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Abstract

Supernovae are the explosive and luminous ends of life for a variety of types of star.
They exhibit a wide diversity of light-curve shapes and chemical abundances as a func-
tion of their type. The physics of supernova explosions is one topic of ongoing research,
particularly the mechanisms by which supernovae expel their outer layers and create
remnants such as black holes and neutron stars. There is also much to be learnt about
the progenitor stars of supernovae, from observing, for instance, the sites of SN explo-
sions in pre-supernova imaging. Such a comparison of progenitor and supernova prop-
erties yields a direct picture of the end of the stellar evolutionary process. Supernovae
also show fundamentals of nuclear and particle physics acting on human timescales and
thus are perfect test-beds for such areas of science. However, what is of most interest
in this thesis is the connection between supernovae, galaxy evolution, and our Uni-
verse’s cosmology. This thesis presents novel techniques using supernovae as probes of
galaxy evolution and cosmology. The tight connection between core-collapse supernova
rates and star formation rates is firstly exploited to make significant contributions to
2 outstanding problems in the area of galaxy evolution: Core-collapse supernovae are
used to probe the sub-structure problem, or the surplus of observed low-mass galaxies
relative to the number predicted by simulations invoking a -CDM cosmology, by de-
tecting previously missed low surface brightness galaxies at these supernova positions
and by utilising the relationship between the volumetric star formation rate density,
specific star formation rate and the galaxy stellar mass function. These supernova rates
are then utilised to measure the mean star formation rates of elliptical galaxies. It is
currently unknown whether these galaxies are entirely quiescent or are instead main-
taining a hard-to-measure low level of star formation at current epochs. Many -CDM
simulations predict that the latter is the case, due to the ongoing influence of minor
mergers. Finally, the predictable luminosities of Type Ia supernovae are exploited for
their use as ‘standard candle’ distance indicators, allowing definitive tests to be made
for the effects of supernova environment on local measurements of the current rate of

expansion of our Universe.

Thomas M. Sedgwick November 2021
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Chapter 1

Introduction

1.1 Supernovae: A History

Supernovae (SNe) are the explosive and luminous ends of life for a variety of types of
star. These phenomena play a crucial role in the chemical enrichment of our Universe,
as it is within these violent events that the vast majority of the heavy elements are
produced (e.g. Woosley & Weaver, 1986). As such, it is ancient SNe occurring about
our location in the Universe that we have to thank for many of the constituents of the
human body (Zoroddu et al., 2019).

Though originating in stars which are one in millions to trillions within their host galaxy,
these objects can brie y, over the timescale of weeks to months, rival the luminosity of
their host, and in the case of low-mass or dwarf galaxies even outshine them entirely
(e.g. Hamuy et al., 1996; Sabatini et al., 2003). This property of SNe means that they
have played a crucial role in the development of astronomy since antiquity. The year 185
AD marks the earliest known record of a potential SN event, when Chinese astronomers
recorded a "guest star' in their night sky (Zhao et al., 2006). As this event, like all
SN discovered before the late 19th century, was within our own Milky Way, the object
would have been visible for many months with the naked eye. One can only imagine
the list of omens such an object would have been associated with.

Also recorded by Chinese astronomers in July 1054 was what is now known to be the
SN associated with the Crab Nebula (Collins et al., 1999). The central pulsar of this

nebula is the core remnant of the SN, and as such, is one of the only objects of its kind
with a precise birth-date (Lundgren et al., 1995). Tycho Brahe was the discoverer of

another early SN of the last millennium, which he labelled "Nova Stella' in 1572 (e.g.

Krause et al., 2008). This is where the su x, ‘nova' originates. The Pre x, “super’, rst
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introduced by Baade & Zwicky (1934), distinguishes the phenomena from novae, their
far less luminous cousins.

Given recent estimates of the stellar mass and star formation rate (SFR) of the Milky
Way (Licquia & Newman, 2015), SNe are expected to occur at an average rate of 2
per century in our galaxy. However, the last known Milky Way SN was recorded by
Johannes Kepler in 1604 (Baade, 1943), and so either an event is statistically long
overdue, measurements of our galaxy's mass and SFR are signi cantly miscalculated,
or more-recent local SNe have occurred in particularly dust-obscured regions of our
galaxy which has prevented their detection (Van Den Bergh & Tammann, 1991).

