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ABSTRACT

Supernovae are the explosions of stars. They are fasajptianomena because in a period of only a
few days they release an extremely large amount of energypamble to what an ordinary star, like our
sun, will produce in its entire lifetime of a few billion yesar Supernovae occur on average once every
hundred years in every galaxy and the last events in our Millay were experienced on Earth as the
appearance (and disappearance) of a new bright star in yheSsipernovae are extremely important for
the evolution of the universe because only in the extremeditions that develop during the explosion, the
elements heavier than iron can form efficiently. They are trasponsible for the chemical enrichment of
the universe and for this reason it is often stated that weathmade of material that was formed long
ago during a supernova explosion. Supernovae have attrgatat attention worldwide during the recent
years due to the observation that a class of distant supaerappear fainter than they would if the universe
was decelerating. This has led to the exciting discovery dba universe is dominated by a mysterious
component that forces it to accelerate and that we call ‘[Bardrgy’. At the same time we have witnessed
the proof that another class of supernovae is closely lingetie mysterious cosmic explosions that are
observed at very high energies: gamma-ray bursts. Foratehsons above it is vital that supernovae are
studied in great detail and this is the area that the predeDttResis aims in contributing a small, tiny,
brick.

Although thermonuclear supernovae are used as ‘standadiesito derive distances in an empirical
way, it is actually embarrassing that we know neither thecepaogenitor of these explosions nor their
detailed physics. With our study of the thermonuclear SN32@Qwe wished to address the following
guestions: supernovae are known to produce lots of positi@an these positrons escape the ejecta or do
they remain trapped in it due, e.g., to a strong magneticfiétdthe same time we wanted to probe the
existence of the so-called ‘infrared catastrophe’, a pherwn that has been predicted but never observed
in thermonuclear supernovae. We provide an extensive eldtasthis supernova that has been collected
from many different telescopes. Our study features thedshgnonitor period>700 days) of such a su-
pernova in multiple wavelengths, including near-infragradd the farthest in time near-infrared detection
of a thermonuclear supernova with the Hubble Space Telesd@ypconstructing a bolometric light curve
we conclude that positrons most likely do not escape theajedile it is apparent that there is no preva-
lent infrared catastrophe. By inspecting our late time phwtry and spectra and by comparing with a
simple model we propose that the ejecta might be clumpy aatcbtimild infrared catastrophe only in the
highest density regions might be able to explain the dataaMéconfirm that the explosion was probably
asymmetric and briefly describe the implications of thisdtyesis.

Stripped-envelope core-collapse supernovae result fnengtavitational collapse of massive stars that
have lost their outer hydrogen envelope. A sub-class o&tbeglosions is also linked to gamma-ray bursts.
Theory predicts that the most viable progenitors of thegpdosions are Wolf-Rayet stars, which have also
expelled their hydrogen envelope, although this has nesenldirectly confirmed. In this thesis | have
tried to attack the problem indirectly, through the envirants of these explosions. By studying the lo-
cations of the Wolf-Rayet stars within their galaxies | shihat they are indeed compatible with those
of stripped-envelope core-collapse supernovae and evgarofna-ray bursts. Agreement is also found
between specific star and explosion sub-classes. In addltisave led a project to study spectroscopi-



cally the locations of normal stripped-envelope coreaqmke supernovae with the purpose of deriving the
chemical properties (metallicity) and the age of the steglgulation in the explosion environment. These

observations can help distinguish between different stzteading to these hydrogen deficient explosions.
Preliminary results indicate that there is no statisticalfnificant difference between the metallicities of

Types Ib and Ic supernovae, at least within the precisionamereach.



ACKNOWLEDGEMENTS

Three years is a short time for a PhD, especially for somebwatyhad never before worked with real astro-
nomical data. | would have never managed to succeed witheuielp of several people. It is appropriate
to thank them here.

The most important is of course my supervisor, Jesper $odlar Despite the fact that he got a perma-
nent position in Stockholm shortly after | started my PhDgbatinued visiting Denmark and we always
stayed in a close contact. Of course, coordination was ma@ya easy but we managed, and | know that
Jesper tried a lot to make it work. Many times | could not haipking that if it hadn’t been for me, Jesper
would have stayed with his family instead of getting in a ftighCopenhagen. But | am glad that he did
and, like this, | also got my free trips in Stockholm! Jespasva good and fair advisor: he was always
very thorough when correcting my work, his critique was waaduable and we have had many stimulating
discussions. | think that we ended up developing a goodlmotition and a good relation. | am indebted
to him.

Anyway, being in the same physical location implies a camstanoyance and nobody felt this more
than my co-supervisor, Johan Fynbo. Unable to say ‘no’, hetimave suffered so much (ok, it wasn’t only
me) that at some point he tried to create a ‘safe haven’ fopledo stop bothering him! Despite this, | do
not remember him ever throwing me out. Instead he would avepgnd the time to discuss with me and
even to play the occasional game of squash. | am mostly gtatehim for his always positive attitude
and his good ideas.

I, of course, do not forget that during my first months, my apervisor was Max Stritzinger. A unique
personality among astronomers (and not only), Max was raxdtéxthe kind of person | expected to meet
when | travelled down to La Palma for my first observing tripiring these years Max offered me his help
and his friendship and | am very happy to have met him.

While all the people above were more or less obliged to helpspecial credit should be given to those
that spent their time on their own free will. In that sense, ltiggest thanks goes to Daniele Malesani.
Always available, he covered for me many gaps from my lackstfomomy background: from ‘basic’
issues (that can however confuse experienced researth@rs)ctical matters and to his field of expertise
(GRBs), | learned a lot from Daniele. And | am not the only oh#hink that the people acknowledging
Daniele’s help constitute a small club!

| also profited a lot from the interaction with Justyn Maundckily for me, his arrival was coincident
with the break-up of the supernova group at DARK and like thigas never left without a supernova
scientist to talk to. Justyn was a wealth of information anglds always a pleasure discussing with him.

DARK has in general been a very inspiring environment to wiotk | have big respect for all the
people, especially Jens Hjorth, that have contributedeatimg such an environment. | am grateful for all
the opportunities to travel, all the visitors, and all thetivatting coffee time discussions (plus cookies) on a
daily basis. But, like everybody that has been around knBARK has been more than just a workplace:
it is a fun place to be. With lots of activities, parties, fidbars, ‘fun days’, ‘julefrokosts’ and lots of
interesting people around, it is difficult to get bored hénill just mention here my friends Danka, Paul
and Peter, but | have enjoyed meeting everyone, reallyyone Summarizing, the only disadvantage with
DARK is that it will be very difficult for many of us to find a conapable work place in the future!



Except from all the people already mentioned, | wish to thaakob Nordin and Linda Ostman for
letting me use in this thesis their reductions of the spegrabtained for the SDSS and Mat Smith for
observing with me at the NTT. Bo Milvang-Jensen gave vaki@bactical advice for the reduction of the
data presented in Chapter 6. For the UltraVISTA relatedystuaicknowledge discussions with Kevin
Krisciunas, Chris Burns, Jens Melinder and, especialligl&soobar, to whom | am grateful for helping
out with the numerical calculations. | thank Keiichi Maeda & collaboration done exclusively by email,

without ever meeting, and that | enjoyed a lot.
During these 3 years, | spent around 30 nights observinglegc@pes in Spain and Chile. | feel

privileged that | was given this chance.
| dedicate this thesis to my wonderful children in the hopa,tbne day, they will be for this a little

proud of me. | dare not say ‘as proud as | am of them’ becauséstinpossible!



CONTENTS

Abstract

Acknowledgements

Contents

List of Figures

List of Tables

Preface

1

A short historical overview of cosmic explosions

11
1.2

SUPEINOVAE . . . . . . o e e e
Gamma-ray bursts . . . . . . L e

Thermonuclear supernovae

2.1
2.2
2.3
2.4
2.5

Observational properties . . . . . . . . . . e
Cosmological implications . . . . . . . ... .
The possible progenitorsystems . . . . . . . . . . ..

The explosion mechanism . . . . . . . . . ... L

What can late-time observationstellus? . . . . . . . . . . .

Stripped-envelope core-collapse supernovae

3.1
3.2
3.3
3.4

OVEIVIEW . . . o e e e e e
Therelationto GRBS . . . . . . . . . . . e e

The birthplacesof SNelb/cand GRBs . . . . . . . . . .. . ... . cei v v

A case study: the Type Ib SN 2008D . . . . . . . . . . .
3.4.1 Observationsofthesupernova . . . . . . . .. .. .. . ...
3.4.2 Thehostgalaxy NGC2770. . . . . . . . . it
3.4.3 Shock breakoutoraGRBjet? . ... ... ... ...

The normal Type la SN 2003hv out to very late phases

4.1
4.2

Introduction . . . . . . L e e
Observations . . . . . . . . . . e
4.2.1 CerroTololoobservations . . . ... .. .. . . . . . ...
4.2.2 KAITobservations . . . . . . . . . . . . e
4.2.3 LasCampanasobservations . . . ... .. .. .. ...
4.2.4 Siding Springobservations . . . . . ... e
425 VLTobservations . . . . . . . . . . . . .. e

Vii

Xi

XV

XVi

XiX

=Y

RHoo~wo9

13
13
15
17
18
18
19
20



Xii List of Tables
426 HSTobservations. . . . . . . . . . . . e 24
4.3 Datareductions . . . . . . . L e 24
4.3.1 Optical photometry . . . . . . . . . . 24
4.3.2 S-COITECHIONS . . . . . . o o e 26
4.3.3 Near-IRphotometry . . . . . . . . . e 29
4.3.4 SPECIrOSCOPY . . .« v v o i e e e e 31
44 Results. . . . . . L 31
4.4.1 Early-phase photometry . . . . . .. .. 31
4.4.2 Early-phase SpectrosCopy . . . . . . o oot e 33
4.4.3 Late-phase photometry . . . . . . . .. e 34
4.4.4 Late-phase SpPectroSCOPY . . . v v v v v e e 35
45 DISCUSSION . . . . o o o e e e e 36
4.5.1 SN 2003hv in the context of itsmy5(B)value . . ... ... ... .. ... .. 36
4.5.2 Nebular spectrumsynthesis . . . .. ... ... ... ... .. aae ... 38
45.3 Slowdownofopticaldecay . . . . . . . .. .. ... e 40
4.5.4 Bolometriclightcurve antfNimass . . . . .. .. ... .. ... ... 40
455 Trappingofpositrons . . . . . . . . .. e e 42
45.6 Infrared catastrophe . . . . . . .. e 43
45.7 Geometryoftheexplosion . . . . .. ... ... ... . ... aa. . 45
4.6 Summary and conclusions . . . . . ... e 45
4.7 Impactandfollow-upwork . . . . . . .. e e 46
5 Do Wolf-Rayet stars have similar locations in hosts as SNdic and long GRBs? 49
5.1 Introduction . . . . . . . . e 49
5.2 Galaxyselection. . . . . . . . . e 50
5.21 M83 . 52
5.2.2 NGC 1313 . . . 35
5.3 Methods . . . . . . 53
5.3.1 Fractionalflux . . . . ... . . . .. 53
5.3.2 Pixeldetection . . . . . . .. ... 53
5.3.3 Pre-processingofimages . . . . . . . . . ... e 53
5.3.4 The metallicity dependence . . . . . . . . .. ... ... 54
5.4 Results. . . . . . e e 55
5.4.1 Highmetallicity —M83 . . . . . .. . . . . ... 57
5.4.2 Lowmetallicity —=NGC 1313 . . . . . . . . . .. . . e 58
5.5 DISCUSSION . . . . o e e 58
5.5.1 The remaining candidates locations and theirimgiéinga. . . . . . ... ... .. 60
5.5.2 The effectoftemporalevolution . . . . . .. ... ... ... ... .. ..., 60
5.5.3 How much does binning affect the results? 61
5.6 Conclusions . . . . . . . 62
6 A program to study the explosion sites of normal SNe Ib/c 63
6.1 Context-motivation . . . . . . . . . . . e e 63
6.2 Theproposal . . . . . . . . . . . . e 64
6.2.1 Sampleselection . . . . . . . . ... 64
6.3 TheObservingrun . . . . . . . . . . 65
6.3.1 Complementary NOT observations. . . . . . . . . . .. . .. oo .. 67
6.4 DatareduCtions . . . . . . . . . . . e 67
6.5 Analysis . . . . . . e 69



List of Tables Xiii
6.6 Conclusions and future prospects . . . . . . . . .. e 76
7 UltraVISTA as a supernova survey? 79
7.1 Discovering SNe: traditional methods and largerswsvey. . . . . . . .. ... ... .. 79
7.2 The UltraVISTA survey: some key features . . . . . . .. . . ... ... 80
7.3 Comparison, advantages and disadvantages: whergsofwdifferent nature meet . . . . 80
7.4 Estimates for SNe detected by UltraVISTA . . . . . . . . . . . o o 81
7.5 Science case for the UltraVISTA discovered SNe . . . . . ... ... ... ... .. 84
7.5.1 SNIlascience . . . . . . . . e 84
7.5.2 Core-collapse SNscience . . . . . . . . . . .. 85
753 SNratesintheNIR. . . . . . . . .. .. . . . . . . . 85
7.5.4 Acomplete hostgalaxystudyofSNe . . ... ... ... ... . ......... 86
7.5.5 Opening a new wavelength window and future prospects . . . . .. ... .. 86
7.6 Implementation requirements and otheraspects . . . . . ... ... ... ...... 87
7.7 SUMMANY . . . o o e e e e e e e e e e e a 88
8 Conclusions 91
A VLT and HST observation logs for SN 2003hv 93
B Full version of Table 5.2 95
Acronyms 99
Publications 101
Bibliography 105






LIST OF FIGURES

11

2.1
2.2
2.3
2.4

3.1
3.2
3.3

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
411
4.12

51
5.2
53
5.4
5.5

6.1
6.2
6.3
6.4
6.5
6.6
6.7

7.1

The classification scheme of supernovae . . . . .. .. .. ... ... ... ..... 3
A spectral sequence of SNela . . . . . . . . . . . . . ... e 6
Cosmological results from supernovae . . . . . . . . . .. e 8
A simulation ofa SN laexplosion . . . . . . ... ... ... o 10
Thediversityof SNela . . . . . . . . . . . . 11
A montage of core-collapse SNspectra. . . . . . . . . . . . wu o 14
The spectral evolution of GRB 030329/SN2003dh . . ... ...... ... ....... 16
Thelightcurvesof SN2008D . . . . . . . . . . . e 19
The galaxy NGC 1201 and SN 2003hv . . . . . . . . . . . i oo 25
TheUBV RIYJHK lightcurves of SN 2003hv . . . . . ... ... ... ... ..... 32
Spectral evolution of SN 2003hv . . . . . . . . . e 33
Color evolution of SN 2003hv . . . . . . . . . .. 34
Late VLT and HST imagesof SN2003hv . . . . . . . . . . . ... .. . o ... 36
Line velocity shifts in the nebular spectrum of SN 2003hv. . . . . ... ... ... .. 37
Observed and synthetic multi-wavelength nebular spectf SN 2003hv . . . . . . . .. 39
UVOIR lightcurve of SN 2003hv . . . . . . . . o o e 41
Comparison of late light curvestomodels . . . . . ... .. ................ 44
A simple offset explosionmodel . . . . . ... ... . .. oo 47
Line profiles of nebular SN laspectra . . . . . . .. .. ... ... ... ... ... 48
Correlation of nebular velocity shift versus Hubblagtam residual . . . . . .. ... .. 48
Histogram of SN Ib/c global properties . . . . . . . . . . . . . ... ... 51
M83andNGC 1313 . . . . . . . . 55
WR star, SN Ib/c and GRB distributionsinM83 . . . . ... ... .......... 57
WR star, SN Ib/c and GRB distributions in NGC 1313 and cargons . . . . . ... .. 59
Example Monte Carlo simulation . . . . . . . ... .. ... . . 61
Mosaic of SN Ib/c hosts observed atthe NTT . . . . . . . ... ... ... ... 68
The hostless SN 20060z . . . . . . . . . . 0 e 69
SN Ib/chostgalaxy spectral . . . . . . . . . . . e 70
SN Ib/chostgalaxy spectra2 . . . . . . . . . . . e 71
SN Ib/chostgalaxy spectra3 . . . . . . . . . . e 72
SN Ib/c hostgalaxy spectrad . . . . . . . . . . e 73
Metallicities of SN Ib/c explosionsites . . . . . . . . . .. .. ... ... .. ..... 76

Estimates for SNe detected by UltraVISTA . . . . . . . . . . oo oo oL 83



XVi List of Figures

7.2 Thefirst2 months of UltraVISTA . . . . . . . . . . . e e 89



LI1ST OF TABLES

4.1 Log of SN 2003V SPECtrOSCOPY . . .« « o v v v o v e e e e e e 23
4.2 Comparison starsin the field of SN2003hv . . . . . . .. . .. oL 25
4.3 S-COIreCtionS . . . . . e e e e 27
4.4 Optical photometry of SN 2003hv . . . . . . . . . . e 28
4.5 Comparison stars in the field of SN 2003hvintheNIR . . . ...... . . ... ... .. 30
4.6 Near-infrared photometry of SN 2003hv . . . . . . . . . . . . oo 30
4.7 SN 2003hvlightcurvedeclinerates . . . . . . . . . . .. ... 35
5.1 Propertiesof M83and NGC 1313 . . . . . . . . . . . e 52
5.2 Fractional fluxes atthe WR star locations . . . . . .. .. . ... L 56
5.3 KStestp-values . . . . . . . . 57
6.1 SN Ib/c host galaxies at the NTT: fundamental propediesobservinglog . . . . . . .. 66
6.2 EFOSC2grisms . . . . . . . . e e 67
6.3 Measured line fluxes and metallicities . . . . . . . ... .. ... 74
7.1 SN science prospects with UltraVISTA . . . . . . . . . i oo 89
A.1 VLT late-time optical observations of SN 2003hv. . . . . ... ... ... ... .... 93
A.2 VLT late-time NIR observations of SN 2003hv. . . . . . ... ... ... ... .... 94
A.3 HST observationsof SN 2003hv. . . . . . . . . . . e 94

B.1 Fractional fluxes at the WR star locations. Full versibfable 5.2. . . . .. .. ... .. 95






PREFACE

This thesis is the result of my PhD studies at the Dark Cosgyo@entre, Copenhagen University, be-
tween December 2006 and May 2010. My work concentrated ofigtteof cosmic explosions, mainly
supernovae (SNe) but also gamma-ray bursts (GRBs), andabesthey occur. The results presented here
consist of two published first-author papers, a few contidims to other publications and some work in
progress.

The first chapter is a short introduction to SNe focusing igast historical aspects. The first ob-
servations of SNe are mentioned and their modern classgificatheme is explained. The distinction is
made between thermonuclear and core-collapse (CC) SNédarichportance of these phenomena for the
evolution of the universe is outlined. The chapter is cldsgdn analogous brief introduction to GRBs.

The next two introductory chapters make a more detailedagmpr to thermonuclear and stripped-
envelope CC SNe that is necessary for the understanding ot of the thesis. Chapter 2 is dedicated
to thermonuclear (i.e. Type la) SNe: their observationapprties, as they have been recorded in the
literature, and their use as distance indicators that hasuttonized cosmology through the discovery of
the acceleration of the universe are discussed. The recegtgss in this field is examined as are the
scientific questions that still remain unanswered. Somées$ea are related to the progenitors and the
mechanisms of these explosions. | explain why it is beliceelhy that SNe la result from the delayed
detonation of a white dwarf (WD) star and | conclude by arguirhy late-time observations can offer a
wealth of information about the physics of these explosi@igpter 3 contains an introduction to stripped-
enveloppe core-collapse SNe (SNe Ib/c). Emphasis is gimghaeconnection of this class of explosions to
GRBs as well as on the study of their birthplaces. It is reei@Wwow the study of environmental properties
can be used to deduce conclusions on the nature of SNe Ib/aséstudy of SN 2008D is presented as
an example of a stripped-envelope CC SN. This was a veryeisiieg event and during my PhD | have
contributed in two studies concerning both the SN itselfigsmdost galaxy. It is also worth mentioning that
| have enriched these chapters with some illustrative spe¢iSNe that | obtained during my participation
in the SDSS-II SN Survey, an aspect of my PhD that is not hiditdid elsewhere in this thesis.

The following chapters contain the main work conductedmymy PhD: Chapter 4 presents a detailed
study of the thermonuclear SN 2003hv from the time of discpwmit to very late phases. Data was
collected from many different ground-based telescopegtaBubble space telescope (HST). For the first
time was a SN la followed in multiple filters, including neafrared (NIR), to phases-700 days past
maximum light. By examining the late-time light curves ampeatra of the SN, we study the issues of
the infrared catastrophe and positron escape in SNe la.tlitlg features also the longest (in wavelength
coverage) nebular spectrum of a SN la, extending from thigadb mid-infrared when combined with
other published data, and a comparison with a synthetic hepéetrum. Sections 4.1 to 4.6 are presented
as they were published with only very minor modifications. 3D03hv triggered also some follow-up
work in the field of SN la explosion asymmetry. This resultedwto more relevant publications in which
| participated and that are briefly presented in the finalieedf this chapter.

Chapter 5 presents my work in comparing the locations of SMe and (long) GRBs to those of
Wolf-Rayet (WR) stars, which are the favored progenitorthese explosions according to theory. This
study is possible for two nearby galaxies and care is takemdke the comparison viable with more
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distant galaxies. Uncertainty factors are treated withhttlp of Monte Carlo simulations. It is concluded
that the locations of WR stars within their galaxies are edleompatible with those of these cosmic
explosions. Furthermore, the WC sub-class stars seem tistsébuated in brighter locations than WN
stars, in accordance to what is observed for SNe Ic and Ieotisply.

Chapter 6 presents a spectroscopic survey of host galaki®bsle Ib/c, a program of which | was
the principal investigator (PI) and that was awarded telpsdime at the European Southern Observatory
(ESO). | describe the motivation behind this effort, nantelybtain metallicities and stellar population
ages at the SN explosion locations and use this informaticornistrain the SN Ib/c explosion mechanism.
| describe how the observing run was executed and the datatieds. The spectra are presented and line
fluxes are measured. In contrast to the previous chaptésstivork in progress and only preliminary re-
sults are presented. These seem to indicate that thereignificeint difference between the environmental
metallicities of SNe Ib and Ic.

Finally, the last chapter contains a science case invéistighhave conducted on the feasibility and
impact of using the UltraVISTA survey for discovering SNeNIR wavelengths. It is shown that this
distant galaxy survey has also a great potential for SN seien



1

A SHORT HISTORICAL OVERVIEW OF COSMIC
EXPLOSIONS

The skies above us are not static but filled with periodic aadgient phenomena. It is indeed these
phenomena that have most intrigued the curiosity, inteaedtphantasy of our ancestors, perhaps even
more than the marvelous, but static, constellations. Tdmout human history, the wandering planets,
mysterious variable stars, shining comets or the brief afgyee of meteors have had a deep impact on
the culture of people that were observing them, sometimiestafg their beliefs and religion. While
these are the most accessible examples of the restleshisky,ltave also been recordings of more rare,
really exceptional events, such as the sudden appearamsolbright stars, shining intensively before
disappearing again for ever. Today we know that some of twese due to cosmic explosions that marked
the end state of a stellar configuration.

In this thesis | examine only the most violent and spectagcinany opinion at least, of these explosions:
supernovae (SNe) and gamma-ray bursts (GRBs). A shortrigistantroduction to both phenomena is
given below.

1.1 SUPERNOVAE

The history of supernova observations, in the sense of tleteexce of written records, begins with the
Chinese. Believing astronomy was important, chinese hams#ipned court astronomer and kept records
of all astronomical events for over 2000 years. It is theet the first official observations of a SN were
recorded in 185 AD (e.g. Clark & Stephenson, 1977; Stephe&sGreen, 2005). Supernovae are today
named with the prefix SN, followed by their year of discovexy,this SN is referred to as SN 185. The
next convincing SN found in chinese records took place in 8B3while a number of other associations
are less certain.

SN 1006 must have been the brightest historical SN and was\gdxbsimultaneously by many people
around the world. It was brighter than Venus and reached oagey of the brightness of the moon, being
clearly visible during daylight, according to the arab dehd\li ibn Ridwan. Only 48 years later, SN 1054
was another explosion, noticed by chinese, arabs and japamaich is mostly famous for leaving behind
the Crab nebula and the Crab pulsar.

About half a millennium later, another supernova explodethe constellation Cassiopeia. SN 1572
was extensively observed by the Danish astronomer TychloeBrehe observations were published in his
studyDe stella novgon the new star), from which the temovawas pulled out. Just three decades later,
SN 1604 was the last SN recorded to explode in the Milky Wayveasl observed extensively by Johannes
Kepler (it is still not clear why the explosion that created€as ASN remnant, believed to occur the same
century, has not been documented). These last two obseNedvBre important for another reason as
well: they contributed to the fall of the Aristotelian idd®at the universe beyond the moon and the planets
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was constant and unchangeable. But the parallax of thes¢savas measured to be zero by Tycho Brahe
and Galileo respectively, indicating that they were noated in the immediate environment of the Earth
but much further away. They thus coincided with and markecktid of the european middle-age thinking.

The study ofS Andromedaei.e. SN 1885 in the neighbor Andromeda galaxy, combineth wie
newly computed distances to the extragalactic ‘nebula€’ the Swedish astronomer Knut Lundmark to
suggest this might be a very luminous event, distinct frogula Novae and similar to Tycho’s Nova,
although ‘one may hesitate to accept such a luminosity’ flmark, 1925). The term super-nova was first
introduced by Walter Baade and Fritz Zwicky, probably dgriheir lectures at Caltech. In a remarkably
insightful way, they proposed that SNe ‘represent the ttimnsof an ordinary star into a body of consid-
erably smaller mass’ (Baade & Zwicky, 1934b), which theyniifgeed as a neutron star (Baade & Zwicky,
1934a)! Probably nobody has been so influential in the histbiSN science as Fritz Zwicky. He later
initiated observational campaigns to discover SNe by @atjuinonitoring nearby galaxies (Zwicky, 1938)
and until the early sixties he had himself discovered moae tialf of the SNe in the literature. Nowadays,
hundreds of SNe are discovered every year and they are acedtirough the Central Bureau of Astro-
nomical Telegrams (CBAT) of the International Astrononhidaion (IAU). Letters of the latin alphabet
have been added to the SN names, to indicate the row of digcexnthin the year (e.g. SN 1987A, SN
2003hv). A fairly complete list of SNe is maintained in thei@go SN catalogue (Barbon et al., 1989).

The first classification scheme dates back to Minkowski (19984) who separated SNe in Types |
& 11, based on their observational properties. The addition Zwicky, of Types Ill, IV and V did not
last long, and Minkowski’s classification has not changedtaince. A major modification was made to
this scheme in the early 80s, when it was realized that Typd ®as not such a homogeneous class.
Observations of SNe 1983N and 1984L, together with a redevi@n of previous observations, clearly
demanded the introduction of SNe Ib as a separate class (#v&ekevreault, 1985; Uomoto & Kirshner,
1985; Panagia et al., 1986). SNe Ic were introduced shditly gsee Wheeler & Harkness, 1990).

Today, SNe are classified based on their optical spectra sitmen light (Filippenko, 1997). This
classification is illustrated in Fig. 1.1. The main distinatis made by the presence or absence of hydrogen,
where Type Il SNe display hydrogen in their spectra, whilpdyare hydrogen deficient and contain more
sub-classes. SNe la are distinguished by the presence aderately strong Si Il absorption line observed
at~6150 A. The other Type | SNe (collectively SNe Ib/c) lack tféature, although they possess silicon,
and are further divided to SNe Ib and Ic based on the preseraigsence of strong helium lines, the most
notable of which is He \5876. This classification scheme is supplemented by the fulsgho curves,
which enable further subdivisions, and by spectra obtaatddter phases, that help better differentiate
between the classes. In particular, SNe Il are further divith SNe IIL (‘linear’) and SNe IIP (‘plateau’)
depending on whether their light curve declines linearldisplays an almost constant luminosity after
maximum. To these sub-divisions, we add the SNe lIn (‘naiytivat display narrow hydrogen lines in
their spectra and the hybrid class of SNe Ilb that start agpe Tybut metamorphose later to Ib.

This phenomenological classification, however, does mettly reflect real physical differences in the
SN explosions. Today we know that SNe fall in two broad catiego thermonuclear and core-collapse.
Type la SNe are believed to be the nuclear fusion burning gidadgen deficient compact object (a white
dwarf). Type Il SNe are the result of the gravitational cpdla of a stellar core after it has exhausted its
nuclear fuel. It is very important to stress that SNe Ib/c moeof thermonuclear but of core-collapse
nature and are thus closely linked to SNe Il. Their main déffee is that SNe Ib/c result from the collapse
of a star that has stripped away its hydrogen envelope. Forehson they are also known stsipped-
envelopecore-collapse SNe. All explosions are accompanied by akshage that ejects the material into
the interstellar medium at velocities that reach tens ofisands km/sec. However, while thermonuclear
explosions are believed to completely destroy their pragestar, core-collapse SNe are believed to leave
behind them a compact object, such as a neutron star or aldéekit is an interesting historical irony to
point out that the suggestion by Baade & Zwicky that SNe agedisult of gravitational collapse to neutron
stars, was entirely based on SNe of thermonuclear natereSiNe la; Kirshner, 2009).
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Core-Collapse

Figure 1.1: The classification scheme of supernovae.

During my PhD | have not worked with Type Il SNe and these aratinaed very little throughout this
thesis. With a sense of humour, one could say that this ispeT\6N thesis’, although this lacks a clear
physical connection, besides the hydrogen deficiency tiatcterizes them.

The hypothesis of stellar gravitational collapse was smedarly confirmed in the explosion of SN 1987A
in the Large Magellanic Cloud, a satellite galaxy of the MilWay. Except from being extremely nearby
and extensively observed, the most important events tktatthis was the unambiguous detection of neu-
trinos that escaped the collapsing star and the identificati the progenitor star of this explosion, the first
of its kind. More than 1000 publications exist on the topiSdf 1987A (for reviews see e.g Arnett et al.,
1989; McCray, 1993).

Supernovae, except from being just very luminous and spela@aevents, are essentially linked to
the evolution of our universe and to several important gtysical processes. They represent the only
effective way of producing, through explosive nucleosysih, all the elements that are heavier than iron.
Furthermore, they are distributing them into space, emricthe interstellar medium with metals, elements
other than hydrogen and helium, from which the newer geiweraf stars is formed. The released energy
is an important factor in the energy balance affecting gatmd structure formation. The remnants of the
explosions are one of the main candidates for the origin sifféorays, an idea that dates back to Baade &
Zwicky (1934a). Finally, as discussed later throughoug thesis, due to their high luminosities, they can
be seen from extreme distances and used as distance imdicato

This section mostly meant to cover historical aspects. Aenloorough introduction on the physics of
thermonuclear and (stripped-envelope) core-collapseiShigen in Chapters 2 & 3 respectively.

1.2 GAMMA -RAY BURSTS

As implied by its name, a GRB is a burst observed in high eesr@iamma-rays). The history of GRBs is
much younger than the one of SNe, as are the satellites thatatact them above the atmosphere, which
is opaque to gamma-rays. The last years, however, haveiernped some intense progress and exciting
discoveries. This section is not meant to be a completedotrtion to GRBs but is written in analogy to
the previous section on SNe and highlights just few of thexm@lestones in the history of GRB research.
For the purposes of this thesis, it is only the relation of GR@BSNe that is really relevant and is further
discussed in Sect. 3.2. Broader reviews on the topic of GRB$e found in e.g. van Paradijs et al. (2000);
Mészaros (2002); Gehrels et al. (2009).

The first GRB was discovered in 1967 by the amerivala satellite, whose purpose was to look for
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(gamma-ray) signs of nuclear bomb tests by the Soviet Uriimce GRBs are named after the date they
are discovered, this first explosion is known as GRB 67070@haoligh it was quickly realized that the
Soviets were not attacking, the nature of these explosemsined a mystery for a long time.

Important progress in the GRB field came with the observatidBATSE onboard the CGRO satellite:
the discovery that the distribution of GRBs was isotropitha sky led to the reasonable conclusion that
they are extragalactic. In addition, based on the duratimhspectral ratio distribution of the bursts that
proved bimodal, Kouveliotou et al. (1993) established tlaémelassification scheme for GRBs that holds
until today, despite many alternative suggestions. Adegrtb this, GRBs can be divided inghortand
long, where the dividing limit is 2 seconds. Since this thesissdua deal with short GRBs at all, it should
be understood that, unless otherwise specified, the term@RBom now on mean a long GRB.

Despite many earlier efforts to detect the GRBs at longerelemgths, the first localization of X-ray
emission from a GRB was achieved by the Beppo-SAX sateliit€997 (Costa et al., 1997). Together
with the discovery of the optical afterglow (van Paradijsakt 1997) this opened a whole new way of
studying GRBs: the first spectroscopéxishift(a measure of distance in the universe) by Metzger et al.
(1997) established the fact that GRBs came from cosmolbdistances, while it also became possible to
detect and study their host galaxies (Sahu et al., 1997;mBlebal., 2002). It was quickly realized that
the emission from GRBs must be collimated, i.e in the form oflativistic jet, else the energy released
would be too hard to explains( 10°3~° ergs). See e.g. Mészaros (2002) for a description of theigdlys
procedures governing the prompt and the afterglow emissiarlGRB, focusing on the fireball model.

A breakthrough in our understanding of the nature of GRBsecauimen Galama et al. (1998) found a
peculiar, very energetic SN Ic coincident with the locattd&RB 980425. This was the first observational
hint that long GRBs were connected to the core-collapse akiva stars. The SN-GRB connection was
unambiguously proved by observations of GRB 030329/SN @0(8ijorth et al., 2003; Stanek et al.,
2003). Itis therefore believed that long GRBs mark the aom#apse of massive stars (Woosley & Bloom,
2006), although some complications have been induced s$osthiple picture by the discovery of two
nearby SN-less events (Fynbo et al., 2006; Della Valle e2@D6).

On the other hand, short GRBs remain more of a mystery. Thefisst GRB was accurately localized
in 2005 (Hjorth et al., 2005) while no convincing spectrunachort GRB has been published to date. The
current consensus is that they originate in the collisionasfipact objects, such as neutron stars or black
holes (e.g. Eichler et al., 1989). This is supported by tleetfaat they seem to occur in different, typically
older, environments than long GRBs (Berger, 2009).

The specifically designe8wift satellite, launched in 2004, has detected numerous GRBsevadal
have been localized at a mean redshift 6£2.3 (Fynbo et al., 2009). Nevertheless, the majority of GRBs
remaindark, i.e. without a detected afterglow. This might be due to ect@n bias, i.e. dust extinction.

GRBs are very luminous events: GRB 080319B reached an bjptiagnitude of 5 (Racusin et al.,
2008), becoming briefly visible to the naked eye, althougs itnlikely that it was noticed by somebody.
The discovery of this event, viewed probably directly thgbuhe jet, proves that more GRBs must have
been visible during the course of history and that some afethmight even have been noticed, or even
recorded, as unexplainable curiosities. Due to their ex¢réuminosities, GRBs can be detected at very
high redshifts, even beyond 6 (e.g Kawai et al., 2006; Graghal., 2009). Recently, a GRB became the
furthest detected object at~ 8.2, further than any spectroscopically confirmed galaxy orsquéTanvir
et al., 2009; Salvaterra et al., 2009). Furthermore, adegrib the predictions, there is no reason why
GRBs should not be detectable at even higher redshifts (Br&mhoeb, 2006). GRBs are thus lighthouses
of the early universe and can be used to directly probe thetepaf first star-formation.

GRB astronomy is an active field of research and is expectedrtinue yielding exciting results in
the future. The latest tool for the study of GRBs, togetheéh\8wift is the FERMI satellite, which has
detected emission from a few GRBs at very high energid90 MeV) opening a new wavelength window.
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THERMONUCLEAR SUPERNOVAE

This chapter contains a more detailed introduction on tleunlear supernovae (SNe la). As such, it sets
the context for the work presented in Chapter 4, but it is almessary for the understanding of Chapter 7.
A short review of the observational properties of SNe la iggiand their importance as cosmological

distance indicators is highlighted. | also briefly discuss ourrent understanding and open questions
related to the physics of these explosions, such as the pitogsystem and the explosion mechanism.

Particular focus is given on the role of late-time obseoragiand what can be gained through these.

2.1 OBSERVATIONAL PROPERTIES

There exists a vast literature on SN la observations. LeiQun(2000) provides a good summary at least
until 2000. Most available data have been obtained at thealptavelengths, followed by the NIR, and
the main observables remain the evolution of luminosityhwiine (i.e. thdight curveg in different filters,

as well as spectroscopy.

The optical light curves have a characteristic bell-shafib & rise-time of approximately 18 days.
They are powered by the radioactive decay@Xi to *°Co and finally to®®Fe. In the NIR, maximum
luminosity is typically reached a few days before the optical there is a secondary maximum a couple of
weeks after the primary. Due to the importance of SNe la fenamogy (see Sect. 2.2), there has been an
increased interest in these explosions and we are witrgessin the releases of excellent datasets resulting
from large observational campaigns, such as the ones byfh€l85 SNe; Hicken et al., 2009a) and the
first Carnegie Supernova Project release (35 LCs, includifgy Contreras et al., 2010).

