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Abstract

Core-collapse supernovae (CCSNe) are the explosive endpoints of massive (>8 M�)

stars that manifest as a bright optical display that lasts for a period of weeks to

several months, leaving behind a stellar-mass black hole or a neutron star corpse.

Currently supernova science is in a phase of unprecedented activity and produc-

tivity, with a new generation of wide-field survey telescopes that scan the entire

night sky every few days. As a result, we have begun to discover huge diversity

in the observational and physical explosion properties of supernovae that do not

neatly fit into the standard classification scheme derived nearly a century ago.

Some supernovae produce relativistic jets and are accompanied by long-duration

gamma-ray bursts (LGRBs), and superluminous supernovae (SLSNe) have radi-

ated luminosities that exceed CCSNe by an order of magnitude, suggesting an

energetic and poorly understood explosion mechanism.

In this thesis, I take advantage of new unbiased supernova samples to provide

insights into the explosive endpoints of massive stars through their host galaxy

environments. I use public imaging surveys to gather multi-wavelength photom-

etry for a spectroscopically-complete sample of 150 CCSN host galaxies from

the All-Sky Automated Survey for Supernovae (ASAS-SN) and fit the resulting

spectral energy distributions (SEDs) to derive stellar masses and integrated star

formation rates. I find that 33+4
�4 per cent of CCSNe take place in dwarf galaxies

(stellar mass, M� < 109 M�) and 2+2
�1 per cent in dwarf starburst galaxies (specific

star formation rate, sSFR > 10�8 yr�1).

CCSNe provide a census of all massive star formation. Thus, this new CCSN
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catalogue is an ideal ‘control’ sample to compare with exotic supernovae (SLSNe

and LGRBs) at low redshift. I reanalyse SLSN and LGRB hosts from the litera-

ture (out to z < 0.3) in a homogeneous way to compare against the CCSN host

sample. I conclude that the relative SLSN-I to CCSN supernova rate is increased

in low-mass galaxies and at high specific star formation rates. These parameters

are strongly covariant, and it was not possible to securely identify which factor

(low mass or high sSFR) was more strongly associated with an enhanced SLSN

or LGRB rate.

In addition, I present my work to help to build future supernova catalogues

with the Zwicky Transient Facility (ZTF), including the Bright Transient and

Superluminous Supernova surveys. I have integrated the Liverpool Telescope

with ZTF which allows follow-up spectroscopy and photometry to be requested

and reduced via an automated reduction and image-subtraction pipeline. These

new transient catalogues will be larger, and they will provide better control of

systematics, enabling detailed future studies.

Kirsty Taggart November 29, 2020

iv



Publications

In the course of completing the work presented in this thesis, the following paper

has been submitted for publication in a refereed journal:

1. Core-collapse, superluminous, and gamma-ray burst supernova host galaxy

populations at low redshift: the importance of dwarf and starbursting galax-

ies

Taggart, K. & Perley, D. A., 2020, MNRAS, submitted

Whilst writing this thesis, K. Taggart has also contributed to the following pub-

lications, which are focused on topics related to this thesis work:

1. A nearby super-luminous supernova with a long pre-maximum & \plateau"

and strong C II features

Anderson, J. P., Pessi, P. J., Dessart, L., Inserra, C., Hiramatsu, D., Tag-

gart, K., et al., 2018, A&A, 620, A67

2. The fast, luminous ultraviolet transient AT2018cow: extreme supernova, or

disruption of a star by an intermediate-mass black hole?

Perley, D. A., Mazzali, P. A.; Yan, L., Cenko, S. B; Gezari, S., Taggart,

K., et al., 2019, MNRAS, 484, 1031

3. The Zwicky Transient Facility Bright Transient Survey I: Spectroscopic

Classi�cation and the Redshift Completeness of Local Galaxy Catalogs

Fremling, U. C., Miller, A. A., Sharma, Y., Dugas, A., Perley, D. A., Tag-

gart, K., et al., 2020, ApJ, 895, 32

v

https://ui.adsabs.harvard.edu/abs/2019arXiv191109112T/abstract
https://ui.adsabs.harvard.edu/abs/2019arXiv191109112T/abstract
https://ui.adsabs.harvard.edu/abs/2019arXiv191109112T/abstract
https://ui.adsabs.harvard.edu/abs/2018A%26A...620A..67A/abstract
https://ui.adsabs.harvard.edu/abs/2018A%26A...620A..67A/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.1031P/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.1031P/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...895...32F/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...895...32F/abstract


4. Host Galaxies of Type Ic and Broad-lined Type Ic Supernovae from the

Palomar Transient Factory: Implication for Jet Production

Modjaz, M. et al. (inc. Taggart, K. ), 2020, ApJ, 892, 153

5. Four (Super)Luminous Supernovae From the First Months of the ZTF Sur-

vey

Lunnan, R., Yan, L., Perley, D. A., Schulze, S.,Taggart, K. , et al., ApJ,

901, 61

6. Seventeen Tidal Disruption Events from the First Half of ZTF Survey Ob-

servations: Entering a New Era of Population Studies

van Velzen, S., Gezari, S., Hammerstein, E., Roth, N.; Frederick, S., Ward,

C., Hung, T., Cenko, S. B., Stein, R., Perley, D. A.,Taggart, K. , et al.,

ApJ, submitted

7. GROWTH on GW190425: Searching thousands of square degrees to identify

an optical or infrared counterpart to a binary neutron star merger with the

Zwicky Transient Facility and Palomar Gattini IR

Coughlin M. W., et al. (inc. Taggart, K. ), 2019, ApJ, 885, L19

8. GROWTH on S190814bv: Deep Synoptic Limits on the Optical/Near-Infrared

Counterpart to a Neutron Star-Black Hole Merger

Andreoni I., et al. (inc. Taggart, K. ), 2020, ApJ, 890, 131

9. ZTF Early Observations of Type Ia Supernovae I: Properties of the 2018

Sample

Yao Y., et al. (inc. Taggart, K. ), 2019, ApJ, 886, 152

10. Early Ultra-Violet observations of type IIn supernovae constrain the as-

phericity of their circumstellar material

Soumagnac, M. T., et al. (inc.Taggart, K. ), ApJ, 889, 51

11. A high-energy neutrino coincident with a tidal disruption event

Stein R., et al. (inc. Taggart, K. ), Nature Astronomy, submitted

vi

https://ui.adsabs.harvard.edu/abs/2019arXiv190100872M/abstract
https://ui.adsabs.harvard.edu/abs/2019arXiv190100872M/abstract
https://ui.adsabs.harvard.edu/abs/2019arXiv191002968L/abstract
https://ui.adsabs.harvard.edu/abs/2019arXiv191002968L/abstract
https://ui.adsabs.harvard.edu/abs/2020arXiv200101409V/abstract
https://ui.adsabs.harvard.edu/abs/2020arXiv200101409V/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...885L..19C/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...885L..19C/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...885L..19C/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...890..131A/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...890..131A/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...886..152Y/abstract


12. SN2020bvc: a Broad-lined Type Ic Supernova with a Double-peaked Optical

Light Curve and a Luminous X-ray and Radio Counterpart

Ho, A. Y. Q., et al. (inc. Taggart, K. ), ApJ, 902, 22

13. Kilonova Luminosity Function Constraints based on Zwicky Transient Fa-

cility Searches for 13 Neutron Star Mergers

Kasliwal, M. M., et al. (inc. Taggart, K. ), ApJ, submitted

14. Helium-rich Superluminous Supernovae from the Zwicky Transient Facility

Yan, L., Perley, D., Schulze, S., Lunnan, R., Sollerman, J., De, K., Chen,

Z., Fremling, C., Gal-Yam, A., Taggart, K. , et al., ApJ, 902, 8

Kirsty Taggart November 29, 2020

vii



Acknowledgements

First and foremost, I would like to thank my supervisor, Dan Perley, for being

a terri�c advisor. He has been a patient and inspiring mentor throughout my

studies, demonstrating what a brilliant and hard-working scientist can achieve.

I have really enjoyed working on my PhD at the Astrophysics Research Institute.

The department is very friendly and welcoming, and it has been such a privilege

to interact with so many inspiring scientists. Speci�cally, thank you to Shiho,

who went above and beyond to arrange funding to cover my international fees. I

will be forever grateful for this opportunity.

Thank you to Anna, Danielle, Caroline and Maureen (the lifeblood of the ARI) for

keeping the department running so seamlessly. Thanks also to Stuart, Dan, and

Ben for providing invaluable technical help, including when water cascaded down

(like a waterfall) onto my laptop during write up. You really can't make these

things up! I am also fortunate to have worked with such lovely o�ce mates (Jon,

Seb, Egidijus, Hannah, Silvia and Maisie). One of my highlights was taking some

of you to see the Manx wallabies. Finally, thanks to Phil, whose daily department

e-mails brightened my day during COVID lockdown when this thesis was written.

Thank you to Janet Chen and Patricia Shady for arranging for me to observe

at the MPE telescope. It was a unique and unforgettable experience. Thank

you to the ZTF team for letting me join such a stimulating and exciting project.

Particularly thanks to Mansi Kasliwal and Christo�er Fremling for supporting

me to visit Caltech { it was a real privilege.

viii



I am grateful to have had many great friendships throughout my life. Silvia, I

dearly miss our numerous (and much needed) co�ee trips! Thanks to Dan for

the Sunday writing sessions and excellent lunches out, which made the process of

job applications a whole lot more bearable. Thanks to my co-COVID compadre

Seb for the motivational calls during lockdown/write-up. You were exceptionally

tolerant when my main topic of conversation was my varied attempts to block

the Sun from overheating my 
at.

To Emmy, my oldest friend { I always look forward to visiting the Isle of Man

when you're around. To my other Manx friends Abi, Hayley and Robert, we

will always be the four musketeers. You have been amazing friends throughout

my life, and for that, I am very grateful. To Emily (PA galaxy), who I have

known from our undergrad years at She�eld. Ever since we were lab partners

in second year, our friendship has truly blossomed. We have been through so

much together (Australia, travelling, exam revision, our Master's project, and

embarking on this PhD journey). I am lucky to have done it all alongside you

{you are a true inspiration.

Finally, it is with deep gratitude that I thank my parents, brother and boyfriend,

for their unconditional love and unwavering support. To my Aunty `Tatty', you've

been such a big part of my life, and I can always rely on you to make me a bit

silly. I simply could not have done this without you all. And, to my Grandad,

Harry, who �rst showed me what true passion for a subject and that the world

(and in this case, the Universe) is full of exciting problems waiting to be explored.

I really wish you were here to read this~ .

Kirsty Taggart November 29, 2020

ix



Contents

Declaration ii

Abstract iii

Publications v

Acknowledgements viii

Contents x

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi

1 Introduction 1

1.1 The lives of massive stars . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Birth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.2 Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.3 Terminal end point as a core-collapse supernova . . . . . . 6

1.2 Observational properties of supernovae . . . . . . . . . . . . . . . 12

1.2.1 History of supernova detection and dedicated searches . . . 12

x



1.2.2 Supernova classi�cation scheme . . . . . . . . . . . . . . . 15

1.2.3 Current supernova search e�ort . . . . . . . . . . . . . . . 22

1.3 Observed properties and explosion models of exotic supernovae . . 23

1.3.1 Hydrogen-poor superluminous supernovae . . . . . . . . . 24

1.3.2 Hydrogen-rich superluminous supernovae . . . . . . . . . . 31

1.3.3 Long-duration gamma-ray burst supernovae . . . . . . . . 33

1.4 Observational supernova progenitor & explosion constraints . . . . 36

1.4.1 Direct progenitor detections . . . . . . . . . . . . . . . . . 36

1.4.2 Historical overview of supernova host galaxies . . . . . . . 39

1.4.3 Metallicity . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

1.4.4 Star formation properties . . . . . . . . . . . . . . . . . . . 48

1.4.5 Core-collapse supernovae as probes of star-forming dwarf

galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

1.5 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2 Supernova host galaxies 56

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.2 Host galaxy samples . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.2.1 Core-collapse supernovae . . . . . . . . . . . . . . . . . . . 57

2.2.2 Superluminous supernovae . . . . . . . . . . . . . . . . . . 59

2.2.3 Long-duration gamma-ray bursts . . . . . . . . . . . . . . 63

2.3 Photometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

2.3.1 Multi-wavelength data of CCSN host galaxies . . . . . . . 63

xi



2.3.2 Procedure for CCSN hosts . . . . . . . . . . . . . . . . . . 66

2.3.3 Galaxies requiring special attention . . . . . . . . . . . . . 67

2.3.4 Literature photometry . . . . . . . . . . . . . . . . . . . . 72

2.3.5 New LGRB host photometry . . . . . . . . . . . . . . . . . 73

2.3.6 CCSN distances . . . . . . . . . . . . . . . . . . . . . . . . 75

2.4 Physical parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 78

2.4.1 Spectral energy distribution �tting . . . . . . . . . . . . . 78

2.4.2 Redshift evolution correction . . . . . . . . . . . . . . . . . 86

2.4.3 Sequence-o�set parameter . . . . . . . . . . . . . . . . . . 88

2.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

2.5.1 Basic properties of CCSN hosts and comparisons to nearby

star-forming galaxies . . . . . . . . . . . . . . . . . . . . . 88

2.5.2 Basic properties of exotic SN hosts . . . . . . . . . . . . . 94

2.5.3 Relative rates of SN subtypes . . . . . . . . . . . . . . . . 95

2.5.4 SLSNe-I vs. CCSNe . . . . . . . . . . . . . . . . . . . . . 100

2.5.5 LGRBs vs. CCSNe . . . . . . . . . . . . . . . . . . . . . . 101

2.5.6 SLSNe-I vs. LGRBs . . . . . . . . . . . . . . . . . . . . . 101

2.5.7 SN-less LGRBs vs. LGRB-SNe . . . . . . . . . . . . . . . 104

2.6 Potential biases . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

2.6.1 CCSNe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

2.6.2 SLSNe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

2.6.3 LGRBs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

xii



2.6.4 Redshift evolution . . . . . . . . . . . . . . . . . . . . . . 109

2.6.5 Extinction e�ect . . . . . . . . . . . . . . . . . . . . . . . 110

2.6.6 Age e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

2.6.7 SED �tting procedure . . . . . . . . . . . . . . . . . . . . 111

2.6.8 Di�erences in photometry procedure . . . . . . . . . . . . 113

2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

3 Liverpool Telescope integration with the Zwicky Transient Fa-

cility 118

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

3.2 Zwicky Transient Facility . . . . . . . . . . . . . . . . . . . . . . 119

3.3 Liverpool Telescope follow-up . . . . . . . . . . . . . . . . . . . . 120

3.4 Liverpool Telescope interface for ZTF . . . . . . . . . . . . . . . . 123

3.5 Image subtraction pipeline . . . . . . . . . . . . . . . . . . . . . . 127

3.6 Spectroscopy reduction and data sharing . . . . . . . . . . . . . . 140

3.7 Weaknesses and future work . . . . . . . . . . . . . . . . . . . . . 142

4 Summary 147

4.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

4.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

A Appendix 156

A.1 References for photometry . . . . . . . . . . . . . . . . . . . . . . 156

A.2 Physical properties of host galaxies . . . . . . . . . . . . . . . . . 156

xiii



Bibliography 170

xiv



List of Tables

1.1 Progenitor models and host predictions . . . . . . . . . . . . . . . 43

2.1 Division of transient types within the host galaxy samples . . . . 59

2.2 New PTF SLSN-I candidates from an archival PTF search . . . . 62

2.3 Summary of LGRB sources, associated SN names and spectro-

scopic or photometric discovery reports . . . . . . . . . . . . . . . 64

2.4 New LGRB host galaxy photometry . . . . . . . . . . . . . . . . . 76

2.5 New PTF SLSN host photometry . . . . . . . . . . . . . . . . . . 77

2.6 Statistical properties of host galaxy samples . . . . . . . . . . . . 85

2.7 Two-sample Anderson-Darling probabilities between host galaxy

samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.1 Summary of the Liverpool Telescope observations . . . . . . . . . 145

xv



List of Figures

1.1 Schematic of the IMF . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Supernova classi�cation scheme . . . . . . . . . . . . . . . . . . . 16