The advent of astronomical instrumentation led to the rst observation of an extra-
galactic SN in the late 19th century (De Vaucouleurs & Corwin, 1985). The 1970s saw
the introduction of the CCD chip (Boyle & Smith, 1970), the high sensitivity of which,
compared to photographic plates, accelerated the number of known SNe. Advances in
both instrumentation and computing power allowed for the rst robotic SN surveys in
the 1990s, leading to the most periodic and unbiased scanning of the sky to date (e.g.
Perlmutter et al., 1992).

These milestones, plus the ever-increasing magnitude depth of SN surveys mean that
the number of SNe detected each year is ever increasing. As this text is written, in 2021,
there are approximately8 10* SNe recorded in theOpen Supernova Catalogue
(Guillochon et al., 2017), and over6 10 of these have been detected in the last decade.
Furthermore, we are at the edge of another acceleration in their detection with the next
generation of wide- eld SN surveys, such as that which is part of the 10-yealegacy
survey of space and time (Isst ), conducted by the Vera C. Rubin Observatory,
expected to come online in 2022 (Ivezi¢ et al., 2019).

SNe are interesting phenomena to study in their own right: They exhibit a wide vari-
ety of light-curve shapes (or luminosity time evolution) and chemical abundances as a
function of their type (Botticella et al., 2016). The physics of SN explosions is one topic
of ongoing research, particularly the mechanisms by which SNe expel their outer layers
and create remnants such as black holes and neutron stars (Umeda & Nomoto, 2003).

SNe show fundamentals of nuclear and particle physics acting on human timescales
and thus are perfect test-beds for such areas of physics. There is also much to be
learnt about the progenitor stars of SNe from their violent deaths. For instance, the
sites of SN explosions can be examined in pre-SN imaging. By relating properties of
a now-deceased star such as luminosity, mass, metallicity and environment (including
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binarity) to the counterpart properties of the SNe, a direct picture of the end of the
stellar evolutionary process is obtained, available for comparison with the predictions
of evolutionary models (e.g. Eggenberger et al., 2008; Bersten et al., 2011). The most
famous example of a study of pre-SN imaging from a stellar evolution perspective relates
to SN1987A (McNaught et al., 1987; Gilmozzi, 1987). More recentlyHubble Space
Telescope (HST) imaging has made use of this technique to study several progenitor
stars (e.g. Li et al., 2006).

However, what is of most interest in this thesis is the connection between SNe, galaxy
evolution, and our Universe's cosmology.

1.2 The Hierarchical Process & the -CDM model

The now widely accepted picture for the evolution of galaxies is a "bottom-up' hierarchi-
cal process in which structure rst began to form via small dark matter (DM) density
uctuations in the primordial Universe. As DM collapsed about the locations of over-
dense peaks, low-mass haloes formed, and the rst galaxies subsequently formed from
the in-fall of baryonic matter into the potential wells of such haloes, before material
cooled to the point that star formation could be triggered (White & Rees, 1978).

Dark matter is the dominant mass constituent of the universe with 5 times the
abundance of ordinary baryonic matter (e.g. Bennett et al., 2013), and the evolution

of a galaxy's gas structure is thus determined by the evolution of the host DM halo.
Haloes in denser environments began to assemble into larger and more massive haloes
via gravitational interaction, producing the range of galaxy masses we observe at current
epochs (Mo & White, 1996).

This hierarchical process is a key property of the -CDM model, i.e. the parameterisa-
tion of the cosmological model which invokes a cosmological constant associated with
the Universe's observed accelerating expansion (" in Einstein's eld equations of gen-
eral relativity; Einstein 1916) and which features DM patrticles travelling at velocities
of a small fraction of the speed of light (the "Cold' in Cold Dark Matter). This model

is widely accepted as the “standard model' of cosmology due to the fact that it simul-
taneously reproduces various observed properties of the Universe, one of which is the
existence and structure of the cosmic microwave background. Its uctuation size power
spectrum indicates the preferential size of initial density uctuations in the primordial
Universe; a size consistent with -CDM model predictions and a hierarchical formation
of structure (Smoot et al., 1992; Bennett et al., 2013; Planck Collaboration et al., 2014).
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Invoking instead the di ering prescription of Warm Dark Matter (WDM), density uc-
tuations would be expected to be suppressed below a certain mass as a function of
the DM particle mass (Bode et al., 2001), a ecting the number of predicted low mass
haloes. Forcing WDM models to match low mass halo counts, the slope of the obser-
vationally well-constrained Tully-Fisher (Luminosity vs Rotational Velocity) relation
(Tully & Fisher, 1977) no longer matches observations (Kang et al., 2013), indicating
the role of WDM in early structure formation is, at most, small. -CDM also re-
produces the observed large-scale structure, with model results matching the observed
complex laments and cosmic web (Benson, 2010). The predicted relative abundances
of elements in the Universe are also found to be consistent with observation, as is the
acceleration of the Universe (one mode of calculation of this acceleration is through
the study of SNe as discussed in Chapter 3), explained through the invocation of dark
energy.

