. Moderate reddening uncertaintiesal@ffect the actual value of the
ts drastically, although clearly an accurate reddenintugas desired when using the ts,
to ensure the SN's true colour for a given epoch is measumedl gansequently the correct

value for the BC is used).

The effect of uncertain reddening is largest on the BCs to apticlours with a large e
difference between the lters (e.gB j 1), since a given change in reddening will affect
these colours the most. Takifyyj |, an uncertainty of E(B j V) = 0:2 mag results in
an uncertainty ot B j | ' 0:5. During the early phase of evolution this corresponds to
an uncertainty on the BC of 0:5 mag and at later times 0:8 mag (Figs.5.8 and5.9).
The usefulness of an almost 1 mag error in the decline phageC&SN (before including
distance uncertainties etc.) is very limited, however &:5 mag error in the peak could
still be useful for inclusion when studying the behavioumpopulations of SNe, but would
limit the accuracy of any modelling speci c to that explasicSome reasonable knowledge
of the reddening is therefore required to effectively uss&BCs, although the colour infor-
mation shown here may be used to gauge the presence of a lmaymtof reddening. The
behaviour in optical colours of a large sample of CCSNe is sheWwould an object display
colours not characteristic of this sample at similar phasesolution (e.g. at peak), or show
optical colours outside the ranges shown here, it may beatigle of a mistreatment of the
reddening — however the possibility of an intrinsically soal explosion could not be ruled
out. Drout et al.(2011) show a method to obtain a reasonable estimate of the rauglémni

a SE SN using th¥ | R colour 10 days afteY -band peak, extending this to other optical

colours would be useful for the BCs presented here.

5.5.4 Extracting Sloan magnitudes from Johnson—Cousins SEDs

It is desirable, particularly given the impending prevakef their use for large-scale sur-
veys, to present BCs using Sloan Iters. The SN sample hereewenyis literature-based,

and as such is predominantly observed in Johnson—Cousgrs. ISloan magnitudes were
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derived for these SNe by extracting uxes from the SEDs cmeséd with Johnson—Cousins
measurements at the correspondigg of the lIters. Large deviations from a linear interpo-
lation between neighbouring lters are not expected siheatidths of the Iters $ 2000A)

are much larger than individual spectral features and tisesdarge amount of overlap be-
tween Sloan Iters and their neighbouring Johnson—Cousinsterparts. However, it may
be that some systematic error could be introduced by thifi@detparticularly when one
considers the effect of the extremely stron® Emission line in SNe I, or that the strong
Call NIR triplet absorption borders on theband. These deviations could make the linear

interpolation a poor estimate of the true ux in some spe@HN types or at speci ¢ epochs.

To test the linear interpolation method we have collategddictra in WISeREP of our SNe
sample that cover a suf cient wavelength range (i.e. cotebecover the transmission pro-
le of at least one of theyri Iters and the appropriate neighbouring Johnson—Cousitessl)
and are at similar epochs to those when the photometric SEZ®astructed (see Taldel).
Synthetic photometry was performed on the de-reddenedrap@sing theR = 3:1 curve

of Fitzpatrick 1999 via: R
(). d,

Fy =
TX(: ): d:

(5.13)

to obtain the ux in Iter x, based on spectral ux of the SN, ), and the transmission
pro le of Iter x, Tx(,). This was done for each of tlggiBVRI Iters where spectral cov-
erage allowed. After accounting for the Iter zeropointsgieectly measured value of the
magnitude in each the Iters was obtained. Neighbouringhdoin—Cousins lters were in-
terpolated linearly in ux between thejrs; values such that a ux (subsequently converted
to a magnitude) for the appropriate Sloan Iter could be mati¢s, ¢ (e.g. ux values for

B andV were interpolated to obtain an estimate for ¢leand).

The comparison of the Sloan magnitudes found via direct®fiat photometry (Rynn ) and
using the linear interpolation method ({x) is presented in Figh.10 Firstly, it was found
that there was no dependency on SN type or epoch for the veluBgnn i Minear. Given
this, theg andr mean offsets fall extremely close to zero, with values d¥10.(rms 0.034)
and 0.0004 (0.044) mag respectively. We can therefore saynethod is not introducing

any systematic offset for quantities reliant on these dtand as such consider the BC and
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pBC tsto gagainsty r colour to be valid.

However, itis true we see some systematic offset in the mmeasnts of the-band, with the
mean being 0.111 (0.032) mag, despite the Sloamd Cousing -band transmission curves
overlapping heavily. This overestimationieband ux from the linear interpolation method
suggests that thgj i colours derived from SED interpolations are likely to bededthan
the intrinsicg j 1. For this reason we increase the magnitude values obtaamedrf our
linear interpolation method by the mean offset (0.111 mamyive estimates that will be
free from this systematic offset. These corredtedlues were used when computing ts to

gi I thatare presentedin Table2to 5.4.

The difference in the BC (anpBC) due to this change invalues for a giverg j i, when
compared to calculating the ts without accounting for thiset, is 0.103 mag for the reddest
SE SNe colour (i.egj i = 1:1), with differences reaching 0.198 mag for the reddest SNe I
colours @i i =1:4). The differences are less for typical SN colours and apyriog zero

for bluer coloursgj i < j 0:5). Similarly for the cooling phase t, differences for theueist

colours @i 1< j 0:5) reach0:182mag, with the average difference bei@@78mag.

An investigation into this systematic offset inshowed the choice of.; to be mainly

responsible. There is no knowledge of the spectral featfresSN based on photometric
data, above that which can be discerned from colours. Aswechre limited, as has been
done in similar previous work, to using a singlg; for each lter (taken from the literature,
or based on the transmission pro le), when in reality thisdd change according to the

shape of the underlying spectrum being observed, as in:

R
_ JxOf (). A,
T TG, d,

(5.14)
for photon-counting devices (e.Bessell and Murphy2012).

It was found that the ¢; for thel -band when using this equation was particularly suscep-
tible to large deviations compared to the value we used whbeastoucting SEDs, whereas
Iters BV R were more stable. This is most likely due to théand being consistently on

the “tail' of the ux distribution, coupled with strong absgaiion due to the calcium triplet
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bordering on the red edge of the transmission curve. Thésetefveight the  to lower
values, although no signi cant dependence on epoch wagifeither in the change Qfes

or the value of the offset in Ghin i Minear fOr i. This change in ¢ obviously impacts
on the gradient of the linear interpolation betwderand|, and hence on the estimate of
i. When accounting for the changings , the mean systematic offset inrvas more than
halved, whilstg andr remained very close to zero. However, we take no accountaigh
ing , eff IN our SED construction since we have no a priori informatonspectral shape
from photometry. Hence we opt not to include it here in out tdéshe method, but present
these ndings to highlight the potential uncertaintieshie thoice of ¢+ when constructing

SEDs from photometric data for SNe.

We therefore conclude that the determination of Sloan ntades derived from our method
of linearly interpolating the SEDs constructed with Johms@ousins lters is robudfor the
cases ofy- andr-bands howeverthere is a systematic offset in tirdand magnitude de-
terminationfrom the two methods. We neglect to correct our derigedndr-band magni-
tudes, given the mean difference is very close to zero in tasles, but do correct oixband
measurements by the mean offset before calculating tsdasehis lIter. It is obviously
desirable to reassess the ts to these lters once an apgécidata set of SNe observed

directly in Sloan Iters with good NIR (and ideally UV) covage exists.

5.6 SNe 1987A and 2009jf and PTF 12dam — test cases

In order to practically test the reliability of the ts, weaever the bolometric light curves of

one SN in each sample as well as a recently observed supareusi'SN (SLSN).

5.6.1 SN 1987A

Being the best observed SN to date, SN 1987A represents a gstoaf the method. Here
we reconstruct the bolometric light curve of SN 1987A ushmgdptical photometry dfien-

zies et al(1987). Extinction was corrected for usirtg(B j V) = 0:17 and the procedure
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Figure 5.10: Residuals found between obtaining Sloan stintheagnitudes from spectra
(msyntn ) @nd those using a linear interpolation from neighbouriognon—Cousins Iters
(Minear) for all spectra of the SN sample during the epochs where Stebe been con-
structed in the main investigation. The mean values forliheet distributions are marked as
the vertical dashed lines.

described in Sectioh.3.2 Two ts with differing rms values were use® ;| V andB j |I.
Eqg.5.11was used with the appropriate t parameters (the rst 2.1sdasre calculated with

the cooling phase ts given in Tabk.4, subsequent epochs used the appropriate BC in Ta-
ble 5.3) to turn each of these colours into a bolometric magnitudegugqg.5.2 Using a
distance modulus of = 18:46, this was converted to an absolute magnitude and then to
a bolometric luminosity via E¢b.1 Alongside this we also make use of the BC presented
in Bersten and Hamug2009 to reproduce their bolometric light curve for SN 1987A. Fi-
nally we also use the data &untzeff and Bouchgt1990 for the UV-optical-IR observed

bolometric light curve of SN 1987A for comparison.

The four bolometric light curves of SN 1987A are shown in FHdL1l First to note is the
good agreement between all four methods, and particulagyagreement between the BC
methods and the observed bolometric light curve. The exhemarly data<l1 day are

slightly underestimated, and we again stress here the tddaaa@mission from cooling post-



5.6. SNe 1987A and 2009jf and PTF 12dam — test cases 128

420

n ﬁ&ﬁgg‘."

416

I

1

i) i

1

1

°

1 '~

€ o .

41:4 ‘\ o]

J

4121

log;oLuminosity [erg s 1]

@ Bersten & Hamuy -

¢ B VBC
@ B | BC
4105 20 40 60 80 100 120 140 160

Time from explosion [days]

Figure 5.11: The bolometric light curve of SN 1987A consteddrom optical colours using
theB j | andB j V corrections presented here, and the tBdérsten and Hamug2009.

Also plotted is the observed bolometric light curveSiintzeff and Bouchgt1990 (black
dashed line).

SBO is subject to larger uncertainties when using these ft$erAhis, including the tail of
the cooling phase, we observe excellent agreement oveeshefthe evolution. Although
our IR extends nominally to in nity, the observed data stoptie MIR. The excellent agree-
ment between ouB j | -derived bolometric luminosity and the observed bolomdtght
curve thus suggests that these very long wavelengths niti&allfference to the bolometric

ux, and certainly not at a level to affect derived paramstieom modelling.

Happily enough, we also note that when using a t with largeatter (i.e.B i V), we
recover a bolometric light curve consistent to that produmetheB j | tand, importantly,
the observed light curve. Some deviation is observdd0 days and this is most likely a

result of the two relatively blue Iters used in this colountrtracing the evolution of the IR

particularly well.
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5.6.2 SN 2009jf

SN 2009jf has good coverage over rise, peak and declingBWRIJHK Iters (used to
construct the SED in Sectidn3.2. However, alongside these data there exists a set of well-
calibrated Sloan observationgalenti et al, 2011), including goodg- andr-band coverage
from which to test the Sloan t — both in terms of the actual as well as using the SED
interpolations to extract Sloan magnitudes. Thandr data were used to construct the

pseudo- and full bolometric light curve of SN 2009jf.

Initially the g andr data ofValenti et al.(2011) were corrected for reddening, which was done
in the manner of Sectio®.3.2with E(B | V)it = 0:117mag. For epochs of simultaneous
g- andr-band observationg}j r values (corrected for reddening) were fed into E§sLY)

and 6.12) using the parameters in Talle2 to obtain values of the BC arpBC, these were
converted into apparent bolometric and pseudo-bolometaignitudes via Ecp.2 using the

g magnitudes. The distance modulisg 32:65) converted these to an absolute magnitudes,

and nally Eq.5.1was used to convert this to a luminosity.

The SED (constructed as in SectiérB.2 was integrated from 2000 AA to in nity and
theU-band to in nity to obtain the observed bolometric and pseddlometric light curves

from U-to-K photometric data.

A comparison of the two methods' results of producing theupsebolometric light curve
is shown in Fig5.12 As is clear, with onlyg andr Iter observations and the method pre-
sented here, an excellent estimation of the pseudo-botameminosity can be obtained,
even including uncertainties of extracting Sloan magmtuttom linear interpolation of a
Johnson—Cousins SED (Sectibrb.4). Plotting the bolometric and pseudo-bolometric light
curves highlights the contribution of the UV shown in Figl, with an appreciable contri-
bution diminishing to negligible values soon after peak -evehthe pseudo- and bolometric

points overlap.
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Figure 5.12: Comparison of the observed bolometric and mséotbmetric light curves
found by SED integration (dashed and dotted lines respgjiwith the bolometric and
pseudo-bolometric light curves constructed using the BCpB@ tsto g r (circles and
pentagons respectively) for SN 2009f.