1.3 Core-collapse supernova spectral classi�cation . . . . . . . . . . . 19

1.4 Superluminous supernova spectral classi�cation . . . . . . . . . . 25

2.1 RGB mosaic colour composite of ASAS-SN `discovered' CCSN host

galaxy sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

2.2 RGB mosaic colour composite of ASAS-SN `recovered' CCSN host

galaxy sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.3 Spectral energy distributions of the CCSN host galaxy sample . . 80

2.4 Spectral energy distributions of the LGRB host galaxy sample . . 83

2.5 Spectral energy distributions of the SLSN host galaxy sample . . 84

2.6 Distribution of the physical properties plotted against redshift for

each host galaxy sample . . . . . . . . . . . . . . . . . . . . . . . 86

2.7 Cumulative distributions of the di�erent host galaxy properties . . 89

2.8 Star formation rate vs. stellar mass for each host galaxy population 91

2.9 Speci�c star formation rate vs. stellar mass for each host galaxy

population . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

xvi



2.10 Relative rates of SLSN-I to CCSN for various host galaxy parameters102

2.11 Relative rates of LGRB to CCSN for various host galaxy parameters103

3.1 ZTF survey �eld of view . . . . . . . . . . . . . . . . . . . . . . . 121

3.2 LT-ZTF marhshal interface . . . . . . . . . . . . . . . . . . . . . 124

3.3 Webpage summary Liverpool Telescope observation requests . . . 126

3.4 Flow diagram of the LT image subtraction pipeline . . . . . . . . 130

3.5 Example of image subtraction with a correctly aligned image and

a poorly aligned image . . . . . . . . . . . . . . . . . . . . . . . . 133

3.6 Subtraction examples . . . . . . . . . . . . . . . . . . . . . . . . . 137

3.7 Subtraction examples with poor seeing . . . . . . . . . . . . . . . 138

3.8 Grid for calculating limiting magnitudes . . . . . . . . . . . . . . 139

3.9 Example SNID �t to a SPRAT spectrum . . . . . . . . . . . . . . 141

3.10 Filter transmission pro�les . . . . . . . . . . . . . . . . . . . . . . 143

3.11 Automated light curve generation example . . . . . . . . . . . . . 144

4.1 Host galaxies of SNe from the ZTF 
ux-limited survey . . . . . . 151

xvii



Chapter 1

Introduction

1.1 The lives of massive stars

1.1.1 Birth

Giant clouds of gas and dust (103{106 M � ) are the birth sites of stars. Their

high column densities shield them from incoming cosmic rays and interstellar

radiation, and without these heating sources, the clouds remain extremely cool

(tens of Kelvin). This allows the hydrogen (and small amounts of other species)

to exist in a molecular form in giant molecular clouds. Turbulent motions inside

these molecular clouds cause them to fragment into self-gravitating pre-stellar

cores of roughly� 1 M� . These cores individually undergo collapse to form single

stars or more commonly binary or low-number multiple star systems (Duchêne

& Kraus, 2013).

The distribution function of individual stellar masses within a newly formed stel-

lar cluster is governed by the initial mass function (IMF). It is worth noting that

the mass distribution will be altered as stars evolve, especially if they su�er signif-

icant mass-loss in their evolution. The �rst empirical parametrisation of the IMF

was done by Salpeter (1955) for stars in the solar neighbourhood. The number

1



1.1. The lives of massive stars 2

of stars that form within a given mass range,� (m)dm, takes the form of a power

law:

� (m) /
�

m
M �

� �

(1.1)

Where � ={2.35 for the Salpeter (1955) slope.

Nowadays the most commonly adopted models are the Kroupa (2001) three-part

power-law extension to the Salpeter (1955) IMF and the Chabrier (2003) log-

normal IMF (see Fig. 1.1 for a schematic).1 In galactic-�eld studies, the shape of

the IMF is observed to be universal (Bastian et al., 2010). However, the upper

mass limit (� 150 M� ; Figer, 2005; Koen, 2006) is observationally challenging to

constrain, and it is unclear whether this mass cut is statistical or perhaps physical

in nature.

For example, there are some indications from resolved studies that the 30 Doradus

region in the Large Magellanic Cloud (LMC) can form stars with stellar masses

between 100{300 M� (Crowther et al., 2016). There have also been hints the IMF

may vary in di�erent extragalactic environments. For example, with redshift,

star-formation rate such as a top-heavy IMF in starburst galaxies, or metallicity

(e.g. Weidner et al., 2011; Hopkins, 2018).

The IMF shape suggests that the overwhelming majority of stars are low-mass

(0.1{0.5 M� ). Below the low-mass stellar boundary (< 0.1 M� ) are sub-stellar

brown dwarfs, which span a mass range between about 0.01{0.08 M� . Brown

dwarfs never attain a high enough central temperature to fuse hydrogen, but

are often included in IMF estimates. The number of stars by mass drops rapidly

(seemingly as a power law). This means that massive stars (> 8 M� ) that explode

as supernovae are exceedingly rare { they make up less than� 1 per cent of all

stars formed within the star cluster. In addition, massive stars correspond to the

upper tail of the power-law stellar mass distribution, therefore very high-mass

1For the purposes of this thesis, I will use the Chabrier (2003) initial mass function.
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Figure 1.1: A schematic with common parameterisations of the IMF. The Salpeter
(1955) slope (� ={2.35) is in blue, three-part power-law (Kroupa, 2001) in pink ( � ={
0.3,� ={1.3, � ={2.3) and the Chabrier log-normal turnover (Chabrier, 2003) in yellow.

early O-type stars (� 32{128 M� ) are even rarer than early B-type stars (� 8{16

M � ) (Zinnecker & Yorke, 2007).

Even though most stars in the Universe are low-mass (< 0.5 M� ), the luminosity

output of a newly formed stellar cluster is dominated by high-mass stars. From

birth, high-mass stars will strongly in
uence their environment, and this has

strong implications on the star formation process. Once one (or more) massive O

or early B-type stars have formed within their parent molecular cloud, they will

begin to emit huge amounts of UV radiation, which in turn photoionises their

local molecular hydrogen environment. Photoionisation reduces the amount of

neutral hydrogen available for star formation and creates an Hii region of ionised

hydrogen concentrated around the massive star. The ionising UV radiation to-

gether with mechanical stellar winds and out
ows from massive stars will expel

any remaining gas that has not already formed stars (on a timescale comparable
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to the massive star lifetime) and ultimately destroy, or at least disrupt, the parent

molecular cloud, stopping the star formation process (e.g. Whitworth, 1979). In

this thesis, I will concentrate on the most massive stars (> 8 M� ), which undergo

dramatic evolution, ending their lives in the explosions we call supernovae.

1.1.2 Evolution 2

Independent of their initial mass, all stars spend the majority (� 90 per cent) of

their lifetime on the Main Sequence (MS). During this phase, they fuse hydrogen

to helium in their stellar core at temperatures exceeding 107 K. This nuclear

fusion reaction results in a small change of mass (the mass of helium is less than

the sum of the masses of four individual hydrogen nuclei), and by the Einstein

mass-energy relation, this mass di�erence is released as energy. The thermal

energy released by fusion will balance the inward force of the star's self-gravity,

allowing the star to remain in hydrostatic equilibrium during the MS.

A star's initial mass governs its time spent in this early evolutionary phase. Em-

pirically, for the majority of stars the luminosity of a star (L) on the MS scales

with the initial mass (M) as approximately L� M3:5 (e.g. Harwit, 1988). The

lifetime of a star is the ratio of the amount of fuel (stellar mass) versus the rate

at which it burns its fuel (i.e., its luminosity); therefore the MS lifetime can

be approximated to� MS � M � 2:5. Somewhat paradoxically, this means that low

and intermediate-mass stars (< 8 M� ) spend longer in this phase and have much

longer lives than massive stars. A star like our Sun (1 M� ) will remain on the

MS for approximately 10 billion years, whereas a massive star will spend a small

fraction of this time on the MS { only a few tens of millions of years, or even

less.3

2This chapter is based on single-star evolutionary theory. However, binary interactions play
an important role in the evolution of massive stars. Sana et al. (2012) �nd that almost three-
quarters of massive stars will interact (be stripped by, accrete mass from, or merge) with a
nearby companion star prior to core-collapse.

3It is important to note that in massive stars exceeding� 20 M� the mass{luminosity relation

attens due to the increased radiation pressure relative to gas pressure. This sets a minimum
stellar lifetime of � 2 Myrs even for very high mass (200{500 M� ) stars (Yusof et al., 2013).
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For stars more massive than 1.3 M� , the temperature in the star's core exceeds

� 1.4� 107 K. Therefore, the carbon, nitrogen and oxygen (CNO) cycle is the

dominant nuclear reaction in the MS phase (whereas the proton{proton chain is

dominant for stars with masses less than about 1.1 M� ). The CNO cycle gives rise

to a series of reactions that convert hydrogen to helium with the help of carbon,

nitrogen, and oxygen acting as catalysts. The CNO cycle depends strongly on

temperature (/ T17), so the reactions are centrally concentrated, and a steep

temperature gradient makes the core fully convective. Convection brings new

hydrogen fuel into the core and disperses the newly-formed helium throughout

the core (for extensive reviews on the pre-supernova evolution of massive stars

see Burbidge et al. 1957; Weaver et al. 1978; Woosley et al. 2002; Heger et al.

2005).

Outside the core, the temperature is too low to burn hydrogen, so when a MS star

has exhausted the hydrogen in its core, hydrogen-burning stops altogether. The

loss of energy generation causes the star to move out of hydrostatic equilibrium

and slowly contract, increasing the central density and pressure. In turn, this will

cause another phase of hydrogen burning in a shell around the core boundary.

The shell gradually burns its way outwards into fresh fuel, and the star does not

collapse because the overlying hydrogen-burning shell maintains its temperature.

The star evolves o� the MS and usually becomes a hydrogen-rich red supergiant

(RSG) for massive stars with initial stellar masses between 8{25 M� . For very

massive stars (> 25{500 M� ), they do not become a RSG, but undergo a brief

period of intensive mass loss, losing their outer hydrogen envelope to become a

WR star (Wolf & Rayet, 1867). WR stars have strong mass-loss rates (� 10� 5

M � yr � 1; Nugis & Lamers, 2000) from stellar winds.

The temperature in the stellar core soon becomes hot enough to fuse helium into

carbon. Unlike low-mass stars, fusion does not stop after core helium fusion, and

the star begins a complex evolutionary pathway.4 A series of burning episodes

4Here I refer the reader to Chapter 1.3.1 which discusses the fate of very massive stars (> 130
M � ) at low-metallicity. These stars are theorised to undergo explosive carbon burning during
their evolution, leading to the complete disruption of the star as a Pair Instability SN and
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occurs where one element is burned in the core, while the ashes of the various

burning stages are burned in successive shells surrounding the core. Each burning

episode becomes shorter and shorter as lighter elements are fused into heavier

elements, ultimately culminating in core silicon burning to form iron (56Fe) in

the core. However,56Fe is stable against fusion reactions because the nuclear

binding energy per nucleon (i.e., the lowest mass per nucleon) peaks at56Fe.

1.1.3 Terminal end point as a core-collapse supernova

In this section, I outline the fundamental physics involved in the core collapse

of a massive star. Despite several decades of research, the core-collapse explo-

sion mechanism is still uncertain and an area of active research. This re
ects

the complex nature of the problem. Computational modelling of CCSNe has

been carried out over several decades (e.g. Colgate & White, 1966; Wilson, 1985;

Bruenn, 1985; de Nisco et al., 1998; Janka, 2012), but requires detailed physics

at every scale, from general relativity to 
uid dynamics and nuclear and neutrino

physics. Additionally, the properties of the progenitor stars vary and so too will

the explosion model. Only in the last decade have we had the required computa-

tional power for 3D core-collapse supernova simulations (e.g. Hanke et al., 2013;

Janka et al., 2016; M•uller et al., 2016; Wongwathanarat et al., 2015; Chen et al.,

2020). Each simulation needs� 50 million CPU hours, running for months on

highly-parallelised computers (M•uller & Smartt, 2017).

Up to this point in a star's life, its self-gravity has been balanced by energy

generation from nuclear fusion. But once nuclear fusion in the core has been

terminated, the delicate balance maintaining hydrostatic equilibrium is disrupted.

The core contracts and the compressed gas becomes degenerate { the star is now

entirely supported by the degeneracy pressure of electrons. In this state, matter

is so dense that further compaction would require electrons to occupy the same

potentially a SLSN. Chapter 1.3.2 also discusses the explosive end points of stars between 95{
130 M� that undergo pulsational instabilities in their evolution that lead to large mass ejection
and may be responsible for SLSNe-II.
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energy states, but the Pauli exclusion principle forbids this.

Meanwhile, lighter elements continue to burn in shells above the degenerate iron

core, dumping their iron ashes into the core. The core grows in mass until it

exceeds the maximum white dwarf mass known as the Chandrasekhar mass (1.4

M � ), where even electron degeneracy pressure is insu�cient to support the core.

Once the core surpasses this critical mass, the star begins to collapse under its

own self-gravity. The core temperature and density increases and in these ex-

treme conditions, two dominant physical processes occur: photodisintegration

and neutronisation.

Photodisintegration { High core temperatures (T� 1011 K) cause energetic

photons to break down all the iron peak elements back into a mixture of helium,

protons and neutrons. This unravels the evolutionary work of millions of years

of nuclear fusion in the star.

The dissociation of the most abundant form of iron would take the form:


 + 56Fe ! 13(4He) + 4n (� 124 MeV) (1.2)

And at slightly hotter core temperatures (T> 2 � 1011 K) the 4He formed in the

dissociation of iron is itself photodissociated:


 + 4He ! 2p + 2n (� 28 MeV) (1.3)

Neutronisation { In the process, the central region reaches such high densities

that free protons and electrons are pushed together to form neutrons and neu-

trinos. As neutrinos are weakly interacting, they escape freely from the star and

carry away the binding energy of the core. Pressure support decreases, and the

star undergoes further collapse, producing even more neutrons.

p + e� ! n+ + � e (1.4)
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These endothermic reactions deplete the energy of the system and the associated

pressure reduction accelerates the stellar collapse. Moreover, the rates of photo-

disintegration and neutronisation increase rapidly with temperate, setting up the

runaway collapse of a star. The result of these two processes build up a highly

neutron-rich core, undergoing a rapid change in state to form a proto-neutron

star.

The inner core (� 0.5 M� ) collapses more slowly than the outer core (which is

collapsing at supersonic speeds), and this infall occurs until the density of the

material reaches that of nuclear matter (� 1015 g cm� 3). In the same way as

before, the degeneracy pressure (only this time exerted by neutrons) prevents

further gravitational collapse, but this alone is not enough, and the strong nuclear

force plays a more signi�cant role in supporting the core. The inner core sti�ens

as a result of the repulsion of the strong force, but it overshoots this mark and

bounces back. The outer accreting material hits this wall, launching a shock wave

that propagates outwards in a so-called `core bounce'. The shock propagates �rst

through the proto-neutron star core and then outwards into the iron core, colliding

with infalling iron in the outer core. This causes the shock to lose the initial energy

gained from the rebound due to photodissociation of iron peak nuclei into free

nucleons and by rapid neutrino losses once the shock reaches densities of� 1011 g

cm� 3. These severe energy losses (along with the pressure of the infalling outer

core) stall the shock, preventing it moving outwards beyond a radius of 100{200

km.

The stalled shock must be regenerated, and this shock will go on to rip the outer

layers of the star apart. However, despite decades of explosion modelling, the

mechanism responsible for this is poorly understood. Neutrino-driven heating

(Colgate & White, 1966; Bethe & Wilson, 1985) is the most commonly invoked

mechanism to regenerate the stalled shock and to power the explosion. In this

model, neutronisation produces many neutrinos. Ordinarily neutrinos interact

weakly with matter, but the extreme density of the collapsing star means that

they cannot escape, and instead they deposit their energy just above the core.
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This neutrino-driven heating causes violent convection motions which raises the

pressure and establishes a pressure gradient which re-energises the explosion and

moves the material beyond 150 km where the shock initially stalled (Janka, 2012,

2017).