As discussed previously, the defining feature of SNe la isffjpearance of i AA6347, 6371 (blue-
shifted to~6150 A) in their maximum light spectrum. Other strong featuare Ca H & K \\3934,
3968 and the W-shapediS\\5454, 5460, while there are also prominent lines by otherinediate mass
elements (IMEs), such as O and Mg. At later times, howeveth@aphotosphere recedes deeper into the
ejecta, heavier, iron-family elements start dominatirgyspectrum (e.g. Filippenko, 1997). The spectral
evolution of SNe la is illustrated in Fig. 2.1. It is pointedtahat this sequence is, unconventionally,
constructed by the montage mfany differenSNe.

Spectropolarimetry of SNe la (see Wang & Wheeler, 2008, fvéew) shows that their continuum
polarization is low, indicating a nearly spherical exptosi Individual strong lines, however, demonstrate
significant polarization, indicating that there might bgrametries in the way different elements are dis-
tributed at different depths.

Few observations in the ultraviolet exist, with HST (seeelyadt al., 2008, and references therein) or
Swift (Brown et al., 2009; Bufano et al., 2009) while there is ontye successful detection in the X-rays
(Immler et al., 2006). Only two SNe la have been observedemtid-infrared (MIR) bySpitzer(one of
them being SN 2003hv; Gerardy et al., 2007), while all effaot detect SNe la in the radio have proven
fruitless (Panagia et al., 2006).
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Figure 2.1: A spectral sequence of SNe la, observed by GL at the NOT andeN&sEopes, in a series of runs for
the SDSS-II SN Survey, together with co-observers Maxzi@gér, Mat Smith and Jesper Sollerman. The present
reductions are made by Linda Ostman and Jakob Nordin in tmsistent manner described by Ostman et al. (in
prep.). These spectra, as part of a larger sample, have bsedh oy Nordin et al. (in prep.) to investigate spectroscopic
evolution in SNe la. Although these spectra belong to @iffeobjects, this figure illustrates well the main temporal
evolution characteristics of SNe la: pre-max spectra argenfeatureless while around maximum the IMEs prevail.
Two weeks later, the spectrum is dominated by iron-famégnehts. At the same time, the figure illustrates the degree
of spectroscopic diversity between SNe la: the depth oBthe 6150 line is clearly different between some objects.
The SNe are displayed here with their SDSS ID name, instetheiofl AU designation, together with their redshift

All spectra have been converted to the rest frame and haveersmposed (red) smoothed version (moving average
filter of 5). The number on the right of the spectra is their gédays) with respect to maximum light, as derived from
their light curves.

Although SNe la form a relatively homogeneous class, theist ebjects that show obvious deviations
from this general picture. Except really peculiar SNe (rizemed in Sects. 2.3 and 2.4), there exist at least
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two established sub-groups of thermonuclear SNe, ofteresepted by their prototype objects SNe 1991T
(Filippenko et al., 1992b) and 1991bg (Filippenko et al928). The first class contains over-luminous
SNe (My < —19.6), while the second sub-luminousf, > —17.5), compared to the normal SNe that
have luminosities between18.5 > My > —19.5. Their spectral appearance is also different: 1991 T-like
objects demonstrate strong Fend Fail absorption and weaker Bithan normal events at maximum
light, while the spectra of 1991bg-like objects show snrabgansion velocities indicating smaller explo-
sion energies and a strongiBA5970 feature combined with Tiiabsorption lines near 4200 A. In addition,
1991hg-like objects lack the secondary maximum in NIR baftese two classes together are believed
to constitute a fair fraction of the total number of SN la egibns (39%; Li et al., 2001). Even, however,
among normal SNe la, there is an observed spectral diveo§in parametrized by the velocity evolution
of the Silt A6150 line, apparently not related to their photometric prtips (Benetti et al., 2005; Branch
et al., 2009).

Supernovae la, unlike core-collapse SNe, are discoveralii kinds of environments, including early-
type galaxies that are dominated by old stellar populatigksa matter of fact, it is sub-luminous SNe
that have a larger tendency of appearing in early-type ggdaand this is a statistically significant result
(Hamuy et al., 2000; Howell, 2001; van den Bergh et al., 2006)s also interesting to point out the
enhanced rate of SN la explosions in radio-loud galaxiedgDalle et al., 2005).

2.2 COSMOLOGICAL IMPLICATIONS

One of the largest revolutions in modern cosmology was theadiery of the acceleration of the universe
and the inference of the existence of Dark Energy (Riess,€1298; Perlmutter et al., 1999). The related
history of the discovery, as well as the follow-up developiseare reviewed in e.g. Leibundgut (2001,
2008) and Kirshner (2009) and the reader is referred thenadoe details.

The key fact is that distant SNe la appear fainter than thaylavid the universe was decelerating. The
idea to use SNe la as distance indicators is almost as ol& asdhization that SNe are extragalactic objects
(Wilson, 1939) and the first local Hubble diagram based on @&&e made by Kowal (1968). The first
systematic effort to detect SNe at higher redshift was gitethby a Danish group, although the relevant
technology had not matured yet, leading to very few disdegegiHansen et al., 1987; Ngrgaard-Nielsen
etal., 1989).

Contrary to a usual misconception, SNe la are not ‘standandles’, i.e. they do not have a constant
luminosity, but present a scatter of the order of 50%. An irtgodt step forward came when Phillips (1993)
realized that there is a relation between the SN la lumip@sitl their light curve width: namely brighter
SNe have also broader LCs. After correcting for this emairtorrelation, which has been parametrized
under many different names, SNe la become decent standadtesaand their scatter is reduced signifi-
cantly, allowing to distinguish between (some) cosmolagicodels.

Making use of this, two different teams, the Supernova CdsgyoProject and the High-z SN Search
Team, searched for and discovered distant SN2 &£ z < 1) and independently announced the accel-
eration of the universe. The initial skepticism around gusgprising result has now been lifted since the
proposed alternative explanations (such as strange doséfties or a cosmic evolution in the SN lumi-
nosity) have been dismissed and the need for an extra enengyanent has been confirmed by different
methods, such as Baryonic Acoustic Oscillations (BAO; Es$ein et al., 2005) and observations of the
Cosmic Microwave Background (CMB; Komatsu et al., 2009).

The last years have seen an intense activity in SN cosmotbgyirst generation surveys have been fol-
lowed by more systematic and sophisticated approachdsasu8NLS (Astier et al., 2006) and ESSENCE
(Wood-Vasey et al., 2007). These surveys are complementgdleer redshift { < 1.7) by SNe discov-
ered by HST (Riess et al., 2004a, 2007), reaching back togbehewhen the universe was decelerating,
and at lower-intermediate redshift (5 < z < 0.35) by the SDSS-1I SN Survey (Kessler et al., 2009). At
the same time, large excellent data-sets of nearby SNe arg ®eased, addressing what had, surpris-
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Figure 2.2 Left: From Kowalski et al. (2008). Confidence level contoursbnand 2, obtained from the ‘Union’

SN data-set, from BAO, from the CMB and from their combimatéssumingo = —1). Right: From Sollerman et al.
(2009). Hubble diagrams for a sample of SNe, including therinediate-redshift ones discovered by SDSS (Kessler
et al., 2009), alone (lower panel) and including CMB and BAgdad(upper panel). Differences in magnitudes with
respect to an empty universe are shown. The black crossessesyt binned SN data (in grey) and the different curves
are fits to different cosmological models.

ingly, become one of the dominating uncertainties, i.e ldbk of a good local comparison sample (Hicken
et al., 2009b; Folatelli et al., 2010). The goal has beertegtifo distinguishing between a cosmological
constantA and a dark energy with a variable equation of state, or ever exotic cosmological models
(Fig. 2.2).

The number of discovered SNe is now so large that SN cosmablagiyeached a critical point where the
systematic errors dominate over the statistical. It isg¢f@e impossible to achieve further progress before
the related systematic errors are better understood aveldsdt is also embarrassing that the cosmological
results seem to depend on the tools we use to (empiricallhdiSN light curves (Kessler et al., 2009).
It is therefore of vital importance to better master the jitg/sf the SN explosions and the knowledge of
their progenitor system. Are we looking at more than one fiaofi explosions and are there systematics
related to their environment, as many of the recent studiggest? Finally one of the largest systematic
uncertainties is the issue of extinction in the SN host gatathat seems to follow a law different than in
the average Milky Way. A promising tool is to move towards & wavelengths where SNe la are better
standard candles and where the effect of dust is suppressstr{er, 2009).

2.3 THE POSSIBLE PROGENITOR SYSTEMS

Livio (2000) and Hillebrandt & Niemeyer (2000) give compegisive reviews on the issue of the progen-
itors of SNe la. They summarize work mainly done in the 80s @@, with contributions by Branch,
Nomoto and Woosley, among others, and phrase, what is aresidoday to be common knowledge, i.e.
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that the relative homogeneity of SNe la and absence of hydrogtheir spectra strongly suggest that the
exploding star is a C-O WD. However it must also accrete mams somewhere. Two scenaria are in
play: the single-degenerate scenario, where the WD asanedss from a companion star (Whelan & Iben,
1973) and the double-degenerate scenario, where the cémngar is also a WD (lben & Tutukov, 1984;
Webbink, 1984)

The single-degenerate scenario is clearly the most favocay, although both face individual prob-
lems (Livio, 2000; Hillebrandt & Niemeyer, 2000, and refeetein). Nevertheless, efforts to detect the
secondary star signatures have until now proven fruitlPs&mor et al. (2008), however, shows that this
failure is still compatible with observational constrainhere has been a claimed progenitor system de-
tection in archival X-ray images (Moss & Nelemans, 2008)ichtwould be consistent with the accretion
scenario, that has however been retracted (Roelofs etQl8)2 More importantly, hydrogen has been
detected in the spectra of SN 2002ic (Hamuy et al., 2003; Ketaal., 2004) and SN 2005gj (Aldering
et al., 2006), but the thermonuclear nature of these exgisdias been questioned (Benetti et al., 2006).
Finally, recently, there have been 3 cases, the most notediheg SN 2006X (Patat et al., 2007), where
circumstellar material was detected through its variabigziation state. This explanation is, however, as
well not unambiguous (Chugai, 2008).

The possibility should be stressed that not all SNe la nestedoom one single channel. For instance,
there have also been some SNe that challenge the singleetege scenario: SN 2003fg (Howell et al.,
2006), SN 20069z (Hicken et al., 2007), SN 2007if (Scalzd.e2810) and SN 2009dc (Yamanaka et al.,
2009) are simply too luminous to be explained by this picamd super-Chandrasekhar models or double-
degenerate mergers have been invoked to explain them. e decently, Pakmor et al. (2010) managed
to successfully model a SN la explosion by the merger of 2 Wigkpaoduce a sub-luminous, 1991bg-like
SN. Although considerable tuning in their masses was neediscdemonstrates that such an explosion is
in principle possible. Finally, studies of SN rates and tyadaxies indicate that the population of SNe la
might be bimodal, consisting of one prompt and one delayethoment (see e.g. Scannapieco & Bildsten,
2005; Sullivan et al., 2006b; Brandt et al., 2010). In thistynie, the brightest SNe la tend to be found in
younger environments, while the dimmest among older stpbaulations.

2.4 THE EXPLOSION MECHANISM

Irrespective of the nature of the companion star, anothetdmic of debate has always been the way the
explosion proceeds, after ignition. All proposed mechasisan ultimately be divided into two categories:
deflagrations where the nuclear burning front moves at subsonic ve&s;ititnddetonationsi.e. super-
sonic blast waves.

An extensive review on SN explosion models is again given itiglbtandt & Niemeyer (2000). Since
then, however, significant progress has taken place, edlyerri multidimensional simulations, that is
worth mentioning. Models are becoming increasingly saptdted and the increase in computing power
has allowed them to be conducted in 3D. Most importantlyeéss now that a consensus is being reached
that the favored model is a Delayed Detonation (DDT), i.eemplosion that starts as a deflagration but
transitions to a supersonic detonation.

It was recognized early on that a pure detonation burns ttemVD to heavy iron-group elements,
leaving too few IMEs behind, while a pure deflagration prastuexplosions too weak compared to SNe la
(Hillebrandt & Niemeyer, 2000). A delayed detonation (Khtv, 1991) was proposed to better match the
observations (Hoeflich & Khokhlov, 1996). The problem hagagls been that the physics of this transition
is unknown and it has been initiated largely arbitrarilyg(e€Gamezo et al., 2005), making many people
feel uncomfortable with the concept. Although many waystéotsa detonation have been proposed (see
e.g. Plewa et al., 2004; Ropke & Niemeyer, 2007), it is stitertain whether any of them are sensible.
Nevertheless, it is now widely agreed that a pure deflagrai@m perhaps only explain the least energetic
SNe la and that invoking a DDT is mandatory (Gamezo et al.32B@pke et al., 2007).
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Figure 2.3 From Kasen et al. (2009). A simulation of a SN la explosioris T&a delayed detonation model showing
different relative strengths of the deflagration and det@mrmacomponents in the upper and lower panel. The chemical
structure as the burning proceeds (from left to right) isazetoded: blue represents IMESs, green stable iron group
elements produced by electron capture and ¥&i. As expected, a strong detonation burns a larger fractiothef
progenitor to°°Ni, leaving behind less IMEs and will thus be observed as a beigBN la. We also observe that, due
to Rayleigh-Taylor instabilities, the inner regions areliulently mixed rather than radially stratified.

The goals of the models today have been shifted towards iekpjathe observational diversity of
SNe la. In Figs. 2.3 & 2.4 we show the latest simulations amsdlte by Kasen et al. (2009), which are
able to explain the diversity in the properties of normal SBleby varying the relative strength of the
two explosion phases and by inducing different degreesyhatetry in the explosion. The importance
of asymmetry as a parameter of diversity has been realizethtly and some progress in this field will
be presented in Sect. 4.7. Nevertheless, there have beensaouliar under-luminous events, such as
SN 2005hk (Phillips et al., 2007) and SN 2008ha (Foley e2&l09) for which a pure deflagration repre-
sents a viable model, although SN 2008ha has been proposaetitly be a core-collapse event (Valenti
et al., 2009).

So it might be that we are looking at a whole family of progerstand explosion mechanisms. Today
many observational goals remain. The question, espeéalgosmology, is to realize if at least all normal
SNe la are products of the same mechanism and how to excledeettuliar events. It remains to be
confirmed observationally that a DDT explosion can at leastdbe the normal SNe and to figure out how
the explosion proceeds (e.qg. is the initial deflagratioitéghoff-centre?). But also observations of peculiar
events are needed if we want to understand exactly wherefithaythis picture. Except from the most
traditional methods, such as early photometry and spexipys other promising tools, more expensive
observationally, have to be exploited, such as late-tineeokations, the importance of which is outlined
in the next section, or spectropolarimetry (Wang & Whee2608; Patat et al., 2009).
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Figure 2.4 From Kasen et al. (2009). Pedk-band luminosity versuAms; and B—V color for a family of 44 models
like the ones in Fig. 2.3 observed from 30 different viewingles. It is shown that varying the model parameters (and
the observing angle) creates a dispersion in the observepagties of the SN, which is similar, although not identjical
to the dispersion that is actually observed (indicated by giney zone and the solid line). This ‘unified’ explosion
model can still, however, not explain the sub-luminous erektremely over-luminous (e.g. Howell et al., 2006) SNe.

2.5 WHAT CAN LATE -TIME OBSERVATIONS TELL US ?

With time, the SN ejecta become more and more optically thith\ee can look deeper and deeper, to-
wards the centre of the explosion. This is called tiebularphase of the SN (as compared to the early
photospherighase). Some authors use the terebularto describe SNe la already at phase®0 days
past maximum, when the optical depth is reduced sufficieantty the spectrum is dominated by Fe lines.
Iron-family elements are synthesized deeper in the exghdsiit are hidden at earlier phases by IMEs that
are produced in the outer layers (e.g. Fig. 2.3). As a coiweyih this thesispebularwill only be used for
even later phases, in any case not before 200 days, whentdreepecta are really transparent to photons.

A wealth of information can be deduced from studying the teatjphases. Nebular spectroscopy, com-
bined with modeling, allows the estimate of the total masE@fQroup elements (stable and radioactive)
generated at the explosion. This has been used to demertsaaimost SNe la, including sub-luminous,
originate from progenitors of similar masses (Mazzali et2007). Nebular spectroscopy can also be used
to test explosion models of SNe la such as the pure deflagrayi®R6pke (2005). Kozma et al. (2005), by
synthesizing a nebular spectrum for this model, was abliedw $hat the increased mass of produced IMEs,
should be demonstrated by a non-observed prominent O line ruling it out. The explosion mechanism
can also be probed by studying the line-widths of lines aedethy the degree of ejecta stratification. Ger-
ardy et al. (2007) argue that the ejecta of SNe appear sthtifontrary to deflagration models that predict
a considerable amount of mixing. The line-profiles can ferthe used to test the existence and extent of
a central region of stable, as opposed to radioactive, elenweeated by electron-capture (Hoflich et al.,
2004; Motohara et al., 2006). The velocity shift of lines tenstudied to probe potential asymmetries of
the explosion (Motohara et al., 2006; Gerardy et al., 20Q)til recently, it was thought that this was
only possible with isolated lines at IR wavelengths, butéctS4.7 we show that this is also possible with
optical spectra.

The late-time light curves of SNe la can be used to test whétlegositrons produced at the radioactive
decays escape the ejecta or remain confined in it. The idéad#tis test is the following: the SN light
curves are powered by energy deposited by gamma-rays aitbpegproduced in the decay®o — *SFe
(with a half-life of ~77 days; the precedingNi — 56Co decay has a half-life of only 6 days and is thus
irrelevant at late phases). The bulk of the energyX7%) is carried by the photons and this is why the
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contribution of the positrons at early phases is negligiBlebular phases, however, the ejecta is optically
thin and thus all gamma-rays are able to escape and the lige ¢s only powered by the thermalization
of the positrons. By comparing the rate of decline of the badtric LC with that o’ Co, we can conclude

if positrons escape the ejecta or not (Cappellaro et al.7;188ne et al., 1999, 2001; Lair et al., 2006).
This has at least two important implications: positrons@rarged particles and are therefore subject to
the magnetic field of the SN ejecta, and therefore of the Whd&e et al., 1980). If positrons escape the
ejecta it means that the magnetic field is weak and/or radtfale if they don't, it is strong and/or tangled
(Ruiz-Lapuente & Spruit, 1998). In addition, positronsasag from SNe la are suspected to contribute to
the galactic 511 keV annihilation line, whose origin is ygknown (Chan & Lingenfelter, 1993; Prantzos,
2008).

At late times it is also possible to study the presence of tifiaited Catastrophe (IRC). The IRC is
a thermal instability, which occurs when the ejecta temioeesfalls below a critical limit. The emission
is then predicted to shift from the optical and NIR wavelérsgb the mid- and far-infrared fine-structure
lines (Axelrod, 1980). The IRC has been proposed to explarinhe evolution of SN 1987A (Spyromilio
& Graham, 1992; Kozma & Fransson, 1998a), but it has never bbserved for a thermonuclear SN. The
IRC should manifest itself as a sudden drop in the optical iRl light curves at times>500 days for
SNe la.

All the above tests pre-suppose the construction of an atetolometric LC based on the observed
data at late times. Previous studies, using optical datealwere based on an assumption that the bolomet-
ric LC followed the optical bands at late times (e.g. Cagpelet al., 1997; Milne et al., 1999). Important
observations of SN 2000cx, however, showed that there igrafisiant color evolution at late times, to-
wards the NIR that demonstrates almost constant emisstareba 300-500 days (Sollerman et al., 2004).
Hints for this behavior were also seen by Spyromilio et 200@), based on only two data points, and were
later confirmed by Stritzinger & Sollerman (2007). It becartteerefore obvious that the correct answer to
all the questions above cannot ignore NIR observations.

In individual cases, late time observations can also retreapresence of echoes, which are useful
in studying the nature and geometry of intervening matedghe SN. Such echoes for thermonuclear
SNe have been examined by Schmidt et al. (1994); Cappellaxio @001); Wang et al. (2008); Crotts &
Yourdon (2008).

Finally, late time observations are also essential for thdysof peculiar SNe. For instance, despite
the evidence for SN 20069z being a super-Chandrasekharsapl(Hicken et al., 2007), observations by
Maeda et al. (2009) suggest, surprisingly, rather the dpbshavior at nebular phases.
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3

STRIPPED-ENVELOPE CORE-COLLAPSE
SUPERNOVAE

This chapter offers an introduction to stripped-envelageollapse SNe, the explosions of stars that have
lost their outer layers. After a general literature reviewtloeir observational properties, key points and big
qguestion-marks, | focus on their relation to GRBs and onrtbeiresponding environments, aspects that
are necessary for the understanding of Chapters 5 and 6. hetpter concludes with a relevant example
case study, in which | have patrticipated, of a stripped-lpeCC event, SN 2008D, and its host galaxy.

3.1 OVERVIEW

As discussed in Sect. 1.1, the history of SNe Ib/c startethénnid-80s (see e.g. Wheeler & Harkness,
1990). Today, it is widely accepted that these explosiopseigent the core-collapse of stars that have lost
their hydrogen envelope, due to strong winds or binary &uon, while in the case of SNe Ic the mass
loss is so extreme that even (most of) the helium enveloplsdsexpelled. This picture is supported by
their optical spectra at maximum light that lack hydroged are characterized by the presence, or not, of
He lines (see Fig. 3.1). They are however more clearly djsished from SNe la with the help of late-time
spectra that present emission lines from IMEs, such as O ar(@hile SNe la show Fe lines).

Due to the fact that they have expelled their outer envelibyas, are also collectively known under the
name ‘stripped-envelope’ CC SNe. This class formally atsatains SNe 1lb, which are an intermediate
class between Type Il and Ib. These objects display hydrog#reir initial phase spectra, but they later
evolve similar to SNe Ib, demonstrating that they were p&gfrom all but a little part of their hydrogen
envelope. The prototype of this family is the very nearby 93] (e.g. Nomoto et al., 1993; Woosley
et al., 1994; Filippenko et al., 1993). Their existence ipamtant in proving the continuity in the scheme
of SNe I, lIb, Ib and Ic being all of core-collapse naturetwét gradual degree of mass loss.

Despite the fact that SNe Ib/c constitute about 30% of akkamllapse SNe (Cappellaro et al., 1999),
until recently only a small fraction of the stripped-enyedCC SNe from the ones discovered and reported
in the IAU circulars were well-observed. For many years,gh&totype SN Ib was SN 1983N (Wheeler
& Levreault, 1985; Uomoto & Kirshner, 1985), while SN 199&il{ppenko et al., 1995; Richmond et al.,
1996) was considered the prototype SN Ic, although we nowkhat it might not be that representative.
Richardson et al. (2006) collected and studied the LCs oft@0ped-envelope CC SNe (in tHé-band
where most data was available). The LCs show consideraidesity in peak brightness, the width of the
peak, and the slope of the late-time tail. Richardson e&0§) conclude that the probability of having
only one, or even two, families of explosions is very low. Tdigiation, concerning lack of data, has
radically changed in the last years with the extensive alagieins of events, such as SN 2005bf (Folatelli
etal., 2006), SN 2007Y (Stritzinger et al., 2009), SN 20Q¥@tenti et al., 2008a), SN 2008ax (Pastorello
etal., 2008), SN 2008D (Sect. 3.4) and the SNe observaljor@minected to GRBs (Sect. 3.2). In addition,
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Figure 3.1 Example spectra of CC SNe observed by GL for the SDSS-II SMdys(see caption, Fig. 2.1). Since
the SDSS was targeting mainly SNe la, the selection of CC i®Nedur database was limited with respect to S/N
or phase. Nevertheless, some representative exampledbaualisplayed to illustrate the observational diversity o
explosions due to the same cause (i.e. core-collapse of siveastar) but with different degrees of mass loss prior to
explosion. SN 2007Id is a Type Il SN, demonstrating broadesli(H., Hs, H,) revealing the presence of a massive
H envelope. It belongs to the IIP sub-class, the most comygpndf SNe observed. SN 2007mr is a similar explosion.
Despite having lower S/N it has been displayed here to iiisthe prominent P-Cygni profile of the,Hine, a feature
very characteristic of SN explosions (and outflows in gehefighe next SN (2007nc) has clearly no signs of H in its
spectrum and is classified as a Ib, as it displays He (&5876). SN 2007ms is a more difficult case as it gave fits to
both SNe Ic and peculiar SNe Il such as SNe 1987A and 1993y(te& SNID code; Blondin & Tonry, 2007) and this
is why it was classified as a Type Il in the IAU circular (Bassetl., 2007). A more careful look shows, however, that
it is a SN Ic, most similar to SN 2004aw (also reclassified ah s Ostman et al.). Finally the last (noisy) spectrum
belongs to the rare class of broad-lined Ic, sometimeseeléd GRBs, (SN 2006nx; see also Modjaz et al., 2008b). All
spectra demonstrate super-imposed narrow nebular lina® fiheir host galaxy that are very useful for determining
the exact redshift.

a number of events have been closely monitored by prograchsasuthe CSP and the SDSS-1I SN Survey,
but await publication.

Stripped-envelope CC SNe are often radio emitters (seee\éihl., 2002, for a review). This emission
is attributed to the strong interaction of the ejecta with dircumstellar medium and is very useful for
studying the mass-loss properties of the progenitor (ehgv@lier & Fransson, 2006). Stripped-envelope
CC SNe are therefore today the targets of large radio suwifismore than 140 objects targeted to date
(e.g. Soderberg et al., 2006, 2010).

Stripped-envelope CC SNe are believed to be asphericabgrpis. This is based both on spectropo-
larimetric observations (e.g. Maund et al., 2007; Wang & Aae 2008; Maund et al., 2009) but also on
observations of nebular spectra. This is in particular daseanalysis of the [O INA6300, 6364 line that
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is found to display various profiles interpreted as a toaigxplosion viewed from different angles (Maeda
et al., 2008; Modjaz et al., 2008c; Taubenberger et al., a88wever the unambiguity of this technique
has been questioned (Milisavljevic et al., 2010).

One of the key questions related to stripped-envelope CCiSWkether they come from the evolution
of single or binary stars. Based on the observed ratio of $iXetb I, combined with the IMF, Smartt
(2009) argues that there are not enough massive stars tairexghl the SNe Ib/c as coming from single
massive stars. A similar reasoning is given by Fryer et @002 based on the Ic/lb ratio but this is
dismissed by Boissier & Prantzos (2009). In addition, prel@sion images put strict upper limits on the
progenitors’ luminosities that, combined with the curremidels, are inconsistent with those of single
massive stars (Maund et al., 2005; Crockett et al., 200782@). The progenitor system of the Type IIb
SN 1993J was also proposed to be a binary star (Podsiadl@wski, 1993) and the companion of the
exploding star has been identified (Maund et al., 2004). Goimdpthese facts with the demonstration by
Podsiadlowski et al. (1992) that a significant fraction afst(15-30%) loose their hydrogen envelope due
to binary evolution, has shaped the favored belief in theophlysical community that, at least a fraction
of SNe Ib/c must originate from the binary evolution channiel any case, the progenitor star prior to
explosion should be (or have characteristics similar topé\Rayet (WR) star, stars that have also expelled
their hydrogen mantle.

3.2 THE RELATIONTO GRBSs

The possibility that the gravitational collapse of massitas might result in relativistic polar jets was pro-
posed by Woosley (1993). Although the original collapsadeispoke about ‘failed supernovae’ (Mac-
Fadyen & Woosley, 1999), the discovery of SN 1998bw cointidéth the location of the under-energetic
GRB 980425 gave the first observational evidence that GRBs vedated to the collapse of massive stars
accompanied by SNe (Galama et al., 1998). The unambigusasiaton of GRB 030329 to SN 2003dh
(Fig. 3.2) erased all doubts and confirmed this picture (tHjet al., 2003; Stanek et al., 2003). Previ-
ously, many bumps in GRB afterglow light curves were inteted as SNe peaking a couple of weeks after
explosion (Woosley & Bloom, 2006), while there had also baenore uncertain (noisy) spectroscopic
association (Della Valle et al., 2003).

Since then, there have been two more unambiguous assaosigtiose of SN 2003Iw with GRB 031203
(Malesani et al., 2004) and of SN 2006aj with XRF 060218 (Rtial., 2006; Campana et al., 2006;
Sollerman et al., 2006), the last one being actually an XHesh?

It is remarkable that all the confirmed GRB-SNe are of a pacdlype Ic class, demonstrating very
broad lines in their spectra and unusually high luminositi€he width of the lines imply very high ex-
pansion velocities~{30000 km/s) and this is why these energetic explosions hiseebeen known as
‘hypernovae’. However, the term ‘broad-lined’ SNe is offgeferred to describe a broader class with sim-
ilar spectra (also containing objects not connected to a)G8Bce not all these events are super-energetic
(Richardson et al., 2006). It is also worth mentioning thatstof the confirmed SN-GRBs (with the ex-
ception of GRB 030329) are sub-energetic, compared to titeajiGRB population, indicating a probable
local selection bias.

A shadow on our understanding of these explosions, as es$talilby the observations of the 4 objects
above, was cast by the observations of the nearby long GR85036(Fynbo et al., 2006) and 060614
(Fynbo et al., 2006; Della Valle et al., 2006; Gal-Yam et 2006; Gehrels et al., 2006) that were not
accompanied by a SN to limits many magnitudes fainter thari $®8bw or even fainter SNe 1d{r >
—13.5). The most obvious interpretation is that, as in the origgedlapsar model, all (or most of) the
ejected material fell back in the forming black hole, notgwoing a SN (or a very faint one) (Fynbo
et al., 2006) . The possible interpretation of the faint S&ta as a CC SN (Valenti et al., 2009) might

1The very same days this section was writtBwjft discovered another unambiguous case: SN 2010bh assowittettie nearby
(z = 0.059) GRB 100316D (Bufano et al., 2010; Chornock et al., 2010)!
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Figure 3.2 From Hjorth et al. (2003). The gradual emergence of a broagd SN spectrum, similar to SN 1998bw,
is demonstrated in observations of the GRB 030329 afterglow

constitute a possible discovery of such a stripped-enee®ip, at limits almost consistent with the non-
detections abovel(r = —14.5). However, more speculative interpretations have also geen, such as
that these two long GRBs are not related to the collapse ofssiweastar. In any case, there are still many
open questions in the SN-GRB connection that remain to beenesl.

The serendipitous discovery of SN 2008D through transiergiyXemission has also been interpreted
by some groups as a signature of a GRB jet, although this is@arsial. This is further discussed in
Sect. 3.4.3. Certainly, however, except from giving usghsto the nature of GRBs, the discovery of SNe
through their high energy emission, unlike traditionakdigery methods, permits to strictly constrain the
time of explosion and allows detailed studies of the earlgl@sion physics such as the shock-breakout
phase.

Since the GRB emission is collimated, it is very probablé soae jets ‘miss us’, while we only detect
the SN emission. Such a scenario has been proposed fordodhidroad-lined SNe Ic, such as SN 2003jd
(Mazzali et al., 2005), but this has been questioned (Sedgt al., 2006). What is definitely certain is
that not all SNe Ib/c have an associated GRB. Argumentseetladth to radio emission (Soderberg et al.,
2006) and rates (Guetta & Della Valle, 2007), place an upp®t hot higher than 10% in the fraction of
SNe Ib/c (even broad-lined) that contain GRBs. It is themefmatural to ask: what are the conditions that
will produce a GRB and what makes the difference between a-SREBnd ‘ordinary’ SN Ib/c?
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In the collapsar model (Woosley, 1993; MacFadyen & Woosl&p9), three key ingredients are nec-
essary to form a GRB jet: (i) the formation of a black hole frarollapsing massive star, (i) fast rotation,
so that the infalling matter will form an accretion disc andithe black hole, and (iii) the loss of the hy-
drogen envelope, for the jet to escape the collapsing staaslbeen proposed that in order to satisfy the
above criteria (especially the last two simultaneouslyg, ¢ollapsing star should be metal-poor (Yoon &
Langer, 2005; Woosley & Heger, 2006). Lots of effort has éfi@re been concentrated in studying the
environments of these explosions, especially in relatiothis picture. These efforts are reviewed in the
next section.

3.3 THE BIRTHPLACES OF SNE IB/Cc AND GRBSs

Concerning the global properties of SN host galaxies, vanBlrgh et al. (2005) have shown that the
SNe Ib/c hosts are morphologically indistinguishable fitheones of SNe II. Prantzos & Boissier (2003),
however, showed that the ratio of SNe Ib/c to SNe Il increaseme moves towards brighter and therefore,
on average, more metal-rich galaxies. This was confirmedieyd=et al. (2008), in a more direct way, i.e.
by using metallicities computed from host galaxy spectrafthe SDSS.

But what about the local environments of the SN explosionaf? Dyk et al. (1996) argued that the
association degree of SNe Ib/c and SNe Il with H 1l regionsravedifferent. This is in contrast to the
result by Anderson & James (2009) who show that there is aareed increasing trend in the distances
of SNe I, Ib and Ic respectively, from actively star formirggions (measured by Hemission). But also
Kelly et al. (2008) show that SNe Ic have a tendency of ocogrim the brightest pixels of their galaxies,
in contrast to SNe Il that follow their host galaxy light dibtition. These results are in agreement with
SNe Il, Ib and Ic having increasingly more massive progesjtat least in the single evolutionary channel
scenario (see also the models by Raskin et al., 2008). Boi&sPrantzos (2009), taking this time into
account the offset distance of the SN to the galaxy centreaandtallicity gradient, show that their result
on the ratio of Ib/c to I, holds as well for the local explosisites. For normal SNe, this is the expected
trend since Vink & de Koter (2005) have shown that the stiemjtstellar winds, and thus the ability to
expel the outer envelope, increases with metallicity.

As far as GRB host galaxies are concerned, they are glob#igreht from the SN hosts (Fruchter
et al., 2006): instead of spirals, they tend to be less massiere actively star-forming, dwarf irregulars.
This view is supported by many investigations (e.g. Michalk et al., 2008; Castro Cerén et al., 2008;
Savaglio et al., 2009). The suspicion that they are also Irpetar, based on their luminosities, is also
confirmed directly spectroscopically (Levesque et al.,G2)1

Few studies of the local environments of GRBs have been ateduBased on the higher resolution of
the HST, Fruchter et al. (2006) demonstrated that GRBs t®nddur in the brightest pixels of their hosts,
a distribution not very different than the one of SNe Ic (et al., 2008). These authors use a method to
compare locations of regions within galaxies, irrespectif’the galaxy size and brightness. This method
is also used in the work presented in Chapter 5 and uses tleegbof the pixel ‘fractional flux’. This is
defined as the fraction of light (i.e. counts) contained Irpadels with flux less than the pixel in question
(e.g. i-th pixel) over the light contained in all pixels befing to the galaxy:

Zpixels with counts<i-th pixel counts

Zall galaxy pixelsCounts

F Fih pixel = (3.1)

Otherwise, resolved GRB host studies are by necessityiatestrto the nearby universe. The host
of GRB 980425 has been studied in detail by many authors @Ghgstensen et al., 2008) that note the
presence of a very bright highly star-forming region camitey WR stars not far, but not coincident with,
the explosion. Thone et al. (2008) studied the resolved ¢faste SN-less GRB 060505 and showed that
the explosion location had a younger age and lower metgllican the average host.
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Sollerman et al. (2005) obtained spectra at the locationsafby GRB-SNe and showed that they were
located at metallicities below solar. Modjaz et al. (2008inpared these metallicities with those obtained
at the locations of other broad-lined SNe Ic, not related RB&, and showed that they are systematically
lower. This is consistent with the requirement suggestethi® formation of a GRB jet (Yoon & Langer,
2005; Woosley & Heger, 2006). Although this paradigm seamiset supported by observations, it is not
clear how much it is affected by biases: we measure metahdor the GRBs we see, whittark GRBs
can be hidden by dust in likely more metal-rich environméRigbo et al., 2009; Svensson et al., 2010;
Hashimoto et al., 2010). The discovery of a dark GRB (Levesgfal., 2010b) and a relativistic SN
at supersolar metallicities (Soderberg et al., 2010) sdempsit this general picture at least under some
guestioning.

Much of the discussion on explosion host sites has beenresirdeound metallicity. There are however
other important diagnostics that can constrain the pragesistem. One of these is constraining the
age of the stellar population and thereby the masses of tigepitors. This can be especially useful in
differentiating the single from the binary channel scemé&ai the stripped envelope CC SNe. Since single
massive stars live fast and die young, demonstrating a Eggecould be in favor of the binary evolution.
This is a difficult task however, since there exist many utaieties, especially related to the star formation
history (i.e. continuous or instantaneous; see e.g. Ostl., 2008).

3.4 ACASE STuDY: THE TYPE IB SN 2008D

In the last part of this Chapter dedicated to stripped-ep&ICC SNe, | will present SN 2008D as an
example. This SN Ib and its birthplace was studied by our grud using it as a case study serves as
an excellent transition between the introduction aboveragdvork presented in Chapters 5 & 6. The
observations of the SN itself (Malesani et al., 2009) arsgméed in Sect. 3.4.1, while its birthplace and
host (Thone et al., 2009) are discussed in Sect. 3.4.2. Thigas definitely the ‘supernova of the year’ for
2008, and has attracted a lot of attention. For this reaadect. 3.4.3, | reproduce parts of the discussions
and opinions expressed about this object.