5.6.3 PTF 12dam

SLSNe are de ned as such by haviMy - | 21 and have been divided into 3 main sub-
types (se&al-Yam 2012. PTF 12dam occurred in a host galaxy a 0:107and peaked at
M » i 213, securing its status as a SLSN. The slowly fading natureefigfint curve sug-
gest a common explosion mechanism to SN 2007bi, i.e. psiaility SN (PISNGal-Yam

et al, 2009, butNicholl et al. (2013 nd the rapidly rising light curve to be incompatible
with PISN models and favour a magnetar powered SN. Notvatitshg the unknown and
potentially exotic nature of the explosion, the excelleatadcoverage of PTF 12dam pre-
sented inNicholl et al. (2013 is used to compare the method to the observed bolometric
light curve of this SLSN. The observed bolometric is congied from UV to NIR wave-
lengths, with the bolometric light curve construction prss detailed ilNicholl et al.(2013
(although broadly the same method as presented here is. uséd) comparatively large
redshift means the UV, as observed®wyift, is probed to very short wavelengths. This cos-

mological distance also means tlkatcorrections must be applied to the optical photometry
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before using the colours in the BC equations and the valueslfmNicholl et al.(2013 are
used. PTF 12dam was observed in the Sloan Iters and as suahake use of thgj r and

gi 1 ts presented here. The ts used were those applicable folS8E since PTF 12dam
showed no hydrogen or helium in its spectra — making it spHgtsimilar to a SN Ic. The
results are presented in Fig13 The ts generally reproduce the observed light curve well
over the majority of the SN's evolution. It must be emphagibere that the errors quoted
on the values obtained from the ts only take into account ¢ner on the colour (from
the photometry) and thus the uncertainty on the value of thel&ed from the t. Late
time data appears to deviate and may be an indication of aftnanation into the nebular
phase, where the ts would not be expected to work. Early éataot well t but is also

subject to large uncertainties. This disagreement coukbbmised from a comparison be

tween Fig5.1and gure 7 ofInserra et al(2013, who plot the UV/optical/IR contributions
to SLSNe. Early epochs for SLSNe, prior to peak, appear muate dV bright, at the
expense of the IR, when compared to the SE SNe investigated ke cooling branch t
of gj r is plotted for interest, which gives an accurate, if not gecrepresentation of the
early data. The huge uncertainties in the early epoch daka ihdif cult to place any con -
dence or signi cance on this agreement beyond happenstattbeugh it would favour the
SLSN SED being well described by a BB in the UV at these epodtheyertheless, the good
agreement found around peak light means these ts can alssdxkto construct bolometric
light curves of at least one type of SLSN (PTF 12dam is the &$N observed over an
appreciable wavelength range as to make a observed bolotigit curve to compare to).

This is of particular importance during this data-starvedfer SLSN studies.

5.7 Summary

We have presented simple ts making it possible to easilyawbaccurate estimates of the
bolometric light curves of any CCSN given only two Iter obsations. We have presented
both Johnson—Cousins and Sloan colour corrections and sbiommethod for determining
Sloan magnitudes is robust fgrandr, and accounted for the systematic offset present in

i-band determinations. Fits ® j | andg r are presented as the best ts to each Iter
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Figure 5.13: Comparison of the observed bolometric lighvveuiblack circles) with the
bolometric light curve recovered using the r andgi i ts (blue squares and red triangles
respectively). Good agreement between each t and the vbdatata is found. Very late
time data>150 days past peak is not well t, as may be expected if thetéiraf SE SN
agreement were applied to this SN (see Sedii@n). Very early data is not well t, albeit
there are large errors on the SED construction. The coolwg@ tforgi r is shown for
the two earliest epochs (see text).

set. The SE SNe corrections (Eg5.5) and 6.6)) are constrained in the colour ranges
i04<Bjl < 23(ms0.061mag)and03 <g i r < 10 (0.076 mag). The
SNe Il corrections (Egs.5(7) and 6.8)) hold for0:0 < B j | < 2:8 (0.026 mag) and

i 0:2<gi r< 1:3(0.036 mag). Corrections for other optical colours are presk these
corrections are valid over the radiatively/recombinatpmwered, photospheric epochs of
CCSN evolution. Evolution during epochs that show coolingpfeing SBO emission are
tted separately (Egs.5.9) and 6.10) and are subject to larger uncertainties. Given the
diversity and uncertainty of UV evolution, separate psebdimmetric ts are given where

no treatment of the UV regime is made.

The BCs presented here will allow current and future SNe sgrweliere the sheer number
of detected events prevents intense monitoring of the larg@rity of SNe, to accurately
and easily use their optical detections to obtain estimatéise bolometric light curves of

CCSNe of all types, essential for modelling of such events.



Chapter 6

Creating and modelling bolometric light

curves of 36 literature SE SNe

Abstract

An extensive literature search is carried out to collatediua for all SE SNe that have good
light curve coverage in more than one optical band. Throbghuse of the BCs presented
in Chapters, bolometric light curves are created and templates for gpést provided. The
peak light distributions and decay rates are investigatedcorrelation between peak and
light curve width is observed, and SNe subtypes are not fiehkstinguished in this param-
eter space, although some grouping of types does occur. dlbenbtric light curves are
modelled with a simple analytical prescription and resatts found to agree with those of
more detailed studies on individual SNe (modulo the fadytoolometric light curves are be-
ing modelled here). The distributions of the explosion paters shows the extreme nature
of SNe Ic-BL in terms of theiP®Ni mass and the energy of the explosions, however ejected
masses are similar to those of other subtypes. The abili§N# Ib and Ic to reach similar
*®Ni masses to the most luminous SNe Ic-BL, alongside the simyilariejected masses,
indicates that these parameters in the exploding core ddictate the emergence (or not) of

a SNe Ic-BL and something else must be driving the huge erseofighese explosions.

133
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6.1 Data

Since a method of creating bolometric light curves from mystical colours has been for-
mulated (Chaptes), the creation of bolometric light curves is now not limitedhose SNe
with extended photometric coverage, but rather is posaolany SN with coverage in just
two optical bands. Additional to this, distance and reddgrleterminations are needed in

order to convert to luminosity and correct for the effectslost.

The sample consists of all SE SNe presented in Ch&pias well as many other literature
SE SNe that have good light curve coverage in at least twosfnch which to construct

a colour, which is in turn used to derive the BC. Here there requent of "good' coverage
refers to capturing at least the peak of the light curve (amdepably epochs prior to this)
and a large number of epochs within the nex0 days, extending at least 15 days past peak.
We restrict our SNe to low redshift (comparable to the reftstuf those in Tableb.1) in
order to neglect the requirementléf-corrections. The sample consists of 7 llb, 13 Ib, 8 Ic
and 8 Ic-BL. The SN IAU names, types, colours used, redderahgeg and distance moduli

(to host) are presented in Tallel

Table 6.1: Data for SNe used to create bolometric light cairve

SNname Type E(Bj V)it Distance modulus Colour used Refs.
(mag) (mag)

1993J lIb 0.194 27.81 Bi l 1-3
1994 Ic 0.3 29.6 Bi l 4
1996¢cb lIb 0.03 319 BiR 5
1998bw  Ic-BL 0.065 32.89 Bij l 6
1999dn Ib 0.10 32.95 Bi l 7
1999ex Ib 0.3 33.42 Bi l 8
2002ap lc-BL 0.09 29.5 Bijl 9-16
2003bg lIb 0.02 31.68 Bijl 17
2003;d Ic-BL 0.144 34.46 Bi l 18
2004aw Ic 0.37 34.17 Bi l 19

2004dk Ib 0.337 31.81 ViR 20
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2004dn  Ic 0.568 33.54 ViR 20
2004fe  Ic 0.315 34.29 ViR 20
2004ff  Ic 0.302 34.82 ViR 20
2004gq b 0.253 32.07 ViR 20
2005az  Ib 0.441 32.96 ViR 20
2005bf  Ib-pec  0.045 34.5 Bi V 21
2005hg  Ib 0.685 34.67 gj i 22
2005kz  Ic-BL 0.514 35.3 ViR 20
2005mf  Ic 0.398 35.27 gj i 22
2006T  IIb 0.078 32.58 gj i 22
2006aj  lc-BL 0.142 35.81 Bl 23
2006el lib 0.303 34.23 ViR 20
2006ep  Ib 0.035 33.84 Bj I 22
2007C  Ib 0.682 31.99 ViR 20
2007Y Ib 0.112 31.36 gj i 24
2007gr  Ic 0.092 29.84 Bj I 25
2007ru  lc-BL 0.27 34.15 Bj I 26
2007uy b 0.63 32.4 Bi V,Bj I° 27
2008D b 0.6 32.46 Bj I 28
2008ax  lIb 0.4 29.92 Bj I 29,30,31
2009bb  Ic-BL 0.58 33.01 Bl 32
2009if b 0.117 32.65 Bj I 33
2010bh  Ic-BL 0.507 36.90 gj i 34
2011bm Ic 0.064 34.90 Bj I 35
2011dh  lib 0.07 29.48 Bj 36

a8 Taken from NED.

b Galactic extinction only.

¢ TheB V correction was used for ear§wiftdata, withB j | used for subsequent

data.
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References: (IRichmond et al(1994); (2) Matthews et al(2002 and IAU circulars within);
(3) Matheson et al(2000; (4) Richmond et al(1996); (5) Qiu et al.(1999; (6) Clocchiatti
et al.(2011); (7) Benetti et al(2011); (8) Stritzinger et al(2002); (9) Mattila et al.(2002);
(10) Hasubick and Hornocf002); (11) Riffeser et al(2002;(12) Motohara et al(2002;
(13) Gal-Yam et al.(2002); (14) Takada-Hidai et al(2002; (15) Yoshii et al.(2003; (16)
Foley et al.(2003; (17) Hamuy et al(2009; (18) Valenti et al.(2008; (19) Taubenberger
et al.(20006; (20) Drout et al.(2011); (21) Tominaga et al(2009; (22) Modjaz (2007); (23)
Mirabal et al.(2000); (24) Stritzinger et al(2009; (25) Hunter et al(2009; (26) Sahu et al.
(2009; (27) Roy et al.(2013; (28) Modjaz et al.(2009; (29) Taubenberger et a{2011);
(30) Pastorello et al(2008; (31) Tsvetkov et al(2009; (32) Pignata et al(2011); (33)
Valenti et al.(2011); (34) Olivares et al(2012); (35) Valenti et al.(2012; (36) Ergon et al.
(2013;

6.2 Method

Firstly, photometric data extracted from the literatunedach SN were dereddened assuming
aFitzpatrick(1999 Ry = 3:1 Galactic extinction curve for both Milky Way and host galaxy
extinction (as is done in Sectidn3.2. The same methods of light curve interpolation are
employed as in Sectioh.3.1, in order to obtain values of simultaneous observationgén t

chosen lters, which give the colour. Extrapolations weog nsed for this analysis.

The reddening-corrected values of the chosen colour (dele @al) were then fed into the
polynomials ts of the BC found in Tabl®.2 The resulting BC was then applied to the
appropriate SN light curve (e.g. for coloBi |, the BCis applied to thB -band light curve).
Using the distance modulus we can convagt to My and nally to Ly . For clarity in
plotting, nearly contemporaneous data have been combinaddraging any epochs within

0.2 days of each other.

The results then provide the largest sample of bolomegitt icurves for SE SNe on which
a simple analytical model can be applied, in order to extestimates for the explosion

parameters.
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6.2.1 The analytical model

The analytical model presented is appropriate for SE SNeyevtine light curve is powered
predominantly by the decay &Ni, and describes the evolution of a SN over the early pho-
tospheric phase (the rst 1-2 months, depending on the spéélde SN) and the nebular
phase. The bolometric output is described by the model, arsieh the model should be

t to a bolometric light curve, with an additional constrairequired in the form of a char-
acteristic velocity of the ejecta (Sectié6r.1). From this simple analytical tting, estimates
of the mass of nickel synthesised (;) and the mass and kinetic energy of the ejeMa; (

Ex respectively) can be found and readily compared to thosared from more detailed

modelling of the same SNe.

Naturally an analytical approximation requires some siiyiplg assumptions. These are
listed inArnett(1982); Valenti et al.(2008 and also presented here:

Ri=0 ! O The radius of the star at the onset of explosion is very srlalk is relevant for
the analysis of SE SNe which have shed their extended oytersland are compara-

tively compact upon explosion.