The newly formed shock wave propagates out of the iron core and through the

stellar envelope at speeds as high as 10 per cent of the speed of light. The shock

wave compresses and heats the envelope to such a degree (the interior� 3,000

km is heated to > 5� 109 K; Woosley et al., 2002) that it causes the explosive

nuclear burning of many intermediate-mass elements (e.g. oxygen, silicon, neon

and carbon) that will power the late-time light curve (56Fe, 56Co and 56Ni).

In the classical view, for single stars of solar metallicity with MZAMS < 40 M� ,

neutron degeneracy pressure combined with the strong nuclear force halts further

gravitational collapse, leaving a dense ball of neutron-rich material, merely a few

kilometres in radius (a so-called neutron star). Whereas for stars with MZAMS >

40 M� , the neutron-rich core is more massive (typically� 2 M� ) and exceeds the

Tolman{Oppenheimer{Volko� (TOV) critical mass limit for neutron-degenerate

matter (Oppenheimer & Volko�, 1939). Beyond the TOV mass limit, not even

neutron degeneracy pressure can prevent this object from collapsing even further.

Once it collapses to within its Schwarzschild radius it forms a gravitational sin-

gularity, with in�nite density and zero radius. Such an object is called a black

hole. The gravity of this object is so strong that not even light can escape and

they cause minute distortions in the fabric of space-time.

However, the emerging picture from simulations suggests that there is no single

mass division for producing either a neutron star or a black-hole (e.g. O'Connor

& Ott, 2011; Ugliano et al., 2012; Sukhbold & Woosley, 2014; M•uller et al.,

2016). There is broad qualitative agreement that the likelihood a massive star

explodes is a function of its density structure (e.g. O'Connor & Ott, 2011; Ugliano

et al., 2012; Sukhbold & Woosley, 2014), which can be characterised by its com-

pactness. Stars below� 20 M� seem to explode as supernovae and above this

limit, stars have a tendency to collapse directly to a black hole without a visible



1.1. The lives of massive stars 10

core-collapse supernova explosion as a so-called `failed supernovae' (Fryer, 1999;

Kochanek et al., 2008) But perhaps counterintuitively a star's compactness is

not a monotonic function of its birth mass { it can change with stochastic vari-

ations in the progenitor and a variety of factors that e�ect the mass-loss of the

progenitor such as metallicity, rotation and binary interactions. Thus, in some

mass regions (between 20{120 M� ) there might be `islands of explodability' that

produce successful explosions and neutron stars (O'Connor & Ott, 2011; Ugliano

et al., 2012; Sukhbold & Woosley, 2014; Clausen et al., 2015; Ertl et al., 2016).

The predicted lack of high-mass supernova progenitors, coupled with the lack of

direct progenitor detections of stars with masses exceeding� 17 M� may mean

that very massive progenitors (> 17 M� ) of supernovae are rare (Smartt, 2015),

a result now known as the `red supergiant problem'. In single-star evolution this

is controversial because it is unlikely that the envelope of a 17{30 M� RSG star

can be removed by quiescent winds (Beasor et al., 2020).

Supernova light curve { The �rst observable light from a core-collapse su-

pernova is when the shock reaches and breaks out of the outermost layers of

the stellar envelope in a `shock breakout'. This can take anywhere between a

few hours up to a day, depending on progenitor radius. Next, the electromag-

netic display begins, as a brief 
ash of X-ray/UV radiation. The 
ash occurs on

timescales of a few hours after shock break out when the expanding material has

a small area and reaches temperatures> 105 K. This is followed by UV/optical

radiation as the emission from the expanding material cools on the timescale of

a day. This early-time emission has been predicted for several decades (Colgate,

1968; Klein & Chevalier, 1978; Falk, 1978), but the rapid timescale makes it di�-

cult to observe. Thus, shock break out has only recently been observed in X-ray

(Soderberg et al., 2008), UV (Gezari et al., 2015; Schawinski et al., 2008) and

possibly in optical light (e.g. Garnavich et al., 2016). However, the post-breakout

shock cooling can be more easily captured and has been observed for many SNe

including SN 1987A (e.g. Ensman & Burrows, 1992).

After shock breakout, the outer hydrogen envelope is left completely ionised.
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Ionised hydrogen is opaque and traps radiation with a photon di�usion timescale

of thousands of years. But since the outer layers of the star are expanding the

area of the photosphere is increased and begins to cool. After a few days, the

outer layers of the ionised hydrogen envelope have expanded and cooled (T< 6,000

K) enough that the ionised hydrogen can recombine to neutral hydrogen near the

photosphere, removing the opacity. A recombination front begins in the outer

layers and over time is forced deeper and deeper into the star. This means that

photons from the hotter inner regions of the hydrogen envelope can begin to

escape, since neutral hydrogen is transparent to radiation at most wavelengths.

For stars with extended envelopes (depending on the radius, mass and density

pro�le of the recombining hydrogen layer), this results in a light curve plateau,

the de�ning property of Type IIP SNe (discussed in Section 1.2.2). The plateau

occurs because initially the photospheric radius changes slowly, causing mini-

mal cooling and the recombination energy release maintains the temperature at

T� 6,000 K. However, when the photosphere does begin to expand signi�cantly,

the di�using radiation is cooled, and the luminosity declines rapidly. After the

recombination front has passed through the entire hydrogen envelope, the shock

energy is dissipated, the plateau phase (where present) ends and the light curve

drops sharply.

The late-time light curve of a supernova is driven by radioactive decay of56Ni

synthesised in the supernova explosion and the products of its decay:

56
28Ni ! 56

27Co + e+ + � e + 
 (� 1=2 = 6:02 days)

56
27Co ! 56

26Fe + e+ + � e + 
 (� 1=2 = 77:7 days)

(1.5)

56Ni has a radioactive half-life of less than a week. When it radioactively decays,

the gamma-ray and positron emission deposits energy into the supernova ejecta,

producing the characteristic exponentially declining tail that follows the56Co

decay rate. The shape of the light curve will vary depending on: the mass of the
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envelope (higher mass means a longer di�usion timescale for photons to escape

from the expanding ejecta, therefore wider light curve), the radius of the pre-

supernova star, energy of the explosion, degree of mixing, and the mass of56Ni

produced in the explosion, which ultimately depends on the progenitor mass. A

more massive progenitor will typically produce a broader light curve and a more

luminous peak.

The majority ( � 99 per cent) of the energy budget of supernovae is released in

the form of neutrinos. Neutrinos only weakly interact with matter, therefore

escape freely and are only observable for nearby SNe (e.g. Ando et al., 2005).

They carry away � 1053 erg of the energy liberated by gravitational collapse. Of

the remaining 1 per cent of the supernova energy budget, typically� 1051 erg is

released as kinetic energy of the expanding ejecta and only� 1049 erg is released

as optical light. Typically a supernova fades over a few months to years, leaving

behind a shock-�lled bubble (which lasts thousands of years) and a compact

neutron star or black hole remnant.

1.2 Observational properties of supernovae

1.2.1 History of supernova detection and dedicated searches

Supernovae have been observed, recorded and studied for nearly 2000 years. Due

to their brightness and relatively long-duration in optical light, they have played

an essential role in the early development of astronomy as a science and to the

history of science as a whole. Only �ve supernovae have been observed in our

Milky Way galaxy; SN 185 is the earliest supernova in human records. It was

recorded as a `guest star' by Chinese astronomers (e.g. Zhao et al., 2006) and

due to its proximity to Earth, the supernova would have been visible for many

months with the naked eye alone.

Almost a century later, another Galactic supernova was discovered by astronomers
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hired by the Chinese imperial courts as human scanners of the night sky. As-

tronomers stood on observatory platforms positioned around the city and devel-

oped sophisticated maps of the night sky. Any changes were carefully recorded

to inform and warn the emperor of anything that might herald an invasion. On

the 4th of July, in 1054, they identi�ed a new `guest star' in the sky (e.g. Collins

et al., 1999). The position of the `star' and the relative brightness with time was

recorded. The supernova has since been pinpointed to the Crab Nebula (Messier

1) which is believed to be the supernova remnant (Lundmark, 1921; Duyvendak,

1942; Mayall & Oort, 1942). The pulsing neutron star (a pulsar) embedded in

the supernova remnant was the �rst to be connected to a supernova remnant and

is the only pulsar with a known birth date. The value of careful observations to

posterity is so clearly demonstrated in this case!

Since then, several other Galactic supernovae have been discovered with the naked

eye { the most recent being Kepler's supernova in 1604 (e.g. Baade, 1943). It was

not until the 19th century that the �rst extragalactic supernova (SN 1885A) was

discovered in the Andromeda galaxy (although it was not fully recognised until

later on; de Vaucouleurs & Corwin, 1985).

Pioneering theoretical work in the �eld was undertaken by Walter Baade and

Fritz Zwicky who �rst proposed that supernovae are the transition of normal

stars to neutron stars and coined the term `super-novae' (Baade & Zwicky, 1934).

Fritz Zwicky also conducted the �rst dedicated search for supernova (the `super-

nova search patrol') using the 18-inch Schmidt Telescope at Palomar Observatory

(Zwicky, 1938). This arduous search manually compared photographic plates of

the same patch of sky to pinpoint any new point sources appearing in the images.

Between the years 1921{1973, Zwicky discovered over 100 supernovae in total

(e.g. Zwicky, 1938), making it the most supernovae discovered by any single per-

son and pushing the boundaries of what was then achievable with the available

technology { an impressive record that held for many decades.

Towards the end of the 20th century, new digital image sensor technology (CCDs;
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Boyle & Smith 1970) was becoming available.5 The �rst application of CCDs

within astronomy was in the late 1970s, which improved the e�ciency of searches

due to their superior sensitivity compared with photographic plates. By the

1990s, several dedicated robotic transient searches were underway. These searches

were made possible by cheaper and more powerful computers, which allowed

large-scale image processing and digital image-subtraction for automated tran-

sient detection. The Berkeley Automated Supernova Search (Perlmutter et al.,

1992) which was later succeeded by Katzman Automatic Imaging Telescope at

Lick Observatory (Filippenko et al., 2001) used a galaxy-targeted search that

enabled the detection of a few tens of events per year.

In 1987, the Large Magellanic Cloud (LMC) hosted SN 1987A, which was visible

with the naked eye, exploding a mere� 50 kpc from Earth (e.g. Arnett et al.,

1989; Woosley, 1988). By this point, there had been signi�cant progress achieved

in theoretical predictions of supernova explosions and technical advances in obser-

vational techniques. The vast leap in understanding meant that the observations

could be fully exploited and tested against theoretical predictions and 1987A

became the most scrutinised supernova in history (e.g. Trimble, 1988).

SN 1987A is the only core-collapse supernova whose progenitor has been detected

spectroscopically as well as photometrically (Sanduleak, 1970; Rousseau et al.,

1978). One of the main surprises was when the progenitor star was unexpectedly

identi�ed as a blue supergiant (rather a red supergiant as predicted by standard

stellar evolutionary theory at the time) (Arnett, 1987; Woosley et al., 1987; Saio

et al., 1988). Stellar evolutionary models later predicted that low metallicity,

fast rotation or binarity could cause a blue supergiant star to explode as a core-

collapse supernova (e.g. Podsiadlowski, 1992; Vanbeveren et al., 2013).

In addition, SN 1987A provided the �rst direct evidence of supernova neutrino

emission (Aglietta et al., 1987; Hirata et al., 1987; Bionta et al., 1987) in the

�nal stage of core-collapse of a massive star. Core-collapse models predicted that

5Boyle and Smith were awarded the 2009 Nobel Prize in Physics for their invention:https:
//www.nobelprize.org/prizes/physics/2009 .
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� 99 per cent of the total gravitational energy released in core-collapse is emitted

in the form of neutrinos. By coincidence, some experiments in particle physics

were capable of detecting neutrinos, and a pulse of� 20 extragalactic neutrinos

were detected a few hours before the supernova appeared in optical light after

its shock breakout, dramatically illustrating this theory to be true (e.g. Arafune

& Fukugita, 1987; Bahcall et al., 1987). SN 1987A has helped answer some

of the questions relating to early-time supernova luminosity and its subsequent

radioactive decay (e.g. Arnett et al., 1989; Woosley, 1988), but it has opened up

many more.

1.2.2 Supernova classi�cation scheme

The �rst observational attempt at spectral supernova classi�cation was made

by Minkowski (1941), who noted types I and II based on the presence (II) or

absence (I) of hydrogen emission lines in the spectra of supernovae at maximum

light. This nomenclature is still used today, but was derived before we fully

understood the explosion mechanisms behind supernovae. It later emerged that

a subset of hydrogen-de�cient supernovae (type Ia's) were not related to the death

of massive stars, but were from an entirely di�erent physical mechanism { their

luminosities are powered by the decay of56Ni produced by the thermonuclear

runaway explosion of a carbon-oxygen white dwarf (Hoyle & Fowler, 1960; Whelan

& Iben, 1973; Nomoto et al., 1984).

A general overview of the most common subtypes of supernova can be found in

Filippenko (1997) and a schematic of the main subtypes is shown in Fig. 1.2. In

this thesis, I will outline the observational characteristics of the most common

classes below which are physically split in thermonuclear Ia supernovae and core-

collapse supernovae:

Ia supernovae { SNe Ia are de�ned by the strong silicon absorption feature

(6355�A) in their spectra at maximum light. SN Ia are a remarkably homogeneous

class; they exhibit similar spectral and photometric properties. Speci�cally, they
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Figure 1.2: Schematic of all supernova classi�cations of all SN subtypes used within this
thesis. SN are classi�ed via the presence or absence of certain spectroscopic features
(red) or via light curve features (blue). The dotted lines indicate the physical origins
of the supernova subtypes.
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have uniform absolute luminosities Mv � {19:1, with a dispersion of 0.3 mag (e.g.

Hamuy et al., 1996). Moreover, their peak brightness is systematically correlated

with other light curve properties, which have allowed them to be standardised.

The most prominent correlation is the so-called Phillips relation between the

width of the light curve and its peak brightness (Phillips, 1993). This was used

to bring any Type Ia supernova peak magnitude to a standard candle value,

making them extraordinary cosmological distance measures, which were later

used to discover the accelerated expansion of the Universe (Riess et al., 1998).6

Although this class is the most homogeneous, some diversity is present. There

are three main types of peculiar Ia's, commonly referred to as the �rst supernova

discovered within each respective subclass (1991bg-like, 1991T-like and 2002cx-

like; Filippenko et al., 1992; Li et al., 2003). These peculiar Ia's make up about

� 30 per cent of all Ia's in volume-limited samples (Li et al., 2011a). Super-

luminous 1991T-like objects represent around� 9 per cent, sub-luminous 1991bg-

like objects represent around� 15 per cent, and� 5 per cent are 2002cx-like with

faint luminosities, but with spectra similarities to 1991T-like (Li et al., 2011a). In

addition, new surveys are discovering supernovae in su�cient numbers, allowing

rare and hitherto unrecognised populations to be found. For example, some Ia

SNe show evidence for supernova ejecta interaction with a slow-moving dense

circumstellar material (CSM), evidenced by narrow hydrogen emission lines as

well exhibiting spectroscopic features of a SN Ia (Dilday et al., 2012; Silverman

et al., 2013).

In magnitude-limited surveys, because of their bright absolute luminosities, SNe

Ia are the most commonly discovered supernova class. For example, in the ZTF

magnitude-limited survey, they make up about� 72 per cent of the sample (Frem-

ling et al., 2020). Whereas even though CCSNe are the most abundant extra-

galactic transient in volume-limited surveys (Li et al., 2011b), only� 26 per cent

of SNe in a magnitude-limited survey are CCSNe7 because they are much less

6This discovery led to the Nobel Prize in Physics in 2011:https://www.nobelprize.org/
prizes/physics/2011/press-release/ .

7The remaining � 2 per cent of SNe in the ZTF magnitude-limited survey are SLSNe.
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luminous that Ia SNe.