3.4.1 (OBSERVATIONS OF THE SUPERNOVA

SN 2008D was discovered serendipitously through X-raysiear emission, while the XRT instrument
onboardSwiftwas observing SN 2007uy in NGC 2770 (Berger & Soderberg, RO8optical counterpart
was identified by Deng & Zhu (2008) and was given a SN designdty Li & Filippenko (2008). Based
on an optical spectrum obtained just 1.7 days after the Xerdipurst, Malesani et al. (2008a) were the
first to suggest that it was of Type Ib/c. Valenti et al. (2008bd Blondin et al. (2008) also classified it
as a SN Ic, while it still appeared as such 6 days after exgiodalesani et al., 2008b). One week later,
however, it developed clear He lines and was given its fireasification as a SN Ib (Modjaz et al., 2008a).

Immediately after the X-ray outburst we started an obs@&mat campaign and collected photometry
and spectra of the SN. Most of the data were obtained at the bi@Tve also obtained data with the VLT,
WHT, LT and UKIRT telescopes. The light curves are shown @ Bi3. In the bluest bands (but even in the
R-band) we observe an initial fading followed by a re-brigtitg. This was also observed in SNe 1993J,
1999ex (Stritzinger et al., 2002) and 2006aj (Sollerman.e2806), which were also stripped-envelope
CC SNe caught shortly after explosion. The fading is attetuo the initial cooling of the stellar envelope
after the shock breakout. Subsequently, the SN LC rises agdt is powered by the radioactive decays of
material nucleosynthesized during the explosion. By ugingett’s rule (Arnett, 1982), we estimated that
the explosion generated0.09 M, of 5°Ni. The SN seems significantly reddened and we determined an
Ay ~ 0.8 mag using different methods, including the comparison efablors at maximum light with the
ones of other stripped envelope core-collapse SNe.

The first spectrum of SN 2008D is comparable in age only wighfitst spectrum of SN 1987A. An
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Figure 3.3 From Malesani et al. (2009)U BV RIJH K light curves of SN 2008D. ThHé BV RI photometry was
made by GL.

interesting feature is a W-shaped profile~at000 A that has been also seen in other very early spectra of
CC SNe but its nature is not yet clear (Quimby et al., 2007; jdpét al., 2009; Silverman et al., 2009).
The expansion velocities and their evolution are cleadysk than the ones of broad-lined SNe.

3.4.2 THE HOST GALAXY NGC 2770

NGC 2770 has been the host of two more SNe, that were also eflby|sN 2007uy and SN 1999eh. While
there have been many galaxies with multiple observed SN& R%r0 was the only one (at least at that
time) with more than two stripped-envelope CC SNe. Our study triggered by the following questions,
among others: is there anything special about NGC 2770 thkemit produce SNe Ib, compared e.g. to
NGC 6946, the top SN producer (9 SNe) that has only producedBMnd what are the local properties
at the explosion sites?

We first studied the global properties of NGC 2770 by consimgdts multi-wavelength SED (e.g.
Michatowski et al., 2008). The result was revealing, sif@template SED that best matched the one of
NGC 2770 was the average of a Sb and Sc galaxy based on ex&@ya946! This is in line with the
result of van den Bergh et al. (2005), i.e. that the galaxi€\e Il are no different than those of SNe Ib/c,
and highlights once again that td#ferences need to be sought in the local environments

For this reason, we obtained spectra at the locations of@iN& explosions (2 of them still containing
light from the SNe) and across the galaxy major axis to ddtegrine local properties. Based on the N2
diagnostic (Pettini & Pagel, 2004), we found all metallestat the SN sites to be subsold2(+ log(O/H)
~8.4-8.5 dex). Interestingly, these values are on the lovder af the (broad-lined) SNe Ic but higher
than GRB-SNe environments (Modjaz et al., 2008b). We deteritihe extinction, based on the Balmer
decrement (Osterbrock, 1989), to be significait, ~0.9 mag for SN 2008D, consistent with the estimates
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of Malesani et al. (2009). Finally, thé, EW was determined to be less than 80 A in neighboring regions
of the SN explosions, indicating a not particularly younglar population. Comparatively, the existence
of massive stars- 30 — 40 M), with lifetimes< 6 — 7 Myr would correspond tdf, EW > 100 A. This
could be an indication in favor of the binary progenitor chelrfor these 3 explosions.

Finally, we wanted to investigate whether the occurrenc® 8Ne Ib in one galaxy in such a short
time interval was peculiar. By using the rates for SNe Ib¥egiby Cappellaro et al. (1999) and Mannucci
et al. (2005) and comparing with the and K luminosities of NGC 2770 and the number of monitored
galaxies, we calculate that the chance of having 3 strigpa@iope CC SNe in one galaxy within a decade,
is ~0.6%. This is barely a3 statistical fluctuation and we thus conclude that it was abdpjust a
coincidence (one more related to this event).

3.4.3 SHOCK BREAKOUT OR A GRB JET?

There has been some debate on the nature of the X-ray emigtided to the explosion of SN 2008D.
Soderberg et al. (2008) were the first to attribute it to theckrbreakout, while this is also the view of
Chevalier & Fransson (2008) and Modjaz et al. (2009). Fahlgwthis interpretation, SN 2008D was a
more or less ordinary stripped-envelope CC explosion, thighexception that it was caught very early due
to a lucky coincidence.

An alternative suggestion, namely that SN 2008D is an olij¢etmediate to ordinary SNe and GRB-
SNe, was first proposed by Xu et al. (2008). Such an interjoetes also given by Li (2008) and Mazzali
et al. (2008), based on arguments such as that the X-raydigie follows a similar (but scaled-down
evolution) as of SN 2006aj, that it follows the Amati relatiQAmati et al., 2002) but at much smaller
energies, and that it is more energetic than other typical BIX. Within such an interpretation, the X-ray
emission was probably due to some kind of relativistic (GIikB) jet. The different authors do not agree
on how to fit the early X-ray emission, while the determinataf the progenitor size is clearly model
dependent.

Tanaka et al. (2009a) indeed showed that SN 2008D produeethejithEx ~ 6 x 10°! erg, which is
higher than what is usually observed. Another establishetli$ that the explosion was aspherical as can
be demonstrated by spectropolarimetric observationsNsred et al., 2009, who offer two alternative
jet-torus scenarios). The asphericity is also supportedidservations of the nebular spectrum (Modjaz
et al., 2009; Tanaka et al., 2009b). But these observati@sa unusual for SNe Ib/c (Sect. 3.1) and are
not inconsistent with a shock breakout.

| personally think that the arguments in favor of SN 2008Dhgekelated to a GRB are weak, although
this possibility cannot be ruled out. The way of discoverynbined with the small field of the XRT,
and the theoretical argumentations in favor of a shockkaneta which was definitely observed at longer
wavelengths (Malesani et al., 2009), point towards SN 2008iDg an ordinary SN. As also pointed out
by Soderberg et al. (2008), if this is the case, wide field Xirstruments would be able to detect many
such SNe at their moments of birth.
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THE NORMAL TYPE IA SN 2003V ouT TO
VERY LATE PHASES

We study a thermonuclear supernova, emphasizing very ka&tsgs. An extensive dataset for SN 2003hv
that covers the flux evolution from maximum light to day 86 is presented. This includes 82 epochs of
optical imaging, 24 epochs of near-infrared imaging, aneéi@chs of optical spectroscopy. These data
are combined with published nebular-phase infrared speatrd the observations are compared to model
light curves and synthetic nebular spectra. SN 2003hv isrmaloType la supernova (SN la) with pho-
tometric and spectroscopic properties consistent withaitsly observed3-band decline-rate parameter,
Amg5(B) = 1.61 £ 0.02. The blueshift of the most isolated [F¢ lines in the nebular-phase optical
spectrum appears consistent with those observed in therédfrat similar epochs. At late times there is
a prevalent color evolution from the optical toward the re&nared bands. We present the latest-ever
detection of a SN la in the near-infraredltubble Space Telescofmages. The study of the ultravio-
let/optical/infrared (UVOIR) light curve reveals that abstantial fraction of the flux is ‘missing’ at late
times. Between 300—700 days past maximum brightness, tl@lR\ight curve declines linearly follow-
ing the decay of radioactivé’ Co, assuming full and instantaneous positron trapping. At d&gs we
detect a possible slowdown of the decline in optical bandsininin theV band. The data are incom-
patible with a dramatic infrared catastrophe. However,idea that an infrared catastrophe occurred in
the densest regions before 350 days can explain the missixdrdim the UVOIR wavelengths and the
flat-topped profiles in the near-infrared. We argue that sustenario is possible if the ejecta are clumpy.
The observations suggest that positrons are most likghped in the ejecta. In the last section, a brief
presentation of some follow-up work in the field of SN la asyetries that was triggered by SN 2003hv,
is given.

4.1 INTRODUCTION

Studying the late-phase emission of Type la supernovaedfter SNe |a) provides an excellent opportu-
nity to elucidate the physical nature of these thermonu@gplosions. With late-time observations it is
in principle possible to constrain the nucleosyntheti¢ddgend the distribution of elements (Kozma et al.,
2005; Motohara et al., 2006; Stritzinger et al., 2006b; Mdizt al., 2007), the magnetic field configuration
of the ejecta and hence of the progenitor (Colgate et alQ;1R8iz-Lapuente & Spruit, 1998; Milne et al.,
1999), and potentially their contribution to the diffusel@ic 511 keV line (Milne et al., 1999; Prantzos,
2008).

Previous studies of the late-time emission of SNe la haveodstrated the increased importance of the
near-infrared (NIR) emission. This investigation builg®u earlier studies of SN 2000cx (Sollerman et al.,
2004, hereafter S04) and SN 2001el (Stritzinger & Sollern2®97, hereafter SS07) but extends to even
later phases. We present observations of SN 2003hv that Z8%edays pasB-band maximum B,ax).
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One of the main motivations of this study was to investigatetiver an infrared catastrophe (IRC) occurs
in the ejecta at these very late phases. The IRC is a therstabitity, predicted by Axelrod (1980), which
shifts the bulk of the emission from the optical and NIR regito the mid- and far-infrared fine-structure
lines once the temperature in the ejecta falls below a atitimit. While the IRC has been proposed to
explain the line evolution of SN 1987A (Spyromilio & Grahat®92; Kozma & Fransson, 1998a), it has
never been observed for a thermonuclear SN (see, howeveda al., 2009, on the peculiar SN 2006gz).
Models suggest that the IRC should commence, dependingesstrilicture and composition of the ejecta,
sometime between 500-700 days past maximum brightnesseminie apparent with a dramatic drop
in the optical and NIR luminosity. This corresponds to slyaafter the end of our previous multi-band
observations of other SNe la (S04; SSQ7).

SN 2003hv was discovered by LOTOSS (Beutler & Li, 2003) onSeptember 2003 (UT dates are
used throughout this paper). It was located &@st and 57 south of the nucleus of the SO galaxy NGC
1201. Dressler et al. (2003) classified it as a SN la the day discovery. SN 2003hv reached an apparent
B-band magnitude of 12.45 mag, thus being the brightest sopardiscovered in 2003, and one of the
brightest SNe la observed over the past decade. NGC 1201 Hiasch distance measurement that is
based on the surface brightness fluctuations method (SB¥y &t al., 2001). By applying a correction
of —0.16 mag (Jensen et al., 2003), the distance modulus of N®T &2:spr = 31.37 & 0.30 mag,
corresponding to a distance of 18 #2.60 Mpc. The Galactic extinction in the direction of NGC 128
low, E(B — V) = 0.016 mag (Schlegel et al., 1998), and we show below that there &/itence of any
host-galaxy extinction. As SN 2003hv suffered little egtion, was located in the outskirts of its host, and
was bright, it made an excellent target for our late-timetphreetric (/ BV RI.JH K) and spectroscopic
(optical) observational campaign.

SN 2003hv has already attracted some attention in thetlitera Motohara et al. (2006) published a
NIR spectrum taken 394 days past maximum brightness. Thmdfthat the [F&] 1.644,m emission line
exhibited a flat-topped profile and was blueshiftedN®600 km s'!. Gerardy et al. (2007) showed a mid-
infrared (MIR) spectrum (5-215.2,m) of SN 2003hv taken on day358 with the InfraRed Spectrograph
onboard theSpitzer Space TelescapErom the observed [Qa] emission they estimated that0.5 Mg
of ®6Ni was synthesized in the explosion. In this paper, we preseotprehensive study of SN 2003hv
that covers the flux evolution from early to very late phasesme preliminary results of our study were
presented by Leloudas et al. (2009a). Here, we have used aptical and NIR early-time data, have
re-analysed all data in a consistent manner, and have snppted our late-time analysis with data from
the Hubble Space Telescope (HSARd spectral-synthesis modeling; we have also includedleetra
published by Motohara et al. (2006) and Gerardy et al. (2007)

The organization of this paper is as follows. Section 4.2@n¢s the observations that were collected
using ground-based facilities aitBT, and Sect. 4.3 describes the corresponding data redudtrenre-
sults are described in Sect. 4.4. Section 4.5 provides ashfin, and the main conclusions are summarized
in Sect. 4.6.

4.2 OBSERVATIONS

The observations presented in this paper were conducteitiedlband NIR wavelengths with a variety of
facilities. A brief description of the observations is giMeelow. Observing logs for our data are found in
Table 4.1 and in Tables A.1 — A.3 of the Appendix.

4.2.1 (CERRO TOLOLO OBSERVATIONS

Optical photometry of SN 2003hv was obtained with the Cassedirect Imager attached to the 0.9-
m telescope located at the Cerro Tololo Inter-American ®fagery (CTIO). Ten epochs o/ BV RI
imaging were obtained from 1 to 74 days p#kf... In addition, the CTIO 1.3-m telescope equipped
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Table 4.1 Log of spectroscopy.

Date MJID Phase Telescope Instrument Resolution Exposure time

(um (days)  (days) (A) (s)
20030910 52892.35 1.2 LCO Baade IMACS 23.0 2 x 300
20030915 52897.34 6.1 LCO Clay LDSS2 13.5 1x 60
20030918 52900.39 9.2 LCO duPont ModSpec 6.0 2 %x 300
20030926 52908.31 17.1 LCOduPont WFCCD 6.0 2 %x 300
20031030 52942.6 514 SSO23m DBS 4.8 2 x 900°
20031121 52964.25 73.1 VLT Antu FORS1 11.5 2 x 300°¢
20031128 5297169 80.5 SSO2.3m DBS 4.8 2 x1200°
20031228 53001.53 110.3 SSO2.3m DBS 4.8 2 x1200°
20040130 53034.45 143.2 SSO23m DBS 4.8 2 x1200°
20040725 53211.37 320.2 VLT Kueyen FORS1 115 4 x 1200¢

“In all tables, “phase” refers to days pdst,.., which occurred at MJID $2891.20 + 0.30.
®One exposure in the blue arm and one in the red arm.
“Exposures shared between the 300V and the 300l grisms.

with ANDICAM was used to collect 15 epochs of early-phaséH K, photometry that covers the flux
evolution from 1 to 62 days past,, ..

4.2.2 KAIT OBSERVATIONS

The 0.76-m Katzman Automatic Imaging Telescope (KAIT;gjkenko et al., 2001) observed SN 2003hv
in BV RI over the course of 42 epochs. These observations were etitagginning 1 day afteB,,.,. and
extend to+135 days.

4.2.3 LAS CAMPANAS OBSERVATIONS

Thirteen epochs of optical photometry covering 10 to 109sdagst’3 maximum were obtained with
the Swope 1-m telescope at Las Campanas Observatory (LGDpdhe course of the Carnegie Type I
Supernova (CATS) program (Hamuy et al., 2009). These imagesobtained with a set 6f BV R filters
and a SlITe3 detector. Four optical spectra were obtaine@@ftom 1 day to 17 days past maximum. A
journal of the spectroscopic observations is provided inld4.1.

4.2.4 SDING SPRING OBSERVATIONS

The European Supernova Collaboration (ESC; see, e.g.iBetad., 2004), as part of a European Research
Training Network on the study of SNe tagbtained four optical spectra and five epochs of photometry a
the Siding Spring Observatory (SSO). These data were tetlegith the Imager and the Double Beam
Spectrograph (DBS) on the 2.3-m telescope. They cover teeniediate phases from 52 to 202 days past
maximum.

4.2.5 VLT OBSERVATIONS

The Very Large Telescope (VLT) was primarily used to obtaitedepoch observations in the optical and
NIR. With the exception of one epoch of optical imaging andcpscopy obtained on day73, the
VLT observations were conducted from daB20 to+767. This portion of the study complements and

Iwww. mpa- gar chi ng. npg. de/ ~rtn
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extends our previous studies of SN 2000cx (S04) and SN 2Q858I7) by over 200 day$/- and K ;-band
observations, however, were only carried out to dé&d0.

Optical imaging was performed with the FOcal Reducer anddispersion Spectrographs (FORS1
and FORS2) mounted on the Antu (VLT — UT1) and Kueyen (VLT — UfEkescopes. These observations
were obtained in service mode under favorable conditioms$aily can be found in Table A.1. The optical
data can be divided into three main epochs: approximatddy 320, and 700 days past maximum light.
No B-band imaging was conducted during the middle epoch.

Near-infrared imagingJ; H K ;) was performed with ISAAC (Infrared Spectrometer And Artagm-
era) mounted on the Antu telescope. Imaging was obtainedkirshort-wavelength mode using a jitter-
offset technique. To facilitate a multi-wavelength stutihe NIR images were taken at epochs similar to
those of the optical images. A log is presented in Table A.2.

On day-+320 a nebular spectrum was taken with FORS1. Exposures Ww&aimed with the 300 and
300! grisms, and an order-separation filter (OG590) was usedthéthatter grism. The nebular spectrum
of SN 2003hv was obtained usingld3 slit and2 x 20 min exposures per grism. The final wavelength
range is 3600-9750 A.

4.2.6 HSTOBSERVATIONS

Late-phase observations in the optical were acquired W8 during two main epochs, at 307 and 433
days past maximum brightness. These data were collectedrasfpa Snapshot Survey of the sites of
Nearby Supernovae The observations were taken with the Advanced Camera fare$ar(ACS) using
the HRC detector and the F435W, F555W, F625W, and F814WKfilter

A dedicatedHSTprogramme was approved to probe the very late phases of Ssh@dWnfortunately,
the optical-band observations, scheduled on €86, were never executed due to a technical problem
with acquiring a guide star. Deep NIR observations withifif@60W (similar to thef{-band filter) were
obtained with the Near Infrared Camera and Multi-ObjectcBpeneter (NICMOS) on day-786. The
HSTobservations are summarized in Table A.3.

4.3 DATA REDUCTIONS

4.3.1 OPTICAL PHOTOMETRY

All images were reduced in a standard manner including iidglatfield corrections using IRAF scripts.
The ground-based photometry of SN 2003hv was measuredatiffally with respect to a calibrated se-
guence of local stars in the field of NGC 1201. Given the widgean the SN brightness over the different
epochs £12 mag), it was necessary to calibrate both relatively gl faint local sequence stars. The
former were used to measure differential photometry of th@Sthe CTIO, KAIT, LCO, and SSO images,
while the latter were used with the late-epoch VLT obseorati The comparison stars were calibrated with
the use of standard-star observations; they are indicaté@ji 4.1, and their magnitudes are listed in Ta-
ble 4.2. The brightest stars used for the early epochs §tars 1-7) were calibrated with the help of
five sets of observations on three different photometrititsig To calibrate the faint local sequence, the
standard-star field PG0231+051 (Landolt, 1992) was obdarmder photometric conditions on 12 August
2004 with the VLT. Instrumental magnitudes of the local staere measured with1d 6 aperture radius (8
pixels) and then an aperture correction was applied. Trecaged uncertainties were computed by adding
in quadrature the errors associated with the nightly z@iotpthe photometry error as computed by the
IRAF taskphot , and the error associated with the aperture correction.

2Program GO-10272, P! Filippenko.
3Program GO-10513, Pl Milne.
4IRAF is distributed by the National Optical Astronomy Obsgiory (NOAO):ht t p: / /i r af . noao. edu/ i r af / web/
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Table 4.2 Calibrated magnitudes for the local comparison stars in.Eid *
Star U B Vv R 1

1  18.228(0.002) 18.000(0.013) 17.261(0.014) 16.849@).0116.431(0.022)
2 19.712(0.329) 19.254(0.024) 18.071(0.019) 17.323@).0016.644(0.019)
3 17.308(0.009) 16.195(0.009) 14.919(0.010) 14.123().0113.431(0.008)
4 17.879(0.006) 16.738(0.013) 15.502(0.009) 14.731().0114.062(0.008)
5 16.978(0.012) 16.428(0.016) 16.093(0.016) 15.766(Q.005
6 18.612(0.014) 17.779(0.008) 17.253(0.008) 16.797(0.012
7 16.228(0.003) 15.754(0.002) 15.432(0.002) 15.123(0.003
8  22.179(0.059) 22.029(0.015) 21.290(0.017) 20.8478).0220.470(0.045)
9 21.801(0.058) 21.665(0.011) 20.925(0.016) 20.459@).0220.043(0.042)
10  19.522(0.057) 20.123(0.010) 19.933(0.015) 19.58@@).0 19.064(0.042)
11  23.595(0.080) 22.479(0.026) 21.008(0.019) 20.0624).0 19.069(0.043)
12 23.606(0.071) 22.399(0.014) 20.894(0.016) 19.932@).0 19.018(0.042)
13 22.393(0.060) 22.206(0.018) 21.352(0.019) 20.8226).0 20.410(0.045)
14  22.384(0.060) 21.850(0.013) 20.885(0.016) 20.302@).0 19.834(0.042)

“Numbers in parentheses are uncertainties.
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Figure 4.1 The galaxy NGC 1201 including SN 2003hv. The field of viewiighne up and east to the left. This
B-band image was obtained on 12 August 2004 with VLT/FORSAn wie SN was almost 340 days past maximum.
The local comparison stars are indicated with arrows. Tleglibrated magnitudes are listed in Table 4.2. Stars 1-7
are brighter and were used for differential photometry irages obtained with smaller telescopes, when the SN was
bright. Stars 8-14 were used mainly at later times.

The host galaxy at the location of the supernova was subtidobm all early-epoch science images
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(i.e., CTIO, LCO, SSO, KAIT) with the aid of host-galaxy telafes. The template images were obtained
with KAIT and the LCO duPont (+Tek5) 2.5-m telescope at timdsch were sufficiently late that the
supernova was no longer detectable. Next, point-spreadium(PSF) photometry of the local sequence
and the supernova was computed from the template-suldricsgyes in the manner described by Hamuy
et al. (2006). Galaxy subtraction was not performed on tigetiane images because the templates were not
deep enough. At late times (i.e., VLT), when the SN was fapgrture photometry with small apertures
(= 0”8) was used to extract the light from the supernova and the edsgn stars. This was done to
minimize background contamination from the host galaxy.F P&otometry was also performed (with
tasks in thedaophot package) and good agreement was found with the apertutespbtry results.

Photometry of th&1STimages was done following the procedures described in tH& B&a Handbook
(Pavlovsky et al., 2006) and in Sirianni et al. (2005). The fifithe supernova was measured directly in
the drizzled images with a 7-pixel apertuf€175) and converted to the Vega magnitude system using the
zero-points provided by the STScl webp&gaperture corrections as described by Sirianni et al. (2005)
and a small charge transfer efficiency (CTE) correction ve¢se applied.

4.3.2 SEORRECTIONS

It is well known that combining data obtained with differéglescopes can lead to systematic differences
in the light curves of SNe. This was the case for SN 2003hv dk wigh differences that were most
pronounced in the? and! light curves around the time of the secondargand maximum. To remedy
this problem we computed and applied S-corrections to ootgrhetry (Stritzinger et al., 2002). This
practice has become a standard procedure in recent yeasea®icl authors have obtained encouraging
results (see, e.g., Stanishev et al., 2007; Pastorello, @08l7; Pignata et al., 2008; Wang et al., 2009b). In
the case of SN 2003hv the number of optical spectra avajlabfeecially at phases up 4660 days, does
not offer the desired temporal and wavelength coveragessacgto compute accurate S-corrections. For
this reason a different approach was chosen and our S-tiongevere computed up to dayr0 based on
the spectral template sequence of Hsiao et al. (2007). At epoch, the spectral template was multiplied
by a smooth spline such that synthetic photometry congduith this “warped” spectrum matched the
observed photometry of SN 2003hv. This is a common practisermusing SN spectral templates to
compute K-corrections (Nugent et al., 2002; Hsiao et al0,720

Armed with the modified template spectra, standard pro@sdta compute S-corrections were fol-
lowed; as a reference we adopted & R filter transmission functions from Bessell (1990), modified
to account for the photon-counting nature of CCD detectdise response functions used for KAIT and
the CTIO 0.9-m telescope have been published by Wang et@9{®) and the ones for SSO 2.3-m tele-
scope by Pastorello et al. (2007). We constructed the quoreBng response functions for the LCO Swope
telescope by multiplying the filter transmission functiavith the detector quantum efficiency, the mirror
reflectivity, and the atmospheric transmission, as fumstiaf wavelength. To test the accuracy of the mod-
eled passbands, they were used to derive synthetic magnitfda set of spectrophotometric standards
(Stritzinger et al., 2005). These magnitudes were then tesddrive color terms, which were compared to
the color terms derived from the broad-band photometrymAtts exercise we confirmed that our mod-
eled passbands, in general, reflected a reliable model triitbglobal response function of each telescope.
Finally, in order to compute the S-corrections we convoltretlinstrumental bandpasses with the spectral
template sequence by Hsiao et al. (2007) modified, as desktaibove, to match the SN 2003hv photome-
try. No corrections were attempted either for tlidand, or for epochs past day70, since this is where
the spectral template sequence of Hsiao et al. (2007) ends.

The resulting values are listed in Table 4.3. Due to the faatthese S-corrections were not computed
in the optimal way (i.e., based on a well-sampled series aif 8\ 2003hv spectra), we have chosen to
provide theuncorrectedphotometry of SN 2003hv in Table 4.4. Itis left to any futusenof these data

Swwv. st sci . edu/ hst/ acs/ anal ysi s/ zer opoi nt's



4.3. Data reductions 27

Table 4.3 S-corrections (mag) computed for phases ug-#® days"”

MJD B Vv R 1
52892.40 0.010 0.022 0.014-0.034
52892.47 —0.003 0.002 0.036 —0.017
52893.39 0.010 0.021 0.015-0.033
52893.41 —-0.004 0.003 0.036 —0.018
52894.37 0.010 0.020 0.016-0.032
52895.37 0.011 0.017 0.017-0.031
52896.38 0.013 0.013 0.018-0.035
52896.52 —0.005 0.007 0.037 —0.018
52897.37 0.015 0.009 0.019-0.038
52897.51 —0.005 0.008 0.036 —0.018
52898.52 —0.006 0.009 0.034 —0.018
52899.52 —-0.006 0.010 0.032 -0.018
52901.40 0.000 0.013 0.014 0.029
52901.44 -0.010 0.010 0.027 —0.019
52902.30 —0.004 0.014 0.014 0.036
52902.48 —-0.016 0.010 0.025 -0.021
52903.46 —0.020 0.009 0.024 —0.022
52904.49 -0.022 0.009 0.021 —-0.023
52905.26 0.034 —0.009 0.007 —0.054
52905.30 —-0.012 0.015 0.010 0.057
52906.40 —-0.011 0.016 0.009 0.066
52906.48 —-0.018 0.008 0.018 —0.025
52907.30 —-0.011 0.016 0.008 0.072
52908.30 —-0.012 0.016 0.008 0.078
52910.47 —-0.020 0.006 0.012 —-0.026
52912.47 -0.023 0.007 0.013 —0.024
52914.40 -0.015 0.015 0.004 0.084
52914.46 —-0.028 0.009 0.015 —-0.020
52916.46 —0.024 0.011 0.017 —-0.018
52919.42 -0.014 0.015 0.018 —0.014
52921.40 -0.012 0.017 0.019 —-0.010
52925.43 -0.011 0.019 0.020 —0.007
52928.42 —-0.015 0.019 0.024 —0.007
52929.40 —0.004 0.022 0.005 0.096
52930.42 -0.020 0.018 0.028 —0.007
52932.37 -0.021 0.018 0.030 —0.006
52934.41 -0.019 0.018 0.031 —0.005
52936.40 —0.015 0.018 0.030 —0.005
52939.36 —0.011 0.018 0.029 —0.004
52942.36 —0.007 0.017 0.026 —0.002
52942.66 —0.000 —-0.007 -—-0.004 0.046
52945.38 —0.005 0.017 0.024 —0.000
52948.32 —0.004 0.016 0.023 —0.002
52951.30 0.004 0.016 0.004 0.084
52954.36 —0.003 0.016 0.022 —0.004
52959.33 0.004 0.016 0.019-0.004
52961.28 0.022 0.003 0.004 0.010

“We have used these corrections everywhere in this paperdiggathem to the corresponding values of Table 4.4.
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to decide whether to make use of these S-corrections. Amaitgiof their accuracy can be based on
the dispersion of the difference between the correctionget:from the templates of Hsiao et al. (2007)
and real spectra. In most cases, this error was estimategl $mhll £0.01 mag), but in a few cases the
uncertainty in the correction was of the same order as threction itself. This illustrates the limitations of
the adopted method. Our experience, however, showed & &-tiorrections did reduce the scatter in the
light curves, and we have therefore chosen to use them ehierathroughout this paper and recommend
their use. Nevertheless, some inconsistencies betweeatioeis data sets still remain, especially at times
of +100-140 days. Resolving these remaining discrepancieyl the scope of this paper.

Table 4.4 Optical photometry of SN 2003Hv.

Date MJD Phase Telescope U B 1% R I

(Um (days) (days) (mag) (mag) (mag) (mag) (mag)
20030910 5289240 1.2 CTIO0.9m  11.940(0.152) 12.4520).0112.483(0.015) 12.459(0.015)  12.759(0.015)
20030910 52892.47 1.3 KAIT 12.523(0.015)  12.565(0.015)  12.489(0.015)  12.827(Q.026
20030911 52893.39 2.2 CTIO0.9m  12.125(0.102) 12.505().0212.510(0.015) 12.477(0.015)  12.779(0.015)
20030911 52893.41 2.2 KAIT 12.619(0.015)  12.616(0.015) 12.509(0.015)  12.870(Q.019
20030912 52894.37 3.2 CTIO0.9m 12.176(0.058) 12.5348).0112.546(0.015) 12.514(0.015)  12.844(0.015)
20030913 52895.37 4.2 CTIO0.9m 12.131(0.063) 12.631F).0112.573(0.015) 12.586(0.015)  12.949(0.015)
20030914 52896.38 5.2 CTIO0.9m  12.371(0.055) 12.7026).0112.594(0.015) 12.626(0.015)  12.971(0.015)
20030914 5289652 5.3 KAIT 12.750(0.015)  12.676(0.015) 12.693(0.015)  13.040(Q.020
20030915 52897.37 6.2 CTIO0.9m  12.422(0.052) 12.805§).0112.681(0.015) 12.742(0.015)  13.079(0.015)
20030915 52897.51 6.3 KAIT 12.887(0.015)  12.748(0.015) 12.814(0.015)  13.180(Q.020
20030916 52898.52 7.3 KAIT 12.985(0.015) 12.804(0.015) 12.911(0.015)  13.263(Q.023
20030917 5289952 8.3 KAIT 13.094(0.015)  12.858(0.015)  13.010(0.015)  13.288(Q.024
20030919 5290140 10.2 LCOSwope 13.113(0.089) 13.312(D.0 13.004(0.018) o e
20030919 52901.44  10.2 KAIT 13.406(0.015)  13.044(0.015) 13.120(0.015)  13.330(Q.019
20030920 52902.30 11.1  LCOSwope 13.358(0.018) 13.41T§D.0 13.010(0.015) 13.083(0.015)  13.201(0.015)
20030920 5290248 11.3 KAIT 13.520(0.015)  13.055(0.015) 13.175(0.015)  13.327(Q.017
20030921 52903.46  12.3 KAIT 13.664(0.015)  13.134(0.015) 13.193(0.015)  13.317(Q.019
20030922 52904.49  13.3 KAIT 13.789(0.015)  13.247(0.015)  13.233(0.015)  13.277(Q.019
20030923 52905.26 14.1 CTIO09m  13.788(0.039) 13.825§).0 13.245(0.015) 13.178(0.015)  13.207(0.015)
20030923 52905.30 14.1  LCOSwope 13.838(0.040) 13.85M%D.0 13.215(0.015) 13.118(0.015)  13.128(0.015)
20030924 52906.40 152 LCO Swope 14.034(0.035) 14.000%D.0 13.328(0.015) 13.163(0.015)  13.180(0.015)
20030924 52906.48  15.3 KAIT . 14.106(0.015)  13.333(0.015) 13.225(0.015)  13.218(Q.017
20030925 52907.30 16.1  LCOSwope 14.162(0.089) 14.15W%D.0 13.352(0.023) 13.180(0.015)  13.043(0.029)
20030926 52908.30 17.1  LCOSwope 14.249(0.038) 14.29FD.0 13.320(0.021) 13.163(0.015)  13.040(0.029)
20030928 5291047 19.3 KAIT 14.621(0.015)  13.610(0.015) 13.360(0.015)  13.137(Q.021
20030930 5291247 21.3 KAIT 14.808(0.015)  13.798(0.015) 13.478(0.015)  13.189(Q.019
20031002 52914.40 232 LCOSwope 15.020(0.102) 14.992%D.0 13.925(0.015) 13.561(0.020)  13.212(0.015)
20031002 52914.46  23.3 KAIT . 15.022(0.015)  13.988(0.015)  13.644(0.015)  13.308(Q.022
20031004 52916.46  25.3 KAIT 15.158(0.015) 14.141(0.015) 13.844(0.015)  13.512(Q.022
20031007 52919.42  28.2 KAIT 15.340(0.015)  14.393(0.015) 14.071(0.015)  13.734(Q.024
20031009 5292140  30.2 KAIT 15.448(0.015)  14.480(0.015) 14.189(0.015)  13.913(Q.025
20031013 5292543  34.2 KAIT 15.640(0.021)  14.658(0.022) 14.392(0.020)  14.143(Q.030
20031016 52928.42  37.2 KAIT e 15.646(0.015)  14.746(0.015) 14.518(0.015)  14.315(Q.032
20031017 52929.40 382 LCOSwope 15.511(0.045) 15.621%D.0 14.781(0.015) 14.523(0.015)  14.325(0.015)
20031018 52930.42  39.2 KAIT . 15.716(0.015)  14.806(0.015) 14.593(0.015)  14.428(Q.025
20031020 52932.37  41.2 KAIT 15.735(0.015)  14.871(0.015) 14.671(0.015)  14.566(Q.022
20031022 5293441  43.2 KAIT 15.806(0.015) 14.916(0.015) 14.752(0.015)  14.629(Q.018
20031024 52936.40  45.2 KAIT 15.843(0.015) 15.018(0.015)  14.840(0.015)  14.735(Q.025
20031027 52939.36  48.2 KAIT 15.929(0.015)  15.094(0.015)  14.926(0.015)  14.879(Q.025
20031030 5294236  51.2 KAIT e 15.965(0.015) 15.199(0.015) 15.049(0.015)  15.043(Q.031
20031030 52942.66 51.5 SSO2.3m  15.792(0.039) 15.95Hp.0115.234(0.015)  15.099(0.015)  14.877(0.017)
20031102 5294538 54.2 KAIT 16.053(0.015) 15.269(0.015) 15.144(0.015)  15.204(Q.024
20031105 52948.32 57.1 KAIT 16.142(0.059) 15.385(0.015) 15.241(0.015)  15.323(Q.035
20031108 52951.30 60.1 LCOSwope 16.110(0.035) 16.08HD.0 15.408(0.015) 15.310(0.015)  15.379(0.015)
20031111 52954.36  63.2 KAIT 16.168(0.026) 15.552(0.017)  15.593(0.026) e
20031116 52959.33  68.1 KAIT 16.246(0.017)  15.665(0.015) 15.651(0.015)  15.864(Q.035

Continued on the next page
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Date MJD Phase Telescope U B 14 R I

(um (days)  (days) (mag) (mag) (mag) (mag) (mag)
20031118 52961.28 70.1 CTIO0.9m cee 16.260(0.015) 15.667(0.015) 15.644(0.015) 15.855(0.015
20031119 52962.34  71.1 KAIT 16.323(0.015)  15.776(0.015)  15.744(0.015)  15.928(Q.032
20031120 52964.24  73.0 VLT Antu 16.277(0.042)  15.793(0.015) 15.582(0.024)  16.015(Q.015
20031121 52964.32 73.1 CTIO0.9m 16.298(0.015) 15.815(0.015) 15.764(0.015) 15.991(0.015
20031122 5296529 741 CTIO0.9m 16.347(0.015)  15.819(0.015) 15.797(0.015)  16.036(Q.015
20031122 52965.31 74.1 KAIT 16.338(0.015) 15.855(0.018) 15.846(0.015) cee
20031127 52970.30 79.1 KAIT cee 16.465(0.015) 15.982(0.016) 16.047(0.015) 16.285(0.047
20031128 52971.67 80.5 SSO2.3m 16.812(0.029) 16.37Zp.0115.935(0.015) 15.921(0.017)  15.981(0.024)
20031203 52976.28 85.1 KAIT 16.576(0.033) 16.186(0.039)  16.244(0.030) 16.519(0.065
20031215 52988.30 97.1 LCOSwope 17.116(0.041) 16.694D.0 16.424(0.015) 16.512(0.015)  16.654(0.015)
20031217 52990.26  99.1 KAIT 16.836(0.024)  16.615(0.035) 16.706(0.048)  16.854(Q.087
20031222 52995.10 103.9 LCO Swope 17.349(0.036) 16.569(0.015) 16.736(0.015) 16.840(0.016)
20031222 52995.24 104.0 KAIT 16.869(0.019)  16.686(0.040)  16.771(0.054)  17.052(Q.091
20031223 52996.10 104.9 LCO Swope 16.890(0.015) cee cee
20031227 53000.10 108.9 LCOSwope 17.549(0.032) 16.90HD. 16.718(0.015) 16.889(0.021)  17.012(0.017)
20031228 53001.21 110.0 KAIT . 17.010(0.023)  16.817(0.033)  17.085(0.027)  17.414(Q.085
20031228 53001.57 110.4 SSO2.3m 17.588(0.015) 16.83%P.0 16.786(0.015) 16.936(0.015) 17.119(0.016)
20040106 53010.20 119.0 KAIT e 17.120(0.052)  17.107(0.047) 17.336(0.048)  17.316(Q.100
20040109 53013.19 122.0 KAIT 17.254(0.128) 17.208(0.090)  17.329(0.108) cee
2004 0113 53017.18 126.0 KAIT 17.241(0.019) 17.233(0.024) 17.476(0.037) 17.576(0.081
20040116 53020.16 129.0 KAIT 17.299(0.026)  17.242(0.026)  17.567(0.020)  17.694(Q.111
20040119 53023.13 131.9 KAIT 17.349(0.028) 17.347(0.026) 17.625(0.041) 17.706(Q.072
20040122 53026.15 135.0 KAIT e 17.456(0.025)  17.379(0.033)  17.638(0.037)  17.769(Q.092
20040129 53033.49 1423 SSO2.3m 18.440(0.057)  17.54%0.0 17.373(0.024) 17.581(0.032)  17.686(0.101)
2004 0329 53093.38 202.2 SSO2.3m 19.843(0.330) 18.6FH)P.0 18.383(0.050) 18.691(0.100) 18.276(0.147)
20040710 53196.55 305.4 HSTACS’ s 19.896(0.021) 20.052(0.017)
2004 07 12  53198.82 307.6 HSTACS 20.058(0.017) 21.210(0.029)
2004 07 16  53202.75 311.6 HSTACS 20.079(0.016) 21.219(0.024)
20040812 53229.30 338.1 VLT Kueyen 21.648(0.039) 20.502@) 20.543(0.033) 21.224(0.042)  20.587(0.032)
2004 08 13 53230.39 339.2 VLT Kueyen cee cee 21.263(0.034) 20.592(0.032)
20041115 53324.71 4335 HSTACS 21.712(0.029) 21.417(0.031)
200502 07 53408.10 5169 VLT Antu e 23.326(0.100) 23.111(0.102)  22.554(0.122)
20050304 53433.02 541.8 VLT Antu >22.95 .- cee e cee
20050808 53590.34 699.1 VLT Kueyen 25.198(0.137) . 24.366(0.287)
20050809 53591.36 700.2 VLT Kueyen cee 25.192(0.388)
200508 10 53592.39 701.2 VLT Kueyen 24.423(0.138)

@ The quoted values do not include S-corrections. Numberararheses are uncertainties. All formal errors below®ladve been

rounded up to this value.

b Vega magnitudes in theSTfilter system F435W, F555W, F625W, and F814W).