Homologous expansion with spherical symmetryExpansion of the ejecta follows / R.
Spherical symmetry is a simpli cation required for an aralgl solution, although
SE SNe do show evidence for some degree of asphericity ofjéutae as gleaned
from double-peaked nebular emission featuidadda et al.2008. Such an assump-
tion is valid for moderately energetic SNe, givbfaeda et al(2008 nd an only
moderately aspherical model to best describe the SE SNesingample, however

extreme examples, such as GRB-SNe are likely to have highkesasiy.

Constant optical opacity A single choice of opacity-(,p;) is made over the early optically-
thick regime. However, the opacity will change even oves tarly evolution and
additionally, its absolute value is dependant on the comtipaf the ejecta. The ef-
fect of varying the choice of, is analysed as part of the error budget in Secbidh?2
however this treatment is a strong caveat that must be adkdged when interpreting

results.
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Centrally concentrated *®Ni The amount of mixing will affect the rise time of the SNe
since radiation from high-velocity (i.e. further out in mas, given homologous ex-
pansion)*®Ni will have a shorter diffusion time and thus make the SN ris¢eiathan
a centrally concentrated approximation. 3D modelling Hasavs that a small frac-
tion of high-velocity®®Ni is not uncommon in SE SNe, although the bulk is generally
located close to the centrel@dmmer et al.2010. Modest differences in theéNi dis-
tribution will have a noticeable impact only on the earlyirigs light curve and will
not be a signi cant source of uncertainty given other assiong and observational

uncertainties.

®®Ni and >°Co power the light curve These radioactive isotopes represent the main source
of energy to a CCSNe, dominating the luminosity evolution faynmonths. Other
isotopes are much less abundant and have longer decaydates,sand consequently
affect only very late time light curve evolution. As suchistis a valid assumption
when very early data are excluded from the t (since othercpeses may be con-

tributing to the luminosity, e.g. SBO cooling).

During thephotospherigohase of evolution, optically thick ejecta is assumed. figkhis
together with the above assumptionglenti et al.(2008, following from Arnett (1982,
showed that the luminosity is described by the followingagtan:

Z z

X X 5
Lonot(1) = Myi€ X £ (Cuii 2co) 228 @ 2dz+2¢, 228 @227 7dz  (6.1)
0 0

wherex ~ t=¢n,y " ém=2éni @NdS " [ém (éco i éni) =2écodni]- 2ni (= 3:90E 10'%erg s 1 g t)
and2c, (= 6:78£ 1 erg 8 ! g 1) are the energy production rate of nickel and cobalt re-
spectively.
The time-scale of the light curve, dictated by the effectliifeusion time, ¢, is given by:

M TosH M3ﬂ0:25

_opt o 6.2
= 3 (6.2)

C.J'ﬂ:

In the current work, as is done Malenti et al.(2008, & = 10=3; seeCano(2013 and
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references therein for a discussion of the choice of thisevahd its impact on the derived
parameters. Opacityopt, is chosen to be 0.06 cgi ! (e.g.Maeda et al.2003 Valenti et al,
2011), although the impact of the uncertainty in this value islgsed later (Sectio®.3.29.

13:8is a constant of integration.

Model photospheric light curves are shown in Fégl. The top panel shows that the peak
luminosity of a SN is directly linked to the amount ¥Ni synthesised in the explosion at
a xed rise time. When keepinlyli constant, varying,, alters the rise and decline time-
scales of the light curve and can also affect the peak luritindnce restrictions on the light
curve width come from the declining phase of a SN, the valug,oan still be estimated
in lieu of early, rising data, this alleviates to some leved potential degeneracy between

increasingMy; or lowering¢m, which both act to brighten the peak luminosity.

As the optical depth of the ejecta becomes lower, the SN&titenebularphase of evolution
and the energy input comes from that deposited by gamma naiyted in the decay o°Ni
and®®Co, where a fraction of the energy releaseéfio is in the form of positrons. During

the nebular phase, the luminosity is given by
3 e
Lneo(t) = Myi2ni€ B0 +0:81» 1j & FD* +
’ 3 ' 3 ' (6.3)
0164 1j & FV* 1; &GV 10:036 1; & ©V’

(Valenti et al, 2008 and references therein), where the rst term describestiergy de-
posited by nickel decay and the subsequent three termslgetoe energy released by cobalt
decay (the gamma-rays emitted®fiCo decay, the gamma-rays emitted from positron anni-

hilation and the kinetic energy of the positrons, respetjiv
i e . ¢
»= Myico € t=eco i € eni (64)

describes the energy production rate®®€o. ¢y (= 8:8 days) andic, (= 113:7 days)
are the time-scales of nickel and cobalt decay respectiinctionsF andG can be ap-
proximated (after sensible choices of opacities are asdutoebeF ' 32M ej:p Es; and
G' 51 e,:p Es: (Clocchiatti and Wheelerl997), whereEs; is the kinetic energy in

units of 10°* ergs. The exponential terms involving these parameteiwibeshe evolution
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of the trapping of gamma-rays, which powers the light curve.

Maeda et al(2003, however, noted a discrepancy between the parameteved@rom their
modelling of the two phases of evolution (photospheric aglolihar) for some SE SNe. They
interpret this as a difference in the optical depth of thetajeéhat is contributing in each
regime and use a model where the SN is made up of two distigming. During the early,
photospheric phase, the outer layer contributes to thenlosity of the SN. Additional to
this is a much denser inner component whose contributiohgduminosity only emerges
once the outer layer becomes optically thin — during the lalphase. Using this two-
component modeMaeda et al(2003 nd much better ts to the observed light curves of
a sample of SNe Ic-BL. Incorporating this two-component nhaate the above modelling
scheme manifests itself as two free parametgfsandf g, the fractions of mass and energy
respectively within the inner dense componenthe initial t to the photospheric phase
constrains the masses and kinetic energy in the outer lajech are then xed for the
nebular phase t, and the additional contribution from theer component s tted for using

fM ande.

The form of the nebular phase model is shown in Big. The early, bright light curve is
due to this model making no account for diffusion (cf. phpteric model), and shows the
overall instantaneous deposition of energy in the ejecth thme (“instant diffusion”; see
Arnett 1983. The case of y = fg = 0 (solid black line) passes through the peak of the
photospheric t since this case assunadisthe *°Ni is located in the outer layer, which is
therefore the same as that accounted for by the photosphek¢hen increasingf v, the
effect is to brighten the light curve above that of the phphasic peak, as the model is now
accounting for additional heating from inm@Ni that is not considered in the photospheric
model. Varyingf g affects the late time slope of the light curve, the gradidmodour in the
late time curve shows that only a modest amount of energyisnither component causes
a large change in the slope, with much larger values quicktyrating to a near-similar
outcome. An increase ifg at constanty raises the value df andG (both/ Mgj/Ex).

The fractions of gamma-rays and kinetic energy from radieaclecay that are thermalised

1The assumption of a homogeneous distribution of nickel idenauch that,, describes both the fraction
of nickel and of the total ejecta contained in the inner cong.
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in the ejecta evolve with time with factofd ; e (F=9°) and(1 | e (59°), respectively.
Thus, af= andG increase, this factor is lower for givénand consequently the luminosity

is lower.

When data exist regarding the time of explosion (e.g. from3B® signature or accompa-
nying GRB), this is also used as a constraint to the model. @tkerthis was left as a free
parameter. Note, however, that very early data are notdeclun the t regardless, since the
assumptions in the model are not appropriate (i.e. exalysi?Ni powered emission and

the approximation of centrally concentrafélli).

The tting of these equations to the bolometric light cunagawas done via theURVE_FIT
function inscipy. In order to prevent the least-squares tting from ndingogél minimum,
a custom “global t' function was used as a method of locating global minimum. Each
tting step was performed over a grid of values for all paraens, over wide value ranges
since computation time was not an issue (dvg; initial guesses ran from 0.01 to 1 ML
CURVE_FIT was performed for each set of parameters speci ed by the -gticis would
locate the solution from that set of initial guesses. Conspariof A% values of each of the

solutions meant the globally best- tting parameters wenad.

Scale velocity of SNe

As is clear from Eq6.2 a degeneracy exists betwebh; andEg, as derived from this
model. This is resolved by includingszale velocityfor the SN, which observationally is
set as the photospheric velocity near maximum-light ) The relationship between the

photospheric (scale) velocity and the parameliégsandEg takes the form:

S

6E«
EMg;

Vsc Vphot = (6.5)

SNe exhibit strong P-Cygni line pro les in their spectra dodtie fast moving ejecta. This
causes absorption that is blue-shifted by the velocity efitim relative the rest wavelength
of the spectral line. Due to the strati cation of the ejectalahe homologous expansion,

elements near towards the outer layers of the ejecta (elginmhand calcium) can exhibit
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large velocities compared to heavier, more centrally cotragéed elements. Two elements
that appropriately trace the photospheric velocity aieail and iron, with Sii , 6355 and
the Fell set of lines clustered around 4500-52@@enerally used (e.gPastorello et a).
2008 Valenti et al, 2011, Corsi et al, 2017).

Practically the measurements consist of a simple Gaus#iag procedure to the absorption
features on a wavelength- and ux-calibrated spectrum ef &N taken on or near peak
(generally obtained from WISeREP), performed in the IRAF pagsPLOT. This was
initially attempted for Fei lines, before averaging to obtain a valuevgf. In the case where
Fell lines could not be accurately measured (e.g. strong liediodg or no spectral coverage
at those wavelengths), the i, 6355 feature was measured. When data were not available,
literature values had to be relied upon. These were typidalind using a similar Gaussian
tting technique or through spectral tting. Measuremeitsm this simple Gaussian- tting
method were found to agree well with those of from detailextsal tting codes in the cases
where a comparison was possible. Both methods have undessanf several hundred to a
thousand kmist (S. Valenti, private communication). Such errors arisenfthe data quality
as well as the broad-featured characteristic of SNe spattreaximum light — velocities of
at least several thousands of ki'sas is seen for CCSNe, make line blending an issue
and it is often the case that one cannot attribute a singlerptisn feature to one specic
transition. Similarly, nearby emission from other traiwsis will also impact on the shape of
the absorption feature, affecting the Gaussian t andmately, the photospheric velocity
derived. A visual representation of the Gaussian tting Inoetis shown in Fig6.3. Finally,

in the absence of appropriate data or literature value fdt,avg was taken to be the median
Vph for the SN's type from a collation of literature values, assanted ir€ano(2013. These
are 7700, 8150 and 14000 krn'sor SNe types Ib, Ic and Ic-BL, respectively (additionally
the SN Ib mediarvp, was used for SNe lIb)Branch et al(2002) provide a power law t
to their estimates oy, values for SNe Ib (as determined from Fdines), with the value
at peak being slightly higher than the median used her@)00km $*. The values oM,
andEk derived from SNe modelled using these averages are cleasbeptible to larger

systematic uncertainties, btiNi masses are largely unaffected.
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6.3 Results

6.3.1 Bolometric light curves

The bolometric light curves are presented in Feigt The time and value of the peak of each
light curve ¢peax andM peax, respectively) were found with a low-order polynomial,ett

to data around peak. The diversity of SE SNe becomes apdanemthese plots and some
interesting observations can be made. A spread & magnitudes is observed M peax;
interestingly, two SNe Ib encompass the extremes of theadpmanging from SN 2007Y
atMpea» i 16:3t0 SN 2005hg aMpeqar» | 19:2.2 This spread ifM peax is similar to that
found byDrout et al.(201]) in their V- andR-band imaging when considering the overlap-
ping sample. The decline rates of the sample vary greatlgatametrise the speed of the
evolution, a¢ mys.po Value is used, i.e. the number of magnitudes from peak thenfetric
light curve has declined by 15 days after peak (values weneddrom polynomial ts to the
light curves). SN 1994, despite being often cited as a ghypical' SN Ic, has unusually fast
evolution, as has been previously noted, Wit;s,o= 1:37 calculated here. SN 2011bm
displays the slowest evolution, withm;s,,,= 0:20. The evolution speeds appears to form a
continuum, as is evident from the bottom panel of [Big, although SNe 19941 and 2011bm
are noticeably displaced from the extremities of the distion. Perhaps unexpectedly, a
GRB-SN, SN 2010bh, is exceeded only by SN 1994l in terms of spéedolution. This
extremely fast evolution was noticed Bfivares et al(2012), but is highlighted here when
compared to many other SE SNe. Such fast evolution is at oddgive perception of GRB-
SN progenitors/explosions being massive/energetic wbasidering the analytical form of
SE SN light curves (Ecp.2).