For the numerous successes of-CDM and the hierarchical process, there remain a num-
ber of fundamental problems that have yet to be explained through existing methodolo-
gies. In this thesis, the overriding aim is to reach a solution to the following

three problems:

1. The Sub-Structure Problem: Is the observed surplus of low-mass / dwarf
galaxies, relative to the number predicted by simulations invoking -CDM, gen-

uine ?

2. The Star Formation Rates of Elliptical Galaxies . At present epochs, are
ellipticals truly quiescent, given that -CDM predicts a low-level of star formation
maintained by mergers?

3. The Hubble Tension:  What is the cause of the persistent discrepancy between
local (z . 0:1) estimates of the Hubble Constant (or the current rate of expansion
of the Universe) and predictions from sound-horizon physics?

Problems1 & 2 will be described in detail in Chapter 2 (in Sections 2.1 & 2.2, respec-
tively), as will Problem 3, in Chapter 3. The novel concept of this thesis is the

way in which a solution for each of these problems will be attempted to be

found: using SNe as statistical tools.
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1.3 Supernovae Physics and Properties

The most physically motivated mode to split SNe is into the classes of Core-Collapse
Supernovae (CCSNe) and Thermonuclear (Type la) SN. Sections 1.3.1 and 1.3.2 out-
line the physical origins of these two SN types, respectively, and discuss the reasons
for their applications to problems in galaxy evolution and cosmology within this thesis.
Section 1.3.3 then gives a more empirical overview of the range of observational proper-
ties of supernovae and how they can be separated into alternative sub-classes according
to empirical signatures.

1.3.1 Core-Collapse Supernovae

During the life of a star, the force of gravity is balanced by outward pressures maintained
by fusion reactions in the stellar core. During the main-sequence lifetime, hydrogen is
fused to form helium, dominantly via the pp-chain process in solar and sub-solar mass
systems, which are relatively cool stars, with temperatures between 10-14 MK, and
dominantly via the CNO-cycle in more massive, hotter systems, such as those which
will end their lives as core-collapse supernovae (Salaris & Cassisi, 2005). The latter is
a cyclic fusion chain in which carbon, nitrogen, and oxygen successively react with hy-
drogen nuclei to form helium along with neutrino, positron and gamma ray bi-products
(Borexino Collaboration et al., 2020). In CCSN progenitors, it takes approximately 5-20
Myrs for the hydrogen in their cores to be exhausted in this manner (Bressan et al.,
1981).

Next, hydrogen is burnt in a shell surrounding what is now a predominantly helium
core, causing an expansion of the star and a consequential cooling of the outer layers.
The massive star is now observed on the red supergiant branch. This cooling reduces
the pressure in the core, increasing the core temperature and allowing for the fusion
of helium. A convective, carbon-burning core is next surrounded by shells of He and
H. This process continues for successively heavier elements up to the masses of iron
and nickel. For such elements, more energy is required for further fusion reactions than
can be generated at the corresponding core temperatures due to their extremely high
binding energies (Fewell, 1995).

Once fusion reactions cease, outward pressures can no longer prevent gravitational col-
lapse. The outer layers of the core collapse inwards at up to 70000 km s (Fryer &

New, 2011). Once a given pressure is reached, it becomes favourable for protons and
electrons to merge via inverse beta decay into neutrons and neutrinos. Core-collapse
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is eventually halted by neutron degeneracy pressure and strong-force repulsion. In the
case of stars with initial masses& 40 M , where the intense associated gravity may
overcome the gravitational potential energy, all that may be produced is a direct black
hole (Heger et al., 2003). Yet for stars with initial masses of 8-40 M , almost in-
stantaneously, the neutrinos produced in the aforementioned decay carry away energy
from the core and initiate a supernova explosion via their mass absorption by the outer
layers of the star (Hayakawa et al., 2006). The initial spike in luminosity is powered
in this manner, but the light curve is dominated and sustained by radioactive heating
of the ejecta, mainly through the decay of Ni-56 to Co-56 and Fe-56 which produces
gamma-rays (Hillebrandt & Niemeyer, 2000a).