The common consensus is that a carbon-oxygen white dwarf accretes material

from a binary companion until temperature and density ignite a thermonuclear

runaway explosion, as a type Ia supernova. The nature of the exploding carbon-

oxygen white dwarf has been con�rmed with observations of the nearby SN Ia

2011fe (Nugent et al., 2011), but identifying the binary companion is still an

unsolved problem. The binary companion star could be a non-degenerate star

(anything from a MS star, to a more evolved RG), or it could be a degenerate

white dwarf (Hillebrandt & Niemeyer, 2000) and it is likely that both channels

are in operation, although the ratio between their rates is unclear.

Core-collapse supernovae { All other types of supernova are thought to be

related to massive stars. Fig. 1.3 shows a diagram of the spectral lines used as

a classi�cation diagnostic for the most common types of core-collapse supernova.

The most common sub-classes are: SNeII , IIn and IIb which display hydrogen

Balmer lines in their spectra, whereasIb , Ibn , Ic and Ic-BL have hydrogen-

de�cient spectra. The conventional picture suggests that type II supernovae arise

from RSG stars with initial stellar masses between� 8{20 M� whose progenitors

retain most their hydrogen envelope prior to their explosion. Whereas type I

supernovae arise from initially more massive progenitor stars that shed their

hydrogen envelopes through stellar winds or binary interaction.

Hydrogen-rich supernovae are by far the most common type of core-collapse su-

pernova (e.g. Smith et al., 2011). The Balmer lines exhibit P-Cygni pro�les with

an absorption and emission component in the spectral line pro�le of hydrogen

(typically 3,000{10,000 km s� 1), indicating rapid expansion velocities of material

in the supernova in a gaseous envelope.

Early work studying type II SNe found they fell into two distinct classes based

on the shape of their late-time optical light curve (Barbon et al., 1979). The

light curve (in magnitude-space) either shows a `plateau' with constant bright-

ness for� 100 days (IIP) or a `linear' decline (IIL). The primary physical di�erence
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between these sub-types is due to the hydrogen envelope mass at the epoch of

explosion (Popov, 1993). IIP supernovae typically have larger hydrogen envelopes

than IIL whose progenitors must have already lost a large fraction of their en-

velope. Thus IIP's have more energy deposited from hydrogen recombination in

the ejecta, resulting in the distinct plateau. Recently there has been additional

observational and theoretical work focusing on the IIP/IIL distinction and some

studies question whether there is actually any evidence for two distinct classes,

as opposed to a continuum of light curve behaviour (e.g. Anderson et al., 2014;

Eldridge et al., 2018).

Figure 1.3: A diagram showing spectral classi�cations of core-collapse supernova from
Modjaz et al. (2019).

Hydrogen-de�cient supernovae shed their hydrogen-rich stellar envelope partially

(retaining a few tenths of a solar mass) or entirely prior to their explosion. The

resulting spectrum shows Balmer lines which fade quickly in its evolution or
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lack Balmer lines entirely. These so-called stripped-envelope supernova (SE-SN;

Filippenko, 1997) are classi�ed based on helium lines in their spectra, either as

helium-rich (Ib and IIb) or helium-poor (Ic). The mass stripping occurs as a

result of either metallicity-driven ( _M / Z 0:6� 0:8; Vink et al., 2001) stellar winds

(Maeder & Meynet, 2000) from very massive (MZAMS > 25 M� ) WR progenitors

or via mass transfer in close binary systems (Podsiadlowski et al., 1992). The

latter requires a less massive primary star (MZAMS < 20 M� ). Both channels are

likely to contribute to SE-SNe, but statistically, single massive WR stars are rare,

therefore they are unlikely to account for the observed fraction of SE-SNe, so the

binary system scenario could be more common (Smith et al., 2011).

A small fraction of type Ic SE-SNe have broad spectral absorption features. They

are given the additional label `BL' in their classi�cation. Ic-BL SNe are rare and

account for only a few per cent of the core-collapse supernova population (Smith

et al., 2011). Their broadened lines are caused by fast expansion velocities of the

supernova ejecta. Their line widths are typically between 15,000{30,000 km s� 1

at maximum light, with median line widths � 9,000 km s� 1 broader than their

Ic cousins (Modjaz et al., 2016). In addition, some Ic-BL SNe have been associ-

ated with low-redshift long-duration gamma-ray bursts (LGRBs) or X-ray 
ashes

(XRF) (Galama et al., 1998; Hjorth et al., 2003; Stanek et al., 2003; Woosley &

Bloom, 2006). These so-called `engine-driven' SNe are powered by a rapidly-

spinning, newly formed compact object (sometimes termed the `central engine'):

either a rapidly spinning and highly magnetised neutron star (`magnetar'; Os-

triker & Gunn, 1971) or a rapidly rotating black hole undergoing fallback accre-

tion (Dexter & Kasen, 2013). This SN-GRB connection has been cemented with

� 20 additional observations of Ic-BL SNe coincident with LGRBs (Cano et al.,

2017b). However, despite this tight association, many SN Ic-BL are frequently

found blindly in optical surveys without any association with a LGRB detection,

and it is not yet �rmly established whether all LGRBs occur in association with

SN Ic-BL.

Of the 5 local LGRBs reported without SNe (z < 0:3), two are highly-publicised
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events from 2006 for which a SN was ruled out to deep limits, LGRBs 060505

and 060614 (Fynbo et al., 2006; Gal-Yam et al., 2006; Della Valle et al., 2006;

Gehrels et al., 2006). These LGRBs appear to have genuinely di�erent progenitors

and/or explosion mechanisms from ordinary SN-associated long-duration GRBs.

The remaining events (LGRBs 050826, 080517 and 111225A) have relatively poor

constraints on the extinction column towards the LGRB and/or on the presence

of a SN peaking 1{3 weeks after the event (e.g. Stanway et al., 2015).

Stars exploding within dense CSM show emission features associated with in-

teraction and are referred to as `interacting supernovae'. Massive stars often

lose a signi�cant fraction of their initial mass (e.g. Chugai & Danziger, 1994),

particularly in their post-MS evolution. Mass-loss occurring shortly before the

star explodes as a supernova builds shells of CSM. The high-velocity supernova

ejecta collides with and shocks the slow-moving CSM. When the ionised CSM

recombines, it emits strong and narrow (typically 500{1,000 km s� 1) emission

lines atop of intermediate and broad bases (typically 1,000{5,000 km s� 1), These

supernovae are given a designation with an `n'. Type Ibn have narrow helium

lines, while IIn have narrow hydrogen lines.

To some extent, all supernovae are interacting with their environment because

space is not a vacuum. Some level of interaction will naturally occur when the

supernova ejecta ploughs into the surrounding ISM. However, whether this can

be detected shortly after explosion depends on the density of the surrounding

material. Interacting supernovae have strong emission lines and are therefore at

the upper end of the CSM density continuum. These supernovae are diverse in

their observational properties since there is not a single evolutionary pathway nor

one speci�c progenitor type.

In addition, `
ash' spectroscopy (Gal-Yam et al., 2014; Kochanek, 2019) of young

(taken within hours of the supernova explosion) type II supernovae has revealed

emission features directly related to the e�ects of the shock-breakout 
ash on

the material immediately surrounding the progenitor (e.g. Niemela et al., 1985;

Gal-Yam et al., 2014), capturing a narrow time window between the collapse of a
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core and the ejecta sweeping up the surrounding environment. Ionising photons

produced in the shock break out from the stellar surface ionise the surrounding

CSM or an extended progenitor wind, which recombines and radiates strong high-

ionisation emission lines. Within hours to days, the CSM is swept up by the SN

ejecta propagating outwards, and these lines weaken substantially.

1.2.3 Current supernova search e�ort

The supernova search e�ort has evolved signi�cantly, even over the past few years,

revealing a huge diversity in explosions. We are now in the all-sky era: where

larger CCDs are relatively cheap, gigapixel detectors are used frequently, and

increased computing power has now made it viable to survey the entire night sky

on timescales of a few days. Accompanying this is rapid reporting of transient

discoveries and classi�cations to the global community of astronomers, allowing

the detection and public announcement of thousands of supernovae per year.

The �rst steps in this `all-sky era' were taken in 2013 by the All-Sky Automated

Survey for Supernovae (ASAS-SN; Shappee et al., 2014), using small (14-cm)

robotic survey telescopes distributed across the globe. ASAS-SN automatically

surveys the entire visible sky to a magnitude depth of� 18 mag ing-band. Since

ASAS-SN is reasonably shallow, the discovered SNe are bright, and the rate of

discovery means that most of these supernovae are spectroscopically accessible

for classi�cation, even with reasonably small telescopes. The Zwicky Transient

Facility (ZTF; Bellm et al., 2019; Graham et al., 2019) began in 2018 and followed

a similar philosophy to ASAS-SN, but is scanning the entire northern hemisphere

every three nights ing and r -band, to a much fainter depth of 20.5 magnitudes,

discovering thousands of SNe. This exponential increase in supernova discoveries

will only continue with more new facilities coming online, such as the BlackGEM

survey (Bloemen et al., 2015) and GOTO (Dyer et al., 2018) whose primary

goals are for gravitational wave counterpart detection, but will discover many

young transients in the process, particularly during LIGO/VIRGO downtime
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when attention is focused on SN follow-up. Surveys such as Young Supernova

Experiment (YSE; Jones et al., 2019) are combining public optical light curve

data from ASAS-SN and ZTF with Pan-STARRS data for higher cadenced and

deeper observations. Finally, in the next few years, the Vera Rubin Observatory

will come online (VRO; Ivezic et al., 2008), generating an estimated 107 alerts per

night. This will enable an order of magnitude more supernova discoveries (� 103

SNe per night)8 than any current survey, meaning even the rarest transients like

SLSNe, will be discovered in the thousands (� 104 yr � 1; Villar et al., 2018).

1.3 Observed properties and explosion models

of exotic supernovae

As well as an exponential increase in the number of supernovae, the combination

of deep, wide-�eld and high cadence observation means that surveys are now

sensitive to transients spanning a much broader range of luminosity and timescale.

This increase in discovery e�ciency is now being coupled with more systematic

classi�cation and follow-up, allowing large statistical samples of supernovae to be

built and for rare types of supernova to be pinpointed, revealing a more diverse

picture than the classical supernova types outlined in Chapter 1.2.2.

One remarkable discovery that did not �t in this scheme was intrinsically bright

(M. {20) and extremely rare (1 in 1,000 CCSNe; Quimby et al., 2013; Prajs et al.,

2017) superluminous supernovae (SLSNe) that reach luminosities at least an order

of magnitude brighter than ordinary core-collapse supernova (Quimby et al. 2011;

Gal-Yam 2012; see Gal-Yam 2019 and Inserra 2019 for recent reviews). They also

show distinctions from CCSNe in their spectroscopic properties and in their light

curve evolution (discussed later in this chapter) which may point to a di�erent

progenitor or explosion mechanism. Thus, they have captivated the supernova

community because their immense intrinsic brightness makes them inviting can-

8VRO predicted supernova discoveries obtained from:https://www.lsst.org/science/
transient-optical-sky/supernovae .
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didates for high-redshift cosmological applications (Inserra et al., 2020), and they

provide a means to study new explosion channels of super-massive stars.

1.3.1 Hydrogen-poor superluminous supernovae

Light curve { SLSNe-I are hot and blue in their early evolution, with UV-bright

light curves. They reach peak absolute magnitudes between� 22:5 < Mg < � 20

mag (De Cia et al., 2018; Lunnan et al., 2018) compared to stripped-envelope

supernovae which typically peak between� 17 < Mg < � 19 mag (e.g. Richardson

et al., 2014; Taddia et al., 2018).

The overall evolution and shape of SLSN light curves vary signi�cantly between

events. Rises are gradual and linear with rise times spanning between 20 to

hundreds of days, with even the most fast-rising events exceeding the typical

stripped-envelope rise time 13{22 days (Taddia et al., 2018). Often some undula-

tions are present before peak with extremely hot temperatures (� 25,000 K) (e.g.

Nicholl & Smartt, 2016) that rapidly cool which may be attributed to shock-

cooling emission due to shock break out through an extended stellar envelope.

Two or more peaks are often visible (e.g. Yan et al., 2015, 2017; Vreeswijk et al.,

2017), implying the operation of some additional mechanism. Similarly, following

maximum light, their light curve decline times vary but tend to decline at a rate

> 0.03 mag day� 1 (Quimby et al., 2011).

Spectra { In a similar way to the supernova classi�cation scheme outlined in

Section 1.2.2, SLSNe-I are de�ned as superluminous supernovae whose spectra

are hydrogen-de�cient at maximum light (whereas SLSNe-II are hydrogen-rich).

However, their spectroscopic properties show unique characteristics when com-

pared to hydrogen-de�cient core-collapse supernovae.

At early times their spectra are characterised by a hot and blue continuum

(T � 20,000 K), with weak metal lines imprinted with UV absorption features

bluewards of 2800�A. Outside of the UV, broad O II features in the blue part
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Figure 1.4: A diagram showing spectral features of SLSNe. The spectra evolve from
hot to cool photospheric (&14 d), to late-time nebular emission (&100 d). Spectra of
SN2016eay, the SLSN-I, are from Kangas et al. (2017); Nicholl et al. (2017a) and at
�rst have a blue continuum, with strong O I features and then later Mg II, Fe II, Ca II
and S II emission features appear. The spectra of the SLSN-II, SN2006gy, are from
Smith et al. (2007, 2010).

of the optical spectrum at � 4100 and 4400�A give the spectra its characteristic

`W'-shaped spectra feature, unique to SLSNe (see Fig. 1.4). These spectral fea-

tures are the result of highly-excited states. In recent years, these spectroscopic

features are being used to classify SLSNe, without a stringent luminosity cut

(Quimby et al., 2018). Later in their evolution, the photosphere expands and

cools to� 10,000 K. By this point, the spectra begin to resemble ordinary Ic SNe,

as heavily blended absorption lines of Caii 7300�A, Mg II 4571�A, Fe II 5169�A

and SiII 5972�A become apparent (see Fig. 1.4). In general, SLSNe-I have broad

absorption features, with expansion velocities similar to Ic-BL SN (Liu et al.,
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2017).

Many months after the explosion, SLSNe enter the nebular phase. The ejecta

become optically thin to continuum photons, giving us the ability to look deep

into the star's interior. As is the case in Ic SNe, forbidden emission lines dominate

SLSN-I nebular spectra. However, there are di�erences: SLSNe-I show stronger

FeII 5169 �A than Ic SNe, more similar to LGRB SNe indicating potentially a

more massive progenitor causing a signi�cant fraction of Fe II in the ejecta. O I is

stronger in SLSNe than both LGRB SNe and Ic SNe, respectively. The presence

of a low-velocity OI line from deep in the ejecta requires central instabilities

which cause clumping. Some SLSNe have high OII /O I ratios, which indicate

high ionisation (Lunnan et al., 2014; Inserra et al., 2017).

Proposed explosion mechanisms{ Producing a luminous and long-lived su-

pernova requires a gradual energy injection into the supernova ejecta sustained

over many months. The mechanism that powers this energy injection is still un-

certain, and several theoretical mechanisms could play a role in the production

of SLSNe-I.

For stripped-envelope SNe, their energy source is from the radioactive decay of

the 56Ni synthesised in the explosion. Thus, a simple explanation of the power

source driving SLSNe could be theradioactive decayof several solar masses (� 10

M � ) of 56Ni (Gal-Yam et al., 2009). This amount of56Ni could be produced by

an extremely massive progenitor star (� 100 M� ) that retains a large stellar core

before collapse (Moriya et al., 2010; Young et al., 2010). However, retaining a

large stellar core is di�cult during a star's lifetime due to sizeable mass losses

(e.g. Smith, 2014).