To investigate any possible correlation between light eypak and width in these bolomet-
ric light curves, we plot mispe againstM peqx for the sample in Fig6.5. There appears
to be some trend towards having a narrower light curve (fastelution) at high luminos-
ity, with the fainter SNe evolving slower, the Spearmaniskraoef cient is not signi cant

enough to reject the case of no correlation however. Thepeap to be no reason why

2The classi cation of SN 2005hg was originally made as a SNModjaz et al, 20053, before the detection
of He lines inModjaz et al.(20051).
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bright, slowly evolving SNe would be missed compared to kgrievolving events at sim-
ilar luminosities, and it may indeed indicate that eventshsas SNe 2005kz and 2011bm
are intrinsically rare. Conversely, fainter, quickly evioly SNe are most likely to have been
missed from detection (particularly prior to peak, whicbme of the criteria imposed on this
sample). As this is a literature based sample, the seleefieats cannot be analysed beyond
these qualitative statements. However, the literatusetaature of the sample would also
mean that any peculiar SNe that may inhabit these unusuah®gf parameter space would
be likely to be included since unusual events tend to be thedieserved. By colour coding
the SN by type it is clear the various types do not inhabit@sigke regions of this parameter
space, although some clustering of SNe llb and SNe Ic-BL (twithexceptions) occurs. All
SNe llb in the sample occur within a small region of roughlgrage evolution speed and
modest peak magnitudes when compared to the entire sanfgéelcSBL are all luminous
when compared to the rest of the sample with the exceptiomN\oP@2ap, and all have
fast evolution with the exceptions of SNe 2002ap and 2003kuds analysis indicates that

bolometric light curves alone cannot be used to reliabltirtysiish between SE SN types.

Template bolometric light curves for SE SNe are presentédgn6.6, showing the median
value and the standard deviation. The data for these teesptae presented in Tablé2

to 6.5with the phases being relative to the peak.gf. These were found by sampling in-
terpolations of the bolometric light curves and calculatime median and standard deviation

of those SNe who had a light curve covering that particulasgh

6.3.2 Modelling

The vy, values are presented in Talfiés. These values were used to break the degeneracy
in Ex andMy;, arising from Eq6.2, by using Eq6.5. Velocity determinations were found

to agree well with literature values that were determinedifboth the Gaussian- tting tech-
nique and also spectral modelling. Furthermore, no sigmitccorrelation of/y, was found

with either peak luminosity or light curve width. The prewgdy noted fast evolution of the
SN-Ic-BL 2010bh still allows for a larg&k value when reconciled with its huggy, (»

30000 km §1) and Eq6.5.
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Table 6.2: Template bolometric light curve data for SNe Ilb

Phase log 19 Lpol std. dev. Phase log 19 Lpol std. dev. Phase log 19 Lpol std. dev.
(days) ergs ! (days) ergs ! (days) ergs

-18 42.172 0.547 12 42.092 0.076 42 41.702 0.092
-17 42.129 0.422 13 42.070 0.074 43 41.694 0.091
-16 41.785 0.370 14 42.071 0.113 44 41.686 0.090
-15 41.859 0.290 15 42.052 0.113 45 41.677 0.089
-14 41.930 0.226 16 42.035 0.113 46 41.669 0.087
-13 41.933 0.167 17 42.020 0.114 47 41.662 0.086
-12 41.936 0.138 18 42.005 0.114 48 41.654 0.085
-11 42.023 0.116 19 41.992 0.114 49 41.647 0.084
-10 42.116 0.103 20 41.979 0.115 50 41.640 0.083
-9 42.200 0.096 21 41.967 0.115 51 41.633 0.082
-8 42.245 0.093 22 41.956 0.115 52 41.627 0.082
-7 42.294 0.092 23 41.944 0.115 53 41.620 0.082
-6 42.341 0.094 24 41.933 0.116 54 41.614 0.081
-5 42.385 0.097 25 41.947 0.120 55 41.646 0.116
-4 42.357 0.105 26 41.935 0.116 56 41.602 0.082
-3 42.308 0.106 27 41.901 0.116 57 41.596 0.082
-2 42.316 0.111 28 41.891 0.116 58 41.590 0.083
-1 42.320 0.115 29 41.882 0.117 59 41.583 0.084
0 42.317 0.117 30 41.874 0.117 60 41.577 0.084
1 42.311 0.117 31 41.866 0.117 61 41.569 0.085
2 42.300 0.115 32 41.859 0.117 62 41.561 0.085
3 42.286 0.113 33 41.852 0.118 63 41.580 0.069
4 42.269 0.109 34 41.845 0.119 64 41.569 0.070
5 42.250 0.105 35 41.838 0.119 65 41.557 0.072
6 42.229 0.100 36 41.830 0.121 66 41.545 0.073
7 42.207 0.095 37 41.797 0.088 67 41.533 0.075
8 42.184 0.091 38 41.788 0.087 68 41.522 0.076
9 42.160 0.086 39 41.728 0.093 69 41.496 0.015
10 42.137 0.082 40 41.720 0.093 70 41.488 0.015
11 42.114 0.079 41 41.711 0.093 71 41.481 0.017

Table 6.3: Template bolometric light curve data for SNe Ib

Phase log g Lpol std. dev. Phase log 1g Lpol std. dev. Phase 1og 19 Lpol std. dev.
(days) ergs 1 (days) ergs 1 (days) ergs
-20 41.649 0.417 8 42.498 0.306 36 42.082 0.252
-19 41.799 0.337 9 42.472 0.307 37 42.071 0.250
-18 41.920 0.270 10 42.445 0.308 38 42.061 0.249
-17 41.895 0.394 11 42.418 0.309 39 42.052 0.248
-16 41.934 0.362 12 42.392 0.310 40 42.051 0.257
-15 42.047 0.318 13 42.367 0.312 41 42.156 0.192
-14 42.146 0.276 14 42.421 0.304 42 42.147 0.192
-13 42.049 0.335 15 42.401 0.302 43 42.139 0.192
-12 42.143 0.325 16 42.380 0.300 44 42.131 0.192
-11 42.239 0.318 17 42.360 0.317 45 42.125 0.191
-10 42.421 0.348 18 42.340 0.298 46 42.120 0.191
-9 42.458 0.324 19 42.321 0.297 47 42.116 0.189
-8 42.418 0.329 20 42.302 0.297 48 42112 0.188
-7 42.452 0.326 21 42.285 0.296 49 42.109 0.186
-6 42.545 0.315 22 42.267 0.293 50 42.106 0.183
-5 42574 0.301 23 42.251 0.297 51 42.103 0.180
-4 42.595 0.297 24 42.235 0.296 52 42.198 0.164
-3 42.603 0.294 25 42.220 0.296 53 42.192 0.169
-2 42.613 0.292 26 42.205 0.295 54 42.186 0.171
-1 42.618 0.290 27 42.191 0.295 55 42.181 0.170
0 42.619 0.289 28 42.175 0.309 56 42.068 0.108
1 42.617 0.299 29 42.163 0.308 57 42.067 0.105
2 42.613 0.299 30 42.151 0.307 58 42.062 0.107
3 42.604 0.300 31 42.051 0.320 59 42.062 0.105
4 42.594 0.302 32 42.035 0.319 60 42.060 0.105
5 42.569 0.302 33 42.021 0.319 61 42.058 0.107
6 42.547 0.303 34 42.099 0.254
7 42.524 0.305 35 42.092 0.254
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Table 6.4: Template bolometric light curve data for SNe Ic

Phase log 19 Lpol std. dev. Phase log 10 Lpol std. dev. Phase log 19 Lpol std. dev.

(days) ergs (days) ergs (days) ergs
-9 42.583 0.239 22 42.264 0.316 53 41.878 0.422
-8 42.498 0.188 23 42.232 0.339 54 41.869 0.421
-7 42.506 0.277 24 42.208 0.342 55 41.697 0.468
-6 42.553 0.263 25 42.185 0.345 56 41.694 0.468
-5 42.507 0.279 26 42.164 0.348 57 41.690 0.468
-4 42.529 0.254 27 42.144 0.351 58 41.687 0.469
-3 42,571 0.204 28 42.127 0.353 59 41.682 0.470
-2 42.588 0.197 29 42.111 0.355 60 41.679 0.472
-1 42.599 0.193 30 42.096 0.356 61 41.675 0.476
0 42.652 0.183 31 42.084 0.357 62 41.849 0.390
1 42.650 0.183 32 42.072 0.358 63 41.846 0.389
2 42.644 0.185 33 42.062 0.359 64 41.844 0.389
3 42.633 0.188 34 42.053 0.360 65 41.842 0.388
4 42.618 0.192 35 42.020 0.389 66 41.841 0.388
5 42.602 0.197 36 42.012 0.390 67 41.840 0.387
6 42.584 0.204 37 42.004 0.391 68 41.839 0.387
7 42.566 0.211 38 41.997 0.392 69 41.839 0.387
8 42.547 0.219 39 41.989 0.393 70 41.836 0.387
9 42.529 0.228 40 41.982 0.394 71 41.833 0.387
10 42.511 0.237 41 41.974 0.394 72 41.832 0.387
11 42.495 0.245 42 41.966 0.394 73 41.830 0.387
12 42.479 0.254 43 41.958 0.395 74 41.829 0.387
13 42.457 0.263 44 41.950 0.394 75 41.825 0.387
14 42.431 0.271 45 41.942 0.394 76 41.824 0.387
15 42.406 0.278 46 41.935 0.394 7 41.822 0.387
16 42.388 0.285 47 41.928 0.393 78 41.819 0.387
17 42.371 0.292 48 41.921 0.393 79 41.816 0.387
18 42.347 0.298 49 41.915 0.393 80 41.814 0.387
19 42.325 0.304 50 41.910 0.393 81 41.812 0.387
20 42.303 0.309 51 41.895 0.424 82 41.810 0.387
21 42.283 0.313 52 41.887 0.423

Table 6.5: Template bolometric light curve data for SNe Ic-BL

Phase 1og 19 Lpol std. dev. Phase 1og 19 Lpol std. dev. Phase 1og 19 Lpol std. dev.
(days) ergs 1 (days) ergs 1 (days) ergs
-6 42.731 0.146 20 42.548 0.270 46 42.168 0.138
-5 42.743 0.340 21 42525 0.273 47 42.160 0.099
-4 42.818 0.287 22 42.393 0.270 48 42.150 0.104
-3 42.859 0.282 23 42.371 0.273 49 42.139 0.108
-2 42.912 0.256 24 42.350 0.277 50 42.129 0.114
-1 42.924 0.256 25 42.440 0.277 51 42.118 0.116
0 42.928 0.256 26 42.422 0.278 52 42.108 0.118
1 42.925 0.255 27 42.427 0.137 53 42.097 0.120
2 42.916 0.255 28 42.407 0.137 54 42.086 0.121
3 42.903 0.254 29 42.389 0.137 55 42.075 0.121
4 42.886 0.253 30 42.372 0.137 56 42.065 0.122
5 42.868 0.253 31 42.372 0.177 57 42.054 0.123
6 42.849 0.252 32 42.341 0.139 58 42.043 0.124
7 42.829 0.251 33 42.327 0.139 59 42.033 0.126
8 42.809 0.251 34 42.314 0.140 60 42.022 0.125
9 42.789 0.250 35 42.301 0.142 61 42.135 0.123
10 42.770 0.250 36 42.290 0.143 62 42.126 0.124
11 42.746 0.250 37 42.278 0.144 63 42.117 0.125
12 42718 0.250 38 42.267 0.146 64 42.108 0.126
13 42.688 0.249 39 42.256 0.147 65 42.099 0.127
14 42.707 0.266 40 42.245 0.148 66 42.091 0.128
15 42.679 0.266 41 42.233 0.149 67 42.082 0.129
16 42.651 0.266 42 42.222 0.149 68 42.074 0.130
17 42.624 0.267 43 42.209 0.148 69 42.066 0.131
18 42.598 0.268 44 42.196 0.146 70 42.059 0.132

19 42.573 0.269 45 42.183 0.142 71 42.051 0.133



6.3. Results 147

435 0:70

430t

I
N
1

N
N
S
Myi [M ]

N
=
S

log;o Luminosity [erg/s]

0:05

430 18

425t

m [days]

I
=
o

log;o Luminosity [erg/s]

o
Q
o1

3

0 5 10 15 20 25 30 35 40
t to [days]

Figure 6.1: Photospheric phase model light curves of SE SNp: the effect of changing
Myi at constang, is shown. For a given rise time, the peak value is determigdd fp, the
value of¢y used is 9 days (i.e. a SN wil¢; » 1 M- andEg » 1£ 10! ergs).Bottom:the
effect of altering¢, at a constanM ;. ¢, dictates the rise time to peak and also the decay,
effectively determining the “width' of the light curve antbathe peak -My; for this plot is

0.1 M- for each model.
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Figure 6.2: Nebular phase model light curves of SE SNe. Tlhd btack line indicates
the case of no mass and no energy being contained in the iemsedcomponent. The
colour bar indicates varyinfe whenfy, = 0:2. The corresponding photospheric phase t
is shown (grey dashed) for comparison. The (outer layer) &fdrpeters used wehdy; =

0:1 M-,M¢ =1 M- andEk =1 £ 107! ergs. Varying v andf g then allows an additional
contribution from an inner dense component to reveal itheling the late phase modelling.
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Figure 6.3: An example of extracting a photospheric vejoeieasurement from a SN spec-
trum. The emission from the Fe, 5169 transition is evident at the rest-frame wavelength
of the transition (black dotted line). A Gaussian (greerhdddine) is tted over the blue-
shifted absorption. The minimum of this Gaussian gives #leaity of the ion responsible
for the transition, approximately that of the photospherthe case of Fe. The complications
arising from neighbouring features, which may skew the mumn of the feature (thus af-
fecting velocity measurements), are evident in this casleealgarge emission feature peaking
at» 5000A. (Spectrum is that of SN 2009jf, obtained from WISeREP.)
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Figure 6.4: Bolometric light curves of SN in the sample usimgBC ts of Chaptel5 (top).