The key property of CCSNe which will be exploited in this thesis is the extremely short
lifetimes of their progenitor stars, relative to the timescale of galaxy evolution. The
lower mass limit for zero-age main sequence stars that end their lives as CCSNe has been
closely constrained by numerous studies, with the review of Smartt (2009) presenting
a consensus value of 8 1M . The upper-mass limit is much more uncertain, due to
the possibility that the highest mass stars may collapse directly to black holes, with
no visible explosion. However, it seems likely that stars at least as massive as 30 M
explode as luminous CCSNe; Botticella et al. (2017) adopt an upper mass limit of 40 M
The corresponding range of lifetimes of CCSN progenitors is then something like 6
40 Myr, for single star progenitors (see, e.g. Maund, 2017); mass-exchange in high-mass
binary stars can extend these lifetimes (e.g. Smith & Tombleson, 2015). Even with this
extension, it is clear that on the timescales relevant for studies of galaxy evolution, rates
of CCSNe can be taken as direct and virtually instantaneous tracers of the current rate
of star formation.

1.3.2 Type la Supernovae

Type la SNe originate in binary star systems and do not require either star in this system
to be of high mass. The traditional picture of their progenitor system sees the accretion
of matter onto a carbon-oxygen white dwarf from a companion star, for example, a red
giant star (e.g. Nugent et al., 2011). This process continues until the dwarf approaches
a critical mass of 1.44 solar masses (M, known as the Chandrasekhar Limit. A

competing theory for the origin of the majority of Type la SNe is the double-degenerate
channel, which instead involves the interaction of two white dwarfs (e.g. Han, 1998).

What is not debated however is that these explosions are powered by a runaway ex-
plosion within the core of a white dwarf (e.g. Hillebrandt & Niemeyer, 2000b). The
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fact that these objects explode at a critical mass means they produce a notably narrow
distribution of luminosities once corrected empirically for light curve shape (Phillips,
1993; Tripp, 1998; Guy et al., 2007; Richardson et al., 2014, see also Figure 1.2). This
factor has led to their frequent use as "Standard Candle' distance indicators, which gives
them 2 main applications. Firstly, by measuring the distance to a galaxy via a Type la
SN residing within it, intrinsic galaxy properties such as stellar mass and physical size
can be accurately inferred (e.g. Holwerda et al., 2015). Secondly, and most importantly
for this thesis, they can be used as cosmological probes (e.g. Tully et al., 2013; Riess
et al., 2016), as is discussed in detail in Chapter 3.

The delay-time distribution of Type la Supernovae is the probability of such a supernova
type occurring at a given location in the Universe as a function of time since a burst
of star formation at that same location. Following this burst, there is an initial period

of zero probability of observing an associated Type la, corresponding to the time taken
for the rst white dwarfs to form from this burst. Estimates of this initial period vary
from 40 to 100 Myr (Maoz et al., 2012; Heringer et al., 2019). The shape of the
delay-time distribution is still an active source of debate, and depends on factors such
as the distribution of orbital separations of white dwarfs after a common-envelope phase
(in the double-degenerate scenario; lvanova et al. 2013), and the mass transfer e ciency
and binary ratio of stars (in the single-degenerate scenario; Greggio 2005). The broad
consensus is that the Type la SN probability peaks 1 Gyr following star formation
and decays according to a power law with a slope between 1 and 1.5 (Maoz et al.,
2012; Heringer et al., 2017, 2019). This means that, unlike core-collapse supernovae,
the lifetimes of Type la progenitors can rival the timescales of galaxy evolution, and
therefore, their frequencies are not directly linked to their environments' recent star
formation rates.

1.3.3 Observational Properties of Supernovae

One alternative, more observationally motivated way to subdivide SNe is by the quantity
of hydrogen in their early-time spectra: Type | SNe are characterised by a lack of
hydrogen in their spectra near peak light, whereas Type Il SN spectra instead exhibit
hydrogen lines in abundance at similar epochs (e.g. Turatto, 2003). Type la SNe also
have pronounced Si-ll absorption features in their spectra. Type |Ib and Ic SN spectra
are distinguished by the respective presence or absence of He | lines.