One variant on the radioactive decay model is thePair-Instability SN model

that was �rst theorised in the mid-nineteen-sixties (PISN; Fowler & Hoyle, 1964;

Barkat et al., 1967; Rakavy & Shaviv, 1967). PISNe occur during the late evo-

lutionary burning phases of super-massiveand metal-poor stars (130{250 M� ;

� 0.2 Z� ; Yusof et al., 2013). When the massive (> 63 M� Heger & Woosley,
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2002) core ignites carbon burning, the core temperature approaches 109 K. At

these temperatures (since photon energies are distributed according to the Planck

function) a fraction of the photons will have enough energy (> 1 MeV, the pair

production threshold in the rest frame) to begin electron-positron pair produc-

tion. This gamma-ray energy is channelled into the rest mass energy that may

have otherwise gone into maintaining pressure support in the core and causes

dynamical instability with a rapid core contraction.

The electron-positron pairs produced in the explosive burning can annihilate,

creating neutrinos which escape from the star. This leads to a drop in radiation

pressure support, causing a dynamical instability. The star can no longer main-

tain pressure support and begins to implode. The core contraction increases the

temperature beyond a few 109 K, and the star ignites explosive nuclear burning

(primarily of oxygen), which releases enough energy to reverse the implosion en-

tirely. This leads to the complete disruption of the star in a PISN explosion. For

stars with slightly lower initial masses (95{130 M� ), explosive oxygen burning

does not disrupt the whole star, but creates strong pulsations in a pair instabil-

ity supernova (PPISN). Later in this chapter I will discuss PPISNe as possible

candidates to power SLSNe-II.

Population III stars are hypothesised to be the �rst generation of stars to form

in the Universe. As such they are composed entirely of primordial gas (hydrogen,

helium and very small amounts of light elements lithium and beryllium) left over

from cosmological nucleosynthesis and they generate the �rst metals.9 Population

III stars have historically been invoked as candidates for PISNe because they lack

metal coolants and have reduced line-driven mass loss, meaning they are they are

extremely massive (> 100 M� ; Bromm et al., 1999) and are more likely to retain

an extensive stellar core at late evolutionary stages. Recent hydrodynamical

simulations indicate that � 25 per cent of population III stars will explode as

9Whereas, Population I stars are younger, metal-rich stars that are typically found in the
spiral arms or disk of a galaxy and Population II stars are older and more metal-poor (in
comparison to Population I) stars and are found in the halo and nuclear bulge of a galaxy, and
in globular clusters.
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PISNe (Hirano et al., 2015). Initially it was thought that PISNe must only occur

in exceptionally metal-poor stars, but some models suggest that if the magnetic

�elds are strong, stars lose less stellar mass by stellar winds therefore a PISN may

be possible at solar metallicities (Georgy et al., 2017; Petit et al., 2017).

A PISN explosion of a massive core (Heger & Woosley, 2002) produces several

solar masses of56Ni and injects more than ten times the explosion energy of the

canonical core-collapse supernovae mechanism. Fortunately, radioactive decay is

well-studied, so this theoretical scenario is easily testable by examining SLSN

light curves (e.g. Quimby et al., 2011). If more56Ni is produced in the explosion,

the di�usion times for radiation in the ejecta will be increased because iron-group

elements have a high opacity. This high opacity should manifest as a slow rise

to peak in the optical light curve. Moreover, when more56Ni is produced in the

explosion, the peak luminosity of the light curve is brighter, and the late-time

light curve decay should be consistent with the radioactive decay of56Co (i.e.

0.01 mag day� 1; Pastorello et al., 2010). The light curves of PISN are predicted

to rise on a timescale of> 100 days (Kasen & Bildsten, 2010) but the observed

light curves of SLSNe rise much faster (eg., Inserra et al., 2013). The decay

times (> 0.03 mag day� 1) of SLSN light curves decline a few times faster than

radioactive 56Co decay (Quimby et al., 2011). Thus, the ejecta mass (derived

from the light curve width) is smaller than the inferred56Ni mass and is therefore

nonphysical (e.g. Quimby et al., 2011; Chomiuk et al., 2011; Gal-Yam, 2012).

The most convincing observational case for a PISN was SN 2007bi (Gal-Yam

et al., 2009), which showed a core mass of� 100 M� and > 3 M� of 56Ni produced

in the explosion, in line with the predictions from PISN models. One of the

distinguishing features of PISNe is that they show a slow rise to peak, as well

as a slow decline, but unfortunately SN 2007bi lacked pre-peak data to test this

prediction (e.g. Nicholl et al., 2013). Another example is SN 2016iet (Gomez et al.,

2019) has an inferred mass and metallicity predicted by PISNe models. However,

despite these observations, the vast majority of SLSNe cannot be explained by

radioactive decay of56Ni.
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The majority ( � 70{90 per cent) of stars form in clusters (Lada & Lada, 2003).

In the early stages of cluster formation, the dynamical evolution of these clusters

are dominated by massive stars. Dynamical friction causes stars to concentrate

towards the cluster centre and this drives the system to collapse. The extreme

densities result in successive collisions and mergers which may produce super-

massive stars containing the entire mass of the collapsing cluster core. These

massive stars could have rapid rotation rates and end their life as SLSNe and

LGRBs (van den Heuvel & Portegies Zwart, 2013).

Also, a small fraction of SLSNe-I show signs of interaction with non-hydrogen

CSM. Thus, interaction may also play a part in producing some H-de�cient SLSN

explosions (Chatzopoulos & Wheeler, 2012; Sorokina et al., 2016; Vreeswijk et al.,

2017). In this scenario, the energy source is the kinetic energy of the ejecta

itself (e.g. Smith, 2014). The supernova ejecta ploughs into and shock-heats the

hydrogen-de�cient CSM. The ionised CSM produces X-ray emission (e.g. Pan

et al., 2013), and when the ionised CSM recombines, the energy is re-radiated as

optical photons.

It is also essential to note that late-time interaction with hydrogen-rich CSM does

occur in a small fraction (� 15 per cent) of SLSNe (Yan et al., 2015, 2017), and

therefore does contribute at least some additional luminosity. For example, in

the small sample of three events from Yan et al. (2017), hydrogen emission is not

present after peak until at least 70 days into its evolution. These events have been

interpreted as the interaction with CSM at large radii from the progenitor (� 1011

km) that must have been ejected several decades prior to the explosion. However,

most SLSN-I display no sign of interaction, and require another explanation.

The engine-driven scenariowould provide a long-lived energy source behind the

fast-moving ejecta, keeping it hot and luminous. The central engine is proposed

to be a either a rapidly rotating and highly magnetised neutron star (`magnetar';

Ostriker & Gunn, 1971) or fallback accretion onto a rapidly rotating black hole

(Dexter & Kasen, 2013). In general, the magnetar model is usually favoured,

because the fallback accretion model would require 100's of M� accretion material
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to produce the required energy.

Ostriker & Gunn (1971) �rst proposed that highly magnetised neutron stars could

energise supernovae by injecting their rotational energy into the ejecta or rem-

nant. Maeda et al. (2007) created a magnetar model to apply to supernovae and

this model was developed by Kasen & Bildsten (2010); Woosley (2010); Metzger

et al. (2015) to apply to SLSNe. Massive stars have higher rotation rates than

low-mass stars, with typical equatorial velocities between 150{200 kms� 1 during

hydrogen burning (e.g. Fukuda, 1982). If massive stars have su�cient rotational

energy when the star collapses to form a neutron star it is born with a spin

period of � 1 ms because angular momentum is conserved. Fast rotation rates

cause a strong magnetic �eld and approximately 10 per cent of neutron stars are

born as magnetars with exceptionally high magnetic �eld strengths of the order

B� 1014{1015 G (see Kaspi & Beloborodov, 2017, for a recent review).

The newly formed magnetar spins down, injecting a signi�cant fraction of the

rotational energy via strong magnetic coupling of the stellar envelope with the

proto-neutron star, which in turn magnetically slows down its rotation. The spin-

down power is injected over a short timescale (seconds) and causes a magnetically

driven wind. The wind acts as a piston on the expanding supernova ejecta behind

the supernova shock and severely heats the ejecta, creating an expanding bubble

of hot plasma (e.g. Kasen & Bildsten, 2010; Woosley, 2010; Metzger et al., 2015).

If SLSNe are associated with a central engine, then we may expect isotropic radio

emission from the inner nebula years after the explosion, once the ejecta becomes

su�ciently transparent to free-free absorption at radio frequencies (e.g. Omand

et al., 2018). Until recently, radio studies of SLSNe have been fruitless (e.g.

2015bn, 2017egm; Nicholl & Smartt, 2016; Bose et al., 2018b), but late-time radio

emission from one nearby SLSN has been recently detected (PTF10hgi; Eftekhari

et al., 2019) and this lends further support to the magnetar explanation of SLSNe.

Attempts to locate a high energy X-ray counterpart in SLSNe have mainly led

to upper limits (Margutti et al., 2017) with limiting X-ray luminosities between
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1040{1045 erg s� 1, with the exception of two SLSNe (SCP06F6, PTF12dam; Levan

et al., 2013; Margutti et al., 2018). SCP06F6 was too bright in X-rays to be en-

tirely attributed to CSM interaction, leading to suggestions that a central engine

might be responsible for this energy (Levan et al., 2013). However, such signi�-

cant X-ray or radio emission does not seem to be common among SLSNe-I.

1.3.2 Hydrogen-rich superluminous supernovae

SLSNe-II are not nearly as well studied as SLSNe-I, in part because they seem

to be rarer, but also more focus has been placed on understanding the physical

explosion mechanism behind SLSNe-I largely due greater challenges describing

them physically and exciting prospects of testing extreme physical models.

Light curve{ SLSNe-II have peak absolute magnitudes of M� {21 in the optical

and have similar rise and decay times as SLSNe-I (Gal-Yam, 2019). It is unclear

whether they are the luminous end of the continuous SN IIn luminosity function,

or they are a distinct population. Their light curve shapes are diverse, probably

re
ecting variations in the supernova ejecta mass and mass-loss processes of the

progenitors, causing di�erences in CSM density and structure.

Spectra{ SLSN-II have strong hydrogen emission features within their spectra.

The majority of SLSN-II have narrow hydrogen emission lines similar to those of

less luminous SNe IIn, indicating their luminosities are predominantly powered

by interaction of supernovae ejecta with CSM { a mechanism that is more clearly

understood than the exotic explosion mechanisms evoked for SLSNe-I. However,

some SLSN-II have retained some form of hydrogen rich envelope prior to their

explosion as seen via broad hydrogen emission, but have weak to little interaction.

Proposed explosion mechanisms{ Understanding the mechanism behind SLSN-

II is a complex problem because the radiation emitted from the core is reprocessed

by the envelope of material. Since most SLSN-II show signatures of interaction it

is natural to assume that these supernova are powered by the SN ejecta's kinetic



1.3. Observed properties and explosion models of exotic supernovae 32

energy being transferred to thermal energy. The luminosity of CSM interaction

depends on the rate that CSM enters the forward shock which depends on the

progenitor's mass loss rate (Smith, 2017). SLSN-II typically emit� 1051 erg of

electromagnetic energy and at these energies, there is just enough kinetic energy

to power these explosions within the energy budget of the standard core-collapse

supernova model via interaction and e�cient conversion to thermal energy re-

quired. Most supernovae with these energies probably represent the most extreme

cases of mass loss pre-expelled by an ultra-massive star progenitor star before the

explosion (Chevalier & Irwin, 2011; Ginzburg & Balberg, 2012; Moriya et al.,

2013), while `normal' type IIn SNe are likely to originate from a lower density

and/or asymmetric CSM morphology. (Chevalier & Irwin, 2011; Ginzburg &

Balberg, 2012; Moriya et al., 2013).

However, SLSNe-II with energies more than 1051 erg require CSM interactionand

a hyper-energetic explosion. ThePulsational Pair-Instability explosion (PPISNe;

Woosley et al., 2007; Chatzopoulos & Wheeler, 2012) has been proposed to explain

these SLSNe-II. This mechanism is related to the aforementioned PISNe, but

occurs in stars with lower birth masses (95{130 M� ) with less massive cores

(30{63 M� ). Similarly to PISNe, interior instabilities arise due to extreme core

temperatures. Energetic photons cause spontaneous electron{positron production

sapping energy from the core and causing it to collapse. But unlike PISNe, the

energy released in these reactions is insu�cient to unbind the entire star, but

results in a series of pulsational mass ejections.

The core stabilises when the mass ejected is su�cient and the core cools, until

contraction causes the core to ignite once again, renewing the cycle of electron{

positron production. The star may pulsate several times prior to �nal core-

collapse on timescales lasting days to ten thousand years and amounting to several

solar masses of the star's envelope. As a result, shells of material are built up

over time around the progenitor star, often at large radii. The remnant will

eventually stabilise, and continue nuclear fusion until the iron core-collapses and

produces a supernova. The supernova ejecta collides with circumstellar material
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surrounding the star (Woosley, 2017), leaving a 35{45 M� black hole. SN 2016aps

has a large combined ejecta and CSM mass (> 50 M� ) and an energy> 1052 erg,

consistent with a super-massive star in the energy range where one may expect

a hyper-energetic explosion as a PPISN or PISN (Nicholl et al., 2020).

1.3.3 Long-duration gamma-ray burst supernovae

Long-duration gamma-ray bursts (LGRBs) were �rst observed by the US Mili-

tary Vela satellites when searching for nuclear detonations by the Soviet Union in

the late nineteen-sixties. When it was realised they were of `cosmic origin', they

were �nally declassi�ed and published by Klebesadel et al. (1973). LGRBs are

brief, typically lasting from a few seconds to several hours, but extremely lumi-

nous 
ashes (kinetic luminosities exceeding 1053 erg s� 1) of high-energy radiation.

They are associated with the formation of a relativistic jet (Lorentz factor,
 >

100) from a `central engine' (a fast-spinning neutron star or black hole) at the

centre of a collapsing and rapidly rotating massive stellar core. The jet punches

a hole in the stellar envelope and produces the observed gamma-rays far outside

the progenitor star. The gamma-ray emission is con�ned to a collimated beam

with an opening angle of< 10 degrees. This means than an observer will only see

the gamma-rays within a narrow window when they are aligned with the LGRB

axis. The prompt phase of gamma-ray emission is then followed by afterglow

emission generally associated with shocks as the relativistic jet decelerates into

the surrounding matter (see reviews by Gehrels et al. 2009; Kumar & Zhang 2015;

Schady 2017).

Light curve{ The majority of LGRB radiation is initially concentrated in gamma-

rays during the burst. The characteristic rest-frame energy peaks at around 300

keV. Usually, the prompt emission is followed by afterglow radiation that peaks

across the electromagnetic spectrum, at �rst in X-ray and then progressively out

through the UV, optical, IR, microwave and radio, lasting days to even years.

Gamma-ray emission light curves last 10{100's of seconds, but some `ultra-long'
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LGRB light curves appear on timescales more than 7,000 seconds (e.g. LGRB

101225A; Th•one et al., 2011; Levan et al., 2014). Their gamma-ray light curves

are rather heterogeneous { some have smooth single pulses, whereas others have

multiple peaks and have substructure; there is no characteristic shape. These

rapid variations place strong constraints on the size and nature of the progenitor

because the objects cannot vary faster than the time it takes for electromagnetic

radiation to travel across them, meaning the LGRB energy is emitted across a

small region.

Spectra{ The spectra of LGRBs are hard, with energy emission> 200 keV. Their

spectra can be modelled with a power law (Band et al., 1993), indicating a non-

thermal emission, from synchrotron radiation or inverse-Compton scattering.

Proposed explosion mechanisms{ Traditionally, the Collapsar Model(Woosley,

1993) was used to explain LGRBs. In this scenario, a massive and rapidly ro-

tating star undergoes core-collapse to a black hole before an outgoing shock is

launched. The high angular momentum part of the star is channelled into forming

a disk orbiting the black hole. Viscous processes allow accretion of this material

from the disk onto the black hole. This rapid accretion drives a relativistic jet

perpendicular to the rotational plane producing an LGRB. The associated SN

occurs from the wind lost from the accreting disk.