The peak-normalised light curves are also displayed (bottderror bars are indicative of
the uncertainty of the BC only, which is found by taking the emainty in the colour and
translating that as an error on the BC ts. Distances, for eplanwill be a signi cant source
of uncertainty in the top plot.
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Table 6.6: Photospheric velocity measurements for SE SNe

SN name Type

Line(s) used vy,

Phas& Notes

kms?! (days)

1993J lIb Fal 8000 0 Agrees with Fa velocities found byOhta et al(1994); Barbon et al(1995;
Pastorello et al(2008.

19941 Ic Fell 11500 1 Agrees with spectral modelling value gf, in Sauer et al(2006.

1996¢cb lIb Fal 8500 1  Qiu et al.(1999, however, nd a velocity of Ha of 8870km $! at epoch
i 15 days which would indicate extremely low, at peak. Inconsistency
was found when measuring velocities on the same spectrudhthenFeil
measurement found here is preferred.

1998bw  Ic-BL Sill 19500 1 Feil lines are largely blendedv,, agrees with value found blyatat et al.
(200)) and is similar to SiI velocity found byPignata et al(2017).

1999dn Ib Fal 10500 0 Taken fronBenetti et al (2011

1999ex Ib Fal 8500 1 Agrees with velocities given lHamuy et al(2002

2002ap  lc-BL Fel 13000 2  Gal-Yam et al.(2002 nd the velocity of Sill to be 15000km s at peak.
Features blended somewhat.

2003bg b Hel 10000 0 Taken fronHamuy et al(2009.

2003;d lc-BL Sill 13500 0 Taken fronvalenti et al.(2009.

2004aw Ic Fal 11000 j 2 Taubenberger et al(200§ show a contemporaneous 8i velocity of

12500km &1,

Sjnsay ‘€9
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2004dk
2004dn
2004fe
2004ff
200449q
2005az
2005bf
2005hg
2005kz
2005mf
2006T
20064aj

2006el

2006ep

2007C
2007Y

lc-BL

l1b

Sill
Sil
n/é
n/&
n/&
n/a
Fel
n/&
n/d
n/d
n/&

(Sin)

n/&

n/a
n/&
Fell

9200
12500
8150
8150
7700
7700
7500
7700
14000
8150
7700
18000

7700

7700

7700
9000

=

i 2

Taken fronHarutyunyan et al(2008).
Taken fronHarutyunyan et al2008.

Modjaz (2007 show a He velocity of 14000km st at peak.
Matches value for Felines found byFolatelli et al.(2009.
Modjaz (2007 show a He velocity of 10000km ! at peak.

The value of,, presented irPian et al.(2006 is used as the spectrum is
noisy and heavily blended. This value agrees with that fdynignata et al.
(201)) from measuring Sil.

A velocity of H, somewhat past peak, is given as 11500krhia Blondin
et al.(2009.

Matches the values for Revelocities found byStritzinger et al(2009 and
Valenti et al.(2011).
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2007gr

2007ru

2007uy

2008D

2008ax

2009bb

2009ijf
2010bh

2011bm
2011dh

l1b

lc-BL

lc-BL

lc
g

Fal

Sil

Fel

Fell

Fai

Fal

Fell
Sill

Fal
Fal

10000

19000

14500

9500

7500

17000

9500
30000

9000
7000

0
0

Agrees with values from spectral modelling preskmeéiunter et al(2009.
Taken fronsahu et al(2009.

Roy et al.(2013 nd the velocity of He | to be 15200km st at the same
epoch.

Modjaz et al (2009 show Hel velocity as 11000kmig at this epochSoder-
berg et al(2009 show the Sii velocity to be 9000-10000km &.

Matches the values for Hevelocities found byPastorello et al(2008 and
Taubenberger et a[2011).

Pignata et al(2011) nd Si 11 velocities at this epoch to be 18000kt aind
nd Fe 11 lines to be at 17000kmi $ using a spectral modelling code.
Matches values found Malenti et al.(2011).

Taken from a linear interpolation of theiSielocities presented i@hornock
et al.(2010.

Taken fronvalenti et al.(2011).

Taken fronBersten et al(2012.

& Approximate phase measured relative to the bolometri¢ tghve peak of spectrum used to measyyre

b No value ofvy, could be measured or was available in the literature. Theage®,, for the appropriate SN type was used from

Cano(2013 (see text).
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The results of the tting are given in Tabk7and some example ts are shown in F&y7.
Behaviour shortly after the photospheric phase is not wedcdeed by the assumptions

in either the photospheric or nebular model, which is showartiqularly for SNe 2007gr
and 2011dh in Fig6.7. As such data used to constrain the nebular model do not begin

immediately after the photospheric data points.

As may be expected, explosion parameters found here agoadlpwith those in the lit-
erature where the same analytical model was applied to théeNValenti et al, 2008
Benetti et al. 2011, Pignata et a).2011, Taubenberger et aR011; Valenti et al, 2017, Oli-
vares et aJ.2012 Canqg 2013 Roy et al, 2013. This modelling could take the form of
either a direct tting of the entire model, as is done herescaling relations for the peak
and width ¢.,) of the light curve and appropriately scaling the values béter-studied SN
by assuming similarity in the other properties of the exiglos Given the often differing
choices ofa, - o andv,, employed by various authors, as well as variations arisiog the
time-scales over which the data were t, the agreement betviiee results is reassuring, as
it shows the method is not overly sensitive to such uncerésnHowever, since here truly
bolometric light curves are being modelled, some diffeesnitom previous modelling on
pseudo-bolometric light curves is to be expected. Mostbletaas an increase in the de-
rived M y; found for the SNe. Since this is intrinsically linked to thegl of the bolometric
light curve, this is naturally explained by the light cury@esented here accounting for ux
that was not accounted for in previous modelling. The neddyilarge uncertainties in the
determinations oM¢; andE, coupled with the less straightforward effect that these BCs
have on the width of the light curve compared to a pseudorbetac light curve, makes
any offset in these parameters less obvious. Indeed thenptgaranges found here had
generally a large overlap with those previously published as such there appears to be, at
most, an effect from the BC on these parameters that is at Bdeyend the precision of this

modelling scheme.

Also presented in Tablé.7 are values for the explosion parameters determined for e S
as found by more detailed spectral or hydrodynamical modgllit should be noted that
these values just encompass the ranges of preferred valaes the best-guess of the mod-

elling, and generally do not include uncertainties aridiggm, for example, the distance
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Figure 6.7: Some examples of the ts found when modelling béometric light curves
with the analytical prescription. Data points in blue irateethose that were used in the tting
routine for the photospheric phase, red data points shodetzethat were used in the nebular
phase. The photospheric and nebular ts are shown as thedoldeed lines respectively.
From top to bottom: IlIb, Ib, Ic, Ic-BL, with an example of moregyly constrained ts on
the left and exemplary ts on the right.
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(see below). On the whole, given the simpli cations inhdrenthe analytical model, the
agreement is very good and thus the analytical prescriptiosides a good way to obtain
population statistics for SNe. Although larger uncertamiare inherent in this analytical
model compared to more involved studies, one must bear id thase results are effectively
arising from just two- Iter optical observations of the Sidad a single spectrum (compared
to multi-band UV/optical/NIR photometry and at least sevepochs of spectral coverage,
required for more detailed modelling), making this is a retable method to dramatically

improve the current statistics of explosion parametersdoious SN types.

As mentioned in Sectiof.2.], the ndings of Maeda et al(2003 indicate that modelling
of the nebular light curve is required to determine acclydtee contribution of the inner,
denser region of the ejecta. This manifests itself as tharpetersf,, andfg. For the
cases where direct modelling could not deternfigeandf g, due to a lack of data in the
nebular phase, the average values for the same SN type wasnssead. Therefore, all
further discussion of explosion parameters relates toafadvalues, where the SNe without
nebular modelling (see Tab&e?7) had their photospheric values corrected by the avefrage

andf g values of its type.

Although such a simple treatment of the explosions allowsugations of explosion param-
eters to be derived relatively cheaply, the uncertaintiescansequently large compared to
more detailed studies. It is dif cult to quantify the systatic uncertainties per object a pri-
ori. With more detailed modelling, aspects such as the aigitye *°Ni mass distribution
and- o5t can be constrained, but these are unknown for the majoritheoSNe presented
here. Observational uncertainties come in the form of teadce determination, photomet-

ric errors and/,, measurements.

The error onM\; is primarily driven by the error in the distance to the SN, foimaetric
errors were found to affect the light curve comparativetifdi Where possible, the error
on the distance modulus was based on the collection of distdeterminations presented in
NED for each host (with a 2-sigma clipping applied to therdisition if there were suf cient

values). Otherwise literature uncertainties were usednally, a reasonable error assumed

3Statistical uncertainties from the t, along with those falfrom varying the epochs of data used in the t
(within sensible limits), were found to be much less tharséherrors and as such are not included.
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based on the uncertainty of other hosts. As can be inferad ffig. 6.1 (top panel), an
over (under) estimated distance would result in an overdgnelstimated peak luminosity
and thusM i, since¢, will be unaffected. Additionally, SNe 2006 T and 2006ep hanae
uncertain upper limits oM i, found by assuming that they suffer the medaiB | V)nost

of the sample.

The errors oy, directly affects thévlj/Ex ratio at a givery,,. The uncertainties were esti-
mated by taking into account both intrinsic uncertaintiethie tting method ¢ 1000 km $ 1)

as well as accounting for the fact that not all spectra warectly observed at peak. For ex-
ample, avp, determination before peak could overestimaieat peak and similarly under-
estimate it for a determination after peak. Therefggevalues derived from spectra before
(after) peak had an additional component to the lower (Upgreor budget. The power law
of Branch et al(2002 (vp, / ti 2" D wheren = 3:6) was used as a gauge of the size
of this potential offset from the,, at peak. Fel and Sill lines were assumed to tragg,
although SN 2003bg, where the only velocity determinatias ¥ound from He lines, had
an additional lower uncertainty Wy, of 2500 km $*, found to be reasonable given the dis-
crepancies between Hend Sill/Fell line velocities around peak (e.galenti et al, 2008
Pastorello et al200§ Taubenberger et aR011). Errors on thev,, values of SNe that were
assigned the averagsg, for their type were taken to be 2500 krn's As an example, for a
SN with a xed ¢m of 9 days and/,, = 10000km s 1, an uncertainty vy, of 1000 km §*
represents an uncertainty Mg; andEx of » 10and» 30 per cent respectively. Each SN
was remodelled using the lower and upper limits/fg in order to obtain uncertainties on

the tted parameters arising from inaccurate velocity daieation.

One additional parameter that has a large impact on theetdB; andEx values is the
choice of- o An assumption within to the model is that the opacity is ¢ansover the
optically thick, photospheric phase, however some gaugdlesofincertainty this assumption
introduces can be probed by varying,. Taking a 20 per cent uncertainty iR, for xed

¢ém andvyy, translates to an uncertainty ®25=j 17 per cent inM¢; andEx (since both have

the same dependence ogy”).