Type Il SNe are most commonly divided into 4 sub-classes via a combination of their
spectral and light curve properties. Type IIP SNe are the most common Type Il variety
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(Richardson et al., 2014), which are characterised by a short decline from maximum light
followed by a plateau of 2-3 months (Wheeler & Harkness, 1990). It should be noted
that any chemical-based SN classi cations are based on abundances in the optically
thin outermost layers of the supernovae: The Type IIP plateau is thought to be caused
by the increase in opacity of the outer layers of the supernova which occurs due to
shock heating and ionization of these layers' hydrogen as the supernova wave-front
propagates. This high opacity prevents the escape of photons, keeping the luminosity
relatively constant. Once the hydrogen in the outer layers has cooled su ciently for
recombination, the opacity is reduced and photons can escape, ending the plateau phase
(Doggett & Branch, 1985).

Type IIL SNe show the most rapid linear decline to luminosity of the 4 sub-types as
shown in Figure 1.2. Type lIn SNe have a notably slow light curve evolution. Strong
Balmer lines dominate the spectra for this subclass, thought to be caused by the inter-
action of the SN ejecta with a particularly dense circumstellar medium, itself thought

to be associated with mass loss from the progenitor star (Filippenko, 1997).

Finally, Type llb SNe show evidence of hydrogen in spectra taken close to the epoch
of maximum light, yet this abundance fades soon after peak light, and is replaced
by spectral properties similar to a Type Ib supernova, when a notable abundance of
He-1 arises. Type llb SNe could occur if a progenitor star had expelled almost all
of its hydrogen envelope. With the expansion of the ejecta, the hydrogen layers would
eventually become transparent, revealing a hidden abundance of helium (Utrobin, 1996).

Figure 1.1 highlights some key di erences in the spectra of common supernova types.
Figure 1.2 shows schematic light curves for several of the aforementioned SN types. It
is clear from the similarities in several of these light curves that the combination of
spectral and photometric information is often required for the con dent classi cation

of SNe (see Chapter 2).

1.4 This Thesis

To summarise the motivations of this chapter, this thesis will attempt to solve 3 key
outstanding problems in the topics of galaxy evolution and cosmology using SNe as
novel tools. These problems are:

1. The Sub-Structure Problem
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Figure 1.1: Example spectra demonstrating the chemical properties of di ering SN

types as a function of rest-frame wavelength (adapted from Filippenko 1997). Each

spectrum shown was measured approximately 1 week after the epoch of maximum
light.
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Figure 1.2: Schematic light curves of various SN types, adapted from Wheeler &

Harkness (1990) and re-scaled such that peak B-band magnitudes match those esti-

mated by Richardson et al. (2014) (i.e. the values inset within the gure, along with
their standard deviation within volume limited samples of each SN type.)

2. The Star Formation Rates of Elliptical Galaxies

3. The Hubble Tension

Chapter 2 attempts to address Problemsl & 2, using CCSNe as probes of star for-
mation and galaxy number density. Chapter 3 lends its focus to Problen8, in which
Type la SNe are used as standard candle distance indicators to study the current rate of
expansion of our Universe, or the Hubble Constant. More speci cally, the relationship
between the environment of the SNe and measurements of the Hubble Constant will be
explored in detail. Finally, Chapter 4 presents a summary of the ndings of this thesis,
outlines the potential solutions to the aforementioned problems with our understanding
of the hierarchical formation and the -CDM model, and suggests how the next gener-
ation of SN and galaxy surveys coupled with the methods of this thesis might lead to a
deeper understanding of our Universe.



Chapter 2

Core-Collapse Supernovae
as Tracers of Galaxy Evolution

2.1 The Galaxy Stellar Mass Function and Low Surface
Brightness Galaxies from Core-Collapse Supernovae

2.1.1 The Sub-Structure Problem

The GSMF is a direct probe of galaxy evolution, as mass is known to be a primary
driver of di erences in galaxy evolution. For example, Kau mann et al. (2003) nd
galaxy colours, star-formation rates and internal structure all correlate strongly with
stellar mass. It is argued by Thomas et al. (2010) that early-type galaxy formation
is independent of environment and controlled solely by self-regulation processes, which
depend only on intrinsic galaxy properties including mass. Pasquali et al. (2009) demon-
strate that star-formation and AGN activity show the strongest correlations with stellar
mass. Past attempts to measure the low-redshift GSMF have established clear evidence
of a low-mass upturn in galaxy counts, indicating that low mass galaxies dominate the
galaxy population by number at current epochs (Baldry et al. 2012; see also Cole et al.
2001; Bell et al. 2003; Baldry et al. 2008; Li & White 2009; Kelvin et al. 2014)

The majority of cosmological simulations today invoke a -CDM description of our
Universe, due to its ability to simultaneously reproduce various observable properties
of the Universe (Perimutter et al., 1999; Bennett et al., 2013). Despite these successes,
a major challenge to the -CDM model today is the 'sub-structure problem. Numbers

of dwarf galaxies as predicted by straightforward simulations are signi cantly larger
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than those observed, and as a consequence, so too is the overall number of galaxies on
cosmological scales (Moore et al., 1999). This discrepancy in dwarf galaxy counts is
re ected in the form of the GSMF.