¢In the last VLT epoch, twd? images and twd images obtained at epochs differing by 5 and 1 days (respggthave been
combined to increase the signal-to-noise ratio.

4.3.3 NEAR-IR PHOTOMETRY

The NIR standards P9106 and P9172 (Persson et al., 199&) olveerved with the CTIO 1.3-m telescope
on six photometric nights, in order to calibrate field starthie vicinity of SN 2003hvY -band magnitudes

of the Persson stars were calculated using the followirgficgiship (Krisciunas et al., 2004b), derived
from synthetic photometry of Vega, Sirius, and the S{in:— K,) = —0.013 + 1.614(J; — K,). Stars 2
and 3 (Fig. 4.1) were calibrated in this manner; their magtes are listed in Table 4.5. These stars also
haveJ H K values in the Two Micron All Sky Survey (2MASS) and good agneat was found between
our values and 2MASS. The NIR photometry of the SN was thecutatied differentially with respect to
star 3 (the brightest) for all CTIO 1.3-m epochs. Table 4.6tams the derived photometry.

Reductions of the VLT NIR images were done with #d i pse software package (Devillard, 1999).
The taskj i tt er was used to estimate and remove the sky background from ediefdiual image before
creating a stacked image. Photometry of the supernova wasmaed on the reduced images relative to
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Table 4.5 Calibrated NIR magnitudes for local comparison stars in.HAd..
Star Y« H K,
2 16.103(0.017) 15.792(0.011) 15.295(0.011) 14.927 (0.03
3 12.842 (0.013) 12.501(0.009) 11.868(0.013) 11.732{0.01
“There can be an associated systematic uncertainty of 0.§3mtlaeY -band
calibration (Krisciunas et al., 2004b).
Table 4.6 Near-infrared photometry of SN 2003hv.

Date MJID* Phase Telescope Y Jb H K

(um (days)  (days) (mag) (mag) (mag) (mag)
20030910 5289237 12 CTIO1.3m 13.252(0.015)  13.081§).0113.286(0.015)  13.100(0.018)
20030914 5289628 51  CTIO1.3m 13.591(0.015)  13.792§).0113.423(0.015)  13.378(0.021)
20030917 52899.28 81 CTIO1.3m 13.716(0.015)  14.435§).0113.502(0.015)  13.529(0.026)
20030924 52906.31 151 CTIO1.3m 13.403(0.015)  14.491§).0 13.202(0.015) 13.211(0.018)
20030928 52910.26 19.1 CTIO1.3m 13.031(0.015)  14.179§).0 13.112(0.015) 13.189(0.022)
20031002 5291420 23.0 CTIO1.3m 12.845(0.016)  14.0008).0 13.283(0.020) 13.216(0.073)
20031005 52917.25 26.1 CTIO1.3m 13.025(0.015)  14.3068).0 13.546(0.015)  13.524(0.020)
20031008 5292024 29.0 CTIO1.3m 13.255(0.015)  14.657§).0 13.799(0.015)  13.796(0.026)
20031011 52923.22 320 CTIO1.3m 13.439(0.015)  14.9808).0 13.958(0.015)  13.936(0.022)
20031014 52926.25 351 CTIO1.3m 13.650(0.015)  15.2366).0 14.145(0.016) e
20031017 52929.22 380 CTIO1.3m 13.844(0.015) 15.519§).0 14.273(0.015) 14.116(0.026)
20031020 52932.17 41.0 CTIO1.3m 14.037(0.015)  15.725@.0 14.431(0.016) 14.306(0.024)
20031024 5293621 450 CTIO1.3m 14.468(0.015)  16.3128).0 14.770(0.018) e
20031103 5294621 550 CTIO1.3m 14.912(0.015)  16.798@).0 15.041(0.020)  15.060(0.048)
20031110 52953.22 620 CTIO1.3m 15.207(0.017)  17.088§).0 15.420(0.037)
20040818 53235.37 3442 VLT Antu 20.394(0.140) e e
20040829 53246.31 355.1 VLT Antu e 19.977(0.106)  20.221(0.216)
20040830 53247.28 356.1 VLT Antu 20.078(0.122) e 20.303(0.224)
20050124 53394.06 502.9 VLT Antu - 20.163(0.138) > 20.700
20050224 5342599 534.8 VLT Antu . > 20.700
20050227 53428.99 537.8 VLT Antu e 20.495(0.146) e
20050228 53429.99 538.8 VLT Antu 21.087(0.144) e
20051014 53657.07 765.9 VLT Antu > 22.310 > 22.000
20051103 53677.31 786.1 HSTNICMOS? e 22.691(0.051)

@All images obtained the same night are referred to a mean MJD

bA J filter was used at the CTIO 1.3 m telescope, whilewas used at the VLT.
¢All images obtained on October 13-15 are averaged here.

4\ega magnitudes in theSTfilter system E160W).

the two field stars mentioned above and a third 2MASS stararfighd of view of ISAAC. Instrumental
magnitudes were computed wiffhot using an aperture with a radius @f5. The quoted uncertainties
in Table 4.6 account for thphot error, the scatter around the zero-point, and the minimuor ef the
2MASS sequence. In the cases when two observations wermedtduring the same night, they were
combined to increase the signal-to-noise ratio. For thé &pach, images from different nights were also
combined. However, since there was no detection of the sopaduring the final epoch, a3ipper limit
was computed.

For theHSTNICMOS data, we used thdosaic Files(see McLaughlin & Wiklind, 2007) generated
by the STScl pipeline. The 16 dithered frames were combin#@AF. Unfortunately, the SN was located
only 5 pixels away from the erratic NICMOS middle colufnwhich proved difficult to correct. For this
reason, and the fact that the SN was faint, photometry of thev&s performed with a small 2.5-pixel
(0”71875) aperture. For photometry performed on half of the framles (ines where due to the dithering
pattern the SN was located farther from the bad column) getaperture was used and these magnitudes

Sy, st sci . edu/ hst/ ni cros/ per f or mance/ anonal i es
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were found to be consistent with the results obtained withdimall aperture. The encircled flux was
computed using the zero-points provided on the STScl welapa@ppropriate aperture corrections were
applied (Barker et al., 2007, Fig. 4.10), and the flux was edied to the Vega-based magnitude system.

4.3.4 SPECTROSCOPY

All spectra were reduced following standard procedures.tio-dimensional frames were bias subtracted
and divided by a master flatfield image, and then the cosmgwaye removed. One-dimensional spectra
were extracted, wavelength calibrated with comparisemplapectra, and then flux-calibrated relative to
spectrophotometric standard star observations. The wag#i calibration was checked against the night-
sky lines, and when appropriate the blue and red spectracoenbined to create a final spectrum. Spectra
obtained at SSO had telluric features removed with the a@tefluric standard star.

4.4 RESULTS

We now present the results of our observations, first for #y @hases and then for the later epochs. The
complete light curves and spectral sequence for SN 2002hsteawn in Figs. 4.2 and 4.3, respectively.

4.4.1 EARLY-PHASE PHOTOMETRY

Using the method described by Prieto et al. (2006), we fit tataight curves to the early-time S-corrected
BV RI photometry. This allowed us to determine basic paramefarsedight curves and to estimate the
level of host-galaxy reddening. Our slightly modified fiimethod is described by Burns et al. (2010).
The fits can be seen in the inset of Fig. 4.2.

The light-curve fit indicates thaB,,.. occurred on MJD= 52891.2-0.3 (or 9.15 September 2003)
with an apparent peak magnitude of 1214503. Peak brightness in tiéRI bands occurred at0.9,
+0.1, and—2.2 days relative t@,,.x. We note here that the reported uncertainties are thet&tatisrrors
of the fit. Since our photometry does not cover the peak, heweMarger systematic uncertainty might be
anticipated.

The computed host-galaxy reddenindiéB — V )post = —0.04 4+ 0.01 mag. Formally, one must also
add a systematic uncertainty @f).06 mag, related to the observed color spread of SNe la. We nate th
zero reddening is consistent with the position of the supeiin the outskirts of an SO galaxy.

The light-curve fit of SN 2003hv yields&-band decline ratAm;5(B) = 1.61£0.02 mag. SN 2003hv
therefore lies near the faint end of the normal luminosity decline-rate distribution, close to the highly
subluminous SN 1991bg-like SNe la (e.g., Filippenko etl®92a), which are observed to hak¥e:;5(B) >
1.7 mag. To date there is a lack of well-studied SNe la viittu15(B) values in the range between 1.5 and
1.7 (see, e.g., Prieto et al., 2006; Mazzali et al., 2007jreduly it is not clear to what extent the properties
of normal and subluminous SNe la compare. In this sense, $I8RQwith its extensive data coverage,
may help us understand the similarities or differences betvthese different types of SNe la.

The distance modulus of SN 2003hv is estimated tode = 31.58+ 0.05 mag from these light-curve
fits. The quoted error is the statistical error of the fit andhaee assumed a Hubble constanthf = 72
km s™! Mpc—! (Freedman et al., 2001). There is an additional systematic Gamounting up to-0.15
mag) related to the intrinsic dispersion in the luminositgble la. This distance is consistent with the SBF
distance of NGC 1204spr = 31.374+0.30 mag (Tonry et al., 2001; Jensen et al., 2003). We conclude tha
SN 2003hv was a normal-luminosity SN la that obeys the Bisiltelation (Phillips, 1993; Phillips et al.,
1999) within its inherent scatter, since this is an undagyassumption for deriving a distance modulus
with the aid of the light curves. Throughout the rest of thpgrain order to avoid any circular reasoning,
we adopt theugpr distance to NGC 1201. The conclusion that SN 2003hv is a no@Nala is also
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Figure 4.2 TheUBV RIY JHK light curves of SN 2003hv. They have been shifted for clastyhe following
constants: +4.5, +1.8, 0.0,—2.4, —4.2, —5.8, —9, —10.2, and—11.8, respectively. Filled triangles represent 3
upper limits. The HST points (in the HST filter system) arécated with filled symbols. Linear fits to the data in
the range+200-540 days are shown with dotted lines to guide the eyeinBbecontains light-curve fits to the early
BV RI photometry (Burns et al., 2010); the data have been shif¢etically by different constants than in the main
graph.

supported in part by the existence of a secondary maximuheih band, whereas very rapidly declining
SN 1991bg-like events lack this feature (Filippenko et992a).

By fitting only the KAIT data, which is a sufficiently large hageneous dataset, no significant dif-
ferences were obtained for the derived light-curve paramsetHowever, the scatter around the fit was
reduced (3 ; of 3.9 versus 9.3), since this avoids systematic unceigaiimtroduced by combining data
from different telescopes. The;; for the combined dataset without S-corrections was 15.6.

In Fig. 4.4, the early observed colors of SN 2003hv are coetpasith those of the normal SN 1992A
(Suntzeff, 1996), SN 2001el (Krisciunas et al., 2003), ahd2B03du (Stanishev et al., 2007). These
SNe la haveAm,5(B) values of 1.47, 1.15, and 1.06, respectively. The- R andV — I colors of
SN 2003hv are similar to those of SN 1992A (the one with thetrsiosilar decline rate), while th& — V'
color starts slightly bluer around maximum (similar to SND28u) and then three weeks later matches that
of SN 1992A. TheB — V color evolution between 30 and 90 days past maximum follbve$Xhillips/Lira
relation (Phillips et al., 1999). Note that in Fig. 4.4, trdars were only corrected for Galactic extinction
to illustrate that SN 2003hv is similar to SNe having littlerm host-galaxy reddening (SNe 1992A and
2003du). This is additional evidence that SN 2003hv was anabEN la that suffered negligible host-
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Figure 4.3 Spectral evolution of SN 2003hv from maximum light to theile@lphase. Numbers indicate days past
maximum brightness. For clarity, the spectra have beerebffsflux scale with respect to each other. The Earth
symbols mark telluric features. Note that the SSO spectva Iad their telluric lines removed. The bottom three
spectra have been smoothed (by a moving average of 5 pigefsiesentation purposes.

galaxy extinction.

4.4.2 PBARLY-PHASE SPECTROSCOPY

Figure 4.3 displays the spectroscopic sequence from 1 ta@8p8 past maximum. The sequence consists
of four early-phase, five “mid-epoch,” and one late-phasesp.

The earliest spectra display intermediate-mass elembatacteristic of a normal SN la near maximum
brightness. The evolution of these spectra confirms thatths a normal event. We have used the “Super-
nova ldentification” code (SNID; Blondin & Tonry, 2007) toropare the early-time spectra of SN 2003hv
with a library of supernova templates. SNID indicates a gagiceement (rlap quality parameter values
10) with several normal SNe la (e.g., SNe 1992A, 1994D, argbX9 at epochs similar to those deduced
from our light-curve fits, to within a few days.

At maximum light, the ratio of the depth of the I5I\5972 and\6355 absorption features was 040
0.05. This value is somewhat larger than what is measurethgr @aormal SNe la (SN 1992A being the
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Figure 4.4: Color evolution of SN 2003hv from maximum light to 100 dayst pgaximum. For comparison, we have
plotted the colors of SN 1992A (Suntzeff, 1996), SN 200%&0jKnas et al., 2003), and SN 2003du (Stanishev et al.,
2007). The Phillips/Lira relation (Phillips et al., 19993 also indicated in the3 — V' panel (solid line). The four
SNe have only been corrected for Galactic reddenifigi§ — V') = 0.016, 0.017, 0.014, and 0.010 mag, respectively,
Schlegel et al., 1998). This illustrates that SN 2003hvnathé cases of SNe 1992A and 2003du, suffers little to no
extinction from its host. SN 2001el, on the other hand, wastsntially reddened and clearly does not follow the
Phillips/Lira relation.

runner-up with 0.38), but smaller than values found for sofihous SN 1991bg-like events (Nugent et al.,
1995; Garnavich et al., 2004; Benetti et al., 2005).

From the four early-epoch spectra, the rate of decreaseeimtpansion velocity of the 8i A\6355
feature was measured to be= 414+6 km s~! day~!. By comparing with a large sample of events, we find
that SN 2003hv lies in the low-velocity gradient (LVG) groapdefined by Benetti et al. (2005).

4.4.3 LATE-PHASE PHOTOMETRY

The measured decay rates of the late-time light curvessteallin Table 4.7. To facilitate comparison with
results of previous studies (Lair et al., 2006, S04; SSBéxe decline rates were computed as linear slopes
at time intervals out te~540 days. The measured late-phd$E R-band decline rate of1.4 mag per
100 days in SN 2003hv is similar to values reported for othelt-studied SNe la. A possible exception
is the I band, which is found to decline slower th&i R, but not as slowly as found in other SNe la
(i.e.,~1.0 mag per 100 days). In addition, as discussed by SS07] the:nd has a late-time decline rate
comparable to that aBV R for at least up to 340 days.

However, in the case of SN 2003hv, the evolution of the |gteeh light curve is, for the first time,
followed in multiple bands out to 700 days past maximum lighAt these very late stages, an apparent
slowdown of the optical light curves is observed; the dropuminosity appears to be decelerating. This
behavior is most pronounced in theéband, where it has also been observed in several other SNeela.
discuss this further in Sect. 4.5.3.

In the NIR bands, SN 2003hv displays a different behavian tha constant brightness observed during
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Table 4.7. Light curve decline rates.
U B \% R I Js H K
1.33(0.24y 1.38(0.05) 1.58(0.03) 1.37(0.05) 1.28(0.06) 0.45(0.09)23(.09) >0.30

@ Given in mag/100 days for the period 200-540 days. IrCtHEand, however, only out to 340 days.
® Numbers in brackets are the formal errors of the weightestisguares linear fits to the photometric data.

late-phase observations of SNe 2000cx and 2001el (S04 &g 8Spectively). SN 2003hv slowly fades
in brightness between days350 and+540. Furthermore, the SN is not detected in the VLT images at
4766 days, indicating a further drop during this period. Hegrewe do detect a point-like source in the
HSTNICMOS/F160W image obtained &at786 days (see Fig. 4.5). From astrometry relative to nearby
stars with the help of the deep VLI-band images, we establish that this object’s position issbent
with the position of the supernova to withid@1 + 07085 (where the quoted error is the transformation
error). With a magnitude of 22.69 0.05, this is to our knowledge the latest detection everexe of a

SN lain the NIR.

Notice that theHSTACS observations were not included in the linear fits in Table This is because
theHSTand ground-based filter systems are significantly differ€nese differences can produce system-
atic effects in the photometry, especially when one comsittee nonstellar nature of the spectral energy
distribution of SNe la. Synthetic photometry computed with nebular spectrum and the VLT aH&T
filter transmission functions indicates that on da$20 the SN would appear brighter by 0.20, 0.25, and
0.28 mag inBV I and fainter by 0.37 mag i in the HSTfilter systenf However, the farther we move
from the epoch of the nebular spectrum, the less accurase ttaerections become; hence, they were not
applied. Nevertheless, the ACS points lie fairly close ®dhlculated linear slopes.

The R-band+516 day observation was obtained using the FORS2 ‘spdg¢ihind filter, which differs
from the BesselR filter. Synthetic photometry computed with the nebular spexa reveals that SN 2003hv
would appear-0.08 mag brighter in the?,,c.i. filter at +320 days. Assuming that the shape of the
spectrum does not change outt®16 days, this induces a change to the respedtiznd decline rates
by no more than half a standard deviation, and it has no caresee to the following discussion.

4.4.4 |LATE-PHASE SPECTROSCOPY

The nebular spectra (bottom Fig. 4.3) of SN 2003hv are, @gdlyespeaking, similar to those of other
normal SNe la, and display several broad iron-group emidgatures. In particular, the latest spectrum is
dominated by strong Fe emission features at700 A and 5250 A. These are produced from the blending
of forbidden transitions associated withFand Feli.

Motohara et al. (2006) and Gerardy et al. (2007) found in tie&hd MIR nebular spectra of SN 2003hv
that the [Fal] 1.644 um and [Call] 11.89 um emission lines were blueshifted by2600 km s!.
These shifts were interpreted as the result of an asymmetficentre explosion. In addition, the [Fé
1.644,m line had a flat-topped profile. It was therefore argued (Mata et al., 2006) that regions below
~3000 km s'! are filled with neutron-rich non-radioactive isotopes (alse Hoflich et al., 2004).

We examined our optical nebular spectrum to investigateléreany signatures of blueshifted lines or
flat-topped profiles were present. It should be stressedhbatptical spectrum is produced from the blend
of many overlapping transitions, and it is therefore praidéic to make strong claims from the appearance
of optical lines. However, a fairly isolated [Fg feature is present at 8621 A. This line, which often falls
outside the wavelength coverage of optical spectra, dorgs according to our modeling (see Sect. 4.5.2)
~90% of the flux in this wavelength region. This is comparabléhe “cleanness” of the [Fe] 1.644.m
line in the NIR and higher than the 65% contribution that oodel suggests for the [Fg A7155 line in its

8The F625W is actually an, not anR, filter.
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Figure 4.5. The fading of SN 2003hv between day&40 and+786 as observed in thé band (upper sequence) and
the H band (lower sequence). The double arrow in the lagband frame is 2 across. SN 2003hv is clearly detected
in all V-band images. It is not significantly detected in the VLTASAT-band image from 13 October 2005, at an
upper limit of 22 mag. However, SN 2003hv is detected in aatdamge obtained 3 weeks later with HST/NICMOS
on 786 days past maximum with a magnitude of 22:69.05. This is the latest-ever detection of a SN la in the NIR.
The last image is constructed from the drizzled combinaifalt frames.

corresponding region. The latter line, which is contamgdanainly by [Cal], was inspected by Hoflich

et al. (2004) in the case of SN 2003du, and was found to havala‘seemingly in contradiction” with
the boxy NIR profiles. In Fig. 4.6 the 8621 A and 1.64¢h (Motohara et al., 2006) lines are compared
in velocity space. We see that these two features have soataivhilar profiles and both are apparently
blueshifted by~2600 km s'. The same could be argued for the 7155 A line. Other iron laresmore
heavily blended and definitely unsuitable for such diagnsghotice, however, that the 5250 A feature is
also flat-topped). This could be considered as supporti@djtidings presented by Motohara et al. (2006)
and Gerardy et al. (2007). However, in addition to the comeeaised above, these lines do show some
evolution (Fig. 4.3), which could be additional evidencénpiag toward blending.

4.5 DISCUSSION

4.5.1 SN 2008V IN THE CONTEXT OF ITS Am;5(B) VALUE

In this subsection, the properties of SN 2003hv are revieiwate light of its rather uncommon light-
curve decline-rate parameter. There is a general divisétwden normal and subluminous SNe la, where
the latter are typically observed to hateén,5(B) > 1.7 mag. The subluminous SNe la do not seem to
follow the linear luminosity vs. decline-rate relation afrmal SNe la (Phillips, 1993; Prieto et al., 2006),
although an exponential fit might be able to include them.{&grnavich et al., 2004). It is not clear
whether subluminous SNe la can be related to a differens @aprogenitors or explosion mechanisms
(see, e.g., Hillebrandt & Niemeyer, 2000, and referencexeth).

As very few SNe la with 1.5 Amy5(B) < 1.7 have been observed (and none in as much detail as
SN 2003hv), we feel it is warranted to discuss SN 2003hv mdbintext, even if it is just a single example,
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Figure 4.6 Comparison of theffell] line profiles at 8621 A (our spectrum) and 1.64¢h (Motohara et al., 2006) in
velocity space. These are relatively clean, isolatéel{] lines according to our model. The two lines appear equally
blueshifted, and their blueshift is equal to the bluesHift@o111] 11.89 um (see Motohara et al., 2006; Gerardy et al.,
2007). The 1.644:m line exhibits a flat-topped profile while the 8621 A line i$ clearly “peaked” (assuming it is

not a result of blending by neighboring lines). Also showa e model spectra (without photoionization)-a300
days (red dashed line) and at400 days (blue dashed-dotted line) blueshifted by 2600 Kmisa the top panel, their

flux has been scaled down by a factor of 7.5 so that#tB80-day model matches approximately the observed flux. The
same has been done in the bottom panel, matching-#@-day model by scaling it down by a factor of 10. Notice
that the 8621 A line is also expected to develop a clear flaped profile at later phases.

and confirm that itis a “normal” member of the SN la family. larpicular, with respect to several relations
proposed for SNe la, we make the following remarks.

x Adopting the independent SBF distance measurement, atuédstagnitude o8, = —18.99 +
0.35 is deduced for SN 2003hv, which is fully consistent with tiRpexted luminosity from its decline rate
(linear fits, by Prieto et al., 2006, givel9.0).

x Adding the SN 2003h\R(Si1l) value (0.40+ 0.05) to theR(Sill) vs. Am5(B) correlation (Gar-
navich et al., 2004; Benetti et al., 2005), we find that thiageint nicely connects the normal SNe la to
the subluminous group in a previously unexplored area sfridation.

x Mazzali et al. (1998) showed that the full width at half-nmaxim intensity (FWHM) of the line at
4700 A in nebular spectra of SNe la correlates well with;5(B). Although SN 2003hv has a FWHM
value slightly larger than the one expected by the cortdti Mazzali et al. (1998), it is consistent with
the existence of such a correlation.

x  Milne et al. (2001) suggested the cut between the normal abtliminous SNe la to occur at
Amys = 1.6 mag as far as the late light-curve shape is concerned. Howtbeigwas based on very few
SNe in the appropriate range and the study was later updatbdive inclusion of SN 1999by (Milne
& Williams, 2005). We note here that in this sense the lateetiight curve evolution of SN 2003hv
is intermediate between SN 1992A and the transitional (népect to late-time light curve behavior)
SN 1986G.

x The peak luminosity of SN 2003hv in the NIR bands is comparabthose of normal SNe la. As
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pointed out by Krisciunas et al. (2009b), this is also theedasa sub-sample of SNe la withm5(B) >

1.6, that peak in the/ band before thé3 band. Although our observations do not seem to coveytHe<
peaks, this is almost certainly the case for SN 2003hv arichatsts based on the templates by Krisciunas
etal. (2004b) give-18.52,—18.17 and-18.33 (+ 0.31) forM ;, My andMy, respectively. The assertion
of normal peak brightness does not change even if the olixbemagima are used as lower limits, instead
of extrapolating back in time.

* We would not expect to see a SN with suchau;5(B) in a late-type galaxy (Hamuy et al., 2000;
Jha et al., 2007). Indeed, its presence in an SO galaxy isnotising.

The main conclusion is that SN 2003hv appears to obey maryedfrtown correlations with respect
to the B-band decline-rate relation and is an object that is sintdldine other normal SNe la used to derive
these correlations. Seen from another perspective, we graivthese particular correlations also hold for
this previously underexplored value &fmn;5(B).

4.5.2 NEBULAR SPECTRUM SYNTHESIS

A unique aspect of SN 2003hv is our broad wavelength covesaigebular phases, when including the
infrared spectra from Motohara et al. (2006) and Gerardy.€2807). This facilitates comparison with
model spectra in an unprecedented manner. We have usedtailedispectral synthesis code (described
in detail by Kozma & Fransson, 1998a,b; Kozma et al., 200%}) $0 generate a nebular spectrum of
SN 2003hv and compare it with the observational data. Thetsglesynthesis code includes a self-
consistent ionization and level population model to cataithe emission from each radial zone of the
ejecta. Nonthermal excitation and ionization by gamma eay& positrons are included, as well as time-
dependent effects. Nonlocal scattering of the emissiowgkier, is not included. The present calculations
use the W7 hydrodynamical model (Nomoto et al., 1984) astinpu

Since the nebular spectra of SN 2003hv were all obtainedgiitisi different epochs, the optical and
NIR spectra were scaled in flux with the aid of our photomeimnatch the date of the MIR spectrum. The
V and H magnitudes were interpolated to da58, assuming the linear slopes from Table 4.7. The final
combined spectrum is shown in Fig. 4.7 together with our rhgpectrum at day-400.

The synthetic spectrum does a reasonable job in reprodtieéngeneral features of the observed spec-
trum. The dominant Fe peaks in the range 4000-5500 A aredaped accurately, as is the shape of the
spectrum at 7000-9000 A. In the NIR, the relative fluxes of[Freai] lines agree with the observations,
but the absolute fluxes are overpredicted. In the MIR, ourehotstead underpredicts the flux levels.
The model also predicts a strong stable (non-radioactivie) ] line at 6.64um, which is also seen in the
observed spectrum. [Ar ii] and [Co ii] lines are identified, rmentioned by Gerardy et al. (2007). Note
that our modeling includes two different ways to treat tHeetfof the scattering of UV photons and their
subsequent consequences for the photoionization of thalsr(e¢presenting two limiting casesyith and
withoutphotoionization (see, e.g., S04). Here only the model witlpdotoionization (i.e., assuming that
all UV photons are redistributed to longer wavelengths angbattering process) has been plotted because
it is a better fit to the observed spectrum. The model with gioaization is not able to reproduce the
bluest peak around the 4000 A bumps, since the relevan} fffeission is suppressed in this case.

An interesting feature, as mentioned above, is the flatadgpofiles observed in the NIR lines. It has
been suggested that a detailed study of thei[Fe644m NIR feature could be the cleanest probe of the
ejecta kinematics (e.g., Hoflich et al., 2004, and referstiverein). Motohara et al. (2006) discussed that
the NIR nebular spectra of two out of four SNe la exhibit a ftgiped profile in this line, with SN 2003hv
being the strongest case and the one that has been obserthegstfdrom maximum brightness. Our
model was first used to investigate how “clean” this line isvas confirmed that even though the nebular
spectrum consists of a large number of overlapping linethiwiour model Fel appears to dominate
the 1.7um region. There are a number of differentiFéransitions that contribute to the feature, but
since predominantly recombination radiation is seen atphiase, uncertainties in the ionization are less
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Figure 4.7 The multi-wavelength nebular spectrum of SN 2003hv (soi&.| This spectrum is a compilation of
our optical spectrum a#-320 days, the NIR spectrum of Motohara et al. (2006}-894 days, and th&pitzerMIR
spectrum of Gerardy et al. (2007) at358 days. The optical and NIR spectra have had their flux ddalenatch the
age of the MIR spectrum with the aid of theband andH-band photometry (see text). For presentation purposes
each spectrum was smoothed by a moving average of 3 pixele.alo that the MIR spectrum has large associated
error bars that are not shown here. The dashed red line shawsnodel spectrum (without photoionization)-a400
days.

important in modeling the feature. As pointed out above, 18e aropose that the [Fg \8621 line is
relatively clean and isolated from other contributing ine

The scenario favoured by Motohara et al. (2006) and Geratrdl, €2007) to explain the flat-topped
line profiles is an inner “hole” of unmixed, neutron rich, madioactive, iron-group elements in the core.
These are the products of electron capture, which takes piabe highest density burning regions. Such
a configuration of chemical elements is observed in one dsineal (1-D) deflagration explosion models
(such as W7), or even 1-D delayed detonation (DDT) modelsjsbincompatible with current 3-D de-
flagration models, which predict much mixing (e.g., Ropke02 Ropke et al., 2007). Motohara et al.
(2006) modeled the line and found a slight asymmetry due éslapping Fel 1.664 and 1.667m lines,
but argued that the overall flathess nevertheless suggestefficient mixing between the highest density
burned region and its surroundings.

Our modeling of the optical-IR spectrum &820 days, contemporaneous with the optical spectrum,
did not show any evidence for flat-topped line profiles. Hogrgallowing the model to run to even later
phases, the flat-topped line profiles start to develop. BydHy® past maximum, the line becomes flat-
topped (Fig. 4.6), as also noted by Motohara et al. (2006}e Mwat our model assumes complete and
situ deposition of the energy carried by the positrons. The cbtheoejecta is the densest region where
both gamma rays and positrons are most efficiently deposited evolution from peaked to flat-topped
can thus be explained by the fact that ever-800 days, there is still a fair fraction of energy deposited
by gamma rays, and we can follow these as they are deposited tentral region. At even later epochs,
however, the energy is provided solely by the positronscé&these are not able to penetrate to the central
regions, the absence of radioactive material in the centegiwe rise to a flat-topped line profile. In this
sense, the flat-topped line is consistent with complete acal positron trapping, providing a diagnostic
complementary to the late-time light curves (see Sect51.5.
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Our optical spectrum is useful for constraining some of thermative explanations that have been
proposed for the flat-topped line profile. The alternatiesithat the profile is due to a dusty core (Motohara
et al., 2006) can be ruled out because no such evidence isategtical wavelengths. Furthermore, the
possibility mentioned by Gerardy et al. (2007), that theehohy be filled with a large fraction of unburned
material at low velocities as suggested by some 3-D deflagratodels (e.g. Ropke, 2005), is also very
unlikely: the absence of the [P emission at 6300 A is clearly inconsistent with such a sdenas
discussed by Kozma et al. (2005). Gerardy et al. (2007) énmtrention, but do not favor, the interaction
of the companion star as a possible cause of the hole. Thisndagd be interesting to investigate in light
of the new models by Pakmor et al. (2008), suggesting theepoesof a hole in the wake of the explosion,
but the observable signatures of such a hole filled by the eaiop star are still rather unclear.

Finally, an alternative explanation, proposed here, fetalek of emission below 2500 ks, could be
that an IRC has taken place in the highest density regions.stenario is further discussed in Sect. 4.5.6.

4.5.3 S OWDOWN OF OPTICAL DECAY

At very late times, the optical decline rates of SN 2003hvegpto be slowing down, especially in the
band. We first examine whether our photometry could be contated by a light echo or a background
(or foreground) source. Light echoes have been observdueipast for a handful of SNe la (Schmidt
et al., 1994; Cappellaro et al., 2001; Wang et al., 2008;t€&tYourdon, 2008). However, no evidence
of extended structure was observed in our PSF subtracti@ither in the final epoch nor in the high-
resolutionHSTimages at+-430 days. On the other hand, not all possible echo geometiebe resolved
at this distance. In the single-scattering approximat®atdt, 2005), it is estimated that only echos in
intervening clouds at distances greater thath pc from the SN would be resolved by ACS. But in addition,
our nebular spectrum shows no evidence of blue continuunttentinal colors are not particularly blue.
SN 2003hv did not explode in a star-forming region, but inadlgskirts of an SO galaxy where no dust is
expected and there are no signs of host extinction. Fir&tlye latest-epoch photometry were dominated
by a coincident background source, the corrected slope(x#3D days would become steeper than those
previously observed for SNe la at these phases, indicdtaighis is probably not the case.

We therefore believe that the final photometry indeed mesasiire supernova light. Actually, such a
slowdown has been previously seen in several other SNe Ervdasbeyond 600 days past maximum in
single (usuallyl’-band) observations: SN 1992A (Cappellaro et al., 1997)2800DE (Lair et al., 2006),
and SN 2000cx (S04, their Sect. 6.5). Many of the same coradidas apply in the case of SN 2003hv.
However, our multi-color observations suggest that ttosvdlbwn may not be characteristic of only the
band. This questions the speculations in S04 abouf [fiedominantly emitting in thé” band being the
explanation for this behavior.

The main consequence of this observation is that the drarii@ predicted by some models did not
occur at these phases.

4.5.4 BOLOMETRIC LIGHT CURVE AND %5Ni MASS

To construct an UV-optical-NIR (UVOIR) light curve of SN 280v, we used thé/ BV RIJH K pho-
tometry from Tables 4.4 and 4.6, including the S-correcitnom Table 4.3. For missing epochs, the
photometry was interpolated by fitting suitable functiomste data. At early times, spline interpolation
was used, while at the late nebular phases, linear fits wiialynassumed. However, in some bands, due
to deviations from the linear decay, quadratic or cubic potiyials gave better fits to the data and were
adopted.