“Using Egs. 6.2) and 6.9): MJ=Ex / b ! Mg [ bsiven, givenEx=Mg; / v3, — and therefore
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Uncertainties on the explosion parameters arising fronabiee described sources of error

are included in the results, which are shown in Tablé

With such population studies, the statistical distribatxd explosion parameters as a function
of SN type can be investigated. This was initially done byttpig the cumulative distribu-
tions of the parameters for each type, shown in Bi§. This gure highlights the extreme
nature of the SNe Ic-BL in th#; andE distributions. SN Ic-BL are hugely more ener-
getic than any of the other subtypes (the least energetic®B\L has arEx value similar to
the most energetic of any of the other sub types), and alse maxch largeM; values on
average, although it should be noted that SNe Ib and Ic caiach highMy; values, but
the bulk of these SNe have much lower values. Howeverdistributions do not distinguish
SNe Ic-BL from other SE SNe clearly, indicating that the mddt® ejecta is not an impor-
tant factor in the explanation for these events. SNe llbnid la are indistinguishable in all
three parameters. There appears to be a hint that SNe llorfaoweer values oM y; andEg

cf. SNe Ib and Ic, but theiM¢; do not show this to such an extent, which may be a result of

their additional envelope retention (i.e. having more ntasg® ejected on explosion).

The two-sample Kolmogorov-Smirnov test (K-S test) was egoplo each pair of SN types
to ascertain the probabilityp(value) that the two samples are drawn from the same parent
population (i.e. the two cumulative distributions beingtésl are just differently sampled
realisations of a single, continuous, underlying distiiim). Note, however, that the K-S
test does not give any indication on what this distribut®nThep value is determined by
the sample sizes and tie parameter, wherP is the maximal difference between the two
normalised cumulative distributions. Succinctly put, aalip value indicates it is statisti-
cally unlikely the two samples are explained by a single pepan. The results of the K-S
test are given in Tabl&.8, which con rm the "by-eye' judgements on the distributiaonade
above. Signicantp - 0:01) differences are found between thl,; values of SNe Ic-BL
and SNe IIb and Ic, with Ib being also close to this signi cattienit. TheE distribution of
SNe Ic-BL is statistically distinguished from those of SNe dind Ib at very high con dence
and SNe Ic to a lesser extent £%). As expectedM; distributions cannot be distinguished

and all 4 subtypes are consistent with being drawn from artlgeobther samples. There are
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no signi cant values to distinguish between the samplesié 8b, Ib and Ic>

These conclusions do not include results based on modelting on SN 2012bz (Chaptéy
since the SN is at a moderate redshift and as such redkiiresrrections to be applied to
the photometry. The construction of a bolometric light @fer SN 2012bz is not possible
using the method describe here and it is therefore neglebtesbite this, based on pseudo-
bolometric light curve modelling, SN 2012bz was a spectac@N even by SNe Ic-BL
standards witiMy; » 0:6 M-, Mg » 5.9 M- Ex » 41£ 10! ergs. Its inclusion in the
cumulative distribution or K-S tests, would only serve tdhvance the statistical distinction

of SNe Ic-BL from other SE SNe types.

These results back up the ndings@ano(2013, where the use of SN 1998bw as a template
is used to make pseudo-bolometric light curves. The impremrés of this investigation
include the use of truly bolometric light curves that areependent of the assumption that
SN 1998bw is an appropriate template for all SE SNe, the snoiuof SNe I1lb as a sample,

and a larger proportion of SNe that have had thigirvalue directly measured near peak.

Each of the parameters derived from the modelling are gl@¢minst each other in Fig.9.

A zoom-in of theM; againstEk plot is also shown including only SNe IIb, Ib and Ic. The
bulk of these SNe appear to form a fairly tight correlationhis plot. This is a result of the
fairly similar vp, values they exhibit (which, in turn, dictates thk;/Ex ratio). Conversely,
SNe Ic-BL, which can have very high velocities (Talbl€), are found at smalleM ¢/Ex

ratios, as dictated by E§.5.

5The discussion is largely unchanged when neglecting t@cbtihe SNe without nebular modelling foy
andf g, however, the signi cance levels of any differences dragtgly.



Table 6.7: Results of explosion parameter modelling for SE SN

This chapter Literature values
SN name Type M ni Me; Ex M ni Me; Ex Reference
(M-) (M-) 1C'ergs (M) (M-) 10tergs

1993J b 0.180:03 1795 1497 0.06-0.14 1.9-35 1-1.6 Utrobin (1994; Woosley
et al. (1999; Young et al.
(1995

1994 Ic 0.08002 0692 1094 0.07  0.9-1.3 1 Iwamoto et al(1994; Young
et al. (1995; Sauer et al.
(2006

1996¢hb b 0.180.03 23%f 1:97%7 - - - -

1998bw  Ic-BL 0.780:09 70%3 30023 0.4-0.7 »10  20-50 Iwamoto et al(1998; Naka-
mura et al(2007)

1999dit  Ib 0.1180:03 4751 7:1%3 - - - -

1999ex Ib 0178001 32%5 3273 0.16 - 2.7  Stritzinger et al(2002

2002ap  Ic-BL 0.0%60.02 2892 673 0.07 25-5  4-10 Mazzali et al (2002

2003bg lIb 0.21§0:03 &0%Z 7:4'%1 0.2 4 5 Mazzali et al.(2009

2003jd lc-BL 0.580:.09 27/%f 68473 - - - -

2004aw Ic 0.26 0:04 44'%3 6:6%3 - - - -

2004dk b 025004 23642 42123 _ _ -
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2004dn
2004f¢
2004ff
20049q
2005az
2005bf
2005hg
2005k2
2005mf
2006T°
2006af
20066t
2006e3°
2007C
2007Y

2007gr
2007ru
2007uy

0.28 0:03
0.3(8 0:04
0.2% 0:03

0.18 0:05

0.3% 0:07
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0.628 0:08
0.24 0:03
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20080 b 0.1280:02 39%3 447 0.05-0.1  3-7 2-8.5 Soderberg et a(2008; Maz-
zali et al.(2008; Tanaka et al.
(2009

2008ax llb 0.180:04 3043 2635 - — - -

2009bb  Ic-BL  0.3§0:02 2598 9:268 _ _ - -

2009f  Ib 028004 4247 58453 _ - - -

2010bh  lc-BL 0.380:05 1293 330743 - — — -

2011bm  Ic 0.780:12 9638 100435 _ _ .

2011dh  lib 0.080:.02 187%% L1935 0.06-0.07 2 0.6-1 Bersten et al.(2012; Shiv-
vers et al(2013

& Inner component modelling based on the avefagandf g values for the SN type (see text).
b Only Galactic extinction is accounted for, thus thig; value has a large upper uncertainty arising from the pditgiloif
signi cant, unaccounted for, reddening.

¢ Uncertain peak o value accounted for iMy; uncertainty.
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Table 6.8: Results of two-sample Kolmogorov-Smirnov testegplosion parameters be-
tween SE SNe types

Sample 1l Sample 2 M i Mej Ex

D p D P D P
b Ib 0.253 0.887 0.372 0.515 0.358 0.561
b Ic 0.607 0.075 0.375 0.608 0.333 0.749
lb lc-BL 0.875 0.002 0.417 0.471 0.833 0.006
Ib Ic 0.365 0.428 0.317 0.611 0.269 0.800
Ib lc-BL 0.644 0.017 0.288 0.726 0.8480.001
Ic lc-BL 0.750 0.010 0.375 0.519 0.625 0.049

Speci ¢ SN notes

SN 2005bf SN 2005bf was a very unusual burst that displayed a doubigpkd light curve
(Fig.6.10. There have been various models proposed for the SN withusenergy sources
powering the second, brighter hump. Among the$bli decay has been proposed, and,
given the high peak luminosity, 5£ 10*? erg s 1, this requiresMy; » 0.32 M- to power

it (Tominaga et a).2005. However,Maeda et al(2007), from nebular modelling, nd that
» 0:08 M- of ®Ni was synthesised, inconsistent witR®li-powered explanation for the
second peak. Conversely, it is found from modelling herettimatrst peak is well matched
by a®®Ni mass similar to the value derived from nebular modellibig;(» 0:087 M-, see
Table6.7). This would suggest that the rst hump is indeed poweredHaytNi synthesised
in the explosion, but also that the second hump has some tkaar source (e.g. magnetar
Maeda et al.2007).

SN 2006el The light curve of SN 2006el lacks data to properly tie the Although the
rise to peak is observed, no data exist beyond this on thendebefore the end of the
photospheric phase in order to tie the width of the light etamd thus constrai ; andE .

As such, theMy; determination is trusted, although an additional uncetyais included,
arising from varying the true value af,, between reasonable limits and using equation 6

of Rest et al(2011); theM¢; andEk values are not used.



6.3. Results

166

1.0 .
: l |
1 I
1
1 I
0:8} : :
1 I
5 ol l
S 06} . l
= o l
s po
8 1 1 I
S 04l 1 I I
5 i l
O | I I
1 I I
ool o Ib (13)
Vo | Ic (8)
N : Ic-BL (8)
1 I I
o4, 01 02 03 04 05 06 07
Mni [M ]
1.0 —
11 I
[ I
[ I
[ !
0:8r |
5 |
g 0:6} [
= | , l
S R
% 047 [ :
E™ D1
O [
[ I
- [ I Ib (13)
o2 [1 0 Ic (8)
[ 1
I_ E 3 3 Ic-BL (8)
05 g 6 B 10
Mej M ]
10 [ |
1 I
1 I
1 I
Ll I
2 l
1 I
g | |
g 0.6} [ 1
= | l
> 1 1
E 1 I
S 04l 1 I
g t l
O 1 I
1 I
" ! Ib (13)
oy 1 Ic (8)
1 I
o : Ic-BL (8)
1 I
00— 10 15 20 25 30 3

Ex [10°* ergs]

Figure 6.8: Cumulative distributions for explosion paraengf SE SNe (topM y;, middle:
Mg, bottom: Ek), divided by subtype. Where appropriate, values have bearated for
contributions from the inner component (see text). Theayewalues for each SN type are
indicated by the vertical dashed lines.
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Figure 6.10: As for Fig6.7 but for SN 2005bf. Although the second hump can also be well
t by the analytical model, it requires 2Ni mass far above that determined from nebular
modelling. However, the rst hump can be well modelled with°&li mass consistent with
nebular spectral modelling (blue line).

6.4 Summary

An analysis of a large sample of SE SN bolometric light cutvaes been made. Peak bolo-
metric absolute magnitudes range frprh6:3to j 19:2 mag, with both luminosity extremes
occupied by a SN Ib¢ ms,, values range from 0.20 to 1.37 mag, with SNe Ic making
up the extremes of this distribution. No correlation betwpeak luminosity and light curve
width is found (cf. SNe la). The bolometric light curves wenedelled using an analytical
prescription utilising the velocity of the photosphere aak light. These results agree well
with those found from more computationally and observatilyrexpensive models, which
suggests a future, large-scale deployment of this methfedssble and will provide accurate
results. The extreme nature of SNe Ic-BL was evident from tbdetiing, with theirM y;
andEk values being statistically distinct from all other SE SNpeyby at least % with

p - 0:01for two of the three other subtypes in each parameter. CoelyetheM,; values
for SNe Ic-BL are very similar to those of SNe Ilb, Ib and Ic. Fisuggests the mass of
the cores are of similar masses to those of other SNe upoonsap| although the initial
zero-age main sequence masses may be different. As sucmafgeof the core does not
appear to play a major role in determining the presence df iejocity features, and this

must be dictated by another property of the core (e.g. coitipo®r angular momentum)
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and/or the presence of a central engine that may initiate bigh velocity features. Note
that for several SNe Ic-BL the presence of a central engineas/k, and this occurs when its
jet axis is aligned with the line-of-sight and observed as=B@r X-ray ash). The average

Mni, M andEg valuesall follow the same sequence of increasing value of lldb ! Ic

I lc-BL.



Chapter 7

Thesis summary and future research

7.1 Thesis summary

This thesis has continued the current effort that is beirtgmia understanding the explosive

deaths of stars.

The pipeline CLASP has been developed to make image alignanersubtraction painless
for the purposes of transient follow-up and environmertiadies. The pipeline is designed
for ease of use, with the ability to align any arbitrarily fsdl, rotated, scaled images with
little or no parameter adjustment. The subtraction proe¢ss works well in the cases of
reasonable seeing and has successfully subtracted datafrmmber of telescope and in-

strument con gurations.

CLASP was employed to createRHnaps of the hosts of two peculiar types of transients
whose nature is very poorly known. Through observing the@aton with HR emission
(recent SF), respective constraints were placed on thedcdigjes progenitor systems of these
transients, which will inform future modelling of the explons and provide an additional

constraint for any proposed systems.

The GRB-SN 120422A/2012bz was investigated through cortgiruof its pseudo-bolometric
light curve. A simple modelling treatment of this light cervevealed its spectacular nature,

being one of the brightest SN to have accompanied a GRB andeaisg one of the most

170
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energetic SN known.