The observed number density of dwarf galaxies increases down to 18 M , below
which the form of the GSMF is uncertain due to the incompleteness of low surface
brightness galaxy counts (e.g. Bell et al., 2003; Baldry et al., 2008; Drory et al., 2009;
Baldry et al., 2012; Tomczak et al., 2014; Wright et al., 2017). The related uncertainties
on the low mass counts mean that one cannot rule out a turn-down in number density
which would indicate the need to deviate from a -CDM cosmology.

The majority of state-of-the-art cosmological simulations of galaxy evolution such as
eagle (Schaye et al., 2015; Crain et al., 2015) andlustris  (Genel et al., 2014) hint
towards a power law rise to galaxy number counts in the dwarf regime, but these are
indeed only hints, as such a calculation pushes these simulations to the limits of their
resolution (See, e.g. Schaye et al. 2015). An accurate observational assessment of the
GSMF at low masses will be crucial for the next generation of cosmological simulations,
many of which will be intentionally tailored to dwarf galaxy science similar to Dubois

et al. (2020), who have recently utilised a 34-parsec resolution, 16 Mpdox, evolved
from a much larger 1 Gpé box to begin to study the dwarf galaxy regime as well as
the clumpiness of star formation in galaxies and the nature of the interstellar medium.
As increased resolution and box size becomes less computationally expensive, such sim-
ulations will require an improved observational benchmark, as the only information
currently available on dwarf galaxy counts are upper limits.

Almost all galaxy surveys su er from a combination of magnitude and surface brightness
constraints (Cross & Driver, 2002; Wright et al., 2017). Most dwarf systems (typically

. 1M , Kirby et al. 2013) have intrinsically lower surface brightnesses than their
higher mass counterparts, and consequently, the lower mass end of the GSMF may be
underestimated due to sample incompleteness, with lower surface brightness galaxies
more likely to be missed by galaxy surveys. The current observed number densities of
low mass galaxies can be treated as a lower limit when constraining evolutionary models
(Baldry et al., 2008).

Knowing the precise form of the GSMF is clearly crucial should one wish to use it as a
diagnostic of galaxy evolution. Developing techniques to increase completeness of the
low mass end of the GSMF must be the focus should one wish to use it to assess the
nature of the physics which controls this evolution.
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In this section, one such technique is developed and implemented, using theelss-ii
supernova suwvey  (Sako et al., 2018a) to produce a sample of galaxies located at
the positions of core-collapse supernovae (CCSNe). As CCSNe peak at luminosities
of 18 10° L , they can be used as pointers to their host galaxies, which may have
been missed from previous galaxy surveys due to their low surface brightness: The
Palomar Transient Factory (Law et al., 2009) located low surface brightness galaxies
(LSBGs) when combining SN positions with imaging taken pre-supernova or long after
SN peak epoch (Perley et al., 2016). As well as aiding the identi cation of LSBGs, a
galaxy selection using a complete sample of supernovae may signi cantly reduce surface
brightness and magnitude biases if the host galaxy is identi ed for each SN in a sample.

As detailed in Chapter 1, CCSNe are perhaps the most direct and indisputable tracers
of star formation available, due to the fact that their short lifetimes, relative to the
timescales of galaxy evolution, yield a tight link between the rates of star birth and star
death. Several studies have made use of CCSNe as an indicator of star formation
in the local Universe. On the most local scales, both Botticella et al. (2012) and
Xiao & Eldridge (2015) have compared CCSN rates and integrated star formation rates
within a spherical volume of radius 11 Mpc centred on the Milky Way, nding good
agreement between observed and predicted numbers of SNe. A similar conclusion was
also reached by Cappellaro et al. (1999), looking at a rather more extended (mean
distance 40 Mpc) sample of SNe and host galaxies. Other studies have used CCSNe to
probe star formation at intermediate redshifts, e.g. Dahlen et al. (2004) who investigated
the increase in the cosmic star-formation rate out to redshift 0.7, and Botticella et al.
(2017) whose sample of 50 SNe mainly occurred in host galaxies in the redshift range
0.3 1.0. Pushing to still higher redshifts, Strolger et al. (2015) have investigated
the cosmic SF history out to z 2.5 using CCSNe within galaxies from the CANDELS
(Grogin et al., 2011) and CLASH (Postman et al., 2012) surveys.