However, more recently there has been a signi�cant shift of focus to theMagnetar

Model where the energy input from a rapidly spinning neutron star (with a period

of the order of a millisecond) is su�cient to power an LGRB. The model is similar

to the one invoked for SLSNe, but the magnetar has a much stronger magnetic

�eld and quicker spin-down, meaning the energy is released on a rapid timescale,

allowing the jet to break out of the star (Metzger et al., 2011, 2015). In LGRBs

the timescale is likely to be minutes or less, whereas for SLSNe it may be days

or more. A magnetar is favoured in some LGRBs that show extended afterglow

emission (e.g. Metzger et al., 2011; Knust et al., 2017).

Given the low LGRB rate compared to CCSNe, we know there must be special
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circumstances to produce an LGRB progenitor. The observed association between

LGRBs and Ic-BL SNe (e.g. Woosley & Bloom, 2006; Hjorth & Bloom, 2012; Cano

et al., 2017a) suggest the progenitors must lose their hydrogen envelope and most

of their helium envelope before death. However, beyond this, the exact progenitor

mass and the compact object formed is an open problem (e.g. Levan et al., 2016).

Rotating cores are a prerequisite for all LGRB models. Binary progenitor chan-

nels can lead to rapidly rotating stars because angular momentum is transferred

(e.g. Stanway et al., 2016; Cantiello et al., 2007). Most models involve stellar

mergers which are e�cient at converting orbital rotation to spin rotation. This

production channel involves progenitor stellar masses that are appreciably lower

than single star models. Single stars e�ciently lose their angular momentum due

to stellar winds therefore a metal-poor progenitor is favoured for single star mod-

els. Low metallicity stars have e�cient mixing that keeps them quasi-chemically

homogeneous (and the outer hydrogen envelope is mixed and fused into alpha

elements) in their evolution (e.g. Woosley & Bloom, 2006; Yoon & Langer, 2005).

This means they do not evolve through the RSG phase with associated strong

mass loss and are able to maintain their rapid rotation rate. For the single star

models, Wolf-Rayet (WR) stars (> 25 M� ) are usually invoked as candidate pro-

genitors. WR stars are compact, allowing a jet to maintain enough energy to

break out of the star. Ultra{long bursts that have been associated with bright Ic

SNe (Greiner et al., 2015) could be explained by the engine-driven explosions of

stars of much larger radii.
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1.4 Observational supernova progenitor & ex-

plosion constraints

1.4.1 Direct progenitor detections

The most reliable way to connect the various types of supernova explosions to

their progenitor stars is via deep pre-explosion imaging of the supernova site {

ideally from the Hubble Space Telescopeor with adaptive optics ground-based

imaging (Smartt, 2009). The method is relatively simple: pre and post-explosion

images are accurately registered on a sub-pixel scale, and a candidate progenitor

is identi�ed at the precise location of the supernova explosion. Post-explosion

imaging con�rms the absence of the progenitor after the supernova has faded and

by measuring the star's brightness before it explodes, one can determine its initial

mass.

Considerable progress has been made in the most abundant types of core-collapse

supernova (type II). The progenitors of IIP SNe have been pinpointed to single red

supergiant stars (Smartt, 2009). These stars have initial stellar masses between

� 10{17 M� and still retain most their hydrogen envelope as RSGs before the

explosion as IIP SNe, albeit with a lack of progenitors at the expected higher mass

end� 17{20 M� limit. Five type IIb progenitors have direct progenitor detections,

with initial masses that seem to be higher than those of IIP supernovae. For all IIb

direct detections, binary progenitors seem the most plausible progenitor scenario

(Maund et al., 2004; Folatelli et al., 2014, 2015; Kilpatrick et al., 2017).

It has been suggested that luminous blue variable stars (LBVs) are connected to

IIn SNe. In single-star evolutionary theory, LBVs are evolved, massive O-type

stars undergoing periods of extreme mass loss, expelling their hydrogen envelope

in a rapid transition to a WR star. Thus LBVs were deemed to be only a short

transitional phase in stellar evolution and not a possible endpoint of a massive star

before core-collapse (Maeder & Meynet, 2000). It is now emerging that binary
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interactions could play an essential role in producing an LBV star, through mass

gain from a nearby stellar companion or via stellar mergers (Smith, 2017).

SN 2005gl is the only robust direct detection of a Type IIn supernova progenitor

to date. The progenitor was very luminous (Gal-Yam et al., 2007; Gal-Yam &

Leonard, 2009) and the only observed precedent for this luminosity is an LBV.

There are also plenty of reasonably strong indirect arguments in favour of an

LBV-like progenitor for IIn SNe. For example, IIn spectra have strong interaction

lines which supports extreme mass loss and some SNe such as SN 2009ip and SN

2015bh have shown non-terminal precursor outbursts (Elias-Rosa et al., 2016;

Th•one et al., 2017).

However, less progress has been made amongst hydrogen-poor stripped-envelope

supernovae, mainly because these events are less common and their progenitors

are optically fainter than RSGs. Eldridge et al. (2013) did an extensive search

of all nearby 12 Ib/c progenitors; all the sites lack a signi�cant direct detection.

Although in recent years there have been some recent hints at a Ib/c progenitor

detection, further observations are required for a de�nitive assessment of the

nature of their progenitors. For example, the progenitor mass of SN iPTF13bvn,

a type Ib (Cao et al., 2013; Groh et al., 2013; Folatelli et al., 2016), was constrained

to an upper limit of < 25 M� , ruling out a Wolf-Rayet progenitor or an early O-

type star, but could be consistent with a binary system (Eldridge et al., 2015). A

potential progenitor of type Ic SN 2017ein was detected in pre-explosion imaging

(Kilpatrick et al., 2018; Van Dyk et al., 2018). The point source was consistent

with a high initial mass � 50 M� progenitor or a binary model with a primary

star < 60 M� . However, the source was marginally extended and consistent with

a stellar cluster. Therefore late-time observations are necessary to con�rm that

this is the progenitor.

In practice, even though direction detection is a powerful method, there have

only been a few dozen progenitor detections because there must be existing pre-

explosion imaging of su�cient spatial resolution to pinpoint a progenitor. Only a

small fraction of the sky has been surveyed at the required depth and resolution
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{ so most SNe do not have pre-explosion imaging in the archive. In addition,

progenitor studies are often hindered due to spatial crowding within stellar clus-

ters. There are also several complicating factors that make the interpretation

of the progenitor detection di�cult. One must estimate the stellar mass from a

colour-magnitude diagram and apply a correction to estimate an initial supernova

progenitor mass, but this is often unreliable due to uncertainties in �tting their

SEDs (e.g. WR stars have diverse temperatures and radii leading to di�erent

SEDs). In addition, inference of the progenitor initial mass strongly depends on

stellar evolution assumptions (e.g. mixing lengths, mass loss rates, metallicity,

rotation, multiplicity) of the models that are used to infer the ZAMS properties

from the pre-explosion ones.

This method is also limited by the local supernova rate. The maximum distance

at which a standard RSG SN progenitor can be resolved and detected is� 20

Mpc (Smartt, 2009).10 At this distance, a singleHST/WFC3 pixel (plate scale

of 0.04 arcseconds per pixel) subtends� 3.9 pc. This method cannot be used for

rare or distant transients, so it is highly unlikely that pre-explosion imaging will

ever uncover the progenitor properties of SLSN or LGRBs due to a combination

of their low volumetric rate (Quimby et al., 2013; Prajs et al., 2017) and their

high-redshift nature: the closest SLSN discovered to date is at a distance of

� 110 Mpc (SN 2018bsz; Anderson et al., 2018) and the closest LGRB-SN is at

� 40 Mpc (SN 1998bw; Galama et al., 1998). Progenitors of SLSNe and LGRBs

remain poorly understood, and this motivates the use of indirect methods to

probe supernova progenitor properties and to constrain their poorly understood

explosion mechanism.

10This distance limit will vary for di�erent SN progenitors. For example, the IIn LBV detec-
tion (Gal-Yam et al., 2007) was at 66 Mpc because LBVs are brighter than RSGs. In contrast,
this distance is closer for WR stars (the anticipated progenitors of Ibc's), and for SN Ia's the
distance is closer still.
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1.4.2 Historical overview of supernova host galaxies

One way to constrain supernova models is to analyse the properties of the galax-

ies they inhabit to search for trends in morphology, colour, chemical composition,

and star-formation. These trends can be tied to the mass and age of the under-

lying stellar populations to make inferences about the SN progenitor star or to

test the predictions of speci�c models. Some models predict a population that

predominantly explodes in speci�c environments, such as in dense star clusters

or at low-metallicity.

Host galaxy studies can be conducted on two scales, either globally considering

the properties of the galaxy as a whole, or locally considering the environment

at the precise location of the supernova explosion. Host galaxy studies have

the advantage that they can be done out to cosmological distances and unlike

supernova light curve and spectral studies, gathering data for host studies is not

limited to a critical time window.

Global properties{ The �rst host galaxy studies investigated the nature of

SN progenitors primarily based on global galaxy properties such as luminosities,

morphologies, and association with star-formation that largely constrain whether

a progenitor is young or old.

Since CCSN progenitors evolve to their evolutionary end-point rapidly in less than

107 years, it was expected that most would explode in their birth environment

in star clusters or OB associations (Duchêne & Kraus, 2013). As a consequence,

the �rst supernova surveys searched for CCSNe by targeting late-type spiral or

irregular galaxies with active star formation. They found CCSNe preferentially

located in the spiral arms of galaxies (e.g. Maza & van den Bergh, 1976; Bartunov

et al., 1994) and in bright regions of active star formation (e.g. van Dyk, 1992)

with young stellar populations (e.g. Van Dyk et al., 1999). Moreover, they are

rarely in early-type environments with little star formation, unless a recent merger

or interaction has caused some presence of a young stellar population in the galaxy

(Hakobyan et al., 2008). This evidence means that CCSNe are associated with
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the youngest, and most massive stars.

In contrast, SNe Ia are found across a broader range of environments, within early

and late-type hosts. Albeit their rate seems to be enhanced in younger stellar

populations, with higher star-formation rates compared to passive systems with

no star formation (e.g. Mannucci et al., 2005; Sullivan et al., 2006). SN Ia that

explode in strongly star-forming galaxies tend to be intrinsically brighter than

those that explode in galaxies with little ongoing star formation. The origin of

such variations is unknown, but it could imply that there are multiple explosion

channels. The �rst channel could be from a younger, single-degenerate progen-

itor that explodes within a few hundred million years, and the second could be

a double-degenerate channel that produces SNe Ia on longer time scales of thou-

sands of years (e.g. Maoz et al., 2010).

This host galaxy work was extended to the hosts of LGRBs and SLSNe. Early

indications showed stark di�erences in the global properties of SLSN and LGRBs

from ordinary core-collapse supernova hosts and to the bulk population of star-

forming galaxies. � 50 per cent of CCSNe are in grand design spiral galaxies

(0:28 < z < 1:3) and the other � 50 per cent are in irregulars, whereas the spiral

fraction is only � 10 per cent for LGRBs (0:09 < z < 1:2; Svensson et al., 2010)

and is similarly low for SLSNe. The remaining� 90 per cent of the SLSNe and

LGRBs generally occur in faint and compact galaxies with irregular structure

(Fruchter et al., 2006; Le Floc'h et al., 2003; Neill et al., 2011; Lunnan et al.,

2014; Angus et al., 2016). The median half-light radius of LGRBs is only� 1700

pc (Lyman et al., 2017), and for SLSNe it is only� 900 pc (Lunnan et al., 2015).

These studies concluded that this preference for compact, low-mass galaxies is the

result of a progenitor or explosion mechanism that forms preferentially at low-

metallicity because the metallicities of galaxies decrease with lower stellar masses

(e.g. Tremonti et al., 2004). This could point to many of the proposed scenarios

to explain SLSNe and LGRBs such as a super-massive star that only occurs at

low-metallicity, or a rapidly rotating star that forms a magnetar. A summary of

the requirements is shown in Table 1.1 and described in Section 1.4.3.
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Local properties{ Two similar analysis methods were developed to study the

correlation between the locations of transients with respect to the overall light

distribution in their hosts, independent of galaxy morphology. The normalised

cumulative rank method (NCR; James & Anderson, 2006) and the fractional

light approach (Flight ; Fruchter et al., 2006). These pixel-based methods use host

galaxy images and �rstly sort all the pixels in the transient host in ascending order

of surface brightness. The pixels are summed cumulatively and normalised by the

total sum of the host pixels. The brightness of the transient pixel is placed within

this fractional light distribution and F light corresponds to the fraction of pixels

fainter than or equal to the pixel containing the explosion. If the explosions purely

trace the distribution of light, one would expect Flight values to be uniformly

distributed between 0 and 1. Fruchter et al. (2006) analysed LGRBs in rest frame

UV or blue light (observed primarily in STIS and HST V-band �lters) which

predominantly traces the light from massive stars. They found that LGRBs are

strongly associated with the brightest regions (with Flight values skewed towards

1) of their hosts and are more strongly associated with star formation, whereas

CCSNe trace the light uniformly (Fruchter et al., 2006; Svensson et al., 2010).

In studies of nearby compact starburst galaxies, bright Hii regions are often com-

prised of many O-type and WR stars (Had�eld & Crowther, 2006). Therefore

LGRBs were linked to deaths of massive stars that explode in their birth environ-

ment (Fruchter et al., 2006). This coupled with the fact that LGRBs are typically

found in low-mass compact galaxies was used to suggest that the fundamental

di�erence between LGRBs and CCSNe is a combination of their progenitor mass

and metallicity (e.g. Fruchter et al., 2006; Wolf & Podsiadlowski, 2007) because

if metallicity alone was the di�erence then within the faintest galaxies, LGRBs

would trace the UV light distribution in the same way as CCSNe do in dwarf

galaxies.

SLSNe-I were also studied using the Flight technique on rest-frame UVHST im-

ages by Lunnan et al. (2015) who found that the locations are more strongly asso-

ciated with host light than CCSNe, but are less strongly associated than LGRBs,
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indicating potentially a somewhat older, lower mass progenitor for SLSNe.

However, most SLSNe and LGRBs lie atz > 0:1 where they are spatially unre-

solved and this makes it di�cult to precisely determine the progenitor mass and to

distinguish between� 10{25 M� progenitors and super-massive progenitors� 25{

250 M� . Since CCSNe are much more common than SLSNe and LGRBs there

are larger samples at low redshift, and so the physical sizes probed by pixel based

methods are much smaller. Anderson et al. (2012) also investigated di�erences in

the CCSN population in rest frame NUV and H� . They found an increasing as-

sociation with H� emission from SN II! Ib! Ic, suggesting a possible increasing

mass sequence for CCSN progenitors with Ic SNe having the most massive pro-

genitors. However, Crowther (2013) argues that this method is sensitive to the

varying properties and duty cycles of Hii regions. Most of the CCSN sample from

Anderson et al. (2012) are in high-mass galaxies with high star formation rates,

and are associated with massive Hii regions with duty cycles of� 20 Myr. Thus

the association, or lack of association with star formation suggests only that type

II CCSN and type Ic SNe have di�erent minimum progenitor mass thresholds of

� 8 M� and � 12 M� respectively. Whereas to provide stronger constraints for

high-mass (> 50{100 M� ) progenitors, one would require a sample of CCSNe in

isolated and shorter-lived (� 3{5 Myr) H ii regions (Crowther, 2013).

Neill et al. (2011) and Fruchter et al. (2006) �rst suggested that the lack of SLSNe

and LGRBs in luminous, high-mass galaxies was because they are suppressed at

high metallicities. More recently, increasingly sophisticated approaches have been

used to investigate these initial �ndings by studying the metallicities and star-

formation properties in more detail.

1.4.3 Metallicity

The metallicities of host galaxies allow speci�c constraints to be placed on chemi-

cal enrichment and the underlying ages and metallicities of the stellar population

at the supernova site. Each explosion and progenitor channel for CCSNe, SLSNe



Table 1.1: Progenitor models and predictions for SLSNe-I, SLSNe-II and LGRB. All progenitor masses are initial masses. Host predictions
are loosened considerably if binary channels are considered because mass and rotation can be transferred.

Model Variant Transient Progenitor requirement and host predictions

SLSN-I SLSN-II LGRB

Radioactive

Decay

CCSN X� X� � Single Star: High-mass� 100 M� star, < 0.5 Z� or rapid rotation causing homogeneous

evolution.