In the case of th& band, it was assumed that the light curve continued therlideeay obtained out
to +340 days. For thé( band we made the limiting assumption that it viesely not detected at-534
days, while the further assumption was made thatithe H and H — K colors do not change between
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Figure 4.8 Upper panel: the UVOIR light curve of SN 2003hv constructedescribed in Sect. 4.5.4. The last point
is based mostly on extrapolations, and should be regardedthaer uncertain. The red solid line is the best fit of a
radioactive decay energy deposition functior&flo betweent-60 and 700 days. The estimatédNi mass from the
energy deposition function fit is 0.22 0.02 My, which is less than what was obtained at maximum light (@40
0.07 M), indicating that at these late phases a substantial faacf the flux is emitted outside the UVOIR bands.
At 300-700 days past maximum the decline rate is linear alole the expected decay time®6fo (dashed line)
assuming full and instantaneous positron energy depawsifidhe displayed error bars do not include the error in the
distance to NGC 1201. Lower panel: The evolution of the NIRrdzution to the UVOIR light curve, computed as
integrated flux fromJ to K over the integrated UVOIR flux. Since no NIR data were avhilab+60—-200 days, we
assumed a contribution (red diamonds in the graph) that ma#is the smoothness of the curve and is compatible with
the corresponding temporal evolution observed by S04.

+530 and+-786 days, in order to estimafeand X magnitudes at the final epoch. None of the upper limits
in UJHK bands was violated by any of these assumptions or fits. Thopletry was subsequently
corrected for Galactic extinction assumiiy: = 3.1 and following the prescription of Schlegel et al.
(1998). Magnitudes were converted to fluxes within the imtlial filters and the UVOIR flux (and its
associated error) was obtained by integrating the filtereuaver wavelength. The UVOIR luminosity
was calculated assuming a distance of 18t79.60 Mpc. No corrections were applied for the flux lost
blueward ofU or redward ofK. The UVOIR light curve is displayed in Fig. 4.8.

The UVOIR light curve can be used to estimate the amounfMf synthesized during the explosion.
Using the estimate of the peak brightness and applicatioArioétt’'s rule (Arnett, 1982) suggests that
0.40-0.42 M, of “°Ni was synthesized in the explosion, depending on whether wesehto correct by
an additional 5% or 10% for the flux not observed blueward eftfhband (Stritzinger et al., 2006a, and
references therein). The associated error amounts to 04,7adcounting for the errors in the measured
flux and the uncertainty in the rise time. The error increas€s11 M, if the uncertainty in the distance
to NGC 1201 is included.

The%Ni mass can also be estimated by fitting an energy depositiatifurfor the radioactive decay
of 56Co in the tail of the bolometric light curve. A simple model, @lgsed by S04 and SS07, Is =
1.3 x 10%3 My;e~t/111:3(1 — 0.966e~7), whereL is the bolometric luminosity)/y; is the®*Ni masst is
the time past maximum, andis the optical depth which is taken to evolve(as/t)?, wheret; is the time
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where the optical depth to the gamma rays becomes unityef@din et al., 1998). This model assumes
complete and instantaneous energy deposition from therposi By fitting this simple equation to our
UVOIR light curve in the range-60-700 days, we obtain/y; = 0.224+ 0.02 M, andt; = 32.7+

1.8 days. The quoted errors here are merely the formal efimamrsthe least-square fits. Since daéf K
observations were available #60-200 days, we made an assumption for the NIR contribUtibthese
phases (Fig. 4.8, lower panel). The adopted assumptionenthat the evolution of the NIR contribution
is smooth and similar to that of the well-observed SN 200@&84(; that is, we have assumed that the NIR
contribution continues its smooth decline until it reacheminimum at around-130 days, after which
there is an upturn that slowly leads to the observed high NiRr@ution at late times. An associated
uncertainty of-2% was assumed for these calculations. In addition, it waslad that other reasonable
assumptions do not change the derivéNi mass by more thatt 0.02 M.

We point out that there is a substantial difference betwber®Ni mass estimated from the energy
emitted in the UVOIR bands around maximum light comparechtit estimated at late phases. There
could be a number of reasons for this “missing flux,” inclgdaolor evolution outside the UVOIR bands,
positron escape, or an IRC.

Previous studies have shown that color evolution is veryoirignt at these stages within the UVOIR
limits: S04 demonstrated that the contribution of the NIRdto the UVOIR luminosity increased from
about 3% to 28% betweefn150 and+500 days. A similar result was obtained by SS07. We find that
this fraction for SN 2003hv evolves from about 9% to 30% betve330 and4-500 days and increases to
~ 37% by +700 days (Fig. 4.8, lower panel).

S04 and SS07 also estimated that the UVOIR light curve migtiigponly~ 60% of the true bolometric
luminosity at these late phases. Our modeling suggestaithe®50 days the UVOIR misses 27% of the
total luminosity, while at+500 days this ratio increases to 44%. It is most likely thatdifference in
derived nickel mass is due to a significant fraction of fluxaé¢ [phases being emitted in the far-infrared.

By integrating the flux contained within the nebular speatrdig. 4.7, we find that the flux emit-
ted in the MIR region probed b$pitzeris a significant portion of the total flux probed at da58:
Lnir/ Liotyopes = (34 £17)%. The large error bar is due to the poor signal-to-noise matithe MIR
spectrum, and there is an additional uncertainty inSpézerabsolute-flux calibration. For comparison,
our model, for which the onset of the IRC occurs later (i-e.500—-700 days), predicts only a value of
8% for this ratio. Note also that the probed MIR range is Blilleward of most fine-structure lines in the
far-infrared, to which most of the flux would shift in the etefian IRC.

455 TRAPPING OF POSITRONS

There is an ongoing debate concerning the extent to whicpdbkirons created in the radioactive decays
are trapped in the ejecta. This discussion has implicationsur understanding of the magnetic field
configuration of the ejecta (Ruiz-Lapuente & Spruit, 1998is of interest for understanding the Galactic
511 keV emission where SNe la have been suspected to cdatiflihe positrons escape (Milne et al.,
1999; Prantzos, 2008), and it is also important in order ¢perly model the late-time emission of SNe la.
Our spectral synthesis model assumes that all positronsagmeed and that they deposit their eneigy
situ, but more elaborate positron transfer mechanisms could\isiened (Milne et al., 1999).

The most straightforward observational test is to meadwaléecline rate of the late-time bolometric
light curve, since positrons are the main energy contritsdaring late phases when the gamma rays escape
the ejecta freely. In the simplest scenario, complete positapping will result in a late-phase bolometric
light curve that follows the decay rate of radioactif€o (0.98 mag per 100 days), whereas positron escape
would produce a faster decay rate. In particular, one woxpeet positron escape to become increasingly
important at later phases, and therefore a bolometric tighte that deviates progressively more from the

9By NIR contribution to UVOIR, we define here the ratio of théeigrated flux fromJ through K to the integrated flux fron/
throughK.
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radioactive input rate (e.g., Milne et al., 2001, their Hiy.

The late-time UVOIR decline rate of SN 2003hv betwee300 and+700 days is 0.9% 0.04 mag per
100 days, exactly what is expected for complete and instaoias positron trapping (Fig. 4.8). In addition,
during these epochs, the UVOIR light curve does not showelayiations from a linear decay. Only
observations past day300 were included to minimize contamination from energya$iied by gamma
rays, and the data point at786 days was ignored because it is based mainly on extragodgexcept in
the H band).

This gives little room for energy being lost in the form of fioens, at least between300 and 700
days. There can, in principle, be alternative explanatioatsgive a shallower light curve while allowing for
positrons to escape, such as freeze-out (Fransson & Ko2A88).1However, this would require multiple
effects to “conspire” to give an extended linear decay wisfope that perfectly mimics that of radioactive
decay. We therefore believe that there is no evidence fatanbal leakage; it is adequate to model SNe la
at late times assuming that positrons do not escape.

Turning to the contribution of positrons to the Galactic &V line, Prantzos (2008) mentions that a
constant escape fraction as small as 3% would be enough te tin@k an important source. It is difficult
to exclude such a small contribution. We merely note thatuaslight curves show little evidence for
positron escape at late phases, it is hard to imagine thédtgosscape is important at earlier epochs when
the density of the ejecta is considerably higher and the etigfield strength is greater. Of course, SNe la
do show some diversity at late times (e.g., the peculiar SM689; Maeda et al., 2009), but our conclusions
seem to hold for SN 2000cx (S04), SN 2001el (SS07), and SNH003

We already noted that within the electron capture scenaviored by Motohara et al. (2006) to explain
the flat-topped line profiles, there is additional eviderarérf situ positron trapping. If the positrons from
the radioactive isotopes were able to travel inside thaaj#tey would also excite the central material and
not give rise to a flat-topped profile.

456 INFRARED CATASTROPHE

Having discussed the positron trapping and the missing fidate times in the UVOIR light curve, we
now proceed to the question of whether an IRC could have oedim the ejecta of SN 2003hv.

Figure 4.9 shows the lat€ BV RI.JH K light curves of SN 2003hv together with our detailed model
light curves based on the W7 model (see also S04). The verp sitap in the modeled light curves
betweent+550 and 700 days is a consequence of the IRC.

From the modeling point of view, the IRC is expected to occoceothe temperature of the ejecta
drops below a critical threshold. In the case of SN 2003te/aihserved light curves appear to show little
evidence of such a dramatic scenario. Not only do the optimadls seem to demonstrate an opposite trend,
as discussed above, but th€86 dayH -band detection places strong constraints on the drop dftRe
luminosity. While this has been hinted by single opticalgi@sd observations in the past, this is the first
multi-wavelength study extending to such late phases.

The lack of a sudden and dramatic drop in the late-phase flggesis that at least a portion of the
ejecta is kept above the critical temperature limit whiclrkadahe onset of the IRC. One possible solution
that we propose here is clumping of the ejecta. In this casesrl density regions cool more slowly and
remain hot enough to avoid reaching the IRC temperaturd. lifine emission from these regions may
dominate the optical and NIR range, thus causing the fluxe&N not to decrease as fast as predicted by
a model with a more homogeneous density distribution. Thiltustrated in Fig. 4.9 by the dashed curve,
which represents a model with clumpy ejecta. In this sintiplimodel, clumping is achieved by artificially
compressing and decompressing subsequent layers of thgaaféd.eWe stress that no effort has been
made to “fit" the data or to simulate a realistic 3-D situatidrihe purpose of this experiment is to show
that clumping can postpone the main observational sigeatiran IRC. However, even in this model the
high-density regions cool and indeed undergo the IRC. Thelaensity regions, on the other hand, stay
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Figure 4.9. Photometric data of SN 2003hv after 200 days past maximunpa®uah with the model light curves of
W?7 and our spectral synthesis code (solid red line). Ciralesground-based data, diamonds are data from HST, and
filled triangles denote upper limits. The sharp drops in treet light curves between550 and+700 days are due

to the predicted IRC. The observed data do not show such aafi@evolution. The dashed blue line is a simplified
“clumped” model illustrating how clumping can reduce or pasne the effects of the IRC: the high-density regions
undergo an IRC first, but the low-density regions remain mat @ontinue emitting at the UVOIR wavelengths.

hot enough for this not to occur and therefore continue td sufficient flux in the optical and NIR.

Support for the inhomogeneous nature of the cooling conma the calculations by Kozma et al.
(2005), based on the 3-D model by Ropke (2005)+&00 days, a large range of temperatures (and
ionizations) is present, from a few hundred K %000 K (their Fig. 7). Whether the IRC occurs in
a specific region depends both on the density and compasilibe dependence on composition comes
mainly from the difference iA°Ni content, which affects the local heating by the positrons.

One way to interpret our observations could thus be to pmploat an IRChastaken place in the
highest density regions of the ejecta. With the innermagibres having higher densities, this scenario can
explain the lack of emission in these regions, resultindiendbserved flat-topped line profiles. This idea
can also explain the missing flux in the tail of the UVOIR lighirve as estimated from the difference of
the derived®®Ni masses at maximum and at late phases. It is, however, rddhmethe highest density
regions must have already suffered this IRC befor&0—700 days, since during these epochs the UVOIR
light curve shows little deviation from th€¥ Co radioactive decay rate of 0.98 mag per 100 days. The
less-dense parts still continue emitting in the optical Bifd wavelengths. This scenario is also supported
by the excess flux measured in the MIRt&858 days.

Further pursuit of the idea of clumpiness is beyond the sobfi@s paper, but we suggest this to be an
interesting topic of investigation for future 3-D modeliefforts. Here we restrict ourselves to pointing out
that an IRC might have occurred in the innermost, highessitieregions of SN 2003hv, and that this idea
is compatible with the multi-wavelength observations & &jecta.
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4.5.7 GEOMETRY OF THE EXPLOSION

As also pointed out by Motohara et al. (2006), the bluesthifiees observed in some of the emission
features of the nebular spectrum may suggest an asymmeting idistribution of°SNi that was formed
during the explosion. This is also the conclusion of Maedd.€2010b), who model the nebular spectra of
SN 2003hv with the aid of a simplified kinematical model andpmse that we are viewing the explosion
toward an offset high-density region. Hillebrandt et al0@Z) and Sim et al. (2007) showed that the
viewing angle of off-centre explosions can have a signifiedfiect on the light-curve properties of SNe la.
An enhancement in brightness is expected in their modelsihe bulk of°Ni is moving toward the
observer. However, this is not observed in SN 2003hv, whashadhnormal luminosity.

A different diagnostic of (another kind of) asymmetry confresn the analysis of spectropolarimetry
of SN 2003hv at +6 days (unpublished data). While the lackootiouum polarization suggests that the
photosphere was spherical at these times, non-negligitdepblarization (0.19%) associated with IFe
and Sill features implies an asymmetric or clumpy line-forming oegior these two species. Note that
the polarization of the Si feature at these times is at odds with the suggested evotutidgrend of Sii
polarization in normal SNe la, for which zero polarizatisneixpected at-6 days after maximum (e.g.,
SNe 2001el, 2002bo, see Wang et al., 2003, 2007). Despitiath¢hat these two observations probe
completely different parts of the ejecta, and it is very difft to link them in a common conclusion, they
might hint that a simple spherically symmetric explosionmet accurately describe SN 2003hv. This is
not incompatible with our idea of clumping. A complete traaht and analysis of the spectropolarimetry
will be given by Maund et al. (2009, in prep.).

4.6 SUMMARY AND CONCLUSIONS

We have presented observations of SN 2003hv that were eltaiith a multitude of instruments. This
study includes systematic multi-band observations frortyéa very late phases, and the latest-ever detec-
tion of a SN la in the NIR. It also features a comparison of ebiuiar spectrum synthesis model with the
widest (in wavelength coverage) nebular spectrum of a SN la.

SN 2003hv is a SN la with the unusual value®in,5(B) = 1.61 + 0.02 mag, and it exhibits photo-
metric and spectroscopic properties that are consistéhtitsidecline-rate parameter.

The main conclusions of the late-phase study are as follows.

x The individual light curves have decline rates similar tcatvhas been observed for other SNe la in
the past, confirming that there is an evolution of the flux ftbmoptical to the NIR wavelengths.

* At 4700 days, a deceleration in the fading of the SN emissionsemed in the individual optical
bands, particularly in th& band. Such tendencies have been seen in other SNe la obpasté&D0 days.

* By comparing the radioactive energy input to the ejectaxasessed from the®Ni masses derived
from the UVOIR light curve at maximum light and in the tail, iied that the amount of energy probed
within the UVOIR wavelengths is substantially less at latges than at maximum brightness.

* A possible explanation for this could be that positrons pedhe ejecta, thus stealing energy away
from it. The UVOIR light curve, however, follows very acctely the radioactive decay 6fCo in the
range+300-700 days, assuming complete and instantaneous posigqaping. This slope is difficult
to reconcile with positron escape. Alternatively, the U¥ight curve is not a good probe of the real
bolometric light curve at late times, because the energglisvithin the ejecta but a significant part of it
is emitted at even longer wavelengths.

x A hypothesis proposed here to explain the SN 2003hv dataisathIRC has occurred in the densest
(i.e., innermost) part of the ejecta. This idea can explithé missing flux in the tail of the UVOIR curve,
(i) the flat-topped NIR profiles, and (iii) the excess flux eb&d in the MIR spectrum. However, such an
IRC must have taken place befer@00-350 days, since this is when the slope settles downath®fiped
profiles start to emerge, and tBpitzerobservation took place.



46 4. The normal Type la SN 2003hv out to very late phases

x The notion of an IRC occurring locally (and not simultandgadl over the SN ejecta) is consistent
with models that feature a clumped (or inhomogeneous)bligion of the ejecta. The high-density regions
undergo the IRC first, since it is these that experience th& Bfficient cooling.

x Deviations from spherical symmetry are suggested for SKBROOy the blueshifts of the iron-family
element lines from the optical to the MIR and, independefrilyn early spectropolarimetric observations.

4.7 IMPACT AND FOLLOW -UP WORK

The previous sections of the present chapter were publisheeloudas et al. (2009b). In this section |
briefly comment on some related follow-up work in the field df & asymmetries (Maeda et al., 2010b,a).

In Sect. 4.5.7 it was mentioned that there were strong hortSN 2003hv being an asymmetric off-
centre explosion. This was both motivated from nebular IBepbations (Motohara et al., 2006; Gerardy
et al.,, 2007) and from shifts in individual isolated linestive optical, similar to the ones observed in
the IR (Fig. 4.6). Since, however, the ‘trademark’ lines &f & nebular spectra ([Fa] A4700) did
not demonstrate such a shift (although a blend of many lives)did not investigate this idea further in
Leloudas et al. (2009b).

Maeda et al. (2010b), however, showed that it is possiblemsttuct a simple, theoretically motivated,
off-centre deflagration-to-detonation explosion modéj (&.10) thatan simultaneously explain a velocity
shift in some linege.g. [Fell] A7150, [Nin] A7378, [Fal] A8621, [Fal] A16440)but no shift in other
lines(most notably [Fel1] A4700). By fitting the model predictions to the unique mulémeglength dataset
of SN 2003hv, it is possible to determine the parameter galsiech as the off-set and outer velocities and
the mass distribution within the different zones.

This success motivated Maeda et al. (2010b) to look for siflasymmetry in nebular spectra of other
SNe, available in the SUSPECT datab&séndeed, a variation in the observed wavelength of thel[Fe
A7150 & [Nin] A7378 lines was found (in contrast with [Fg A4700), which can be explained by the
combination of the off-centre explosion model and a vasiain the observer viewing angle (Fig. 4.11). In
addition, the observed shift distribution agrees well \hith statistical predictions for a random distribution
of viewing angles, in a picture where SN 2003hv was an expioseen directly in the off-set direction
and demonstrates the highest observed velocity shift. \le Ilelieve that we have found observational
evidence for asymmetries in SN la explosions by probingrheii part of the ejecta.

This idea can be further explored to investigate effecthefdiscovered asymmetry in other observed
properties of SNe la as e.g. luminosity. It has been thezaigtishown (Sim et al., 2007; Kasen et al., 2009)
that the combination of an asymmetric explosion and the ivig\@ngle can contribute to the dispersion of
the observed luminosities of SNe la (see also Fig. 2.4). Shusild be observed as a dispersion in the SN la
Hubble diagram, even after correcting for the Phillipstieta(1993). It widely accepted that the Phillips
relation is governed by the mass of synthesiZ&¥ that controls the luminosity of a SN la to a first order.
A ‘second parameter’ in the calibration of the SN la lumityps$ias long been sought for and different
parameters have been proposed, including metallicityggumitor age, host galaxy mass or spectroscopic
diversity (e.g. Gallagher et al., 2005; Kelly et al., 200%ilNet al., 2009; Wang et al., 2009a). In Maeda
et al. (2010a) we, for the first time, examined observatigribe possibility that the viewing angle in an
off-centre explosion, as determined by line shifts in nabapectra, can manifest itself as a residual in the
Hubble diagram, after correcting for the Phillips relatitmleed, we observed that such a correlation might
exist (Fig. 4.12). Although the significance of this cortela is low (2.17), it is encouraging: SNe that
demonstrate a blueshift are brighter, while those dematisty a redshift are fainter than expected by the
Phillips relation. These results were supported by modelivhich gives the same trends as the observed
one (Maeda et al., 2010a). It should be stressed that theunagrtainties in these calculations lie in the
accurate distance determination (and reddening) of thessg®and that a larger sample, preferably in the

10The Supernova Spectrum Archivet t p: / / br uf or d. nhn. ou. edu/ ~suspect /
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Figure 4.10 From Maeda et al. (2010b): The simple explosion model thatexplain the multi-wavelength nebular
spectrum of SN 2003hv. The red area contains the electrpiwE(ECAP) products of the initial deflagration that was
ignited off-centre by~3500 km s. It is surrounded by a high density (HD) area of radioacti/&i with a similar
off-set. The detonation wave washes away the asymmetigeR@@pke, 2007) and produces a zone where the density
is lower (LD). All zones are shown to have different electtensities and temperatures and are at different ionization

states: the lines presenting a velocity shift originatehe ECAP and HD zones, while the ones that don't, form in the
LD zone.

Hubble flow, is needed to confirm these results.

Exploring observationally the asymmetries of SNe la is acitig field, behind a physically moti-
vated idea, with important implications for better undansting the physics of these explosions and for
cosmology.
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Figure 4.11 From Maeda et al. (2010b): Observed line profiles for 12 nab&@Ne la spectra focusing on the region
around [Fell] A\7155 and Ni 11] A7378 (dotted lines mark the rest wavelengths). (#i)i1[] A7378, after removing
the underlying continuum (or possible other lines) as muelp@ssible (see discussion in Maeda et al., 2010b). (c)
Synthetic line profiles of theNi 11], depending on the viewing orientation. It is demonstrathdt shifts are both
observed in the real data and predicted by the off-centelosigm model.
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Figure 4.12 From Maeda et al. (2010a): A plot of the residual in the Hubthiggram after correcting for the Phillips
relation (Folatelli et al., 2010), versus the nebular vetgshift. A tentative correlation is observed (at the2l&vel)
indicating that (on average) SNe that demonstrate a bldeare brighter, while those demonstrating a redshift are
fainter than expected by the Phillips relation. This bebais consistent with the trend observed in the model of Maeda
et al. (2010a), but also of Sim et al. (2007).
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DO WOLF-RAYET STARS HAVE SIMILAR
LOCATIONS IN HOSTS AS TYPE |IB/C
SUPERNOVAE AND LONG GAMMA -RAY
BURSTS?

We study the distribution of Wolf-Rayet (WR) stars and thaibtypes with respect to their host galaxy
light distribution. We thus want to investigate whether WBrs are potential progenitors of stripped-
envelope core-collapse supernovae (SNe) and/or longidnrgamma-ray bursts (LGRBs). We used the
method applied by Fruchter et al. (2006) and Kelly et al. @0@r the hosts of LGRBs and SNe and
compare with their respective results. We examined twolnegalaxies, M 83 and NGC 1313, for which a
comprehensive study of the WR population exists. These dlaxges contain a sufficiently large number
of WR stars and sample different metallicities. To enabéedbmparison, the images of the galaxies were
processed to make them appear as they would look at a higtighifie The robustness of our results
against several sources of uncertainty was investigattdtive aid of Monte Carlo simulations. We find
that the WC star distribution favours brighter pixels thla@ YN star population. WC stars are more likely
drawn from the same distribution as SNe Ic than from other SNibutions, while WN stars show a higher
degree of association with SNe Ib. It can also not be excltiggd/VR (especially WC) stars are related to
LGRBs. Some differences between the two galaxies do exdgeaally in the subtype distributions, and
may stem from differences in metallicity. Although a corsile answer is not possible, the expectation that
WR stars are the progenitors of SNe Ib/c and LGRBs surviviestéist. The trend observed between the
distributions of WN and WC stars, as compared to those of 8Nl Ic, is consistent with the theoretical
picture that SNe Ic result from progenitors that have beeppsd of a larger part of their envelope.

5.1 INTRODUCTION

To understand the origin of cosmic explosions like supeairq®Ne) and gamma-ray bursts (GRBS), it is
important to study and constrain their environments. Rerctt al. (2006; hereafter FO6) presents a sample
of 32 long-duration GRB (LGRB) host galaxies and has dewedopnew technique to show that LGRBs
have a tendency to occur in the brightest pixels of their lyadaxies. This contrasts to a comparison
sample of core-collapse (CC) SNe where the SN locationgadstollow the light distribution of their
hosts. Kelly et al. (2008; hereafter KO8) further shows ti@tall CC SNe follow the same host galaxy
light distribution, with SNe Ic strongly skewed towards théghtest regions of their hosts. The SN Ic
population is thus broadly consistent with that of LGRBsddad, SNe Ic, and in particular broad-lined
SNe Ic, are so far the only type that have been been firmly gagenally connected to LGRBs (Galama
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et al., 1998; Hjorth et al., 2003; Stanek et al., 2003; Malesaal., 2004) or their lower energy siblings,
X-ray flashes (Pian et al., 2006; Campana et al., 2006; Sadleret al., 2006).

Using a similar method, Anderson & James (2008) mapped thacagion of nearby SNe with ded
regions. They find that SNe Ic trace thexlémission, and recent star formation, to a higher degree than
other CC SN types. This was attributed to SNe Ic having morssive progenitors than SNe Ib, which
are in turn more massive than SNe Il. Larsson et al. (2007)ateddhe FO6 results and derived minimum
masses for CC SNe and LGRBs of 8 and2@, respectively. A theoretical-modeling approach was also
taken by Raskin et al. (2008), who uses the FO6 method andwdadad solar-metallicity spiral galaxy to
predict the (increasing) minimum cut-off masses of the proprs of SNe Il and Ic.

The next step is to expand this type of study to the potent@ggnitors of these cosmic explosions.
The most plausible candidates are Wolf-Rayet (WR) star@léy & Bloom, 2006; Crowther, 2007). In
single-star evolutionary models, WR stars are the final ghasthe life of very massive stars (minimum
initial mass> 22 — 37 M), depending on the metallicity and rotation; Meynet & Mae@&05), which
have shed their hydrogen envelope. WR stars can also resaoitdlose binary star interaction, through
Roche-lobe overflow, in which case the minimum mass can beedsed down te- 15 M, (Eldridge
et al., 2008). A comprehensive review of WR stars is given lyn@her (2007). Here we restrict ourselves
to giving the background information that is essential f@ purposes of this study: WR stars are further
divided into nitrogen-rich (WN) and carbon-rich (WC) sta¥gN and WC stars are believed to give rise to
supernova explosions of Type Ib and Ic, respectively (Chewt2007; Georgy et al., 2009). Depending on
their emission line properties, width, and appearancg,¢he be further divided into ‘early’ or ‘late’ types
(WNE, WNL, WCE, and WCL, respectively). The WR star popuwas strongly depends on metallicity,
with both the total number of WR stars and the relative rat/d/€/WN stars increasing dramatically with
metallicity (Crowther, 2007; Meynet & Maeder, 2005). Thasattributed to the dependence of winds on
metallicity, which leads to much more effective mass losthim presence of metals (Vink & de Koter,
2005).

Our purpose here is to study the distribution of WR stars aed subtypes within their hosts, using
the method applied by FO6 and KO8. The main motivation is tflewing: if WR stars are the immediate
progenitors of SNe Ib/c and LGRBs, then we would also exgesit tistributions with respect to the host
galaxy light to be similar. Since the progenitors of SNe Ititt evade direct detection (see e.g. Maund
et al., 2005; Crockett et al., 2008b; Smartt, 2009), thishmeétcan give us hints to their nature. The
same is true for LGRBSs, for which a direct progenitor detattteems impossible, at least in the near
future. It is noteworthy that WR features have been cleaytified in the host of the most nearby LGRB
(GRB 980425/SN 1998bw), albeit with a considerable offeethie explosion position (Hammer et al.,
2006; Christensen et al., 2008) and more recently in fouerh@RB hosts (Han et al., 2010).

This chapter is structured as follows. In Sect. 5.2 we dstiis galaxies chosen for studying the WR
distribution. In Sect. 5.3 we outline the methods used thhowt the study, and in Sect. 5.4 we present
our results. Section 5.5 contains a discussion of the meanld several uncertainty factors, and Sect. 5.6
summarizes our conclusions.

5.2 GALAXY SELECTION

It is essential for our purposes to use galaxies where the WRpepulation has been mapped accurately
and systematically in an unbiased way, as much as that ishfms$or this reason we used the results
of P. Crowther and collaborators, who have recently idexdtifind spectroscopically classified the WR
stars in a number of galaxies beyond the Local Group, in aangissly complete way (Schild et al., 2003;
Hadfield et al., 2005; Hadfield & Crowther, 2007). The methsedlis explained in detail in, e.g., Hadfield
& Crowther (2007) and includes the following steps: first gimy of the galaxy is obtained and then
regions with candidate WR stars are identified by their exéesa narrow-band He \4684 filter over
the continuum. Subsequently, the regions containing WK stee confirmed with spectroscopy of the



5.2. Galaxy selection 51

15

NGC 1313 % M 83

10 T

NGC 1313
)
Qo
£ sf \L K4 <4 1
>
=

0

-19 -20 -21 -22 -23 -24 -25 -26

M
K
15
M 83¢
NGC 1313

'

7.8 8 8.2 8.4 8.6 8.8 9 9.2 9.4
log(O/H) + 12

Figure 5.1 Global properties of M 83 and NGC 1313 compared to those okib@& SNe Ib/c hosts. Histograms
of the absolute magnitude® 5, My (a better tracer of the total stellar mass), and metallicie presented. The
information presented here was collected from NED, SDS&fram Prieto et al. (2008), for the metallicities. These
are global metallicities on the scale used by Tremonti e{2004). TheMx histogram is incomplete towards the
faintest galaxies and upper limits, compatible with the 2&Asurvey upper limit, are provided (white arrows). To get
an indicative value for the galaxies with no metallicity ogfed in Prieto et al. (2008), i.e. the ones not included in
SDSS DR4, we used an approximate luminosity-metalliciéfiom (see Sect. 5.3.4). These galaxies are represented
by the light-grey shaded histogram. The correspondingesfor M 83 are marked, indicating that this galaxy is very
typical of the KO8 sample, just closer. NGC 1313, on the oftzerd, is a galaxy that is fainter and more metal-poor,
hence more reminiscent of LGRB hosts.

candidates. Their spectral type (WN, WC, early, late) iedeined, and the number of WR stars is
estimated by fitting template spectra to the flux-calibratetegrated spectrum of the WR-star region.
By excluding galaxies where the survey did not cover theremalaxy (Schild et al., 2003; Hadfield &
Crowther, 2006), we decided to rely on the following two g#&#a: M 83 (Hadfield et al., 2005) and
NGC 1313 (Hadfield & Crowther, 2007).

We did not use the existing catalogues for other (very néaghlaxies, such as the LMC (Breysacher
et al., 1999), the SMC (Massey et al., 2003), or other LocaluBrgalaxies (Massey & Johnson, 1998),
because they suffer from several incompleteness-relase@$ (chance discoveries, Malmquist bias) and
have complicated revision histories (see e.g. Massey & stuhnl998). Another practical disadvantage
with these galaxies is their large angular size. The WR gatatalogue in Schaerer et al. (1999) is also
unsuitable for our purposes, because itis a list of divelgesobs that have been defined from the appearance
of a broad Hel feature in their integrated spectra.
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Table 5.1 Key properties of M 83 and NGC 1313.

Property M 83 NGC 1313
log(O/H)+12 9.00 8.23
D (Mpc) 4.5 4.1
Pix. scalé 5.3 4.0
Mp (mag) —20.2 —-18.9
Mg (mag) —23.7 —-20.1
Morph. SAB(s)c SB(s)d
Confirmed regiorfs 132 70
WNE? 232 29
WNL 250 22
WCE 28 34
WCL 526 e
Candidate regioris 89 12/

@ Compiled from Hadfield et al. (2005); Hadfield & Crowther (Z)@nd NED.

b n pc pix~! in the images from ESO/MPI 2.2m (+WFI) and VLT/FORS used madhnalysis. A galaxy at
z = 0.01 inthe SDSS 2.5m images used by KO8 would hag&* pc? pix—!.

¢ Confirmed regions containing one or more WR stars.

4 These numbers may differ slightly from those reported inliteeature, for the following reasons: WN5-6
stars have been included in the WNE distribution; WO in WCansitional WN/WC have been included in
both WN and WC.

¢ Candidate regions for which spectroscopy has not been ctediu

f 11 of these are photometrically consistent with WN stars.

The number of WR stars contained in the two selected gal&xi#800 and 100, respectively) exceeds
the number of 32 LGRB used by F06 and 44 SNe Ib/c used by KO8ofce®4 SNe of all types). While
F06 and K08 constructed their distributions by looking at erplosion site per galaxy for many galaxies,
discovered in searches that are not unbiased themselvdsolat many (potential) explosion sites in
a few galaxies. Such a comparison should be valid, as lonbgeagdlaxies we choose are not different
from the typical galaxies studied by KO8 and FO6. While thégement is obviously more problematic for
the high-redshift FO6 hosts (see also discussion in KO8)cavecompare the global properties of M 83
and NGC 1313 (see Sects. 5.2.1 and 5.2.2) to those of the K@8IISbl host sample. M 83 turns out
to be a galaxy very typical of the KO8 sample in terms of abisoioagnitude, metallicity (Fig. 5.1), and
morphological type - with its only difference that it is ctrsto us. NGC 1313 is somewhat different,
although such galaxies are present in the KO8 sample: faimttal-poor, and more irregular, it is more
reminiscent of the LGRB hosts of F06. It is important for otudy, as we will see, that the two galaxies
probe two different metallicity limits.

Below, a more detailed description of the individual gadeised in this study is given, containing only
those details necessary for our discussion. Some of theipitaperties are also summarized in Table 5.1.

5.2.1 M83

M83 is a nearby (4.5 0.3 Mpc), Milky-Way type SAB(s)c spiral galaxy with a supsstar metallicity
of 9.0 (Hadfield et al., 2005, and references therein). laltdi32 WR regions containing1000+ 300
WR stars were spectroscopically confirmed by Hadfield e2&l0%), while 89 more regions are labeled as
candidates, still awaiting spectroscopic follow-up. Astjpdi the same study, Crowther et al. (2004) points

IMetallicities are expressed here as oxygen abunddngg¢®/H) + 12.
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out the large number of WCL stars found in M 83, directly rethto its high metallicity.

Hadfield et al. (2005) were not able to look for WR stars in theleus of M 83 (owing to saturation
in the images). However, KO8 also provide results after #raaval of the bulge, for galaxies with a
significant bulge contribution, so comparison is still gbkes For our analysis we used a wide field image
obtained using the ESO/MPI 2.2m (+WFI).

While very different from the LGRB host galaxies (F06), M &3a prodigious SN producer, with 6
observed SNe in the 20th century. Although most of them remaclassified, one of them is a prototypical
SN Ib (SN 1983N; Uomoto & Kirshner, 1985; Elias et al., 1989)he host site of SN 1983N is not
associated with a confirmed WR site anduis7” away from the nearest candidate region. If an isolated
WR star (such as several others identified in M 83) had begonstble for the 1983 explosion, it would
of course have disappeared (e.g. Maund & Smartt, 2009) fhenframes obtained later by Hadfield et al.
(2005).

5.2.2 NGC 1313

NGC 1313 is a SB(s)d spiral at a distance of 4.0.1 Mpc and has a metallicity of 8.23, i.e., intermediate
between the SMC and the LMC (Hadfield & Crowther, 2007, andrezfces therein). This galaxy is more
reminiscent of the LGRB hosts than M 83, both regarding theeniwegular shapes of the LGRB hosts
(FO6) and their, usually, low metallicity (Sollerman et, &005; Modjaz et al., 2008b; Savaglio et al.,
2009). Two Type Il SNe have been recorded in this galaxy, SM2W and 1978K. Hadfield & Crowther
(2007) report on the spectroscopic confirmation of 70 WRaeg/(success rate of 85% over the candidates
followed with spectroscopy), while 12 more regions remaindidates and are photometrically consistent
with WN stars. Unlike M 83, few of the identified regions cantenore than one WR star, with their total
number estimated to be between 84 and 115.

Our analysis was performed on the VLT/FORS images obtaigeddauifield & Crowther (2007). We
included the single WO star (star #31) the WC stars, while the transitional WN/C star #11 wastided
in both the WN and WC distributions. For the WN5-6 stars wepdeld a WNE classification, although this
choice is not unique (Crowther, 2007). The results presenéee do not change, however, if we include
them in the WNL distribution instead.

5.3 METHODS

5.3.1 FRACTIONAL FLUX

As fractional flux of a pixel belonging to a galaxy, we define fum of all counts in pixels less bright than
the pixel in question, over the sum of all counts in all theggxbelonging to the galaxy. This is the same
definition as the one used by FO6 and KO08.

5.3.2 RXEL DETECTION

As in FO6 and K08, the SExtractor software (Bertin & Arnout896) was used to identify the pixels
that belong to the galaxies. The parameters used were sitnillie ones in these references to make
the comparison as close as possible. We usdihnd images, which correspond to the same (rest-frame)
wavelength window examined by FO6 and KO08.