Supernovae have also been used to investigate SF in di erent environments and types
of galaxies, e.g. in starbursts (Miluzio et al., 2013) and galaxies with Active Galactic

Nuclei (Wang et al., 2010), and to determine the metallicity dependence of the local SF
rate (Stoll et al., 2013).

By selecting galaxies using CCSNe and measuring galaxy stellar masses, the resultant
number densities as a function of mass imply CCSN-rate densities as a function of mass
( ccsn) in units of yr Mpc 2, under the assumption that the CCSN sample itself is
complete. By assuming a relationship between core-collapse supernova rate and star-
formation rate, the star-formation rate density (SFRD; M yr Mpc 2) can be traced.
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The well-established star-forming galaxy main sequence (Noeske et al., 2007a; Davies
et al., 2016; McGaugh et al., 2017; Pearson et al., 2018) can then be used to determine
typical star-formation levels expected for a given stellar mass, to infer star-forming
galaxy number densities (Mpc %) as a function of galaxy stellar mass (the GSMF),
such that ccsn ! ser! GSMF.

A programme similar to that in the present section was proposed by Conroy & Bullock
(2015) who suggested that SNe detected by the Large Synoptic Survey Telescope from
2021 could be used as a statistical probe of the numbers and stellar masses of dwarf
galaxies. The present section can be seen as a precursor to such a study.

The structure of the present section is as follows. Section 2.1.2 outlines in further de-
tail the connections between CCSN-rate density, star-formation rate density, and the
galaxy stellar mass function, along with the assumptions required to form them. In
Section 2.1.3 the relevant data sets are presented. Sections 2.1.4 and 2.1.5 presents
a methodology for drawing from these complete SN and galaxy samples, unbiased by
magnitude and surface brightness. Section 2.1.6 discusses the spectroscopic redshifts of
galaxies used where available, which are important for their stellar mass calculations.
Section 2.1.7 presents 2 original photometric redshift estimators which are used in the
absence of spectroscopic redshifts. Sections 2.1.11 and 2.1.12 present SFRD and star-
forming GSMF estimates respectively, both obtained via a CCSN host galaxy selection,
where comparison is drawn with existing SFRD and GSMF results, both observational
and simulated. Finally, Section 2.1.13 presents the relationship between galaxy surface
brightness and stellar mass for the sample of CCSN hosts. Therein, this relationship
is compared with predictions from recent hydrodynamical simulations to test the com-
patibility of observations with the -CDM framework.

2.1.2 The Relationship Between Core Collapse Supernova Rate Den-
sity and the Star-Forming Galaxy Stellar Mass Function

In this section, the relationship between the CCSN-rate density, the SFRD, and the
GSMF is represented mathematically. This shows how one is able to arrive at an
estimate for the GSMF beginning with a measurement of the CCSN-rate density as a
function of host galaxy stellar mass M ).

For a volume-limited sample of galaxies, the binned GSMF is de ned by

1 N(M)

(M)zlogM Vv

(2.1)
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over a mass bin of width log M , whereN is the number of galaxies in the bin, andv
is the volume. In other words, the GSMF is the number of galaxies, per unit volume,
per logarithmic bin of galaxy stellar mass.

The SFRD is often estimated for the entire galaxy population, particularly as a function
of redshift (Madau & Dickinson, 2014), but it can also be determined as a function of

galaxy mass (Gilbank et al., 2010). This can then be given by
=]
1 L SiM

srrR(M ) = log M v

(2.2)

where S; is the speci ¢ star-formation rate (SSFR) for each of theN galaxies in a bin.
In other words, the SFRD is the summed star-formation rate, per unit volume, per
logarithmic bin of stellar mass.

The SFRD can then be approximated by considering that the majority of star formation
in the Universe occurs on the galaxy main sequence (Noeske et al., 2007a; Davies et al.,
2016; McGaugh et al., 2017). This sequence represents the relation, and its scatter, of
SFR versus mass for typical star-forming galaxies. The SFRD can then be given by

1 S(M)M Nsg(M)

srrR(M) = log M v

(2.3)

where Nsg is number of star-forming galaxies in the bin,M is the mid-point mass
(assuming log M 1), and S is the mean SSFR for star-forming galaxies.