PISN X� � �

Single Star: 130{250 M� , < 0.2 Z� or rapid rotation causing homogeneous evolution

youngest stellar populations.

Binary Channel : Dynamical interactions in young clusters in starburst galaxies.

Central

Engine

Magnetar X� � X�
Single Star: � 20 M� but rapidly rotating, < 0.3 Z� .

Binary Channel: Lower mass and higher metallicity threshold than single-star channel.

Blackhole

(Collapsar)

� � X�
Single Star: Could require very massive star> 20 M� but rapidly rotating, < 0.3 Z� .

Binary Channel: Lower mass and higher metallicity threshold than single-star channel.

Interaction CCSN Partly X� � Single Star: Contributes to SLSN-I luminosity but could entirely power SLSN-II. Re-

quires signi�cant mass loss for dense CSM could be enhanced at higher metallicity and

with a super-massive star.

PPISN � X� � Single Star: 90{130 M� , < 0.3 Z� to retain mass, starburst preference.
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and LGRBs (see Table 1.1) will be formed more easily in certain conditions. For

example, certain models require a highly stripped hydrogen-poor star, some need

a super-massive star, while others require a rapidly rotating progenitor. An-

other complicating factor is that the progenitor can be single, or could be formed

through binary channels that cause the progenitor star to be stripped by, accrete

mass from, or merge with a close companion. The initial formation requirements

for binary channels are more complex than the single-star models, but they are

also more 
exible given that mass and rotation can be transferred to the progen-

itor after birth. Thus, investigating any trends in metallicity is vital to place the

progenitor and explosion properties in context.

Metallicities of host galaxies can be measured directly from emission lines in

the host spectra. However, when spectroscopy is unavailable, indirect meth-

ods (described earlier in this chapter) can be used. One can infer the metallic-

ity from galaxy luminosity (a tracer of a galaxy's stellar mass) using the long-

established mass{metallicity relationship. As an alternative, the metallicity can

also be inferred by using stellar population synthesis model �ts to broadband

multi-wavelength galaxy photometry (Conroy, 2013).

Graur et al. (2017a,b) investigated the relative rate of CCSNe subtypes across

di�erent galaxies and found that the relative rate of stripped-envelope Ib/c SNe

versus non-stripped CCSNe declines in low-mass (< 1010 M � ) galaxies; they are

underrepresented by a factor of� 3. In addition, there appears to be a strong

metallicity bias, with the relative rate of Ib/c to II SNe increasing with metallicity.

However, this is not interpreted as evidence for the single-star scenario since the

single-star stellar evolution models under predict the observed absolute numbers

of SE-SN, therefore the binary scenario could be important and there could be

multiple channels at play. In addition, the binary scenario can also show a strong

metallicity dependency, although binary star channels are much more uncertain

than the single-star channel.

Nevertheless, there are some subtle di�erences even within the stripped-envelope

supernova population itself. Arcavi et al. (2010) found that while the relative rate
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of Ic SNe vs non-stripped CCSNe increases in high-mass galaxies, the relative

rates of all other SE-SNe types (Ic-BL, Ib, IIb) are lower in high-mass galaxies.

These results could be interpreted as a metallicity e�ect { a similar progenitor will

lose its hydrogen envelope and explode as a Ic SN in a metal-rich environment.

However, in a low-mass galaxy, due to reduced metallicity-driven mass loss, it will

retain some of its hydrogen and helium envelope and explode as Ib/IIb event.

This low-mass, low-metallicity preference is particularly strong for the more ener-

getic cousins of Ic SN, Ic-BL (with and without LGRB associations) and SLSN-I

which are often found in the lowest-mass hosts relative to all other classes of CC-

SNe (Kelly & Kirshner, 2012; Japelj et al., 2018; Modjaz et al., 2019; Neill et al.,

2011), even though all these supernova types require that a massive progenitor

star must lose its hydrogen envelope prior to death.

However, this stark host di�erence between ordinary and energetic stripped-

envelope supernova (SLSN-I, LBRB-SN and Ic-BL), coupled with the fact that

only a small fraction of massive stars explode as SLSNe and LGRB-SNe suggests

that special circumstances must be involved in their production (i.e., not only

do they require a massive star with> 8 M� on the MS). There is probably a dif-

ferent formation scenario, where the star has to besuper-massiveand/or rapidly

rotating when it explodes.

LGRB progenitors harbour a jet from a compact central engine, which requires a

compact and rapidly rotating stellar core. In the single-star progenitor scenario,

the star must be massive and rapidly rotating at birth and maintain a high

rotation rate throughout its life which will mix the hydrogen envelope of the star,

so that it evolves to be chemically homogeneous. This favours a low-metallicity

progenitor < 0:2� 0:3 Z� , which leads to a more compact, faster rotating massive

star, with weaker stellar winds (high mass loss would quickly sap the progenitor

of its rotational energy) (e.g. Hirschi et al., 2005; Yoon & Langer, 2005; Woosley

& Bloom, 2006). In contrast, the single-star progenitor scenario of ordinary Ic

SNe probably requires a higher metallicity so that strong stellar winds cause the

stars to shed its hydrogen and sometimes also its helium stellar envelope (Japelj
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et al., 2018; Modjaz et al., 2019).

To produce a central engine powered SLSN-I, the progenitor would also need to

possess a rapid rotation. In single-star models, the progenitor would require a

low-metallicity so the rotational energy is not sapped from the progenitor due

to wind-driven mass-loss. PISNe and PPISNe explosions of super-massive stars

> 90 M� could also power SLSNe. Such massive stars posses powerful stellar

winds. Therefore, to enable the star to retain most of its stellar mass before the

explosion, it would have to have a sub-solar metallicity.

However, binary interactions occur in three quarters of massive stars (Sana et al.,

2012). When binary progenitor channels are considered, angular momentum and

mass can be transferred to the progenitor after birth, right up to explosion, so

the metallicity requirements are less stringent than in single-star models. A pro-

genitor for the central engine model need not be as low metallicity since angular

momentum can be transferred by a companion. In addition, a massive star that

may produce a PISN or PPISN may be formed via dynamical interactions in

young and dense star clusters. These stars would be exclusive to young and high-

mass clusters that are compact in nature (Figer, 2005), but their rate may still

be enhanced at low-metallicity (van den Heuvel & Portegies Zwart, 2013).

Analysis of host galaxy samples based on metallicity measurements taken lo-

cally at the transient explosion site suggests that the progenitors of SLSNe-I and

LGRBs do have a strong preference for sub-solar metallicity: high-metallicity

environments rarely produce LGRBs (Kr•uhler et al., 2015; Vergani et al., 2015;

Japelj et al., 2016a; Perley et al., 2016b; Palmerio et al., 2019) or SLSNe (Per-

ley et al., 2016a; Schulze et al., 2018; Chen et al., 2017a). LGRB production is

strongly suppressed at metallicities above� 0.3{1 Z� (Kr•uhler et al., 2015; Ver-

gani et al., 2015; Japelj et al., 2016a; Perley et al., 2016b; Palmerio et al., 2019),

whereas SLSNe-I seem to require even lower metallicities than LGRBs or Ic-BL

SNe: their production e�ciency seems to be suppressed above� 0.4{0.5 Z� (Per-

ley et al., 2016a; Chen et al., 2017a; Schulze et al., 2018). One must note that

these metallicity threshold measurements are the preferred values that result from
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a wide range of LGRB and SLSN samples and in some cases di�erent methodolo-

gies, leading to some uncertainty in the threshold. For example, if there is global

metallicity variation (A�erbach et al., 1997), or small pockets of low-metallicity

gas within the galaxies, then the measured host metallicity may be di�erent from

the progenitor metallicity. In addition, there are also uncertainties in the di�erent

line ratios used for metallicity estimation.

Individual studies have also shown that a small fraction of the SLSN-I population

occur in very low metallicity hosts of less than 0.1 Z� (Lunnan et al., 2013; Chen

et al., 2013). Some SLSNe could require even lower-metallicity environments than

LGRBs, which could lend support to PISN models that require a low-metallicity

or super-massive star to form. However, as the statistical sizes of nearby SLSN

and LGRBs have increased, there have also been some massive spiral galaxies

with high metallicities that have hosted SLSN-I (MLS121104, PTF10uhf, SN

2017egm, Lunnan et al., 2014; Perley et al., 2016c; Dong et al., 2017) and nearby

LGRBs (e.g. Izzo et al., 2019). Also if there has been signi�cant infall of low

metallicity gas due to a merger, global metallicity gradients in the host, or even

small pockets of low-metallicity gas, these scenarios would not require a low-

mass galaxy. Thus it is likely that there may be a variety of progenitors and

explosion models at play. The emerging picture is that the stringent metallicity

conditions predicted by single-star models are not represented in the host galaxy

populations, so binaries could be involved to some extent (e.g. Chrimes et al.,

2020).

Comparatively, there have been few studies focusing on SLSNe-II host metallici-

ties because most scienti�c attention has been given to SLSNe-I that likely require

a di�erent explosion mechanism and/or progenitor. In contrast, the luminosity of

SLSNe-II is most likely determined by the strength of the interaction. SLSNe-II

progenitors require an end-of-life mass-loss episode which is not a speci�c pre-

diction of low-metallicity single-star models and the progenitors do not undergo

chemically homogenous evolution.

SLSNe-II super�cially resemble `ordinary' IIn's and occur in galaxies which span
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a wide range of masses and metallicities. But notably, some SLSN-II hosts do

stand out from the bulk population. For example, two known SLSNe-II (SN

2006gy and PTF 10tpz) are in the circumnuclear regions of massive and metal-

rich host galaxies, with roughly solar metallicites (Ofek et al., 2007; Perley et al.,

2016c). This may suggest there is a distinct class of transient exclusive to galaxy

nuclei that certainly do not favour a low-metallicity environment. Perhaps there is

an alternative requirement for these SLSNe-II such as a top-heavy IMF in galaxy

centres. Furthermore, some SLSNe-II have been found in faint dwarf galaxies,

less massive than even some of the faintest SLSN-I hosts (Perley et al., 2016c;

Schulze et al., 2018). In these low-metallicity environments, interaction models

may be challenging because mass loss from stellar winds is reduced, so the CSM

density should be lower. Thus, for SLSNe-II occurring in low-metallicity host

galaxies another mass loss mechanism, such as PPISNe may be at play.

1.4.4 Star formation properties

There are some indications that metallicity alone may not fully explain the un-

usual properties of SLSN and LGRB hosts, and that the star-formation properties

of the host may a�ect their production. In particular, many SLSN-I hosts are

found in starburst11 galaxies with exceptionally high star-formation rates (eg.,

Leloudas et al., 2015; Perley et al., 2016c; Schulze et al., 2018), in addition to

their low metallicities, as evidenced by their high equivalent widths (Leloudas

et al., 2015): as many as� 50 per cent of SLSNe-I are found in extreme emis-

sion line galaxies (EELGs; Leloudas et al., 2015) with [OIII ] equivalent widths

> 100�A. For example, a well-studied example of a young starburst hosting a SLSN

is PTF12dam, with a stellar population of only� 3 Myr (Th•one et al., 2015; Chen

et al., 2015) and inferred progenitor mass> 60 M� .

Low-mass galaxies tend to experience bursty star-formation histories and are thus

more likely to be starbursting at any given time in their history. Hence, if SLSNe

11We de�ne a `starburst' as a galaxy with a high speci�c star-formation rate
(sSFR=SFR/M � ): speci�cally, a sSFR in excess of 10� 9 yr � 1.
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can be shown to exhibit a secondary dependence on sSFR (that is, a dependence

in addition to the well-established dependence on metallicity), this would, at

minimum, require a short-lived progenitor (Leloudas et al., 2015; Schulze et al.,

2018). However, it could also point towards anintrinsic preference that favours

the production of SLSNe in starbursting galaxies, such as a top-heavy IMF (e.g.

Dabringhausen et al., 2009) or the collisional model of van den Heuvel & Portegies

Zwart (2013). A top-heavy IMF would allow more massive stars to form, causing

a preference for SLSN to occur in starburst galaxies and this could favour the

PPISN and PISN scenarios because they require exceptionally massive stars.

The collision model (see Section 1.3.1 for more details) postulates that LGRBs or

SLSNe are produced in the early stages of young and dense star cluster formation

as the result of gravitational dynamical processes (such as runaway collisions)

(van den Heuvel & Portegies Zwart, 2013) that produce super-massive progenitor

stars. In this scenario, one would expect this to occur in young (< 2 Myr) and

massive star clusters (> 104 M � ). These characteristics point to young clusters in

small star-forming galaxies or the central regions of starburst galaxies. Therefore,

one may expect to see a preference towards starburst galaxies and perhaps in

galactic merger environments, even after accounting for the fact that any CCSN

is proportionally more likely to occur in a galaxy with a high SFR.

Nevertheless, there is con
icting evidence for this scenario, since many (perhaps

most) SLSN-I hosts are no more obviously star-forming than the general star-

forming galaxy population. While many SLSN host galaxies do have high-UV

SFR densities, attributing the SLSN host properties to an altered IMF is hard

to reconcile because SLSNe do not usually form in the brightest regions of their

host galaxies (Lunnan et al., 2015).

A complicating factor is that all of the key galaxy observational parameters we

may want to use to diagnose the nature of the progenitor (e.g. stellar mass,

metallicity and sSFR) correlate across the star-forming galaxy population (e.g.

Tremonti et al., 2004; Salim et al., 2007). For example, a low-mass and low-

metallicity galaxy tends to have a star-formation history with short bursts of
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concentrated star-formation and therefore is more likely to be observed as a star-

burst than a high-mass and high-metallicity galaxy. Thus, it is still unclear to

what extent the environmental properties of SLSNe and LGRBs (low-mass, low

metallicity and high sSFR) re
ect their speci�c physical in
uences (progenitor

and explosions mechanism).

Understanding these environmental trends is in part limited by our overall lack of

knowledge about the low-metallicity dwarf galaxies, which the SLSN and LGRB

populations tend to inhabit. Also, the high redshift nature of LGRBs and SLSNe

makes detailed local environmental studies di�cult, therefore, there are few spa-

tially resolved studies (e.g. Chen et al., 2017d).

1.4.5 Core-collapse supernovae as probes of star-forming

dwarf galaxies

Star forming dwarf galaxies (broadly de�ned as galaxies with stellar masses<

109 M � ) are the most common type of galaxy in the Universe. While small, they

contribute signi�cantly to cosmic star-formation. Their star formation histories

are erratic, with brief (107{108 year) bursts of intense star formation, and they

are chemically primitive, with low metallicities (Kunth & •Ostlin, 2000).

Their unique characteristics mean they are also key to solving many outstanding

questions in galaxy formation and evolution. They o�er the closest analogues to

the very �rst galaxies which were the driving force behind cosmic reionisation.

In addition, their chemical abundance patterns provide insight into the early

Universe, their luminosity functions and kinematic properties place constraints

on models of star-formation and feedback (Baldry et al., 2008) and they can be

used to test the �CDM model (Bullock & Boylan-Kolchin, 2017).

Much of our detailed understanding of star forming dwarf galaxies originates

from studies ofvery local dwarfs (predominantly Milky Way satellites and a few

archetypal examples within the local group). The Local Volume Legacy Survey
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is by far the most reliable catalogue to study the contribution of dwarfs to the

local star-formation and the starburst fraction within the local Universe because

it is volumetrically complete to � 11 Mpc (Lee et al., 2011). However, this sample

contains only� 2 dwarf starburst galaxies because it covers a limited volume, and

starbursts are rare in the local Universe.

The ability to reach more distant galaxies is important because it not only o�ers

better statistics, but also allows us to study galaxies over a larger cosmic volume,

increasing the range of environments to study (including objects that are too

rare to appear in a small volume) and alleviates any bias associated with local

conditions of the Milky Way environment.