5.3.3 PRE-PROCESSING OF IMAGES

Identification of individual stars in other galaxies re@sithat the galaxies are nearby. As a consequence,
the apparent dimensions of M 83 and NGC 1313zat 0.0017 and 0.0016, respectively) are much

2We follow the numbering of Hadfield et al. (2005) and Hadfield&wther (2007).
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larger than the SN hosts of KO8, and their images cover thalssaf pixels on the CCD. While usually
an advantage, for our type of analysis this can pose prohletms different ways. First, a considerable
number of foreground stars are superimposed on the imagearidbute to the pixel fractional fluxes.
It is desirable to remove the foreground star point-spresdtions (PSF), but it is not straightforward
to identify which stars are in the foreground and which bglom the host galaxy. It has been shown
that it is possible to distinguish between massive stargherogalaxies and foreground dwarfs by use
of colour-colour diagrams (Massey, 1998; Massey et al. 9200 other kinematical techniques involving
spectroscopy (Drout et al., 2009). However, it was not reargsto resort to such detailed techniques for
our purposes, because it is sufficient to remove only thehbe stars that are clearly in the foreground
and contribute with significant light. To this end, all stargghter thar~20 mag were removed from our
images by subtracting their PSF with tasks in the packia®phot in IRAF3. At the distances of our
galaxies, there is no degeneracy below this limit, and afisstan safely be considered Galactic. To assess
the effect of stars fainter than 20 mag, we performed a MoatéoGMC) simulation: the expected number
of foreground stars in the field (Bahcall & Soneira, 1981) #ralr corresponding counts, per magnitude
bin, were removed randomly and repetitively from our imagehkis experiment showed that our results
are not sensitive to their presence.

Second, each of our pixels contains light from a much smphgsical area than the ones studied by
K08: the pixel scale in ourimagesis4 and 5 pc (along a pixel side) for NGC 1313 and M 83, respdgtive
On the other hand, the SN Ib/c hosts of KO8 have a median féadéhi > 0.01, which corresponds to
a distance ofv 42 Mpc for Hy = 72 km s! Mpc~!. At this distance, one pixel on the SDSS 2.5m
telescope, used by K08, corresponds to an area&ff x 80 pc2. Consequently the pixel fractional fluxes
they quote refer to these large areas. To enable the corpawis thus binned our images by factors of
15-19 in order to ‘bring our galaxies’ to a redshiftof= 0.01. Subsequently, the images were convolved
with a Gaussian in order to simulate the typical seeing ofp®2ls measured on the KO8 SDSS plates.
The final images are shown in Fig. 5.2.

5.3.4 THE METALLICITY DEPENDENCE

As mentioned above, both the total number of WR stars and t8&VN ratio increase drastically with
metallicity. This trend is also observed for M 83 and NGC 13Hadfield et al., 2005; Hadfield &
Crowther, 2007). If WR stars are the progenitors of SNe e, therefore expect to observe relatively
more SNe Ib/c in galaxies with high than low metallicity. $Hhias, in fact, been shown by Prantzos &
Boissier (2003), Prieto et al. (2008) and Boissier & Prasi@®09). Anderson & James (2009) even claim
that they can disentangle the metallicity dependence fhenmtass dependence and that SNe Ic come from
higher metallicity environments than SNe Ib. On the otherth& GRBs are often found in low-metallicity
environments (Sollerman et al., 2005; Stanek et al., 2088adio et al., 2009; Levesque et al., 2010a),
especially in comparison to broad-lined SNe Ic that are espeiated with known LGRBs (Modjaz et al.,
2008b). However, it has not been completely settled wheth&GRB hosts are metal poor or if we are
simply missing more metal-rich hosts owing to a dust-obston bias (e.g. Fynbo et al., 2009; Levesque
et al., 2010b; Svensson et al., 2010). Because of thesegstnetallicity dependencies, in the following
section, our results will be presented separately for thialnieh M 83 and the metal-poor NGC 1313.

We have also attempted to look for possible metallicity atgres in the KO8 sample. To do so, the KO8
SN Type Ib and Ic fractional flux distributions were dividedd two equal number bins of *high’ and ‘low’
metallicity. For the host galaxies for which Prieto et al0@8) do not report metallicities, we followed
Prantzos & Boissier (2003) in using the galaxy global lursibyoas a proxy for metallicity. Although it
has been shown that the local metallicities at the explosit@s can differ from the global metallicity or
its proxies (e.g. Modjaz et al., 2008b; Thone et al., 20083, should not pose any problems for the rough
separation of the sample in two bins. It was thus assumedtHbagalaxies without reported metallicities

SIRAF is distributed by the National Optical Astronomy Obs&iory: ht t p: / /i r af . noao. edu/ i r af / web/ .
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Figure 5.2 Top left: ESO/MPI 2.2m (+WFI)B-band image of M 83 = 0.0017, D = 4.5 Mpc). The displayed part

is 3300x 3300 pixels.Top right: VLT/FORSB-band image of NGC 1313 (= 0.0016, D = 4.1 Mpc). The image is
2048x 2048 pixels Bottom: Processed images, which simulate how the galaxies abovieltomk atz = 0.01 at the
SDSS 2.5m telescope. Bright foreground stars have beewveshamd the images have been binned such that one pixel
side is~80 pc along. A Gaussian filter has been used to smooth thetiregimages to an FWHM o£3.2 pixels,
typical of the SDSS frames. The pixel dimensions of thetieguages are 220220 and 10& 108, respectively. In
each panel, a double arrow spanning 2 kpc across has beenndaad the corresponding pixel scale is noted.

have metallicities consistent with the best fit luminositgtallicity relation, as derived from the galaxies
with reported metallicities (light-grey histogram in FB 1, lower panel). We see no convincing evidence
that the high and low metallicity SNe are different in ternigteeir fractional flux distributions. This
investigation is, however, clearly limited by the small raenof SNe in the sample and by the absence of
very low (i.e. subsolar) metallicities.

5.4 RESULTS

To compare with the fractional flux distributions of LGRB@ and various types of SNe (K08), it is
necessary to consider the number of WR stars containedwatith WR confirmed region, because each
one of them is a potential progenitor of a SN and/or LGRB esiplo. Hadfield et al. (2005) and Hadfield
& Crowther (2007) give estimates for the numbers or WR stardained in each region, as well as for the
corresponding errors. The number of stars per region islgitagen into account by, e.g., including the
fractional flux value of the pixel that hosts 5 WR stars 5 tinmethe corresponding distribution.

The pixel fractional fluxes measured at the locations of the $tars, together with their number and
subtype, are listed for the two galaxies in Table 5.2. In Fig3 and 5.4 (left panels), we have plotted the
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Table 5.2 Fractional fluxes at the locations of the WR stars.
ID® Subtypé Number FF

1 WNL 3 0.29

2 WCL 2 034

3 WCL 2 0.26

M 83 4 WNE 16 0.48
5 WCL 8 0.48

6 WCE 3 0.06

133 cand. e 0.25

134 cand. e 0.54

1 WNE 1 0.37

2 WCE 1 0.30

NGC 1313 3 WNL 1 0.06
28 cand. e 0.38

@ An indicative portion of this table is shown. The full tabgegiven in Appendix B.

b We follow the exact numbering of Hadfield et al. (2005) and fitdd & Crowther (2007). Additional info
(e.g. fluxes, errors in star numbers) can be found in theseamtes.

¢ ‘cand.’ stands for candidate region.

4 These fractional fluxes refer to a binning of 15 and 19 for thages of M 83 and NGC 1313 we have used,
respectively. Although we have shown that the results dahange significantly with the choice of binning,
individual fractional fluxes can vary.

WN and WC fractional flux distributions for the two galaxi¢ésgether with the data from FO6 and KO8.
Table 5.3 contains the corresponding Kolmogorov-Smir®)(test p-values that two distributions are
drawn from the same parent distribution. To keep the grapmaswded as possible, we focused on the
most relevant WR and SN types. The table, however, contaime imformation including the division of
WR stars into their subtypes.

The null hypothesis of the KS test is that two samples are difamm the same distribution and the
purpose of the test is to reject (or not) this null hypothedibe KS test should not be used to deduce
new physics, but rather for the opposite purpose, namelggbwhether an idea with strong theoretical
background, such as that WR stars and some CC SNe are asdpcian be rejected. In that respect, a
definite rejection of the null hypothesis requires a p-vatu&3%. Doubts can exist for p-values 5%, but
these are certainly not enough to disprove a well-justifigzbthesis. Inspired by the Gaussian distribution,
from now on we call these significance levels (or rather thy gémilar 0.3% and 4.6%) thas and 2r
levels at which the hypothesis can be rejected, althoughistpurely a naming convention. For higher p-
values, including the (Gaussiahy, or 31.7% limit, there is very weak evidence against themyplothesis.

To better illustrate this, in Figs. 5.3 and 5.4 (right pajels have colour-mapped the KS p-values from
Table 5.3 reflecting their significance levels. The only dosiwe result & 30 exclusion) is coloured in
red. Orange, yellow, and green show the progressive déegesignificance at which the hypothesis of
common parent distribution can be rejected. In that conyetiow is more probable than orange, but even
orange cannot be excluded by the present data. From now @m, w refer to our ‘results’, we are mostly
refering to these significance levels and their relativeeord
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Figure 5.3 Left panel: The distribution of WN and WC stars in M 83, a galaxy with prtigs typical of the KO8
SN Ib/c sample, with respect to their location on their haght, plotted with the distributions of LGRBs and SNe I,
Ib, and Ic (FO6, K08).Right panel: This colour map indicates at what significance level we casiuebe that a SN
or LGRB explosion is associated to a certain (sub)type ofoggmitor WR star. Red shows p-value$).3%, orange
0.3 < p < 4.6%, yellow4.6 < p < 31.7%, and greerp > 31.7% (Table 5.3). The comparison has been done after
the removal of the bulge, because no detailed informaticsutithe nuclear WR population exists and a bulge can
be visually identified and removed (K08). The WC distributeomore skewed towards brighter pixels than the WN
distribution. It is more probable that WC stars are drawnnfrdghe same population as SNe Ic than SNe Ib (or any
other type of SN), and it is more probable that WN stars arecased to SNe Ib than with SNe Ic (or any other type
of SN). This is consistent with theoretical predictionsai@her, 2007; Georgy et al., 2009).

Table 5.3 KS test p-values (%).

LGRB Ic b cC I la

WR 12 207 83 21 00 00

WN 0.7 24 166 18 00 0.0

M 83 WNE 00 00 52 294 15 15
(Highz)  WNL 35 298 02 00 00 00
wcC 20 311 46 02 00 00

WCE 00 00 83 115 50 37
WCL 22 330 26 01 00 00
WR 03 02 772 530 75 94
WN 0.1 00 813 964 681 89.7

NGC 1313 WNE 59 81 476 644 65 103

(Low 2) WNL 00 00 229 251 200 153
wcC 179 145 228 6.1 1.0 0.8
WCE 179 145 228 61 10 038
WCL

5.4.1 HGH METALLICITY —M 83

For the metal-rich galaxy M 83, which is typical of the KO8 SNxc sample, we make the following
observations.

x The distribution of WR stars as a whole is consistent wittséhof SNe Ib/c (yellow in Fig. 5.3) or
even LGRBs (orange). It is however inconsistent with SNedd].

* The distribution of WC stars is more consistent with SNegle=( 31.5%, almost green) than with
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any other type of SNy < 4.6%, which occurs for SNe Ib). From the WC subtypes, it is mosiy WCL
stars that are responsible for this association. The lassdant WCE stars, on the other hand, seem to
better follow the host galaxy light and are more consistdtit &Ne that behave in a similar way.

x WN stars are more consistent with SNe Ib (yellow) than witheotinds of supernovae (orange or
red). We caution, however, that the early and late WN distidims behave quite differently. By excluding
WNL stars, which might not be direct SN progenitors (see Se&), WNE stars alone show a clearer
preference to SNe Ib and their association to SNe Ic can led ut with a certainty of overa3

x SNe Il and la, which follow their host galaxy light distrilior well (K08), show no association (null
hypothesis excluded at ovesBwith most WR stars, with the possible exception of earlytgpés that
seem to occupy fainter locations than their late countéspdihe same claim, but not as strict, could be
made for the high-redshift CC SN sample of FO6 (which mosti¥ilconsists of SNe II).

To study how the errors in the number of WR stars can affectabelts above, we have followed an
MC approach. Multiple realizations of the distributionsrezgenerated where the numbers of WR stars per
region were drawn randomly from Gaussian distribution$ilie mean and standard deviation specified
by the number of WR stars and the associated errors proviglethtfield et al. (2005). While this causes
the p-values to fluctuate around their central values ineTat8, none of the qualitative conclusions above
are affected. By this, we mean that p-values rarely jump tdhaaro significance level (i.e. their colour in
Fig. 5.3 does not change) and that their relative orderintaies the same. The standard deviations on the
p-values scale with the p-values themselves: typical fatains are of the order af 6% for a p-value of
26% or+1% for a p-value of 3.4%. Of course, if the number estimatddazffield et al. (2005) are biased
in a systematic way, significant changes might be expectee nfatch may also be susceptible to changes
in the limited number of SNe and LGRBs in the comparison saspl

The above results were obtained after removing the bulg&ibation of M 83 and comparing with
the corresponding results of KO8. This is because we havestailed information about the nuclear WR
population of this galaxy, and a bulge can be visually idettiand removed. The bulge light removal was
done, similar to KO8, by placing a circular ring around thégleuand by replacing all bulge pixels with the
mean pixel value inside the ring.

5.4.2 Low METALLICITY —NGC 1313

In the case of the metal-poor NGC 1313, we observe the faligwi

x The global WR population is this time mostly consistent vitkie Ib (at a highly significant p-value),
while at the same time an association with H-rich SNe is poébas well.

x This is especially obvious in the case of WN stars that traek tve light of the host galaxy. WN
stars are again mostly consistent with SNe Ib, while a @hatd SNe Ic can be excluded this time at high
significance. On the other hand, their association to SNarlhot be excluded any more, but instead shows
a high probability. Again, differences are seen betweeWMh&E and WNL distributions.

x WC stars, on the other hand, show significant associatidmgtitities with SNe Ic and even LGRBs.
We recall here that the WC population at the metallicity of G!&313 consists entirely of WCE stars.

Again, we checked on how the total WR content in the rangeudised by Hadfield & Crowther (2007)
affects the distributions and we did not find any qualitatiféerence with the results above. In the case
of NGC 1313, the numbers of WR stars per region are consitjelaber than in M 83. If region #64
contains 6 rather than 3 WC stars, as suspected by Hadfieldo&t@er (2007), the WC distribution is
pushed even closer to the SNe Ic and further from the SNe lictwiorn red).

5.5 DIsSCcUSSION

From the results presented in the previous section, a gtiaditpattern seems to emerge: WC stars are on
average found in brighter pixels than WN stars. As a consetpje/NC stars show higher probabilities
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Figure 5.4 The same as in Fig. 5.3 but for NGC 1313, a more metal-poor aadular galaxy, probably similar to a
low-redshift counterpart of the high-redshift FO6 hosteeTolour-coding in the right panel is the same as in Fig. 5.3,
but grey has been used for WCL stars that are not presentsrgtiaxy.

of association with SNe Ic. On the other hand, WN stars ard owssistent with the locations of SN Ib
explosions. This is the main result of this study and is inaldragreement with the theoretical expecta-
tions, i.e., that SNe Ic result from progenitors that haven&ripped of a larger part of their outer envelope
(Crowther, 2007). Also from a statistical point of view thé\Wend WC distributions are almost (geograph-
ically) incompatible (at significance 3o for M 83, while p = 5.9% for NGC 1313), which highlights
the need to consider these two subtypes separately wheussgisg SN progenitors, despite their strong
physical connection. Other studies, however, cautionttieae is no strict one-to-one correlation between
progenitor and supernova type, but that leaks might exigt, kess massive WC stars exploding as SNe Ib
(Georgy et al., 2009).

Concerning LGRBs, they are not inconsistent with being drénem the WR population, although
typically at lower significance than SNe Ic. This is not a sigg since not all SNe Ic produce LGRBs
(e.g. Soderberg et al., 2006). It is, however, tempting timtpaut that the highest p-value obtained for
LGRBs (yellow) is the one for WC stars at low metallicity, igraement with the proposed low-metallicity
requirement (Yoon & Langer, 2005; Woosley & Heger, 2006).

Besides the general trend that is common for the two galadiéferences do exist between the indi-
vidual WN and WC fractional flux distributions. The diffei@nis more pronounced in the case of the WN
distributions that are almost mutually inconsistent 0.6%). The WN distribution in NGC 1313 tracks
the host galaxy light better and is more consistent with SN&ol some degree, this difference can be at-
tributed to the important metallicity difference betwelrn two galaxies: Georgy et al. (2009) predict that
at low metallicity (similar to NGC 1313) the highest fraatiof WN stars are actually expected to explode
as SNe Il and not SNe Ib. Due to lower mass-loss, the less veastsirs are still expected to leave enough
hydrogen to be detectable in the explosion spectra.

Other differences, however, especially at the subtypd,lere more difficult to explain. The most
striking is related to the WNL populations of the two galaxién M 83 they are found on the brightest
pixels, while in NGC 1313 they lie on the faintest ones. Irdjelee two WNL distributions are inconsistent
with each other, at a significance3o. The reason for this is unclear, but it should be mentionatWiNL
stars are not always stripped-envelope massive stars. iy o@ses, they are very luminous H-rich WN
stars that are still burning H in their core. They are therio a phase preceding the LBV phase aotl
direct progenitors of SNe Ib/c (Crowther, 2007; Smith & GpR008). According to Crowther (2007), a
possible way to distinguish between H-rich WNL stars anggéd WNL stars is that the former usually lie
in young massive clusters. One could argue that this is stietlcase for the WNL stars in M 83, while the
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ones in NGC 1313 are mostly isolated. If this is true, causioould be applied when comparing the WNL
distribution of M 83 to those of SNe or LGRBs. (WNE stars alshare most of the qualitative properties
discussed for WN stars in this galaxy.) On the other handr hasitions in NGC 1313 are consistent
with the predictions of Georgy et al. (2009): that WNL stams expected to give SNe I, especially at low
metallicity. We may thus be probing different WNL populat#oin the two galaxies.

Below we assess the robustness of our results, with respseveral uncertainty factors. We call a
result robust as long as the significance levels in the KShesteen two distributions (in the form of
colours in Figs. 5.3 and 5.4) remain unchanged and retain riblative values with respect to other p-
values. Indeed, with small exceptions, this is the case fostrp-values. We conclude therefore that our
main results are not sensitive to these uncertainties.

5.5.1 THE REMAINING CANDIDATES LOCATIONS AND THEIR IMPLICATIONS

The number and nature of the remaining candidate regionsrigaaxies has until now been ignored. To
determine how important that is, we have followed an MC appho By comparing the fractional flux
distribution of the candidate pixels of M 83 to the correggiog distribution of the WN and WC pixel
positions (i.e. without taking the number of stars per ragito account this time, since we lack this
kind of information for the candidate regions) we find that ttandidate locations are more likely drawn
from the WN @ = 60%) than the WC = 0.5%) pool. A possible reason could be that WC stars have
stronger narrow-band excess over the continuum and miglettheen preferentially selected for follow-up
spectroscopy. Indeed, WN stars, especially weak-lined VehdEvery late WNL types, might suffer from
some incompleteness (P. Crowther, priv. comm.). For NGG1Bladfield & Crowther (2007) state that
the (few) remaining candidate regions are photometricahsistent with WN stars.

In our MC simulation for M 83, we attempted many realizatiovieere we allowed 66% of the candi-
dates (a percentage equal to the success rate of the actotlsgopic survey) to be genuine WR regions
containing a number of stars equal to the median number of p&r confirmed WR region (plus their
median error). We made simulations for the two limiting caget the candidate regions included in the
actual WR distributions were all included in the WN disttilon or were divided between WN and WC
stars according to the observed WC/WN ratio. The latter Eitian is displayed as an example in Fig. 5.5.
In both simulations we see only small differences in theltesaported in Table 5.3, which do not change
any of our conclusions. Similarly, we found no significarftetiences in our main results for NGC 1313.

5.5.2 THE EFFECT OF TEMPORAL EVOLUTION

A possible objection concerning the significance betweenagparent difference between the WN and
WC distributions is that sometimes a WN star is just on anwgiahary path towards a WC final stage,
while all WC stars have already been through the WN phase (Wiegnet & Maeder, 2005; Crowther,
2007). Whether this evolution will occur at all, and the tethtimescale, is strongly dependent on mass
and metallicity (Meynet & Maeder, 2005). The mass range foictvstars actually die as WN stars is quite
narrow (Georgy et al., 2009) but if convolved with the IMFitheumber can become important. By using
the mass limits from Georgy et al. (2009; their table 4), wineste that, at the metallicity of NGC 1313,
only ~ 1/6 of the observed WN stars (the most massive) will evolve to W4Ess In M 83, however, we
expect this ratio to increase to almags.

Inan MC simulation for each galaxy, we allowed the above-ineed ratios of WN stars to be removed
from the WN and be included in the WC distributions. The expécesult is that the WC distribution will
be pushed towards fainter pixels, since it will be contat@ddy WN stars. This simulation ignores that,
while some WN stars evolve to WC, some new WN stars will be band many stars will explode. It also
ignores the related timescales (all of a few Myr), and thghdriess evolution of the stars themselves and
has deliberately not made any assumptions about massesdratiee positional information of the stars
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Figure 5.5 Example MC simulation for the inclusion of the candidatdogg in the WR distributions in M 83. Each
realization results in a different WN and WC distributioragtied lines), while the solid lines denote the original
distributions (Fig. 5.3). For visual purposes, only thetfis® realizations have been plotted although the simulation
contains 1000 runs. In the displayed simulation, the caaigisl were divided to WC and WN stars according to the
observed WC/WN ratio. Our main conclusions remain unchénge do the colours in Fig. 5.3, right panel. Only
the p-value between WC stars to SNe Ib changed colour, begorellow = 6.6 + 1.3%) from being (marginally)
orange p = 4.6%). Similar MC simulations were used for both galaxies inevrtb assess the importance of effects
like the presence of foreground stars fainter than 20 maat, ttthe number of stars per region have an associated error
estimate, and the evolution of WN to WC stars.

on the galaxy. A hidden (reasonable) assumption is thezdfat we do not observe these galaxies at a
very special time in their existence and that, in this cohtsese simulations represent a limiting worst
case. For both galaxies, we note that the probability of@atng WC to SNe Ib jumps up one significance
level, while their association to SNe Ic and LGRBs is redyadttiough the significance remains the same.
The WN central association p-values remain unchanged,@ected, while all WN and WC p-values get
assigned error bars that can occasionally cross differgnifisance levels. However, even in this limiting
worst case, the relative scaling between the p-values rentmichanged and the WC distribution is always
skewed towards brighter pixels than WN.

5.5.3 HOw MUCH DOES BINNING AFFECT THE RESULTS ?

To compare with results obtained for galaxies at higherhiig®ur images were subject to the degradation
process (binning) described in Sect. 5.3.3. We examinetherinplications of this process.

If the fractional fluxes are measured in the original imagessiderably higher values are obtained
and the WR distributions become skewed towards brightaigieven brighter than for distant SNe Ic and
LGRBs, especially in the case of WC stars. The effect of igns that a bright isolated star (that has a
high pixel fractional flux value in our original image) wilelsmoothed out and have a low fractional flux in
the processed image. A bright association of many pixelsgher, such as a cluster, will be less affected
and therefore have a high fractional flux also in the proakgsage. This mimics the effect of distance,
where isolated stars cannot be detected at higher redshitllsters can. Although not binning would
result in an apparently stronger result with regard to tledable association of WR stars to SNe Ib/c and
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LGRBs, this degradation is needed to make a fair comparisotinat context, if WR stars are indeed the
progenitors of these explosions, the fractional flux valaethe low brightness tails of the FO6 and KO8
distributions, are probably caused by isolated WR stargewle ones with high fractional fluxes are those
that are found in bright clusters. That these explosiond teroccur in pixels brighter than average (F06,
K08) can then be explained by the preference of WR stars touoadfin large associations.

We have also tested various degrees of binning to confirnotlnatesults are not tuned to the chosen
values (simulated redshift0.01). Although some small changes occur, we checked thratamelusions
are robust to lower and higher values of binning as long aB8fein the original image is not subsampled.

5.6 CONCLUSIONS

We performed a FO6 type analysis on the WR populations of &esly galaxies and compared our results
to the distributions of different types of SNe (K08), foaugion SNe Ib/c, and LGRBs (F06). M 83 is a
metal-rich galaxy, typical of the KO8 SNe Ib/c host samplhile'NGC 1313 is more metal poor, irregular,
and similar to high-redshift LGRB host galaxies. To enahke ¢omparison we resampled our images to
simulate a higher redshift.

WR stars are consistent with being the progenitors of SNedbéven LGRBs. Furthermore, the WC
stars are distributed in brighter locations of their hosetWN stars. It is therefore more likely that WC
stars are the progenitors of SNe Ic and WN stars of SNe |bsasapected by theoretical arguments. This
result is robust to a number of systematic checks that wéecbout.

Although encouraging, these results are based on the owlgalaxies for which such an analysis
is possible at present. Even though they contain enough ofs¥@R® and we have shown that they are,
most probably, not special in any way, it would of course bsirdble to validate our results on a larger
galaxy sample, once such a sample becomes available.yideath a sample should span a wide range of
metallicities.
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A PROGRAM TO STUDY THE EXPLOSION SITES
OF NORMAL SNE IB/C

We study spectroscopically the properties of galaxies fia@e hosted stripped-envelope core-collapse
supernovae. Our sample is selected from hosts of normallbypevents that have been closely monitored
by either the Carnegie Supernova Project (CSP) or the SDS8gernova Survey. We proposed and
obtained telescope time at the ESO NTT, from where we obdexvetal of 22 galaxies. Three additional
galaxies were observed with the NOT. The motivation beHirsdroject is to obtain local metallicities, star
formation rates and stellar populations ages at the SN sipisites. Ultimately this could lead to a study
relating the local environment properties to the propsrtiethe SNe. Here | present the data collected
at the NTT, the extracted spectra, measured line fluxes a@imdates of the explosion site metallicities.
The preliminary results, based on the present sample, dgigldtany statistically significant difference
between the environment metallicities of normal SNe Ib aNé &, or even those of broad-lined SNe Ic.

6.1 CONTEXT - MOTIVATION

As long as the progenitors of stripped-envelope CC SNe etiadet detection, valuable insight to their
nature can be gained through observations of their envieotsn As explained in Chapter 3, there exist at
least two hot topics in relation to these explosions: (i) tfnaction comes from single massive progen-
itors and what fraction is a product of binary evolution aigwhich explosions give a GRB and what
differentiates them from ordinary explosions?

In relation to the second question it has been suggestedhthatucial parameter may be metallicity
(Yoon & Langer, 2005; Woosley & Heger, 2006). Indeed, Mod¢aal. (2008b) obtained spectra for the
environments of 11 broad-lined SNe Ic, without an observB&Gand showed that their metallicities were
higher than the ones of broad-lined SNe Ic with an observeB GRsample of 5 GRB-SNe, including
XRF 020903).

However, to date no direct spectroscopic study has been foad®rmal events.. While there exist
direct (Prieto et al., 2008) or indirect (Prantzos & Boiss#03)global host galaxy metallicity measure-
ments, all studies focusing on the local environments hatiénow been based on proxies of metallicity
(Anderson & James, 2009; Boissier & Prantzos, 2009). Digmal measurements are necessary not only
because they are more accurate than their proxies, whidaioaronsiderable dispersion, but also for al-
lowing a meaningful comparison with the peculiar eventsaddition, the directly derived local properties
can be used for a number of tests related to the origin of SKe lb particular, in the single massive star
evolutionary scenario, normal SNe Ic are expected to amibégiher metallicity environments than SNe Ib
due to the increased mass loss. If however the mass loss e thirgary evolution, it should be indepen-
dent of metallicity. Determining the age of the local steff@pulation is another probe of the explosion
mechanism, since single massive stars can only be foundungyactively star-forming regions. While
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limited data exist (e.g. Thone et al., 2009), a larger sanspiecessary for a statistical approach.

Finally, unlike for SNe la, no study has been made relatiegafoperties of SNe Ib/c to those of their
environments. Such studies can yield important hints ferrthture of the explosions, as in the case of
SNe la where increasing evidence is showing that the brighwents are preferentially found in young
stellar environments while the dimmer explode in older emvinents (e.g. Hamuy et al., 2000; Neill et al.,
2009; Brandt et al., 2010; Kelly et al., 2009).

6.2 THE PROPOSAL

To address these questions and observe a large sampleppesténvelope CC SN galaxies, we applied
in September 2007 for telescope time at ESO. Our proposabppoved and we were granted time (3
nights) in period P81 at the NTT.

6.2.1 S\MPLE SELECTION

In the history of SN discoveries, there have been many regatripped-envelope CC SNe. However, a
large fraction of these SNe are objects that have beenfitasbased on a single optical spectrum but have
little further useful observations (e.g. SN 2007rb; Saoflan & Leloudas, 2007).

We wanted to select SNe that were well-observed. This detisas partly motivated by the fact that
there has not yet been a study relating properties of SNatbdetermined by the observables (light curves
and spectra) to their host galaxy properties. The SN prigsariclude e.g. peak luminosity, M, M,
ejecta velocities while the environment properties cartaiommetallicity, SFR, stellar age population and
can be used to attack the problem of the explosion nature fnamdifferent angles. We thus wanted to
increase the value of our study by targeting a sample forlvpaod SN data exists.

We therefore decided to target normal stripped-envelop€R8€that at the time of proposal submission
had been closely followed by the Carnegie Supernova Pr{®) or the SDSS-Il Supernova Survey. To
these we added a few objects that were discovered betwepagaicsubmission and the actual observing
run. We excluded previously studied objects such as SNeetHla GRBs or the broad-lined SNe Ic studied
by Modjaz et al. (2008b).

The CSP obtained unprecedented photometry and spectra2fad SNe of all varieties. These SNe
were discovered by different surveys that typically montidght (ng ~ 11 — 16) galaxies, which, of
course, introduces an unavoidable selection bias. On tfex band, these galaxies have the advantage that
they are relatively extended sources and it is possiblerfope spectroscopy at thexactexplosion site.

The SDSS-1l Supernova Survey (Frieman et al., 2008) scammeduatorial stripe of the sky (Stripe 82)
for 3 months per year for 3 consecutive years searching sneinSNe la to be used for cosmology. Other
SN types were also discovered: during the first two yearsestitvey 14 SNe Ib/c were spectroscopically
confirmed, while the number increased during the last yearafter the submission of our NTT proposal.
The SDSS detected SNe irrespective of their host galaxy e As a result, the SN host galaxies are
fainter (m, ~ 17 — 22) and less resolved than the ones followed by the CSP. Spiectsame of these
galaxies (the brightest ones) exist in the SDSS databage#eto et al., 2008) but they are centered at the
galaxy nucleus and not at the SN location. The SDSS samplesiat@ely unbiased sample (concerning
discovery), although we stress that SDSS was targetinglyn@Me la and a fraction of these CC SNe
events were initially misidentified as such.

Our sample therefore consisted of two sub-samples, eachitinelifferent advantages: the brighter
and more extended hosts (CSP) allow a more detailed studlg tvh SDSS sample offers a more objective
view and is in addition suitable to compare to the overall S&laxy sample.
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6.3 THE OBSERVING RUN

The data were obtained during 3 consecutive nights at the fNEFOSC2): August 21, 22 and 23 UT
2008. Unfortunately, these dates were a result of re-sdimgdintom the original allocated nights (August
24-26). This meant that, despite having applied for grey mdéoe moon was relatively bright during our
run (illumination 69% decreasing to 48%). In addition, mafipur targets (the ones with early RAs) were
close to the moon with angular distances reaching down t832degrees, or even 20 degrees the 21st of
August. This has significantly affected the quality of outadia the blue part of the spectra.

During this run, we observed almost all CSP and SDSS sela¢atgdts that were visible from La
Silla at this time of the year. A list of the observed galaxgprovided in Table 6.1. The table contains
basic information on the host galaxy, such as coordinageishift and absolute magnitude, as well as the
hosted SN, its Type, offset with respect to the galaxy ceanickits selection sub-sample (CSP or SDSS). In
addition, the table contains details concerning our olag&ms (grism, exposure time and airmass). Since
no SN IIb hosts were observed, we will from now on use the te®iNe Ib/c and stripped-envelope CC
SNe interchangeably without distinction. To give a bettlai of the real SN offsets, which are important
for metallicity gradients, instead of angular offsets, weyide projected distances in kpc based on the
redshift of the host galaxies. For the two galaxies that ateimthe Hubble flow (i.e. NGC 1187 and
NGC 4981), we have used the distances reported by Tully €2@09). The absolute magnitudes have
been retrieved from the HyperLEDA databasieat contains a consistent derivation (parametabg. For
the SDSS galaxies without HyperLEDA entries we used theisS[Petrosiag andr magnitudes and the
transformations by Jester et al. (2005) to obt&iband magnitudes. Correcting for Galactic extinction
(Schlegel et al., 1998) and for the redshift derived distamodulus, we arrive at the display@ds. No
k-corrections have been applied, but these represent anlgi@ second order correction that is irrelevant
for the purposes of this study. Figure 6.1 shows a mosaiceofjitaxies together with arrows designating
the SN locations. One can immediately observe that therebig &ariation in apparent sizes, with the
SDSS selected galaxies (the ones with names starting witidy smaller on average.

Our observing strategy involved positioning the slit to @dm both the explosion site and the galaxy
centre. This was done at the expense of not observing algaialangle in order to (i) be able to deduce
metallicity gradients towards the explosion site and (iileast use the nuclear properties in case the SN
location site contained too little flux. Most objects weresetved at low airmasses so the differential slit
losses should be minimal. The slit position angle was catedlwith the aid of images containing the SN
for the CSP sample. For the SDSS SNe, we calculated thegoaitigle using the SN astrometry reported
by SDSS, which is tied to the astrometry of the ‘SDSS expltwel.> We were careful not to apply any
offset between the last acquisition image and the sciearedr(spectrum). This was done in order to use
the acquisition image to astrometrically determine thecegasition (column) of the explosion site trace
in the science frame. At the NTT, the acquisition images yoecally obtained in a faster read-out mode
than science frames to accelerate the procedure. This wasproblem for us since we did not wish to
perform e.g. photometry on these frames but only use theméatifying the position of the SN.

For the spectra we used different grisms, trying to optintimeresolution, depending on the galaxy
redshift. In general, we tried to cover the whole (restframavelength region 3700- 6800 A where the
strong lines we were interested in lie. In most cases we ussihd 1, but other grisms were also used (in
some cases complementarily). The grisms used and theiifispgons are listed in Table 6.2. A’Wide
slit was used throughout the observing run. We did not usesaognd order blocking filter.

Ihttp://1eda. univ-lyonl. fr/
2http://cas. sdss. org/ astro/ en/ t ool s/ expl ore/



Table 6.1 Host galaxies: properties and observing log

Galaxy SN RA (J2000) DEC (J2000) offéet Mp z Type sample gristh Exp.time night Airmass
c"" (! (kpc) (sec)
2MASXJ210246770405233 2007hn 2102 46.85-040525.2 1.06 0.0273 Ibc CSP g4 41800 1,3 1.14
ESO 153-G17 2004ew 020506.17 -550631.6 5.40 -20.98 0.0218 Ib CSP gl11 1800 1 1.13
ESO 552-G40 2004ff 045846.19 —213412.0 5.47 -21.05 0.0226 Ic CSP gl11 1800 1 1.11
IC 4837A 2005aw 191517.44 -540824.9 6.11 -21.60 0.0094 Ic CSP gll x=200 1.3 1.13
gl8 2x1800 1,3 1.11
J000109.19-010409.5 2007nc 0001 09.30+010406.5 9.16 -19.83 0.0860 Ib SDSS gl1 21800 2 1.44
J001039.34000310.4 2007sj 001039.63-000310.2 3.54 -20.86 0.0390 Ic SDSS gll1 x1B00 3 1.25
J002741.89-011356.6 2007gx 002741.784+011359.6 5.63 -19.93 0.0800 Ib SDSS gll x1B00O 2 1.18
J012314.96:001948.8 2006jo0 012314.71-001946.7 6.79 -20.51 0.0770 Ib SDSS gll x1B00 2 1.16
J023239.14003700.1 2006fo 023238.89+003703.0 249 -19.87 0.0210 Ic both gll1 xIB00 3 1.16
J034918.33.004129.4 2005mn 034918.44-004131.4 231 -19.08 0.0470 Ib SDSS gl1 1800 2 1.14
J205121.43002357.8 2007)y 205121.43+002357.8 0.00 -18.61 0.1819 Ib SDSS @6 2100, 1 1.45
gl7 2x1200 2 1.21
J205519.76-003234.4 2005hl  205519.79+003234.8 537 -19.77 0.0230 Ib SDSS ¢gl8 x1%00 1 1.18
J213900.63010138.6 2005hm 21390.64 —010138.6 0.00 -1457 0.034 b SDSS  gl1 2100 1 1.30
J223529.06-002856.1 2007qw 223529.01+002856.2 0.00 -18.85 0.1494 Ic SDSS @6 1800 2 1.30
gll 1800 2 1.30
KUG 2302+073 2006ir 230435.68 +073621.5 1.79 -16.95 0.0200 Ibc CSP gl1 695 3 1.41
MGC+03-43-5 2005bj 164944.74 +175148.7 5.83 -20.02 0.0222 Ic CSP gll xIBOO 1 1.50
NGC 1187 2007Y 030235.92 —225350.1 9.83 -20.17 0.0046 Ib CSP gll xIBOO 1 1.07
NGC 214 2006ep 004124.88+252946.7 13.44 -21.62 0.0151 Ib CSP gl1l x1B0OO 2 1.74
NGC 4981 2007C  130848.80 -064645.0 2.79 -20.25 0.0056 Ib CSP gll xIBOO 3 2.06
NGC 7364 2006lc  224424.48 -000953.5 3.14 -21.21 0.0162 Ic both  gl1 1800 1 1.25
NGC 7803 2007kj 000119.58 +130630.6 4.15 -20.88 0.0178 Ibc CSP gl11 1200 2 1.42
gl8 1800 2 1.42

@ projected distance based on the angular offset and theygdistances (see text).
b See Table 6.2 for details concerning the individual grisms.
¢ 1, 2 and 3 stand for the nights of 2008 August 21, 22 and 23 UJexively.