Given the usefulness of bolometric light curves in SN inggditons, a method was sought to
relieve the observational and time costs involved in thedpction. Well-observed literature
SNe formed the basis of several polynomial ts that allows tmtrivially create a bolometric
light curve with a simple two- Iter optical light curve. Thens scatter around these ts was
found to be very small and, barring strongly interacting 8. IIn, lbn), an accurate

determination of the bolometric light curve can be made fgr @CSN.

These BCs were applied to literature SNe to create the largegtle of SE SN bolometric
light curves, with each one modelled in the fashion of SN 2212The simple modelling
scheme revealed tted explosion parameters that agreddmtblmore involved modelling
of a sub-sample of the SNe. This modelling revealed the edreature of SNe Ic-BL in
energetics an@Ni mass, with the SN llb, Ib and Ic explosion parameter distidns all
appearing indistinguishable. Continuous distribution$ighft curve peaks and time scales
were observed, with no clear correlation between the twmplate bolometric light curves

for SNe llb, Ib, Ic and IC-BL were also produced for the rst time

7.2 Future research

The research presented here has revealed a number of prgmngnues for future research

in the eld. A few of the current and future studies to be penfied are presented here:

2 The rates of the peculiar SN 2002cx-like and Ca-rich trartsiare currently very un-
certain. A calculation of these values is needed to furtestrict potential progenitor
models. Current wide- eld untargeted surveys will allow d&ust determination of

these rates.

2 Alarge number of PTF-discovered CCSN have been observedheithiverpool Tele-
scope, alongside follow-up done by PTF. These light curvesige an excellent re-
source from which to continue the creation and modellinglBfSN bolometric light

curves. With a much less biased observational strategsetvél provide more com-
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plete samples of the sub-types to further investigate thpeties that have been in-
vestigated here for literature SNe. Once enough light @ihave been accumulated,
one can then begin to investigatéhin SN sub-types and investigate if the explosions
themselves have any knowledge about, for example, theamagent in which they
are exploding. Given the methods presented, once the dta thve creation of the
bolometric light curves and modelling requires no signntaomputational or labour

expense.

2 Alongside this light curve investigation, the hosts of PTF Glé&re being observed in
H®. Utilising the statistical method presented here for paclbw-luminosity SNe I,
the environments of these SNe can be investigated as agidiradl of study to the

light curve analysis.

2 The BCs presented will be improved upon as more well-obserisl éxist. These
additions may increase the robustness of the ts or, moerastingly, produce SNe
who appear to have unusual BCs. A patrticular area to improve igpto include a
sample of SNe observed in Sloan lters directly, to circumivihe need to transform

Johnson-Cousins data.

2 The GRB-SN connection is an area of research that has beeresteblished over
the last 15 years, but still has a very low number of eventsnyapen questions
exist about the link between the two (e.g. does the GRB knowtabe properties of
the SN explosion and vice-versa), which will only be answeyace a larger sample
exists — current and future wide- eld surveys (especialtg®with deep imaging) will

contribute heavily to this.

2 The BCs presented are reliant upon a single colour and prowickepgonally tight
correlations. Nevertheless, it may be that further infdramacan be gleaned from
optical observations. Since it is probable that SNe arevad in threedri) or four
(BV RI) lters, perhaps utilising two colours, or somehow incladiinformation for

> 2 Iters to produce a t could further reduce the scatter.

2 Given the low scatter observed on the BC for even the very bgéseous CCSNe,

it is expected that a similar investigation for SNe la woutdduce even tighter ts.
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The pursuit of this investigation is contingent however lo@ &uthor's desire to incur
the wrath of the SN la community with his disregard for systémuncertainties and
ignorance of their value beyond very bright light bulbs, asdsuch may not come to

fruition.

2 Although the analytic prescription used to model the ligimves here produces good
agreement with other modelling, it may be that some of thgkiying assumptions
can be removed in place of more data constraints, when cdig@s allow, in order
to reduce the systematic uncertainties in the model. Thisin@ude a description of
the evolution of the velocity of the SN, rather than usingrgkg velocity, or allowing

for a treatment of the initial®Ni mass distribution, for example.

2 Observe a Galactic SN (hopefully!)



Appendix A

The Normalised Cumulative Rank

method

The normalised cumulative rank (NCR) method is a pixel-basatisical analysis of loca-
tions (chosen pixels) within an astronomical image. Pcadyj, it is a proxy for determining
how associated a particular location in the image is to theated ux in the image, and,
given a large sample of such images and locations, can ascéne statistical correlation
between locations and the tracer chds®y normalising to the total sum of the pixel values,
each pixel can be assigned an NCR value of between zero to treeewne is always the

brightest pixel in the image and zero represents any pixél mo detected ux.

The calculations involved in determining an NCR for a chosgalpocation @) are:

2 Sort all the pixels in the image by their value and note thexaf p in this array
2 Cumulatively sum these values and then normalise by thedotalof all pixel values

2 The value of the normalised cumulative sum at the indgxisfthe NCR value op

In reality, however, we are not dealing with ideal data antgessd measures must be taken

to ensure the NCR method is implemented consistently acitiesetit images. The NCR

1For the data analysis in this thesis, the chosen tracersk@i@nd far- and near-UV emission, as proxies
for recent star formation, and the locations were those wbua SN types; the method could plausibly be used
on imaging of various tracers and various transients.
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method has been packaged intoxarRoN script to handle the calculation and data manipu-

lation required. Details of the steps included in this ganipw follow.

Since we are cumulatively summing the pixel values, in adgpbimage, where all pixels
have a positive value, every location chosen would have d@iy&NCR. The NCR for a

"background' location (i.e. where there is no detected upoee that of the sky) would
differ from image to image due to the varying ratio betweeokigaound pixel brightness
and detected ux pixel brightness, and each backgroundtilmeavould have a differing

NCR due to the Poisson noise in the image. For this reason theEERod is reliant on the
image having a sky-background mean of zero, i.e. the digtab of pixel values, caused
by noise in the image, must be centred on zero. This natusallyes the above problem in
that the equally negative and positive pixel values of thekeound will cancel out in the
cumulative sum, leaving the sum at zero once we begin to erieopixels with true detected
ux above the noise of the image. Any location with an NGRO is set to zero since it is
buried in the noise of the image and would have a pixel valusedd in idealised data. This

technique is shown visually in Fig\.1.

Practically, obtaining an image background with a mean at#y zero is not possible. For
the H® data reduction in this thesis, CLASP (Secti) was used to perform image sub-
traction prior to performing the NCR analysis on an image. Jiigraction routine attempts
to tavarying background function to the images in order taka the difference image have
a near-zero background over the entire image. This cangd&ugarticularly in the cases of
large variations across the image background or differack@round variations for the im-
age and subtracted template frame. To improve upon thisgeamenesh grid is constructed
for the image after object masking via the IRAF taskiMASKS, or iterative sigma-clipping
of pixels. By taking the median values of background pixedsngled across the entire im-
age, the tie points for a low-order spline function are mazi@-spline interpolation of the
median mesh is performed and this function is subtractet flee imagée. This results in

a background that has a mean closer to zero at all areas oh#dgei(with careful attention

2A smoothing factor can be applied to the spline instead aftstrinterpolating the median mesh in the
cases where object masking fails to completely mask all gonisn the difference image. In these cases the
median of a mesh-point containing, for example, the trantdiest, may be anomalously high compared to
surrounding mesh-points, and a smoothed spline will be &@betpresentation of the true background pixel
values.
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Figure A.1: The NCR values in a typical image are shown (safid)lalong with the true
value of the normalised cumulative sum (dotted line). At gaie turnover pixel, N the
cumulative sum becomes positive and the NCR of any locatidhenmage with a pixel
value greater than Ns just equal to the cumulative sum at that pixel (e.g. thel gtar has
NCR = 0.2). However, below this the cumulative sum only cdssi$ noise, with negative
values summing until the minimum of the cumulative sum areséhbeing cancelled by
positive values until N where subsequent pixels have truly positive values, beva that
of the noise in the image — detected ux. For example, evenghdhe pixel at the location
given by the silver star has a positive value, it is considere NCR = 0 location since its
value is within the noise of the image.

paid to the area of interest in the image — the location of thesient and its host). This

technique is demonstrated in Fiy.2.

The image is likely to contain artefacts that would errorsipaffect the NCR value, for
example foreground stars and residuals left by image sttiwira The pixel coordinates of
these, along with a radius to mask in pixels, are used to mastethe pixel values within
each mask. This is done using the standard manner of maskitiges in other astronomical
packages. For each mask region, the median and standagedide\of pixels (after sigma-
clipping) in an annulus around the mask are determined amati@m normal distribution
with these characteristics is constructed. This distiiiouts used to replace pixel values
within the mask, see FigA.3. A negative cut is also implemented, whereby pixels mora tha

5 standard deviations below the mean background value ate gero value, since we do
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Figure A.2: An object-masked image is evenly sampled at{diQé}intervals and a median
of each interval box is made. These median points form asjyssampled mesh (left) which
can be interpolated using a spline function to obtain thenfof the background (right). This
function is subtracted from the image to produce a more mmifmear-zero background in
preparation for the NCR analysis. Colour bars indicate piagles.

not expect such negative pixels in the subtracted image e@#y only a small portion of

the image is of interest: the limits of the host and the tramt®s location. The images are
therefore trimmed so that small variations in the backgdobave less in uence (since we
will be summing fewer background pixels) and also to prevkatneed to manually mask

every object/residual in the image that is outside the af@#terest.

The desired location to investigate in an image is often dd by the RA and DEC of a
transient; as such, the NCR method is sensitive to incorrect WE8 images. Although
WCS ts are generally robust (from visual and star centre caispas to catalogue values),
slight inaccuracies may still exist within the host galaxiehere the WCS t may be not
constrained due to a lack of point sources. To combat thigyrarty factor can be speci ed
for the image (typically 3); the sectioning and binning oé image is performed such that

the pixel at the desired RA and DEC forms the centre of a binopdrspixel.

For ease of use, the section, mask regions and mask radilseaned interactively, via
XPA messaging to DS9 This makes the NCR trivial to perform in a few seconds for most
cases, once the data are properly reduced and a WCS is ttedeAasuvntuitively de ning

the section and the mask regions, a Digitized Sky Survey j88ge of the region can

3http://hea-www.harvard.edu/RD/ds9/site/Home.html
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125 100 75 50 25 0 25

Figure A.3: A star residual (left) is masked (right) using tfoutine described in the text.
Pixels within the annuli shown are used to determine thel plistribution to use as replace-
ment. Colour bar values indicate pixel values and show tleatekidual is cleanly masked,
resulting in near-zero pixel values over the image section.

be displayed to aid in foreground star identi cation andedetining host size. The DS9

interface is shown in FigA.4.

On the nal, background- attened, artefact-masked, sw@tid and binned image, the NCR
calculations shown above are performed to obtain an NCR vatulkee desired pixel location
and maps of NCR values are provided for visual inspection. eSexamples of what these

NCR maps look like are shown in Fig.5.
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Figure A.4: The DS9 interface for interactive NCR analysi©ie SN location (red circle)
is shown to the user on the image. A DSS image of the region eatiolwnloaded and
displayed on another frame to aid with identifying foregrdistars, whose coordinates can
be marked for masking (yellow plus). The section is seleatetvo corners of a rectangle
(blue crosses). These various commands are performed ejtiplesses by the user and
hovering the cursor over the desired pixel.
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Figure A.5: Examples of NCR heat maps for transient hosts@nritaging. The regions of
intense KR emission have larger NCR values (see colour bar), with regagmo detected
ux at NCR = 0. The imperfections of the background being elyaand truly centred on
zero everywhere manifest themselves as pixels in backdrmagions having very small, but
positive NCR values, this typically does not substantiaffgc the value of the NCR for a
given location. The location of the transient in each hoggtigated as part of Chapteérs
marked by a star.
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The CLASP pipeline
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B.1 CLASPusage manual

B.1.1 Quick Use

SUBPIPEIS run from the scriptun-subpipe.py (image alignment/subtraction) areiOT
PIPEfrom run-photpipe.py (photometry), or either via the GUIGLASP.py, all found
in the main CLASP directory.

Prior to running the pipelines, a checkRiPEcfg.py andHOTPanTScfg.py should be

made to ensure the parameters in there to suit the data (sEndpB.1.3).

Below are quick, arbitrary examples how to run them. See AgipesB.1.3to B.1.5for a

more in-depth look at the con guration les, the commanddiarguments, and the GUI.