Beyond the local group, a great deal of our knowledge of galaxy formation and

evolution is tied to galaxy �eld surveys. Starburst galaxy searches either rely

on deepnarrow �elds such as the Hubble Deep Field (Williams et al., 1996) and

the Cosmological Evolution Survey (Scoville et al., 2007) that uncover distant

(z � 1:5{6) starbursts or wide-�eld, shallower surveys such as the Sloan Digital

Sky Survey (SDSS; Frieman et al., 2008) that �nd more local (z < 1) starbursts.

However, SDSS does not provide spectroscopic redshifts for most objects and

photometric redshifts are unreliable in the local Universe. Hence, SDSS is poor

at selecting dwarf starburst galaxies with stellar masses< 109 M � .

Starbursts fall into observationally de�ned classes. For example, the Blue Com-

pact Dwarf Galaxies (BCDGs; Zwicky, 1965), which (as their name alludes to)

appear blue in optical and ultraviolet colours. They have compact gas and stellar

distributions (van Zee et al., 1998) and often show signs of recent mergers or inter-

actions. They have observationally strong emission lines indicating intense star

formation and exceptionally low gas-phase metallicities (Terlevich et al., 1991).

One variant of BCDGs, are the so-called `green peas', that were discovered as un-

resolved (at intermediate redshifts between 0:11 < z < 0:36) small, green point

sources in the Galaxy Zoo project using SDSS (Cardamone et al., 2009; Izotov

et al., 2011). These galaxies are strong[OIII] 5007�A emitters, giving them their
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distinctive green colour in SDSS false colour images.12 Green peas are thought

to resemble primordial starbursts in the early Universe.

Studies of starburst-like galaxies do exist at higher redshifts too, and they con-

tribute signi�cantly to the star formation density at redshifts between 1< z < 2

(Chary & Elbaz, 2001). However, they are generally more massive galaxies

> 1011 M � because smaller galaxies are more observationally challenging to study

and metallicity and star formation measurements become increasingly di�cult es-

pecially at z > 1 (Kewley et al., 2013). Even in the relatively local Universe (< 100

Mpc), most dwarf galaxies are systematically missed by spectroscopic galaxy sur-

veys. Thus, despite the importance of studies of more distant dwarf galaxies

outside of the local volume (> 11 Mpc), the starburst fraction in dwarf galaxies

outside of the local volume is uncertain.

The evolution of the cosmic SFR provides a sensitive probe of galaxy formation

and evolution. The cosmic SFR peaks at a redshift ofz = 1 � 2 (Madau et al.,

1996; Madau & Dickinson, 2014) and declines exponentially fromz � 1 to z = 0

(Lilly et al., 1996). In addition, the `cosmic downsizing' of star formation (Cowie

et al., 1996; Juneau et al., 2005) is important since massive galaxies acquire the

bulk of their stellar mass earlier than low-mass galaxies and their star formation

rate decays faster, whereas sincez < 1, most of the SFR activity occurs in lower-

mass (< 1010 M � ) galaxies.

Mapping the SFR density requires detailed knowledge of the luminosity function

and the 
ux limit of the survey. Since galaxy �eld surveys select galaxies based

on their 
ux, they naturally under-represent dwarf galaxies { the small sizes and

faint luminosities of these galaxies mean they often remain undetected (their 
ux

falls below the detection limit of the survey). Due to the short progenitor lifetime

of massive stars, CCSNe are a fantastic alternative method to directly probe star

formation density. The CCSN rate can be used to measure the cosmic SFR and

its evolution with time up to a redshift of z � 2:5 (Strolger et al., 2015). Likewise

the LGRB rate has been used to extend this to very high redshifts because LGRBs

12For which `green' is actually r -band but corresponds to green light in the rest frame.
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can be detected out toz � 6 (e.g. Chornock et al., 2014; Melandri et al., 2015).

This thesis focuses on strictly low-redshift host galaxy samples. The SLSN and

LGRB samples are at a redshift out toz = 0:3, with a comoving distance of

� 1500 Mpc. The CCSN sample covers a redshift out toz < 0:08, with a co-

moving distance of� 340 Mpc. At these distances, redshift evolution of the star

formation density and downsizing will play a marginal role, but when performing

sample comparisons between the host galaxies, it is important enough to require

a correction procedure.

CCSNe (Conroy & Bullock, 2015) and LGRBs can also be used to pinpoint ex-

tremely low-luminosity star-forming galaxies for detailed study and they provide

an alternative method to build large and representative sample of galaxies because

they select galaxies independently of their luminosity. These samples include

dwarf galaxies that would otherwise be too faint to detect with standard tech-

niques (e.g. Sedgwick et al., 2019). Also a high-quality sample of `ordinary' CCSN

hosts (which one can assume samples the explosions of `typical' massive stars)

can provide testable predictions for where we might expect SLSNe and LGRBs

to occur under various hypothesis about their formation preferences. This can

help to disentangle the role of metallicity and SFR and determine whether both

properties are equally important in governing SLSN and LGRB production. The

advantage of using a galaxies sample selected by CCSNe is that it is selected in

the same manner as SLSNe or a LGRBs|via the explosion of a massive star

as detected in a time-domain imaging survey. This minimises the large method-

ological di�erences between selecting dwarf galaxies via CCSNe vs. selecting via

galaxy counts in 
ux-limited surveys that must then be weighted in proportion

to their star formation rate.

Thus far, there have been a handful of individual studies speci�cally devoted

to CCSNe that exploded in dwarf galaxies (Young et al., 2010; Prieto et al.,

2012), but a large-scale statistically useful study has been lacking. Until recently

supernovae were rarely discovered in dwarfs { traditional supernova surveys pri-

oritised discovery e�ciency by using a galaxy-targeted approach to search nearby
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and relatively high-mass galaxies for transients (see Section 1.2.1 for a historical

overview of supernova searches). These searches were insensitive to transients

that might occur preferentially in faint hosts and they introduce obvious selec-

tion biases toward high-mass galaxies that may shift the observed galaxy mass

distribution towards the high-mass end.

In more recent transient searches, wide-�eld cameras are used to survey the entire

night sky on timescales of a few days. These untargeted searches are unbiased

by host galaxy mass and �nd SNe over a much larger cosmic volume than galaxy

targeted searches. A small but signi�cant fraction of these SNe will explode in

dwarf galaxies. However, even if a supernova survey's sky coverage is not biased

towards particular galaxies, a variety of other biases can still result in a supernova

sample that is not necessarily fully re
ective of the underlying distribution.

Spectroscopic completeness is important for a number of reasons. Firstly, it allows

one to distinguish between SN Ia and CCSNe, so that the CCSN sample contains

only the hosts of dying massive stars and is not contaminated by other transient

types which could bias the masses and star-formation rates of the sample. For

example, SN Ia explode in a variety of environments in both young and old stellar

populations, therefore including them would bias the host sample towards older

populations. Secondly, it allows the CCSN population to be individually typed for

comparisons of CCSN sub-types. Lastly, a spectroscopic classi�cation provides

a redshift estimate which is vital to determine a host galaxy luminosity. This

is important for local dwarf galaxies, where photometric redshifts are unreliable

and often do not have publicly available spectroscopic redshift estimates.

In addition, if selection criteria in discovery or in spectroscopic follow-up is de-

pendent on the nature of the host galaxy then the sample will be biased towards

the criteria that are used. Other spectroscopic follow-up biases can also lead to

a biased sample, for example, the PTF untargeted CCSN sample (Arcavi et al.,

2010) still su�ers from biases where certain supernovae were given spectroscopic

follow-up priority over others based on science goals at the time of observations.

This results in incomplete sampling of the underlying CCSN population.
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1.5 Thesis Outline

The primary result of my thesis is a new study of an untargeted and unbiased13

sample of CCSNe to address the questions discussed in Section 1.4.5. Chapter

2 describes how this sample was compiled, analysed and compared to the host

galaxies of SLSNe and LGRBs. Chapter 3 includes my work to help build future

supernova catalogues that will be larger and have better systemics than any

previous supernova survey. For example, the ZTF BTS sample is a project that

spectroscopically classi�es and publicly announces new bright transients (m<

18:5), with the overall aim to gather a large, well-de�ned supernova sample. This

project relies on a number of spectroscopic resources, including a large role for

LT. In addition, the ZTF SLSN sample, and e�orts to �nd and study new classes

of transients like AT2018cow. Finally, in Chapter 4, I present concluding remarks

and ideas for future work that naturally follow on from the work described in this

thesis.

Throughout this this we adopt �CDM cosmology, with 
 0 = 0.27, 
 � = 0.73 and

H0 = 70kms� 1Mpc� 1 (Komatsu et al., 2011).

13In this thesis, `unbiased' SN samples is used to refer to supernova samples that are gathered
from all-sky, untargeted searches, as apposed to galaxy-targeted searches. These untargeted
samples are unbiased by galaxy mass, so are a fantastic resource for host galaxy and demographic
studies.



Chapter 2

Supernova host galaxies

2.1 Introduction

As discussed in the introduction, comparison between the host populations of

di�erent CCSN classes are among the most powerful tools to help constrain the

progenitors. However, pre-existing studies of CCSN hosts su�ered from various

limitations and biases related to supernova discovery and follow-up.

In this chapter, I take advantage of unbiased supernova samples to provide new

insights into the explosive endpoints of massive stars through their host galaxy

environments. I compile a large, unbiased, representative sample of CCSN host

galaxies (which sample the explosions of `typical' massive stars, unlike SLSNe

and LGRBs) using four years of the ASAS-SN survey. I provide UV-through-NIR

photometry of this sample and derive stellar masses and star-formation rates by

modelling the host galaxy spectral energy distribution, and make comparisons to

samples of SLSNe and LGRB host galaxies.1

1This chapter has been submitted for publication in MNRAS.
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2.2 Host galaxy samples

A supernova sample suitable for an unbiased statistical study of the explosion

locations of massive stars must have several properties. First, it must enclose

a su�ciently large volume such that it is not subject to strong cosmic variance

e�ects. Second, the SNe must be discovered in an unbiased way (not via galaxy-

targeted surveys). Third, the sample must be able to securely distinguish CCSNe

from Ia SNe for all transients, ideally via spectroscopy. Finally, it must have

multi-wavelength galaxy data from UV to NIR in order to derive physical pa-

rameters for the hosts. Few existing SN samples have these properties, and until

recently, none of the samples are at low redshift where detailed host studies are

most practical. Examples of other large, untargeted SN samples include SDSS

(Frieman et al., 2008; Sako et al., 2008) and SNLS (Bazin et al., 2009) but these

surveys are not spectroscopically complete, and this leads to ambiguities in the

classi�cations.

2.2.1 Core-collapse supernovae

A variety of galaxy-untargeted SN catalogues exist, including the Dark Energy

Survey (Flaugher, 2005), Catalina Real-Time Survey (Drake et al., 2009), the

Palomar Transient Factory (Law et al., 2009), SuperNova Legacy Survey (Bazin

et al., 2009), Pan-STARRS (Kaiser et al., 2002), La Silla Quest (Hadjiyska et al.,

2012), the Gaia transient survey (Hodgkin et al., 2013), SkyMapper (Keller et al.,

2007), SDSS Supernova Survey (Frieman et al., 2008) and the All-Sky Automated

Survey for Supernovae (ASAS-SN; Shappee et al., 2014). I draw our CCSN sample

from ASAS-SN for two reasons. Firstly, almost all SNe discovered by ASAS-SN

are bright enough (even with small telescopes) for the global SN community to

follow-up, spectroscopically classify and derive a redshift estimate. This is im-

portant since I need an unambiguous sample of CCSN selected host galaxies and

a reliable SN redshift estimate for our host analysis. Second, ASAS-SN is shallow

(mV;limit � 17 mag) but is all-sky, so the SNe it �nds are generally very nearby,
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where excellent photometric galaxy information exists in public catalogues. The

ASAS-SN sample is spectroscopically complete for SNe with peakV -band light

curve magnitudesmV < 15:8 and is roughly 50 per cent complete atmV = � 17

(Holoien et al., 2017a).

I compile all spectroscopically con�rmed CCSN discovered by ASAS-SN (2013{

2014, 2015, 2016, 2017; Holoien et al., 2017a,b,c, 2019), adopting any SN classi-

�cations and redshift estimates that were updated since the initial classi�cation

was made. I include any SNe that were not discovered by ASAS-SN and therefore

do not have an ASAS-SN name designation, but were `recovered' in their data. I

refer to these SNe using the designated IAU name, or the discovery group name

(6 SNe) when there is no IAU name to our knowledge. For the sake of brevity, I

shorten any possible supernova (PSN) object names to the �rst 8 digits.

There are some ambiguous classi�cations which are removed from the sample.

I remove two claimed SLSNe: ASAS-SN 15lh was classi�ed as a SLSN-I (Dong

et al., 2016), but was omitted from the CCSN sample since it is not well under-

stood whether this event is a SLSN or a tidal disruption event (Leloudas et al.,

2016; Margutti et al., 2017) and ASAS-SN 17jz was re-classi�ed as a SLSN-II,

but its classi�cation is ambiguous; it could be a very luminous SN-II (Xhakaj

et al., 2017) or alternatively it could be an AGN (Arcavi et al., 2017). In addi-

tion, I remove SN 2015bh since the classi�cation is ambiguous. Despite having a

dataset spanning a 21 year time period, it is unclear whether SN 2015bh is the

terminal explosion of the star resulting in a CCSN or if it is a precursor LBV

hyper-eruption (Elias-Rosa et al., 2016; Th•one et al., 2017).

I limit our sample to a declination greater than {30° because uniform, public,

deep optical survey data is not available across the entire southern hemisphere. I

also impose a galactic latitude cut (jbj < 15°) in order to eliminate those galaxies

where stellar crowding signi�cantly a�ects the photometry of the galaxies and

thus remove SN 2015an, 2015W, 2016bpq, 2016G, 2017eaw, 2017gpn, ASAS-

SN 17ny, 17kr, and PSNJ1828 from the sample. In addition, I also impose a

minimum distance cut and remove any galaxy within a 10 Mpc volume, and
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Table 2.1: Division of transient types within the host galaxy samples.

Transient Type Number
CCSN-II 72
CCSN-IIP 26
CCSN-IIb 10
CCSN-Ib/Ic 19
CCSN-IIn/Ibn 21
CCSN-Ic-BL 2
CCSN Total 150
SLSN-I 29
Possible SLSN-I 3
SLSN-II 21
SLSN Total 53
LGRB-SN 12
SN-less LGRB 5
LGRB Total 17

therefore remove AT 2014ge. Two supernovae (SN 2016afa and 2017ivu) have

the same host (NGC 5962) and this galaxy is included twice in the host galaxy

analysis.

Our sample of CCSNe is comprised of 150 SNe discovered from 2013 to the end

of 2017. The redshift distribution covers the range 0.00198{0.08, with a median

value of 0.014. A table with details of these galaxies can be found in Table A.4. A

mosaic showing our ASAS-SN CCSN host galaxy sample is provided in Fig. 2.1{

2.2. I use methods detailed by Lupton et al. (2004) to convert PS1gri images

into a colour composite image. Each cutout has a constant physical size scale in

the rest frame of the SN host of 21 kpc on each side and a scale bar showing an

angular size of 10 arcsec is shown on each cutout.

2.2.2 Superluminous supernovae

I collate our initial SLSN sample based on archival SLSNe in the literature. I

include SLSN hosts from Neill et al. (2011)2, SUSHIES (Schulze et al., 2018)

2I do not include SN1995av and SN1997cy since their classi�cations are unclear, SN1997cy
could be a SN Ia or IIn and may be associated with a LGRB.
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Figure 2.1: Mosaic showing RGB (gri PS1) colour composite images of our ASAS-SN
CCSN host galaxy sample. Images labelled in white text are Type II CCSNe (excluding
IIb) and images in blue are stripped-envelope SNe of type Ib/c or IIb. Each image has
a constant physical size scale of 21 kpc in diameter at the redshift of the host galaxy
and an angular scale of 10 arcsec is shown on each individual cutout. The image of
low surface-brightness SN host 16ns is after the subtraction of a bright (mv � 17)
foreground star. The SLSN candidates that were discovered in archival PTF data are
also included in the last row of the �gure in yellow text. The same physical size as the
CCSN is used, but with a scale bar of 2 arcsec due to their higher redshift nature.
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