4 Redshift based on own spectroscopic observations.
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Table 6.2 EFOSC2 Grisms used during the run
Grism Wavelength range Dispersion Resolution FWHM

(A) (Alpixel) (A1)
94 40857520 1.68 13.65
g6 3860-8070 2.06 16.77
gl1 3380-7520 2.04 17.16
g17 6895-8765 0.86 7.02
918 4700-6770 1.00 8.19

For calibrations we obtained bias frames, spectroscop(fiesframes per grism) and HeAr arcs at the
beginning of each night and also during day-time after teerigght. The spectrophotometric standard stars
LTT 7379, HR 7596 and HR 7950 were observed with identicairget as the science spectra for purposes
of flux calibration. Finally, we also obtained suitable badition frames (bias and flats) in the fast read-out
mode to reduce the acquisition images.

Except the tabulated spectroscopic observations, in ase (&N 20060z) we obtained: imaging to
locate the host of an object that was classified as a probablée &Stritzinger et al., 2006c¢) but initially
reported as a ‘strange hostless transient’ within SDSShodlgh a small number of hostless SNe have
recently been discovered in surveys that target the field,ishquite unusual. Unfortunately, the seeing
deteriorated (1/8 during our observations and did not permit us to reach $imignificantly deeper than
the SDSS. We do not detect any host for this event down to adifwmi > 24.5 (Fig. 6.2). The spectrum has
been re-reduced (Ostman et al., in prep.) but it is noisy addds not offer a unambiguous classification.
A tentative identification of a narrow line (#?) atz ~ 0.286, permits a consistent identification of the
bumps at~5500, 6300 and 8600 A, ascHlH and Hy, i.e. a Type Il explosion. Also SNID (Blondin &
Tonry, 2007) gives good matches with some SNe Il at this rifd3tis would imply however an unusually
bright event withM,. = —20.4. For the host we obtaiM,. > —16, i.e. a galaxy of very low luminosity
and, likely, low metallicity.

6.3.1 COMPLEMENTARY NOT OBSERVATIONS

We have also obtained similar spectroscopic observatiotiseaNOT for 5 galaxies: 2 that were also
observed at the NTT (KUG 2362073 and ESO 552G40) and 3 additional ones (NGC 1832, NGC 856
and UGC 5392). These observations are not discussed here.

6.4 DATA REDUCTIONS

The data were reduced in the following way: all science aaddsrd star frames were bias subtracted
and flat-fielded with standard tasks in IRAF. The spectromcfigts were first normalized with the task
response to correct for the non-uniform illumination along the disgien axis due to the wavelength
dependence of the quartz lamp used to create them. Sinc#uiménation along the spatial axis was
rather uniform, it was not deemed necessary to normalizesadhis direction. The last 16 rows of the
CCD were trimmed because they only contain bad pixels anahicaslys were removed from the science
spectra with the help of the taslACosni ¢ (van Dokkum, 2001). The taskslenti fy,rei denti fy
andf i t coor ds were used on the HeAr arcs in order to create a 2D dispersiqn pea night and per
grism. Subsequently, all 2D spectra were wavelength @ablorwith the help of the taskr ansf or m
By checking against the skyline wavelengths, we found thattavelength calibration was not perfect but
could differ by 1-2 pixels during the same night for the sameng. This can be due to instrument flexures,
although these values are larger than the ones reported BRBDSC2 manual (0.5 pix.).

We extracted the 1D spectra of the spectrophotometric atdredars in the custom way and used them
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Figure 6.1 A mosaic of 20 SN Ib/c host galaxies observed at the NTT, remtstl from the last acquisition images
(R-band) before introducing the slit. KUG 238273 has been omitted, while the host of SN 20060z, for which we
obtained imaging instead of spectroscopy, is presentedgn=2. The white arrows indicate the location of the SN
explosions. The SDSS galaxies have had their names abieyeg. J0123-0019 instead of J012314.961948.8).

All the images aret.1’ x 4.1" and have different orientations (not indicated). This isdugse the fields have been
rotated by different angles to get both the SN location aredgddaxy nucleus in the slit (which is horizontal).

to produce sensitivity functions (per night and per grismpé used for absolute flux calibration of the
science spectra. We compared the sensitivity functioraioéd during different nights and found them to
be fairly similar. For grisms g4 and g6, we observed signseebad order contamination above 7200 A
as also noted in the EFOSC2 manual, which could have beedeal/by the use of second order blocking
filters and by obtaining internal flats at the SN position. @aushould be used in interpreting data above
this wavelength. Nevertheless, our study is not affected.

The acquisition frames were calibrated with the aid of cepoading bias frames and sky flats obtained
in the fast read-out mode. The only useful sky-flats provezttthe ones from the second night and this led
to an imperfect flat-fielding for the other nights. As thesagm®s are used purely for positional information,
this did not pose any problems.

We extracted spectra with the tasgal | both at the SN location and at the galaxy nucleus. For the SN
location we tried to use as small apertures as possibleq€l.pixel columns) to minimize contamination
from neighboring regions. In some cases this still corraggdo integrated light from areas of the order of
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Figure 6.2 SN 20060z that was classified as a probable SN Ib by SDSS. S\eatarkable is that this SN does not
have an obvious host galaxy. The spectrum of this objedjrad at the NOT by Max Stritzinger and GL, is displayed
to the left. This is a new reduction (Ostman et al., in prepu} ibremains difficult to give a conclusive answer on
the nature of this object. The locations oftHH3 and Hy have been marked at a common redshift of 0.286,
tentatively suggesting a Type Il classification. The NTTgenia displayed to the right. No host galaxy is detected at
r > 24.5 anywhere near the position of SN 20060z (noted by a circle).

1 kpc, especially if the effect of seeing is included. Clearlysthiustrates the limitations of this method,
i.e. that the ‘local’ SN environment probed is still a veryga region, although this method remains much
better than using the nuclear galaxy spectrum. In some gasatso extracted spectra of other interesting
regions, usually those containing sufficient signal andhdpeelatively nearby to the SN location. In all
cases we used the trace of the nuclear galaxy spectrum fathall apertures, including the SN locations.

When extracting the science spectra, special care was takitermining the background. This was
done for the following reason: since the purpose is to megksue fluxes at different regions within the
galaxy, the choice of background is not obvious, but it stialgfinitely not be local, i.e. include light from
the galaxy. So the background was taken in regions cleathidrithe galaxy, which in the case of very
extended galaxies, meant in the outer columns of the CCD.

The most serious difficulty, however, was encountered bptasence of the bright moon close to many
of our targets. This was manifested as a halo in the blue predCCD. This pattern was complicated and
proved difficult to correct for, causing problems in the bgr@kund removal, especially below row 150 or
4000 A in g11. Combined with the reduced sensitivity of theDO@ the blue, data below this wavelength
has large associated uncertainties. We also tried an atiezrapproach, by removing the background in
the 2D images with the tadkackgr ound, before extracting the spectra. However, we found this 2D-
surface fitting approach even more sensitive to the halepatand preferred to use the spectra extracted
in the previous way.

6.5 ANALYSIS

The spectra extracted in the manner described above ataydsgn Figs. 6.3, 6.4, 6.5 and 6.6. We display
both the nuclear spectra and the SN location spectra orgicabes where this was not possible, spectra
of regions as nearby as possible to these. The local spenteaditen been cut in the blue since the low
S/N combined with the increased background contaminaéidiid an extraction that cannot be trusted at
these wavelengths. In some cases we have over-plottedapaiotn with two different grisms applying

a small offset for visual reasons. The spectrum of J034&t8)84129.4 yielded a very low S/N and it is
not displayed.
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Figure 6.3 Spectra for 5 SN Ib/c host galaxies observed at the NTT. Thedimn shows spectra extracted at the
galaxy nucleus, while the right column shows extractiorthatiocation of the SN explosions. When no flux could be
extracted at the SN location, the most nearby region withifiuisplayed (this is the case here for IC 4387A). The
corresponding error spectra are colored in red. In the cabgalaxies observed with 2 different grisms, as IC 4387A in
this figure, the second spectrum is plotted with a differetdrgdark green) and a small offset is applied for reasons of
visual presentation. Due to the increased background dmuttipn in the blue, combined with the low S/N, many local
spectra are of poor quality below 4000 A. This is clearlystiated here by the spectrum at the location of SN 2004ew
(host galaxy ESO 153G17). Since we do not trust this region, it has been cut froeréimaining local spectra and

is not displayed. The names of some galaxies have been &ibrbin an non-ambiguous manner. The spectra are
displayed in the observer (not rest-frame) wavelength.
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Figure 6.4: Spectra for 5 more SN Ib/c host galaxies. See caption Fig. 6.3
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Figure 6.5. Spectra for 5 more SN Ib/c host galaxies. See caption Fig.N6o8ce that for 3 of the galaxies presented
in this figure, it was not possible to recover any flux at thece location and we resort to the most nearby region
that a spectrum could be extracted.



6.5. Analysis 73

x 107 J2051 nuclear and SN 2007jy local

0 | | | | | ek, y) Aot

4000 4500 5000 5500 6000 6500 7000 7500 8000 8500
x 107 J2139 nuclear and SN 2005hm local

|

1 |

4

4000 4500 5000 5500 6000 6500 7000
J2235 nuclear and SN 2007qw local

-2 AAI}
x
=
S,
h
o

I

4000 4500 5000 5500 6000 6500 7000 7500 8000

x 107° KUG 2302+073: SN 2006ir local
2 T T

falerg s—!
o
1

0 | | | | |
3500 4000 4500 5000 5500 6000 6500 7000
x10° ¥ NGC 1187 nuclear and region
T T T T
1 — —
oA \ A ! \ I }\w |
3500 4000 4500 5000 5500 6000 6500 7000

Wavelength [A]

Figure 6.6. Spectra for 5 more SN Ib/c host galaxies. Compared to FigtlieBe are some differences: the top
3 galaxies are unresolved and the SNe occurred at the galemyrec For these 3 galaxies we make no distinction
between the SN local environment and the galaxy as a wholthelsase of KUG 23062073 we were only able to
extract some flux at the SN location (in a spiral arm region) ot at the galaxy nucleus that is faint. The spectrum
displayed is the local one. Finally in NGC 1187, we have plbtin the same panel the central spectrum and the

spectrum of a region where flux could be measured (green).viBoal purposes the latter has been multiplied by a
factor of 40.



Table 6.3 Line fluxes and metallicities

Galaxy H3 [O111] A5009 Hy [N 1] A6584 12+log(O/H)  12+log(O/H)
central local central local central local central local Q3N N2
2MASXJ210246770405233 d cd 11.68 150.80 27.53 63.19 13.85 8.73
ESO 153-G17 d 865.80 49.69 504.40 23.44 8.71
ESO 552-G40 d e e .4 3499 195.90 13.34 e 8.66
IC 4837A¢° ... 450,16 15.68 ..o 4 276.10 500.50 114.30 8.77 8.68
J000109.19-010409.5 50.93 47.15 528.00 37.06 187.20 6.43 8.47
J001039.34.000310.4 d 456.50 99.30 180.10 37.89 8.66
J002741.89-011356.6 s d e e 150.00 90.09 57.25 23.06 8.56
J012314.96.001948.8 22.86 128.40 22.04 622.30 53.35 296.80 22.07 8.68
J023239.14003700.1 50.21 44.6F 88.56 979.30 525.20 432.30 179.80 8.63
J034918.33004129.4
J205121.43-002357.8 61.34 61.34 138.10 138.10 237.10 237.10 46.03 46.03 8.39 9 8.4
J205519.76-003234.4 98.19 93.88 51.45 1188.00 428.30 698.60 8.77
J213900.63-010138.6 21.08 21.08 84.30 84.30 7764 77.64 4,73 473 8.15 8.21
J223529.00-002856.7 115.40 115.40 439.40 439.40 399.80 399.80 33.96 33.96 8.20 .29 8
KUG 2302+073 e 36.18 75.09 162.90 25.89 8.37 8.44
MGC+03-43-5¢ s d 52.76 455.00 39.98 14750 12.65 8.62
NGC 1187¢ 3652.00 38.97 470.00 11.97 26560.00 184.70 12120.00 52.31 .72 8 8.59
NGC 214¢ .4 8414 1148.00 823.50 458.00 1800.00 155.60 8.63
NGC 4981 d  29.44 2700.00 226.20 1551.00 94.56 8.68
NGC 7364 . d e e 1076.00 26.09 656.90 16.90 8.79
NGC 7803¢ ¢ 176.10 37.29 3451.00 786.80 2257.00 365.20 8.84 8.71

The fluxes are given in units of 107 erg s* cm~2 for the galaxy centre and for the local SN environment. Th&l®a8nd N2 scales are computed
according to Pettini & Pagel (2004) and are only given forltd@al environments.

@ For this galaxy the SN location fell out of the slit and fluxesinearby region are provided.
b These galaxies are either point sources or the SN locatimsides with the galaxy nucleus.
¢ For these galaxies no flux was recovered at the SN locatioalddal fluxes correspond to the most nearby non-nucleasmegith flux.
4 These Balmer lines (most oftendHn the nuclear spectra) are present in absorption.

¢ Similarly as above, these lines are clearly affected by aoigion component although a measurement is possible.

f This line was at the edge of the CCD frame. The total flux has assumed by extrapolation. The central N2 is given.
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Even before proceeding to more detailed measurements;anties immediately apparent that differ-
ences exist between the nuclear and the local spectra. tinydar, the galaxy nuclei are often dominated
by an older stellar population as can be seen both by the rEdsBBpe and the multiple absorption lines.
The SN locations, however, have spectra more characteoisstar forming regions with flatter SED and
more pronounced emission lines. Representative exampes.g., IC 4387A or NGC 214. This justifies
our choice of obtaining spectra at the exact SN location eag different properties could have been de-
duced by studying the global galaxy spectra. On the othed Hanan also be seen that the local spectra
are not of particularly high S/N and that in some cases ordyHh region contains some useful informa-
tion. This was dictated by the fact that we had to achieve artoal between the total number of observed
galaxies and the exposure time per individual galaxy.

We have used the spectra to measure line fluxes, both cgraralllocally, and we tabulate their values
in Table 6.3. The fluxes were measured by fitting Gaussiartstivit taskspl ot . Especially in the case
of [N 11] A6548, Hy and [NII] A6584 that appear blended in the resolution of many grismyexs®rmed
de-blending by fitting simultaneously 3 Gaussians with glsiFWHM. We have only listed the fluxes
for HG, [Om] A5009, Hxy and [N11] A\6584, although the spectra vary a lot in the number of dedecte
lines. In particular, some galaxies display many more limeduding [O11] A3728, [O111] A4959 and [SI]
AN6717, 31, especially when measured in the higher S/N ceeyains. However, the lines listed are the
ones that are more consistently detected and, at the samgtlienones that are useful for our metallicity
determinations. We observe that in many cases, especkdly the galaxy bulge, the Balmer lines are
affected by absorption components from the underlyindestpbpulation. This is most notable in the case
of Hf that is often present only in absorption, as noted in Tat8e 6.

To derive metallicities we have used the empirical O3N2 addchlibrations described by Pettini &
Pagel (2004). These methods present a number of advantegestber strong line diagnostics (such
as R23, e.g. Kewley & Dopita, 2002), namely that they are tbaseratios of neighboring lines and are
therefore independent of extinction and uncertaintiesixdhlibration. In any case, due to the reasons de-
scribed above, and the limited number of the[[O\3728 detections combined with the large uncertainties
in the blue, it was impossible to resort on R23-based mettimdsely on this line.

The N2 calibrator presents aRdispersion of 0.4 dex, which is comparable to the one of B&38ed
methods (Pettini & Pagel, 2004). Even smaller dispersioh§@ex) can be achieved by using the O3N2
method. However, in our case this was possible for only a fases. We have tabulated the resulting
metallicities in Table 6.3 as well, bainly for the local SN environment8Ve note that these metallicities
are lower than the ones measured at the galaxy centre by ug tef in a few cases (although only 0.1
dex on average). We caution that in the case of 5 galaxiegétedl in Table 6.3) we have not used the
exact SN location, since no flux could be recovered therantead the emission at another (non-nuclear)
region, as nearby as possible to the SN.

In Fig. 6.7 we have plotted metallicities at the SN locati@essus host galaxy luminosity. To our
data, we have also added the GRB-SNe and broad-lined SNediedtby Modjaz et al. (2008b) and the
3 SNe Ib in NGC 2770 (Thone et al., 2009). To maximize our sanng use the N2 derived metallicity
and we have converted the additional data to this scale lmas#tk reported fluxes (Modjaz et al., 2008b;
Sollerman et al., 2005; Hammer et al., 2006; Margutti et28lQ7; Wiersema et al., 2007).

We do not observe any difference between the environmergtdllicities of SNe Ib and Ic. This is
apparent both by visual inspection of the graph but also bysadst (p-value 12% for a null hypothesis
of a common parent metallicity distribution). The same igfri.e. no differences are seen, if we restrict
ourselves to using the less biased SDSS sample (5 SNe Ib ah# 3cy We point out that with the
exception of a single SN Ic (the SDSS-discovered SN 2007gllvither SNe Ic are clustered however
at solar metallicity (or above) while SN Ib environmentsgaet a larger dispersion and extend to lower
values. But even if we, arbitrarily, remove this SN from tlenple, there is still no strong evidence
supporting a different underlying metallicity distribomi (p-value 3%). Furthermore, this KS test ignores
the errors associated with the metallicity measuremerits.difference between the average metallicities



76 6. A program to study the explosion sites of normal SNe Ib/c

Ib
Ic
Ibc

Ic-BL (M08) %
i GRB-SNe %
_ T09 o
¢

O %» @€ O O O

12 4+ log(O/H)
o
a1
— =
o
%
F—o—
——"
—o-—
@

8 1
-14 -16 -18 =20 =22
Mp

Figure 6.7. Metallicities at the locations of stripped-envelope CC SMisus their host galaxies magnitudes. The
metallicities are given in the N2 scale of Pettini & Pagel @2). Data from this work (Table 6.3; open circles) is
complemented by measurements at 3 more SN Ib locationsrésgUdodne et al., 2009) as well as by the sample of
broad-lined SNe Ic (filled circles) and GRB-SNe (stars) useiodjaz et al. (2008b). In the last case the line fluxes
have been obtained directly from Sollerman et al. (2005)mifeer et al. (2006); Margutti et al. (2007) and Wiersema
et al. (2007). Blue color is used for SNe Ib and red for SNercldding broad-lined). However 3 SNe with mixed
classification (i.e. SNe Ib/c), as well as the SNe associattdGRBSs, are colored in black. For the present analysis
we have assumed a conservative 20% error in the fluxes repiorfEable 6.3 resulting in the displayed error bars. We
do not observe any significant difference between the reitials of SNe Ib and Ic or even broad-lined Ic.

of the two groups, ignoring SN 2007qw, is 0.150.16 dex, i.e. a not significant value.

We do not observe any statistically significant differenean®en the metallicities of normal SNe Ib/c
and broad-lined SNe Ic either. Interestingly, the metitikis of broad-lined SNe Ic are more likely drawn
from the SN Ib than the SN Ic distribution (p-values 97% an#o2@spectively). This is probably due to
the fact that, within the present sample, broad-lined SN étaflicities are on average lower by 0.1 dex
from those of SNe Ic. We stress, however, that this is justakwedserved trend and not a significant result.

We finally note that although the GRB-SNe are found at lowetattieity, in this scale there is no
‘dividing line’, as found by Modjaz et al. (2008b), betwedse tmetallicities of GRB-SNe and broad-lined
SNe Ic (or other SNe Ib/c) but this dividing line is broken By $998bw. That SN 1998bw was located in
a non-particularly low metallicity was also noted by Sattamn et al. (2005). However this galaxy was not
included by Modjaz et al. (2008b) in their O3N2 plot, wherevituld also break their dividing line.

6.6 CONCLUSIONS AND FUTURE PROSPECTS

With the present sample and the given data quality, it sebatsdt least to a first order, there is no strong
evidence showing that normal SNe Ic occur at higher metiadiecthan SNe Ib. Such a qualitative trend
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would be expected in the single massive star progenitorssi®edue to the strong dependence of mass loss
on metallicity. However, it would be very premature to prdethe binary channel scenario based on these
results because: (i) it needs to be better investigated honga difference we would expect to see, (ii)
it is possible that SNe Ib/c are a mix of explosions resulfiogn both channels and (iii) the metallicity
determinations suffer from an additional uncertaintyteslao the dispersion in the N2 index calibration.

The results presented in this chapter are preliminary. itiquéar, a proper determination of the error
in the line fluxes presented in Table 6.3 has been postpoeth& purposes of calculating the metallicity,
a conservative error of 20% in all line fluxes has been assuifigid results in the & error-bars 0~0.07
dex associated with the N2 abundances plotted in Fig. 6i% pibinted out, however, that 20% is a rather
exaggerated value, except perhaps in the lowest S/N caskshauld be considered as an upper limit. In
addition, this shows that the errors in the line fluxes cbaté much less than the intrinsic dispersion of the
N2 index itself (0.18 dex in&; Pettini & Pagel, 2004) to the metallicity uncertainty, sasiunlikely that
a more sophisticated treatment is going to significantlyrmap the accuracy of our results. Nevertheless,
the error analysis is pending.

Another very interesting analysis that remains to be cotetliwith the present dataset is an effort
to constrain the stellar population age of the SN envirortmele intend to use the spectral synthesis
code STARLIGHT (Cid Fernandes et al., 2005), which is baseBmizual & Charlot (2003) evolutionary
population synthesis models, to model the continuum arhstbsorption lines of our spectra. Despite
the fact that there exist many SFH-related degeneraciethanchany of our local spectra are of low S/N,
we hope like this to place constraints on the ages of at lease f the SN progenitors in our sample.
This will be very valuable in comparing with the predictiasfssingle and binary star progenitor models.
In addition, modeling the spectra will enable us to get meim@ble fluxes for the 4 emission line and
thus better estimates of the reddening and star formation.

Finally, as mentioned above, all the SN explosion sitesistlith this chapter are associated with SNe
with good available data. The ultimate goal would therefoeea study relating the explosion and the
environmental properties of SNe Ib/c.
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ULTRAVISTA AS A SUPERNOVA SURVEY?

This chapter is based on a study | made (mostly during the €868@9) on the prospect of using a deep
NIR galaxy survey, UltraVISTA, as a SN survey as well. To sett¢ontext, a short description of how SN
surveys operate is given, followed by some relevant detaieerning UltraVISTA. Numerical estimates
for the SNe expected to be discovered by UltraVISTA are ptediand the science case for these SNe is
deployed. It turns out that UltraVISTA has a great poteritigN science, in areas including cosmology,
SN rates and SN host galaxy studies. However, some smalfficetdins, that will not affect the galaxy
survey, mainly concerning filter rotation, might be waresht

7.1 DISCOVERING SNE: TRADITIONAL METHODS AND LARGER
SURVEYS

There exist several types of transient surveys. Since thieepring efforts of Zwicky, the large majority
have traditionally been those that repeatedly target iydaight galaxies looking for new stars. This is the
method used both by amateur astronomers but also by morensytit surveys (e.g. LOSS; Filippenko
et al., 2001). Newer approaches, such as the searches teddith ROTSE Il (Akerlof et al., 2003) or
the CRTS survey (Drake et al., 2009), involve targeting blelds to avoid the biases related with the
galaxy selection. It is noteworthy that this different nedhas opened the window to different SN types,
not noticed before, like over-luminous SNe (e.g. Quimbyle®07). Other synoptic surveys are coming
into operation now (e.g. PTF, PanSTARRS, SkyMapper), ohénrtear-future (LSST), and their strategy
will involve observing with different cadences, from mieatto years, in order to increase the variety of
the detected transient phenomena.

Here, however, we focus on the surveys that have gone deefied distant SNe (primarily SNe la for
cosmology) as their set-up is the most similar to the one tBWVISTA. The two most relevant examples
are the SNLS (Astier et al., 2006) and ESSENCE (Miknaitid.e2807) surveys, while SDSS-II (Frieman
et al., 2008) covered a much larger field of view, but at a sl depth. The SNLS was conducted with
MegaCam on CFHT targeting four different 1 ddglds. The typical cadence was? days, breaking for
bright time, for a period of-6 months per field in a total period of 5 years. The filters usedfe imaging
survey wereyriz. ESSENCE run over a period of 3 months per year, for 6 conseoggars, on the Blanco
4m telescope at CTIO, targeting 32 different fields of 0.3¢*de R with a typical cadence of 4 days per
field (Miknaitis et al., 2007).

The methods used in this type of surveys after data colleai@ similar: first, image subtraction
techniques are used to identify transients and then SN datedi are selected based on their light curves
and colors. SNLS and ESSENCE used 8-10 m class telescoppsdwascopically follow-up their best
candidates, while SDSS mostly relied on 3-4 m telescopeth&ir more nearby sample.

All the above-mentioned surveys have detected their SNesatptical wavelengths.
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7.2 THE ULTRAVISTA SURVEY: SOME KEY FEATURES

The UltraVISTA survey is one of the ESO public surveysth the 4m VISTA telescopeat Paranal. The
main scientific purposes of the survey are to find high-rdti&ht6) galaxies, to elucidate the reionization
epoch and to study the growth of stellar mass.

The survey will repeatedly observe the COSMOS freldhenever it is visible (i.e. between November
and June). The survey will cover a total field of view of 1.5 Heglowever, more than 85% of the total
exposure time~1800 hrs) will be spent on thaltra-deepsurvey, as opposed to thgde survey, which
covers approximately half (0.73 ddpf the total area. The expected duration of the survey isyedss
and the wide survey is expected to be completed during thteyfier of operation. Observations will be
done through th& J H K and a narrow-band (NB) filter. UltraVISTA is expected to usebest 75% of the
time (constraint on seeing 0.8”) of the VISTA telescope, when the COSMOS field is above aimn2as

The total observation time will be divided in units of 1 hr tltanstitute the fundamental Observing
Block (OB). Since the effective field of view of the telescogrown as the ‘pawprint’, is 0.6 dégwith
gaps between the detectors, three 1 hr OBs are going to bategemnsecutively in order to cover the
whole 0.73 degfield in one filter. In this sequence, each part of the sky llidn a detector area 2/3 times,
hence a total exposure time of 2 hrs. It is one of the purpoktdgdJltraVISTA survey to build up the
required S/N simultaneously in all filters. There are, hogvesome filter-time dependencies: observations
throughY and.J (and NB) will be done during dark time and far from astronaahigvilight to avoid the
bright sky background, while these constraints apply less &and especially, for which observations
during brighter times and closer to twilight are schedul€de limiting magnitudes that will be achieved
in 1hr observations will be 23.6, 23.5, 23.0 and 22.%ihH K respectively (AB magnitudes).

The data reduction will be done at several stages and atetfiffentitutions. Basic reductions are going
to be performed in CASU, Cambridge, while Terapix, in Franaé# deliver the final reduced 1 hrimages.

7.3 COMPARISON, ADVANTAGES AND DISADVANTAGES : WHERE
SURVEYS OF DIFFERENT NATURE MEET

Although its scientific purpose is different, the UltraVIS$urvey shares many of the characteristics of
high-redshift SN surveys, namely a wide field of view, fregiebservations of the same field and it reaches
faint magnitude limits. So although it is neither designed optimized for a SN search, it could also be
used as such without compromising the primary scientifidgg@e this study aims to demonstrate. In this
context, we point out below some key differences that UIt&R would have compared with traditional
SN searches, emphasizing the main advantages and disageaicoming from their different nature.

e The undisputed advantage will be the large science outptiirtil comefor freeas a by-product of
the UltraVISTA survey. Implementing a SN search in UltraVASwill be at a relatively low cost
(effectively only manpower) compared to the budget of dai@id SN surveys. It is shown below that
the scientific outcome is considerable. Science has alwafgqal by such interactions: we recall
here the similar example of the HST GOODS survey that wasssd to detect SNe (e.g. Riess
etal., 2004b, 2007).

e The fact that the search will be conducted in the NIR is a rtgyat least at these large scales), which
will permit to select transients with criteria that are lessed against dust extinction. Despite the
motivation, systematic NIR searches have not been poasitiletoday (mostly for reasons related
with the size and effectivity of the detectors) but synopticveys in the infrared are being planned for

Ihtt p: // www. eso. or g/ sci / observi ng/ pol i ci es/ Publ i cSurveys/ sci encePubl i cSurveys. ht nl ore.g.
Arnaboldi et al. (2007).

2htt p: // ww. vi st a. ac. uk/

Shttp://cosnos. astro. cal t ech. edu/ i ndex. ht m
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the future (SASIR), while SN searches will also be conducted with the JWSTaVIKSTA, together
with VIDEO® but at a different depth, has the opportunity of being the §ignificant producer of
NIR selected SNe, thus gaining considerable know-how amdraege in view of future facilities.

e An important benefit will be the fact that the UltraVISTA dis@red SNe will be in the COSMOS
field. This is one of the best observed fields on the sky andigl@taailable at all wavelengths from
X-rays to radio from a variety of facilities (including XMMGALEX, HST/ACS, Subaru, CFHT,
Spitzer, VLA and forthcoming SCUBA2 and Herschel). Thisadeduld enable the most complete
studies of SN host galaxies ever attempted. There are gautdmpletric redshifts for the galaxies in
the COSMOS field. In addition, the zZCOSMOS-bright projedtlylet al., 2007, 2009) has so-far
obtained more than 10000 spectra of galaxies brighter tha@2.5, mostly at < 0.8, i.e the area
the SN search is going to target. It is therefore conceivitdediscovered SNe will already have a
redshift from their host galaxy.

e The biggest question-mark remains the final cadence per filkéch is essential for obtaining good
light curves of the SNe. It is later shown that (by considgtime total number of hours awarded to
the project) light curves with aaveragecadence of 3 days per filter can be obtained. This means
that, in some cases, the cadence will even reach down to Whah is unprecedented for traditional
SN searches that, in hunt for a larger number of SNe, canfaytlak-visiting the same field so often
(a cadence of 4-5 days is more common). This extra-infoonasi very welcome and will enable a
better study of the light curves, resulting in smaller utaieties in e.g. rise times, age of maximum
as well as in more secure photometric typing. However, awsHater, it constitutes an important
topic of study how to optimize the filter rotation, with respt the SN output, without affecting the
goals of the main survey.

e The largest disadvantage is the difficulty to implement a&rfasponse follow-up campaign in the
form of a ToO, either providing spectroscopy or extra opgatetometry. The difficulty arises from
the fact that the data reduction procedure (Paran&@ambridge— Paris) has not been optimized
for such a fast reaction but rather for final (excellent) gualA fast follow-up campaign is not
necessary (spectroscopic redshifts can be obtained aripoistyy MOS of host galaxies) but some
science applications (most notably cosmology) would befrefin the existence of additional data.
In that case, it would be mandatory to set-up a secondargkeand-dirty, on-mountain, reduction
pipeline allowing for the timely identification of transien On the other hand, for the final analysis
and photometry, a SN survey will definitely profit and make abéhe reduction process and the
high quality final images delivered by the UltraVISTA cortaaom.

7.4 ESTIMATES FOR SNE DETECTED BY ULTRAVISTA

In all the estimates below, we have assumed the following:

e An ultra deepsurvey, with FOV of 0.73 deg that will run for three consecutive seasons (2010-
2011, 2011-2012 and 2012-2013) and will built its S/N simnéously in ally’J H K and NB filters.
A crucial point is thatsimultaneouslys interpreted here by an assumption that filters with equal
constraints, such as and.J (and NB), will be changed (rotated) after 3 hrs of observetio

e We have therefore ignored in these calculationsvifae survey, with FOV 1.5 degand the start
season 2010, which is shorter and might be erratic due toawyrdelivered telescope and unfore-
seen problems. Nevertheless, we have supposed thaidesurvey (a total of 212 hours) will be
completed during this season together witl80 hours of theultra deepsurvey. It should therefore

4Synoptic All-Sky Infrared Survey, PI: J. Bloorht t p: / / sasi r. or g/
5VISTA Deep Extragalactic Observations Survey, Pl: M. Jaivt t p: / / st ar - wwv. herts. ac. uk/ ~nj ar vi s/ vi deo/
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be understood that many more SNe will be detected duringristeygar in addition to the ones esti-
mated below. At this point however, we have chosen to just tiés data as a potential test sample
for the verification of our calculations.

For the~ 24 week period that the field is visible in each season, we hasunasd that thé” and.J
observations (and NB) will only be distributed during thealdest weeks of the moon cycle.

We have assumed that the default observation time per filteb& 3 hours (i.e. X1hr OBs), at
least when the night length allows &nd that the filter will be changed after this

This results in araveragecadence of 3 days per filter, excluding bright time, by divglthe total
number of hours per filter awarded to the project to the tatabant of available time (taking bad
weather and seeing constraint into account).

Although probably less accurate, we have temporarily assitime same observing strategy and final
cadence pattern for thd filter.

The K filter is of lower interest for a SN search and it is expectetbttow a completely different
strategy, which will make it even less useful. Neverthelagssrder to demonstrate this, we quote
our predictions for thé< band based on the same pattern.

The resulting limiting magnitudes ¢ per pointing are therefore 24.0, 23.9, 23.4, and 22.8 (AB)
or 23.5, 22.9, 22.0 and 20.9 (Vega) fbrJ H K respectively (assuming a 2hr, out of 3, effective
exposure time per point in the field).

We adopt the traditional approach that we want the SNe atmani light to bel mag brighter
than these limiting magnitudes and this is what goes intoctileulations below. This approach
can however be conservative, especially for some types ef aNd different strategies involving
multi-epoch stacking can be investigated that would bdeshumber of detections at higher depths.

Based on the assumptions above, we have used especiallpples¢ools, similar to SNOC (Goobar

etal.

, 2002) and other routines, to make predictions ondinger of detected SNe per type and redshift bin

during the course of the UltraVISTA survey. The algorithrishese tools are described in, e.g., Goobar
etal. (2002). They basically rely on redshifting SED tentgddor different types of SNe (modified versions
of Nugent templates were used) and convolving with filtepoese functions (HAWK-I responses were
used) to obtain the corresponding light curves at diffedéstances. The spread of absolute luminosities
per class as well as statistical noise and host extincfign£ 2 assumed) is also taken into account.

We reach the following conclusions, illustrated also in.Fid.:

1.

UltraVISTA is expected to discover260 SNe la with useful’-band light curves and-160 with
bothY and.J observations (i.e. with one color).

. The bulk of these SNe will be at medium@.3-0.5) redshift, while very few detections are expected

at z>0.6.

. The sensitivity goes down, the redder the filter: Ehéilter is only expected to deteet8 SNe la per

year out to z0.3.

. The K-band is not going to contribute with any useful informatiespecially given the different

observing strategy.

. UltraVISTA is also going to discover an equal number of SNRe(~270). This time the most

productive filter is going to bd.
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Figure 7.1 Estimates on the numbers of detected SNe la and IIP per filigredshift bin, based on the assumptions
in the main text (Ariel Goobar, priv. comm.). These caldolas are based on the SN la rates in Neill et al. (2006),
partly based on the COSMOS field, and the SN IIP rates in Dadtlah (2004). For an explanation why SNe IIP seem
to extend to longer redshift than SNe la, see text.

6. Y-band observations will be possible fo240 SNe IIP, while thé{-band will also be competitive
with ~150 light curves. The relative differences with SNe la are thuthe fact that SNe IIP are
redder objects.

7. In these calculations we have included a dispersioft bfl mag in the intrinsic maximum lumi-
nosities of SNe IIP. For this reason, the distribution of de¢ected events seem to extend further
in redshift than for SNe la (which have more uniform luminiesi), but in reality only the highest
brightness tail of these explosions is probed at high z. Ndewents will be detected to redshifts of
<0.4.

8. A smaller number of other SN types is also going to be detect

We see that the number of SNe that will be detected by Ultr@aXI&s a simple by-product) is consid-
erable. It will also be unique in its wavelength range, fasth redshifts, and will allow original studies in
the fields of cosmology, cosmic explosion rate and host gedax
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These predictions are of course indicative, as there esigral related uncertainties. Most of them
have to do with the poorly known rest-frame NIR propertieShE, especially core-collapse, but also with
the exact observing strategy of UltraVISTA (final cadence fiier). We do not expect however these
numbers to be severely affected as long as the cadence eb@iw or equal to 5-6 days.