Running from command line (including required arguments):

$ python run-subpipe.py imagedir template workdir

$ python run-photpipe.py workdir
Help on command line arguments:

$ python run-subpipe.py -h

$ python run-photpipe.py -h
Example use of parameters (including all possible optiangliments):

$ python run-subpipe.py /path/to/imagedir /path/to/template.fits

/path/to/workdir -s
-b /path/to/bpm.fits -ct -ti 1 -ii 1 -t 5 -c i

* fits" -u -f /path/to/fringeframe.fits

-stamps /path/to/mystamps.txt -d

$ python run-photpipe.py /path/to/workdir -c -sa 3 -la 15 -0
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345,678,234,567,567,678 -s /path/to/starcoords.txt -d

(Note the string quotes around the selection argumentsince it will often include a wild-

card. Imagedir may also be a le path to perform subtractmref single image.)

B.1.2 Requirements

The following are required to run CLASP:

PYTHON (version 2.x, X 7)

PYRAF

IRAF (the mosaic packagescREDis also required for defringing)
PYFITS

NUMPY (version 1.5.1+)

ScIPy (version 0.9.0+)

SEXTRACTOR (version 2.5.0+)

HOTPANTS (version 5.1.0+)

B.1.3 The con guration les

The CLASP pipelines can be run from either the command li@k. However, there are
two con guration les that need to be set properly for yourtadefore you begin running

the pipelines.

The two con guration les are name®IPEcfg.py andHOTPanTScfg.py , located in
the main CLASP directory. These les hold parameters thay meed to be modi ed de-
pending on the data you are feeding the pipelines. Commerikege les should explain
most of the parameters and the following can be used to guddowards the parameters

that should be checked for the best success rate.

HOTPanTScfg.py holds all the parameters for the HOAWT S code and in most cases

the parameter names are the same as when running WIOM® directly (these can be seen
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by running your HOTRNTS executable with no arguments, which will give you morernf
mation on them). Particular attention should be paid to tkel palue limits and the number

of stamps in each directiomsx ,nsy should be adjusted very roughly with the number
of objects in yourimage In images with few point sources, it may be prudent to reduce
kernelorder to 1 as the kernel form can vary wildly if not suf ciently canained (i.e.

not enough stamps sampled across the entire imagehdtpantsdir should also point

to your HOTRANTS executable directory

PIPEcfg.py holds data-dependent parameters. Some of these relatenartes of FITS
headers which should be self-explanatory. Pay particutan@on, however, to the param-
eters de ning the min/max number of objects to ndimageandtemplate The pipelines
run SEXTRACTOR to detect objects at the given thresholds (initidlWAGETHRESHWnd
TEMPTHRESHThis is adjusted (a limited number of times) by the pipelto meet the
min/max object requirements. A judgement by eye of the nunabesources inimage
andtemplateshould allow these to be set sensibly and to broadly enclussetestimates.
XYXYMATCHnd WREGISTERelate to their namesakes in IRAF, and can be switched
on and off as required. If both are tru&REGISTERWIll only be used in the event that
XYXYMATCH fails to nd a solution. The parameters favXYMATCH can also be set at the

bottom of this con guration le; see th&YxYMATCH docs for more information on these.

B.1.4 Command line

General command line argument help is obtained via:

$ python run-subpipe.py -h

$ python run-photpipe.py -h

run-subpipe.py

Required arguments:
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imagedir  (string): the path to a directory containing science imaigebe subtracted.
Alternatively can be set to the le path of a single le to sudntt a single image. Selected

les will not be altered as all images to be processed aresmbfmworkdir.

template (string): the le path totemplate Again, this le will not be affected and will

be copied to the work directory in a subfolder, "template/'.

workdir  (string): the path to a directory to store all the output freoBPIPE If the path
doesn't exist then it will be created. If the directory egisgtuBpPiPEWIll ask whether you
want to remove it, in which caseverything contained within the directory, including all

sub-directories will be deleted
Optional arguments:

-s SELECTION (string): the pattern for sub-selecting les withimagedir (if it is in-
deed a directory). Note th&ELECTIONmust be enclosed in string quotes since it will

probably contain some kind of wildcarBefault = ' * fits'

-u : including this ag will run suBPIPEIN "update' mode. In this case an existingrkdir

must be speci ed containing output from a previous rusoBPIPE The log and report les
will be appended to rather than overwritten. This is uselfioidd a small subset of images
have poor subtraction, for example. ParameteRIRPEcfg.py andHOTPanTScfg.py

can be altered, and rerunnisgBPIPE passing just the image(s) for which subtraction needs
to be redone, will overwrite the previous output for the iragg. Similarly, extra subtractions
can be added to an existingorkdir usingu, and these will be added alongside existing
output without destroying previous work. Each timearkdir is updated, the con guration
les are checked for similarity to the copies alreadyworkdir, and if any changes are found
the con guration les are copied with dn].py  suf x —the shelve le will keep track

of what images used what con guration le versions.

-f FRINGEFRAME (string): the le path to the appropriate fringe frame fonage A

single extension FITS le of the same dimensionsraage

-b BADPIXELMASK(string): the le path to the appropriate bad pixel maskifoage A

single extension FITS le which must be of the same dimensiasimage(if not, it will be
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ignored). Zero at all good pixels and non-zero to indicat fnaels.

-ct : including this ag will mark templatefor cleaning also, i.e. defringing, bad pixel

removal (as supplied by and-b).

-ti TEMP_ITER (integer): the number of cosmic ray cleaning iterations écfgom on
template Additional passes may nd more cosmic rays not found by tigt pass but
generally one or two will remove the bulk of them. Set to 0 tgpstosmic ray cleaning.
Default = 2

-ii IMAGE_ITER (integer): as above but famage Default = 2

-t TRIM (integer): the border size in pixels to x to a value of zer@and the edge of
the image. This can mask any instrumental effects at thesedfj¢ghe image that may
look like cosmic rays hits to the removal algorithm and willuse signi cant slowing.

Default = 0

-c CONVOLVE(char): the frame to be convolved prior to subtraction. Byadé#fthe

program will convolve the frame with the better-seeing @9, measured by the median
FWHM of point sources. Alternatively, one can let HOANTTS determine the best frame
for convolution (h) or to specify thaemplate(t) or image(i) should always be convolved.

Default = s

-s STAMPS(string): the le path to a list of stamps to use for the subti@n (see HOTENTS
docs for more info on how these are used). x and y centres wistahould be in columns

1 and 2 respectively.

-d : include this ag to run verbosely to stdout. The log le wallways have full verbosity

but this ag signi es to output to the terminal verbosely als

run-photpipe.py

Required arguments:

workdir  (string): the path to the directory containing the outpatfiSuBPIPE upon which

photometry is to be performed. Between calling-subpipe.py andrun-photpipe.py
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workdir should be unaltered (i.e. no renaming of les/directoriesemoval of les) or there

is likely to be unanticipated behaviour or failures!
Optional arguments:

-c : including this ag will clobber the existing lightcurvet le in workdir. Use this to
redo photometry, if a light curve le exists and this ag isigresent, themHOTPIPEWIll let

the user know and exit.

-sa SMALLAP (integer): an integer value denoting the radius of the apeiin pixels) to
use for small aperture photometry. This is the aperture @mewhitial photometry before

applying an aperture correction tARGEAPDefault = 3

-la LARGEAP (integer): an integer value denoting the radius of the apeiiin pixels) to
correct photometry to. Photometry will be performed on apercorrection stars in steps

betweerSMALLAPandLARGEARo compute the curve of growtlRefault = 15

-0 OBJCOORDScomma-separated oats): a string of the fohxd,y1,x2,y2,...,xn,yn"
denoting the x and y pixel positions of the object(s) to penfphotometry on (i.e. the tran-
sients/variables). Centering will be applied to these st lsigcuracy at this stage is not
required. If omitted, a subtracted image will be displayathwnstructions on how to pro-

vide the pipeline with the objects' coordinates.

-s STARCOOLIST (string): the le path to a list of star coordinates that anebe used
for aperture correction anidhagetemplateoffset determinations (i.e. these should be non-
varying, foreground stars). Format is two column, whitaepseparated with x and y in

columns 1 and 2 respectively.

-d : include this ag to run verbosely to stdout. The log le wallways have full verbosity

but this ag signi es to output to the terminal verbosely als

B.1.5 GUI

Optionally, either pipeline can be called from the GUI narfi@dASP.py . Running this le

will open a window as below with input boxes for the variousgmaeters and a box on the
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right to display the pipeline output.

Figure B.1: Screenshots of CLASP GUI window BwBPIPE(top) andPHOTPIPE(bottom).
Output is redirected to the text widget on the right hand.side

SUBPIPEOr PHOTPIPEare chosen using the radio buttons near the logo. The rasblbaes

relate directly to the arguments explained above and shHmukklf-explanatory.

When browsing for “Image Path’, choose "File' to select algimgage or "Dir' to specify

you want to use a directory that contains many images.

The "PIPE con g' and '"HOTPanTS con g' buttons will open thertguration les for edit-

ing prior to running the pipeline.

Once the boxes have been lled as desired, pressing thet"Ba#ion will call the selected
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pipe. Output will be shown on the right, which may includeoesrwhich cause the pipeline
to cancel (e.gtemplatedoesn't exist). A new call can be made after altering the ppatars

by clicking "Start' again. Once the pipeline is running,a$twill be replaced by a "STOP
(term)’ button, which, if pressed, will send ttBiGTERMcommand to the pipeline. If this
doesn't stop it &SIGKILL command can be sent by a subsequent click, effectively gndin
the pipeline if desired. Note this may not be immediate if pigeline is waiting to receive

a signal after an external call to SERACTOR or HOTRANTS, for example. The pipeline

will end once the call to the external package is complete.

Should the pipeline require input (e.g. asking whether toaeeworkdir or asking for the
stars which to use for aperture correction/offset caloute), then it will ask for it in the
right hand output box. You can interact with the pipeline thia “response’ entry bar at the
bottom left. Type what you wish to send to the pipeline ints #mtry bar (e.g. 'y’ for "yes,
remove the existing work directory' when asked) followedhg Return or Enter key to send

the contents as input to the pipeline.

B.1.6 Output

Ultimately the data products of interest will be ih@agesub. ts les (the subtracted images)
and lightcurve.txt (the photometry of the object(s) seddan thetemplatesystem), after

runningsuBPIPEandPHOTPIPErespectively.

Here is an explanation of the other (many!) output les yoli aee appear invorkdir and
what they contain(template)here indicates the template le name minus the le extension
(image)is the image le name minus the extension; there will be oneaath of these les

in workdir for every input science image.

After runningsuBPIPEthe following les will appear inworkdir:

template/ A directory containing:
(template)stars SEXTRACTOR output catalogue of objects foundtemplate

(template) ts cleanedtemplate(defringed, bad pixels and cosmic rays removed, as
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speci ed).
(image)hotpants Output from HOTRNTS detailing the subtraction process.
(image)stars.orig SEXTRACTOR output catalogue of objects found in the origimabhge
(image)stars SEXTRACTOR output catalogue of objects found in the alignexhge

(image) ts cleaned (defringed, bad pixels and cosmic rays removedpas ed) and

alignedimage
(image)png a quick look png of the aligneinage
(image)sub. ts subtracted imagarhage—templatg.
(image)sub.png a quick look png of the subtracted image.

HOTPanTScfg.py a copy of theHOTPanTScfg.py le as it existed whernsuBPIPEWas
called; this makes it easy to see what parameters were usadreturning to/repeating
subtractions. Additional con guration les may appear wia .[n].py suf x if

updates are made, see Appendig.4.

pipe.shelvea shelve le used by PHOTPIPEtO read in all the information produced by

SUBPIPE
PIPEcfg.py as above foHOTPanTScfg.py but for PIPEcfg.py
subpipelog.txt output fromsuBpPIPEwWith verbosity turned on.

subpipereport.txt breakdown of interesting values found for tteanplateandimage as
well as the outcome of the subtraction for each image. Goadittkly see if anything

went wrong and with what image(s).

Additionally, after callingpHoTPIPEthe following will appear:

template/ A directory containing:

(template)apcor aperture correction and error ftemplateas calculated bykAp-

FILE.
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(template)apcorphot PHOToutput with apertures ranging froBMALLARo LARGEAPR

(template)mkap MKAPFILE output with large aperture corrected photometrytéon-

platestars.
(template)objcoo x and y coordinates of object(s).

(template)starcoo x and y coordinates of stars used for aperture correctioroéigelt

calculations.
(image)apcor as above but foimage
image()apcorphot as above but fomage
(image)mkap as above but foimage
(image)objcoo PHOT output of initial object photometry usifgMALLAPR

lightcurve.txt nal photometry of object(s) inemplatesystem with name of image and

time of observation.
photpipe_log.txt output fromPHOTPIPEWIth verbosity turned on.

photpipe_report.txt breakdown of photometry values at various stages and tloeiassd

errors for every object within eaghhage
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