7.5 SCIENCE CASE FOR THE ULTRAVISTA DISCOVERED SNE
7.5.1 SN kA SCIENCE

It is well known that the use of SNe la as standardizable ean@hillips, 1993; Phillips et al., 1999) has
revolutionized cosmology by discovering the acceleratibthe universe and Dark Energy (Riess et al.,
1998; Perlmutter et al., 1999). It is also well known thatek}inction is the main source of systematic
errors in estimating the luminosity of a SN, with differeeains having different approaches to the subject
(Astier et al., 2006; Wood-Vasey et al., 2007; Kessler e28l09) and (ii) SNe la are better standard candles
in the NIR than in the optical bands (Meikle, 2000; Krisciare al., 2004a; Wood-Vasey et al., 2008). As
a matter of fact, Wood-Vasey et al. (2008) demonstrate theg 8, arenot just standardizabléut real
standardcandles (i.e. no light-curve correction is needed) in ttst-flame H-band, where they present
very luminosity small scatter. This is also supported bytkécal models (Kasen, 2006).

Although measuring rest-frame NIR magnitudes (especidHyand) of SNe la at higher redshift is an
interesting possibility for the future, it still remains possible with present facilities. Nevertheless, even
the efforts of using observer-frame NIR data (correspogdiughly to rest-framé) have until now been
sparse: Nobili et al. (2005) constructed a rest-frartmnd Hubble diagram by supplementing local data
with 2 SNe at 20.5. The sample was doubled with the inclusion of 2 out of 5 8higerved with HST
and NICMOS (Nobili et al., 2009). Note that all these SNe walserved in the days before 2000 and
have only on average 3 photometric points in one band. Although SNe la are stitistandard candles
in the /-band, the motivation is still strong in using observatianshis wavelength. This has to do with
extinction being~3 times less than in th&-band. Disentangling host-galaxy extinction from intiins
SN Ila color remains the largest systematic uncertainty irc&@\nology and better results can be obtained
by trying to minimize it.

An important progress was made in this field with the reledsthe CSP high-z results (Freedman
et al., 2009). Here 35 SNe, selected in the optical by ottg-kiSN surveys (SNLS, ESSENCE, SDSS)
were followed in th&” and.J bands in order to construct a rest-framband Hubble diagram, out te-0.7
and to place constraints on cosmological parameters. Tésilts also seem to point in the direction that
dust in SN la host galaxies behaves differenfi (= 1.8) than in our Galaxy, as is also supported by
increasing amount of evidence (e.g. Nobili & Goobar, 2008kkn et al., 2009b; Folatelli et al., 2010).

The comparison to this study is interesting because it hag sieilar data as it is expected from
UltraVISTA, both in the number of SNe (order of magnitudeddshift range and useful bands ).
UltraVISTA will at least be able to conduct a similar studydanore than double the sample of high-z SNe
with NIR observations. However, two important differencegd to be stressed: (i) the CSP followed SNe
discovered by other surveys. As a result, there exists nonaxdmum data in theiy”.J light curves and the
number of observations per SN, that go in their light-curig fiaries between 2-5. The UltraVISTA SNe
are expected to have a significantly better sampling, inetu@gre-maximum data, allowing for a better
study and minimization of the uncertainties. In additia tfie UltraVISTA SNe will beNIR-selected
Except from being the first of its kind, this dataset will all@a better assessment of the biases related to
SNe discoveries, especially regarding extinction.

Spectroscopy of the SNe is not mandatory. The redshift cagstimated from a galaxy photometric
redshift or spectroscopically posteriori(if it does not already exist in z-COSMOS). Concerning tgpin
of the SNe, it should not be a problem with a well-sampled L@ia colors. For the study of extinction
and reddening as a systematic effect however, the existehadditional (optical) colors would be an
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advantage.

7.5.2 CORE-COLLAPSE SN SCIENCE

Core-collapse SNe are the explosions of stars more mabsine8 M. As such, they are closely linked,
and accurately probe, the young stellar population andfstaration rate. The CC SN rate is therefore
directly linked to the star formation history, through tihéH.

Recently there has also been an increased interest for ¢hef &Ne IIP as cosmological probes (see
corresponding Astro2010 white paper; Poznanski et al.98)0Except from the need for new methods
of getting independent measurements across the distashiber]&Ne |IP present the following advantage:
unlike SNe la, their progenito@e known (they are red supergiants; Smartt et al., 2009). We llawre
a better understanding of the physical processes taking plad, therefore, a better handle on systematic
effects.

Two kinds of methods exist to date to determine distanced®I8°. The first involves the calculation
of the angular distance, through detailed spectral fittind) modeling of the expanding photosphere (e.g.
Kirshner & Kwan, 1974; Baron et al., 2004; Dessart & HilligQ05). These methods are, however, very
demanding and require a series of spectra with high S/N. 8p dhe not expected to be applicable at
higher redshift until the next generation of instrumentd telescopes (ELTs). Another promising tool is
the standardizable candle methdtlamuy & Pinto, 2002; Nugent et al., 2006; Poznanski et &I09),
where the luminosity of the plateau is correlated to thetajegpansion velocity, as measured by thel Fe
A5169 line in a single spectrum obtained around the middleeptateau phase. Although these methods
still do not provide Hubble diagrams as tight as SNe la (D’fgadet al., 2009), they are under development
and a very promising tool for the future. Again the use of NERadis beneficial for SNe IIP, because it
allows a better separation of the extinction from the irgigrcolor (Krisciunas et al., 2009a). Recently,
Maguire et al. (2010) presented the first local NIR Hubbleydian for SNe IIP (based on 12 events) and
demonstrated that the scatter is reduced with the use of Bi& dhey argue that a sample of 10-15 well
observed events between redshift 0.3-0.5 will be competit SNe la and will independently confirm the
acceleration of the universe. UltraVISTA, together with@OTcomponent, would be able to deliver this
result ahead of any other experiment.

The plateau phase of a SN IIP, where the luminosity remainsteat, has a duration of around 100 days
(rest frame). So the detection limits can be significantlyaerced by stacking frames of 1 or 2 months, or
even a whole observing season, in order to go deeper. Diffsteategies can be envisioned and optimized
depending on the desired outcome and should be studiedai. det

An excellent example of such alternative strategies wasodstrated by Cooke (2008), who showed
that SNe IIn should be detectable at very high redshift aredl tisis method on CFHTLS archival data to
discover the highest redshift SNe to date<f 2.35; Cooke et al., 2009). Preliminary calculations (based
on the FOV ratios), however, show that not mamyL] similar events are expected in the UltraVISTA data.

Finally, it should be noted that the predictions mentionbdva for CC SNe, are hampered exactly
from the poor knowledge of their NIR properties (spectra ght curves). As a matter of fact, the
existing templates are of poor quality, although data dlyezbtained at low-z (e.g. CSP) should improve
the situation in the near future. At=0.3, however, NIR data is absolutely absent. UltraVISTA wils
cover a gap that nobody else is expected to cover, except UIDE at more moderate redshifts.

In contrast to SN la cosmology, this project relies on obtgrspectra of the SNe. It is therefore
dependent on a follow-up campaign.

7.5.3 SNRATES IN THE NIR

Studying the rates of SN explosions is a topic of researclslfi It is closely linked to the study of
their progenitors, the IMF and the star formation historizK$ of the universe. Many studies have been
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conducted in the past, targeting different types of SNe ¢la €C), different selection methods (bright

galaxies, clusters or the field) and different redshift en@e.g. Cappellaro et al., 1999; Dahlen et al.,
2004, 2008; Maoz & Gal-Yam, 2004; Neill et al., 2006; Dildayaé&, 2008; Botticella et al., 2008; Smartt

et al., 2009), not always yielding consistent results.

Without exception, howevesll the studies above (including ongoing experiments as PaR&B\
were made based on SNéscovered at the optical wavelengthSelecting SNe in the NIR is very inter-
esting because it is less dependent on dust extinction asiased against heavily reddened SNe. By
comparing the NIR with the optically deduced SN rate, we cakerestimates of how many SNe we are
missing (Mannucci et al., 2007) and thereby draw conclismmthe nature and evolution of dust in the
nearby universe.

A similar NIR study, with the same motivations, will be comtied by VIDEO at the same telescope,
albeit at shallower depths. UltraVISTA will nicely complent this study, extending the NIR SN rate (and
thereby SFH) to redshifts 0f20.5.

We finally note that due to the very good knowledge of the adr{tevisit) time of the single field
observed by UltraVISTA, it will be relatively easy to calate the SN rate.

7.5.4 ACOMPLETE HOST GALAXY STUDY OF SNE

Studying the host galaxies of SNe can give valuable infoionatn their progenitors through knowledge
of the environment age, metallicity, stellar mass, stamition rate and dust content. Furthermore, in the
case of SNe la, the study of host galaxies is a method to lastsess systematic errors affecting their use
as standard candles like the ‘two-component’ model (e.thivan et al., 2006b).

The local SN hosts have traditionally been related to the Riggrties by means of their morphology,
colors, luminosity, spectroscopic properties and in soases multi-wavelength data (e.g. Hamuy et al.,
2000; van den Bergh et al., 2002; Sullivan et al., 2006b;t@m¢ al., 2008; Boissier & Prantzos, 2009;
Hicken et al., 2009b). The higher redshift SN hosts have lseatied through their optical colors (Cooper
etal., 2009) or through SEDs built basedwgniz data (Sullivan et al., 2006b). Recently, Neill et al. (2009)
presented a study of local hosts of SNe Ia, including UV datafGALEX. Interesting results relating the
SN peak luminosity with the host age and (probably) meiafliwere extracted, but it is reminded that the
selection of local SNe is exactly biased by targeting thesuélly bright) hosts.

The plethora of multi-wavelength data available in the C@®/field (including the data obtained by
UltraVISTA) will permit the most complete and bias-fretidy of distant SN host galaxies to date. This
could be done in many different ways, including multi-warejth SED fitting, a method that has been
applied in studies of other galaxy groups, e.g. GRB host@edar sub-milimetre galaxies (Michatowski
etal., 2008, 2009).

7.5.5 OPENING A NEW WAVELENGTH WINDOW AND FUTURE PROSPECTS

Worth mentioning is also the potential for new transientdigries in the NIR. While pioneer searches
have been attempted (e.g. Mattila et al., 2004; Goobar,&@9), these were all with considerably smaller
FOVs and typical cadencesnfl month, yielding only a couple of SNe and with data of insuéfitiquality

to draw any firm conclusiorfs.

UltraVISTA is thefirst survey that is expected to yield a considerable number péieats at medium
redshift, accompanied with data of sufficient quality to digsce with. This will be many years in advance
of SASIR, a 170 M$ project which will use a 6.5m telescope amddze-field camera to map the infrared
transient sky, starting in 2017. One of the science casesoiased out by Bloom et al. (2009), is that,
except the well studied phenomena, there exist classeamdiénts that have been predicted, but never
discovered, and that are expected to have NIR signaturdseth experience has shown that every-time a

6see also the ongoing Padova HAWK-I SN Seanth p: / / gr aspa. oapd. i naf . it/
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search method changes (whether this involves target elecadence or wavelength), a different view of
the universe has been revealed. Although the total areaedby UltraVISTA is rather small to expect
surprises, this prospect should not be excluded. In addlitigth its unprecedented cadence in the NIR,
UltraVISTA has better chances of correctly identifying pkar phenomena, should these occur.

Furthermore, such an effort will create valuable know-hovibé used in future experiments, such as
the JWST.

7.6 IMPLEMENTATION REQUIREMENTS AND OTHER ASPECTS

In this section, | examine, mostly in the form of a constetbrainstorm, some additional aspects of a
potential SN search with UltraVISTA, mostly concerningféasibility and its potential synergy with other
projects. This section does not claim to be complete.

The feasibility is examined through the required stepsrfgsglementation. Ignoring temporarily a ToO
component, i.e. concentrating on the science that can ierperd when the final 1hrimages are delivered
from the UltraVISTA pipeline, these steps include:

1. The identification of transients. This can be done by thebéished method of image subtraction
(e.g. Alard, 2000). It is noted that due to the nature of thedWISTA survey, these images will be
constructed to be co-added easily, and therefore suliraistnot expected to be complicated either.

2. Photometry and the construction of the transient lightes. Again standard techniques (e.g. PSF
photometry) can be applied for this step. Itis pointed oat #bsolute photometry will be facilitated
by the fact that the UltraVISTA field will become a standardifigself.

3. The most important part will be to photometrically type tifferent SN types (i.e. la, Ib/c, Il) and
separate them from other transient contaminants (e.g. A@Ngable stars, asteroids, etc). Since
this is the major problem that future transients surveysfade (i.e. spectroscopic time will only
suffice for a small fraction of the detected transients) thicurrently an active topic of research
(e.g. Poznanski et al., 2007). Developing such a methodbeilnandatory. However, this should
be feasible, especially with the help of the existing todksyeloped for optical wavelengths, as a
starting point. It is usually not a problem distinguishirgfween a Type la and a CC SN, based on
their LC shape and colors, especially if the LC is well sardpiEhe photometric redshifts of the SN
host galaxies are also sufficient for the purposes of typing.

4. Once the SNe have been classified, the studies of ratesoahddlaxies are independent of the SN
data itself and can be accomplished based on well estadlisle¢thods. For the SN la cosmology
analysis it will be necessary, in addition, to develop orrerealistically modify for use in the NIR,
one of the existing tools for standardizing the SNe la basetheir light curves. Spectroscopic
redshifts for the SN host galaxies can be obtained at a l&tge s

It is therefore concluded that such a project is feasiblediAgl a ToO component, will be more de-
manding for the following reason: a fast response is redural one cannot wait for the data to be shipped
to Europe and take its usual UltraVISTA pipeline path. Ithtierefore be necessary to set-up a quicker
(even if that means less sophisticated) path for the reglucfithe raw data to 1 hr frames. This possibility
is one of the big question marks of such an initiative. In &iddj the method for the photometric selection
of candidate SNe will also need to be more advanced than #ndestribed above because it will not afford
to be based on the complete light curve, but only on a few epgubbably during rise-time. Such methods
have been developed for optical surveys (e.g. Sullivan.e2@06a; Miknaitis et al., 2007) and they have
proved efficient. But they will need to be tailored to the (NBpecialities of the UltraVISTA data. Last
but not least, telescope time in ToO mode is required. Foctepecopy, the VLT is the obvious choice
and X-shooter would be the ideal instrument to deliver (alBe NIR spectrum of these NIR-discovered
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SNe. For additional optical photometry, however, it will fgfficient to resort to 2-3m class telescopes.
While the complexity of the project is increased, there ii$ sbthing making it unfeasible, e.g. lack of
technology.

Finally, a SN search with UltraVISTA does not lack potent@l synergistic collaborations. The most
closely related project is the VIDEO survey, which will ube tsame telescope to make a shallower sur-
vey over a wider area. Since the data products will be veryiaiya collaboration with VIDEO on the
field of common data pipelines (e.g. image subtraction arnectien techniques) could be very fruitful.
Scientifically very interesting will also be the comparisord link with similar results obtained at lower
redshifts (e.g. rates). In the field of cosmology, nearisurveys, such as DE&re expected to obtain
multi-color optical light curves of thousands of SNe. DE&d¢ expected to have a large time overlap with
UltraVISTA. If however DES, during season 2012-2013, seléthe COSMOS field as one of their survey
fields, this would yield a common dataset~020-30 SNe la at medium redshift, without any changes be-
ing required by UltraVISTA. Although small numericallyjstsample will have unprecedented wavelength
coverage and a large scientific impact.

7.7 SUMMARY

UltraVISTA is expected to discover arourd®50 SNe la and an equal number of core-collapse SNe, as a
by-product of its main scientific outcome. These SNe will bestly at intermediate redshifts{0€.4-0.5).

Once obtained, these SNe will constitute a unique datasleted in the NIR wavelengths, that will
enable (i) cosmological studies with a better handle on altxy extinction, (ii) a less biased determi-
nation of the SN rate, and thereby star formation historintermediate redshifts, (iii) the most complete
study of SN host galaxies making use of the COSMOS field dataptemented by UltraVISTA. Table 7.1
summarizes the relevant studies that will be possible withiraVISTA, with or without an additional ToO
component.

In addition, it is elaborated that taking advantage of tihgde&SN potential within UltraVISTA contains
some reasonable challenges, especially if one envisidnsltale a ToO component, but it is feasible. The
case becomes more appealing by the relatively low costigilelgl compared to dedicated SN surveys, in
conjunction with the large scientific output. There is gtitie to initiate such a project: in this context, the
first season data (2010) could be used for science verificatio

This investigation is hampered by some limiting parametérsse conclusions were based on a number
of assumptions, mainly concerning the filter rotation dgrthe UltraVISTA survey. However, it was
found that the real observing strategy during the first twal tnonths of operations, did not follow these
assumptions (Fig. 7.2) but that and J observations were clustered in time. It is, however, believ
that this was not done due to a specific reason and that a bet&tion between the filters with equal
observing constraints (i.&7, J and NB) is possible. A proper optimization study, based ori§MN curve
simulations, is necessary in order to determine the bestreatonal strategy with respect to filter rotation,
without affecting other UltraVISTA science.

“ht t ps: / / www. dar kener gysur vey. or g/
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Table 7.1 SN science possibilities within UltraVISTA

Science case UltraVISTA  with ToO
A better view of SNe in the NIR y y
A study of the effect of dust in SNe y y
Unextincted SN rates to~20.4 y y
SN la cosmology y y
SN IIP cosmology n y
A most complete SN host galaxy study y y
Detection of SNe IIP atz0.8 y y
Detection of SNe lIn at high-z ? ?
Spectroscopic studies n y
Synergy with other projects y y
A new wavelength window: surprises? ? ?

¢ Two cases are examined: using the UltraVISTA ddtmeor together with a ToO component
It is observed that most science is possible already witterfitst scenario, although some
science cases (e.g. SN la cosmology) would definitely prafihfadditional data.
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Figure 7.2 The distribution of the UltraVISTA observing time per filtarring the first two months of operations
(December — January 2010). It is noted, however, that thieesponds to a trial period both for the VISTA telescope
and for UltraVISTA. It is observed that, at present, the olisg strategy does not favor the construction of good light
curves for SNe: observations ¥ and J are clustered together rather than evenly distributed leetwthem, even
though the observing constraints for the two filters are tah. But, in principle, this means that changes can be
accommodated without affecting UltraVISTA. For visualpmses, this figure does not include observations during
days with exposure times10 mins (typically aborted after a few seconds).
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CONCLUSIONS

This thesis has presented work that aimed in the better atatheling of supernovae, their physics and their
birthplaces.

In the field of thermonuclear explosions, this was achietredugh observations of SN 2003hv that
extended to very late phases. SN 2003hv was shown to be a h®Nrla with properties consistent with
its rarely observed decline rate &fm;5(B) = 1.61. The study of the late time photometry and spectra
allowed us to conclude that the positrons produced duriagdbioactive decays remain probably trapped
within the ejecta and that a dramatic infrared catastrop®s chot occur. It is proposed, however, that the
ejecta might be clumpy and that a mild infrared catastropightinave occurred in the densest regions. A
discussion on SN la explosion asymmetry based on opticallaespectroscopy was initiated.

Stripped-envelope core-collapse SNe have been studiedghrtheir environments. Their locations
within their host galaxies were found to be compatible witbse of WR stars. In addition, the WC stars
were shown to be distributed in brighter locations than Waisst These results are in accordance with
theoretical expectations. The host galaxies of 22 SNe laye lbeen studied by means of spectroscopy
probing the exact explosion sites. Preliminary resultgesgthat the environmental metallicities of SNe Ib
and SNe Ic are not significantly different.

Finally, the potential of using the UltraVISTA survey to dizver SNe in NIR wavelengths has been
examined and it has been found to be very promising.

In the next decade we are likely going to witness importaagpess in the fields of research described
above: the use of new-generation instruments, such as &tahon the VLT that can capture the entire
SED from the UV to NIR in medium resolution, will open new dinsgons in the late time studies of SNe.
An exciting field that has just been born is probing obseovetily the inner explosion asymmetries of
SNe la.

At the same time, it seems that we are closing down of the mit@ys of SNe Ib/c from many different
directions: as more and better data becomes availablel] ib@vpossible to better constrain the explosion
properties. It is also conceivable that in the near futurenight experience a direct detection of a SN Ib/c
progenitor in pre-explosion images. Studying the explasiadirectly through their environmentis a third
alternative method, with important statistical powerttisalso expected to yield valuable results.

One thing that will be very satisfying will be seeing the Shbahilities within UltraVISTA materialize.

In times where the budgets of astronomical surveys becomgerland larger, it is our duty to fully exploit
every last science opportunity that is possible with theltegy data. UltraVISTA can pave the way to a
better understanding of dust extinction in SNe and to a be#tgmation of the cosmic SN rate.
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VLT AND HST OBSERVATION LOGS FOR

SN 20031V

Table A.1: VLT late-time optical observations of SN 2003hv.

Date MJD Phase Filter Exposure Airmass Seeing Instrument

(uT) (days)  (days) (s) "0
20040812 53229.33 3381 U 3x1000 1.17 1.02 FORS1
20040812 53229.37 338.2 B 3x420 1.06 0.85 FORS1
20040812 53229.39 338.2 V 3x300 1.03 0.74 FORS1
20040812 53229.40 3382 R 2x420 1.01 0.75 FORS1
20040812 5322941 338.2 I 1x500 1.01 0.70 FORS1
200408 13 53230.36 339.2 I 4x500 1.08 0.78 FORS1
20040813 53230.39 339.2 R 2x420 1.03 0.76 FORS1
200502 07 53408.03 516.8 I 12x240 1.13 1.13 FORS2
200502 07 53408.08 516.9 R® 3x600 1.37 0.93 FORS2
20050207 53408.09 5169 V 3x400 1.49 0.98 FORS2
20050304 53433.02 541.8 U“° 3x1140 1.48 1.24 FORS2
20050804 53586.40 695.2 R 2x900 1.04 0.70 FORS1
200508 07 53589.41 698.2 I 2x900 1.02 0.75 FORS1
20050808 53590.31 699.1 I 4x900 1.39 0.82 FORS1
20050808 53590.34 699.1 B 5x540 1.19 0.82 FORS1
20050809 53591.36 700.2 R 3x900 1.12 0.62 FORS1
20050810 53592.39 701.2 V 3x480 1.03 0.71 FORS1

“TheU andR filters on FORS2 are slightly different than the ones on FORS1



A. VLT and HST observation logs for SN 2003hv

Table A.2: VLT late-time NIR observations of SN 2003hv.

Date MJID Phase Filter Exposure Airmass Seeing
(uT) (days)  (days) (s) 0
20040818 53235.37 344.2 30x4x24 1.04 0.55
20040829 53246.25 355.1 10x6x30 1.37 0.47
20040829 53246.29 355.1 10x6x59 1.17 0.75
20040829 53246.32 355.1 10x6x30 1.07 0.57
20040829 53246.39 355.2 10x6x30 1.00 0.75
20040830 53247.26 356.1 30x4x23 1.29 0.77
20040830 53247.30 356.1 10x6x30 1.13 0.50
20050124 53394.02 502.8 10x6x60 1.03 0.47
20050124 53394.09 502.9 10x6x30 1.24 0.74
20050224 53425.99 534.8 10x6x30 1.18 0.62
20050228 53426.99 535.8 30x4x46 1.19 0.83
20050227 53428.99 537.8 10x6x30 1.22 0.55
20050228 53429.99 538.8 30x4x23 1.22 0.56
20051013 53656.18 765.0 30x4x46 111 0.70
20051013 53656.35 765.2 30x4x23 1.14 0.56
20051014 53657.21 766.0 30x4x46 1.04 0.54
20051014 53657.32 766.1 10x6x60 1.05 0.72
20051015 53658.31 767.1 10x6x30 1.04 0.40

2Detector integration time (DITx number of DITs per exposure number of exposures.
®Image not included in the final photometry as it is a poor imagg gives bad results.

Table A.3: HST observations of SN 2003hv.

Date MJD Phase Instrument  Filter Exposure

(uT) (days)  (days) (s)
200407 10 53196.55 305.4 ACS F555W 480
200407 10 53196.56 305.4 ACS F814W 720
2004 07 12 53198.82 307.6 ACS F435W 840
2004 07 12 53198.83 307.6 ACS F625W 360
2004 07 16 53202.75 311.6 ACS F435W 840
2004 07 16 53202.76 311.6 ACS F625W 360
2004 1115 53324.71 4335 ACS F555W 480
20041115 53324.72 4335 ACS F814W 720
20051103 53677.31 786.1 NICMOS F160W 16 x 640
2Qbservations not conducted due to guide-star failure arenoluded.




FULL VERSION OF TABLE 5.2

B

Table B.1: Fractional fluxes at the WR star locations. Full version of

Table 5.2.
galaxy ID Subtype Number FI galaxy ID Subtype Number FF

M 83 1 WNL 3 0.29| M83 32 WCL 12 0.43
2 WCL 2 034 33 WNL 1 071
3 WCL 2 0.26 34 WCL 3 051
4 WNE 16 0.48 35 WNE 14 0.72
5 WCL 8 0.48 36 WCL 5 0.72
6 WCE 3 0.06 37 WCL 4 091
7 WNL 5 0.61 38 WNL 7 0.95
8 WCL 1 040 38 WCL 21 0.95
9 WCE 1 0.58 39 WCE 2 081
10 WCL 2 0.54 40 WCL 6 0.89
11 WNE 4 0.26 41 WNL 14 0.91
12 WNE 2 0.36 41 WCL 13 0.91
13 WCE 3 0.56 42 WNL 5 0.95
14 WCL 4 0.12 43 WNL 3 0.86
15 WCE 1 0.38 44 WNL 5 074
16 WCE 2 0.44 45 WNL 1 0.63
17 WCL 6 0.42 46 WCL 3 082
18 WCL 6 0.38 47 WCE 1 0.69
19 WCL 1 0.38 48 WNE 44 0.67
20 WCL 2 0.35 49 WCL 13 0.49
21 WCL 1 0.30 50 WNL 8 0.69
22 WNE 4 0.34 51 WNL 1 0.23
23 WCE 1 0.29 52 WNE 18 0.29
24 WCL 4 0.28 53 WCL 2 0.23
25 WNL 4 0.32 54 WCL 6 0.56
26 WNL 2 072 55 WNE 20 0.24
27 WCL 6 0.85 56 WNE 15 0.69
28 WCL 8 0.85 57 WNL 9 0.73
29 WCL 1 0.55 58 WCL 5 042
30 WCL 1 0.23 59 WNL 14 0.83
31 WCL 42 0.73 60 WNE 6 0.75




96 B. Full version of Table 5.2
Continued.
galaxy ID Subtype Number FI galaxy ID Subtype Number FF

M 83 61 WCL 2 0.84| M83 104 WCL 3 0.73
62 WCL 4 0.44 105 WNL 8 0.89
63 WCL 5 0.28 106 WCL 6 0.85
64 WNL 10 0.31 107 WNE 15 0.78
65 WCL 4 052 108 WNL 2 0.58
66 WNL 8 0.59 109 WCL 7 0.83
66 WCL 4 0.59 110 WCL 3 0.64
67 WCL 5 0.57 111 WCL 3 0.32
68 WCL 3 0.44 112 WCL 2 0.78
69 WCL 2 0.28 113 WCL 5 0.38
70 WCL 2 0.25 114 WNE 4 0.18
71 WCL 3 0.62 115 WCL 4 0.58
72 WCL 1 0.75 116 WNL 12 0.67
73 WNL 2 074 117 WNE 1 0.33
74 WNL 52 0.94 118 WCL 6 0.66
74 WCL 179 0.94 119 WCL 2 051
75 WCL 1 0.39 120 WNE 6 0.53
76 WNL 1 0.66 121 WNE 17 0.37
77 WCL 2 061 122 WCE 3 0.27
78 WNL 11 091 123 WCL 2 042
79 WCL 5 0.66 124 WCL 3 031
80 WNL 1 0.33 125 WCL 3 031
81 WCL 3 0.46 126 WCE 1 0.49
82 WCL 4 0.61 127 WCE 3 0.30
83 WCL 2 0.56 128 WCL 2 0.39
84 WCL 9 0.92 129 WCE 4 0.35
85 WCL 4 0.58 130 WNE 1 0.04
86 WNL 9 0.96 131 WCL 1 0.27
86 WCL 24 0.96 132 WNE 1 0.02
87 WCE 3 041 133 cand. 0.25
88 WCL 1 0.39 134 cand. 0.54
89 WCL 3 0.79 135 cand. 0.38
90 WCL 2 0.82 136 cand. 0.41
91 WCL 3 045 137 cand. 0.37
92 WCL 3 031 138 cand. 0.43
93 WNE 10 0.19 139 cand. 0.60
94 WNE 23 0.64 140 cand. 0.62
95 WNL 1 043 141 cand. 0.18
96 WNL 2 0.79 142 cand. 0.31
97 WNL 5 0.90 143 cand. 0.27
98 WCL 4 0.38 144 cand. 0.82
99 WNL 1 071 145 cand. 0.73
100 WNL 5 0.89 146 cand. 0.75
101 WNE 11 045 147 cand. 0.51
102 WNL 9 0.84 148 cand. 0.95
103 WNL 29 0.80 149 cand. 0.91
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Continued.
galaxy ID Subtype Number FI galaxy ID Subtype Number FF
M 83 150 cand. 0.95| M 83 196 cand. 0.88
151 cand. 0.95 197 cand. 0.67
152 cand. 0.87 198 cand. 0.85
153 cand. 0.86 199 cand. 0.67
154 cand. 0.79 200 cand. 0.84
155 cand. 0.31 201 cand. 0.55
156 cand. 0.89 202 cand. 0.33
157 cand. 0.76 203 cand. 0.64
158 cand. 0.42 204 cand. 0.67
159 cand. 0.91 205 cand. 0.84
160 cand. 0.96 206 cand. 0.89
161 cand. 0.30 207 cand. 0.88
162 cand. 0.53 208 cand. 0.87
163 cand. 0.82 209 cand. 0.79
164 cand. 0.25 210 cand. 0.44
165 cand. 0.59 211 cand. 0.66
166 cand. 0.28 212 cand. 0.88
167 cand. 0.16 213 cand. 0.54
168 cand. 0.86 214 cand. 0.82
169 cand. 0.33 215 cand. 0.70
170 cand. 0.87 216 cand. 0.47
171 cand. 0.82 217 cand. 0.22
172 cand. 0.35 218 cand. 0.51
173 cand. 0.81 219 cand. 0.42
174 cand. 0.37 220 cand. 0.39
175 cand. 0.83 221 cand. -+ 0.01
176 cand. 0.58 | NGC 1313 1 WNE 1 0.37
177 cand. 0.74 2 WCE 1 0.30
178 cand. 0.74 3 WNL 1 0.06
179 cand. 0.99 7 WNL 1 0.03
180 cand. 0.43 8 WNL 1 0.16
181 cand. 0.15 9 WNE 1 0.28
182 cand. 0.42 10 WCE 2 0.30
183 cand. 0.63 11  WNE 1 0.00
184 cand. 0.63 11 WCE 1 0.00
185 cand. 0.91 12 WCE 1 0.47
186 cand. 0.62 13 WNL 1 0.11
187 cand. 0.60 14  WNE 1 0.67
188 cand. 0.37 15 WCE 1 034
189 cand. 0.93 16 WCE 1 071
190 cand. 0.92 17 WNE 1 0.71
191 cand. 0.77 18 WNL 1 0.22
192 cand. 0.67 19 WNE 1 0.02
193 cand. 0.34 20 WCE 1 0.70
194 cand. 0.91 21 WNL 1 0.74
195 cand. 0.96 22 WNL 1 074
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Continued.
galaxy ID Subtype Number FI galaxy ID Subtype Number FF
NGC 1313 23 WNE 1 0.46| NGC1313 59 WCE 1 095
24 WNL 1 0.62 60 WCE 1 0.97
25 WNL 1 0.46 61 WCE 3 0.18
28 cand. -+ 0.38 62 WCE 1 0.18
29 WNE 1 0.39 63 cand. -+ 0.56
30 WNL 1 0.03 64 WCE 3 0.95
31 WCE 1 0.78 65 cand. -+ 0.98
32 WNL 1 0.03 66 WCE 2 0.96
33 WNE 3 0.86 67 WNE 1 096
34 cand. -+ 091 67 WCE 1 0.96
35 WCE 1 0.89 68 cand. - 0.45
37 WCE 1 0.99 70 WNE 1 0.28
39 WNL 1 0.52 71 WNE 1 047
40 WNE 1 084 72 WNL 1 0.40
41 WCE 1 071 73 WNL 1 044
42 WCE 1 0.68 75 cand. -~ 0.00
44 WNE 1 0.53 76 WNE 1 0.22
45 WNE 1 041 77 WNL 1 0.36
46 WNE 1 062 78 WNE 1 0.30
47 WNL 1 0.62 79 WNE 1 0.04
48 WCE 2 0.58 80 cand. -+ 054
49 WCE 1 0.58 81 WCE 1 0.52
50 WCE 1 0.89 82 cand. .. 0.64
51 WNE 1 0.83 83 WNL 1 0.53
52 WNE 1 0.60 85 WNL 1 0.53
53 WNE 1 0.80 86 cand. 0.15
54 cand. -+ 0.60 87 cand. -+ 0.20
55 WNE 1 051 88 WCE 2 0.00
56 WCE 1 0.89 90 WNL 1 0.33
57 WCE 1 091 91 WNL 1 0.17
58 WNE 3 0.97 92 WNL 1 0.32
59 WNE* 1 0.95 94 WNL 1 0.09

% These are stars classified as WN5-6 and we have included théma WNE distribution.



ACRONYMS

This is an almost complete list of the most important (or nev&tountered) abbreviations in this thesis:

2MASS Two Micron All Sky Survey

ACS Advanced Camera for Surveys (onboard HST)
AGN Active Galactic Nucleus

BAO Baryonic Acoustic Oscillations

CcC Core-collapse (supernova)

CCD Charge-Coupled Device

CFHT Canada—France—Hawai Telescope

CFHTLS  Canada—France—Hawai Telescope Legacy Survey
CGRO Compton Gamma-Ray Observatory

CMB Cosmic Microwave Background

CSP Carnegie Supernova Project

CTIO Cerro Tololo Inter—american Observatory

dof degrees of freedom (igor)

DDT Delayed Detonation (explosion model)

EFOSC2 ESO Faint Object Spectrograph and Camera 2
ELT Extremely Large Telescope

ESO European Southern Observatory

ESSENCE Equation of State: SupErNovae trace Cosmic Expansi
EW Equivalent Width

FORS FOcal Reducer and low dispersion Spectrograph (atltfig V
FOV Field of View

FWHM Full Width Half Maximum

GRB Gamma-Ray Burst

HAWK-I High Acuity Wide field K-band Imager (at the VLT)
HST Hubble Space Telescope

IAU International Astronomical Union

IME Intermediate Mass Element

IMF Initial Mass Function

IR Infrared

IRAF Image Reduction and Analysis (Facility)

IRC Infrared Catastrophe

ISAAC Infrared Spectrometer and Array Camera (at the VLT)
JWST James Webb Space Telescope

KAIT Katzman Automatic Imaging Telescope

KS Kolmogorov—Smirnov (test)

LBV Luminous Blue Variable (star)
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Acronyms

LC
LCO
LGRB
LMC
LOSS
MC
MIR
MJD
MOS
NB
NED
NICMOS
NIR
NOT
NTT
Pl
PSF
SASIR
SBF
SDSS
SED
SFH
SFR
SMC
S/IN
SN
SNID
SNLS
SNOC
SSO
ToO
UVOIR
VIDEO
VISTA
VLT
WD
WEFI
WR
XRF
XRT

Light Curve

Las Campanas Observatory

Long (duration) Gamma-Ray Burst

Large Magelanic Cloud

Lick Observatory Supernova Search

Monte Carlo (simulation)

Mid-Infrared

Modified Julian Date

Multi-Object Spectroscopy
Narrow Band (filter)

NASA/IPAC Extragalactic Database

Near Infrared Camera and Multi-Object Spectrometer
Near-Infrared

Nordic Optical Telescope

New Technology Telescope

Principal Investigator

Point Spread Function

Synoptic All-Sky Infrared Survey

Surface Brightness Fluctuation

Sloan Digital Sky Survey

Spectral Energy Distribution

Star formation History

Star formation Rate

Small Magelanic Cloud

Signal-to-Noise (ratio)

Supernova

SuperNova IDentification (code)

Supernova Legacy Survey

Supernova Observation Calculator

Siding Spring Observatory
Target-of-Opportunity (observations)
UltraViolet Optical Infrared (light curve)

VISTA Deep Extragalactic Observations Survey
Visible and Infrared Survey Telescope for Astronomy
Very Large Telescope (Paranal/Chile)

White Dwarf

Wide Field Imager (at ESO/MPI 2.2 m telescope)
Wolf-Rayet (star)

X-Ray Flash

X-ray telescope (onboai@wif)
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