A “star-forming galaxy', here refers to all galaxies that are not permanently quenched
or virtually quenched with minimal residual star formation. In other words, these are
the galaxies that are represented by the cosmological SFRD as a function of mass. Note
that in the estimate of the mean S, one should include galaxies that are in a quiescent
phase but are otherwise representative of the typical star-forming population, and the
CCSN-host galaxy selection method presented in this chapter naturally leads to an
appropriate contribution from such galaxies. This is relevant for low-mass galaxies that
undergo more variation in their SFR with time (see, e.g. Skillman, 2005; Stinson et al.,
2007). The meanS should represent an average over duty cycles in this regime.

Comparing with Eq. 2.1, it is noted that the SFRD can be rewritten in terms of the
GSMF of star-forming galaxies sg as follows

s;rR(M) = SM)M  se(M) (2.4)

By using a parameterisation of SSFR with galaxy stellar mass, (e.g. Noeske et al., 2007a;
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Speagle et al., 2014), it is possible to estimate the GSMF for star-forming galaxies from
the SFRD or vice versa.

The observed CCSN-rate density is next considered, which is de ned as the rate of
CCSNe observed over a de ned volume of space (redshift and solid angle limited), per
unit volume, per logarithmic bin of galaxy stellar mass. From a non-targeted supernova

survey, like that of sdss (Frieman et al., 2008; Sako et al., 2018a), this is given by

1 ncesniobs(M)

log M \Y (2:5)

ccsNiobs(M ) =

where ncesn:obs 1S the number of observed CCSNe associated with galaxies in the bin,
and is the e ective rest-frame time over which CCSNe could be identi ed. The time
period of the supernova survey, in the average frame of the host galaxies)( is shorter
than that in the observed frame (t), such that =t/ (1+ 2).

The relationship between the CCSN rate and SFRD is then given by
ccsNiobs(M ) = spr(M) (M) R(M) (2.6)

where R is the mean ratio of CCSN rate to SFR, which is equivalent to the number
of core-collapse supernovae per mass of stars formed; ands the mean e ciency of
detecting supernovae. For an apparent-magnitude limited supernova survey, the latter
function accounts for varying brightnesses and types of supernova occurring in star-
forming galaxies of a given stellar mass, and the variation in extinction along di erent
lines of sight to the supernovae.

By combining these relations one arrives at

CCSN;obs
SF = RS M (2.7)
which explicitly relates CCSN-rate density to the star-forming GSMF. The connection
is given in terms of three functions of galaxy stellar massS is the SSFR relation of
the galaxy main sequenceR is the number of CCSNe per unit mass of stars formed;
and ~ is the e ciency of detecting CCSNe, which depends on their luminosity function,
and also non-intrinsic e ects of sample selection and survey strategy, in particular, the
limiting CCSN detection magnitude. The basic premise is that these should be a weak
function of galaxy stellar mass. The e ects of varying on the CCSN-rate density is
investigated in Section 2.1.10. The e ects of varyingS on the GSMF are shown in
Section 2.1.12.
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2.1.3 Relevant Data Sets

The present section makes use of 3 data sets, all of which are data products of thlean
digital sky suwvey (sdss). sdss is a large-area imaging survey of mainly the north
Galactic cap, with spectroscopy of 10° galaxies and stars, and 10° quasars (York
et al.,, 2000). The survey uses a dedicated, wide- eld, 2.5 m telescope (Gunn et al.,
2006) at Apache Point Observatory, New Mexico. A 142 megapixel camera, using a
drift-scan mode (Gunn et al., 2006), gathers data in 5 opticakloan broad band lters,
ugriz, approximately spanning the range from 3000 to 10,000 A, on nights of good
seeing. Images are processed using the software of Lupton et al. (2001) and Stoughton
et al. (2002). Astrometric calibrations are achieved by Pier et al. (2003). Photometric
calibrations are achieved using methods described by Hogg et al. (2001) and Tucker
et al. (2006) via observations of primary standard stars observed on a neighbouring
0.5m telescope (Smith et al., 2002).

This chapter makes use of data associated with thetripe 82 Region, a 275 sqg. degree
equatorial region of sky (Baldry et al., 2005). The region spans roughly 20< R.A. <
4" and 1.26 < Decl. < 1.26 . Between 1998 and 2004, the region was scanned0
times. A further 200 images were taken between 2005 and 2007, as part of #uss-ii
supernova survey  (Frieman et al., 2008; Sako et al., 2018a).

The sdss-ii supernova survey data release outlined in Sako et al. (2018a) forms
the basis of the supernova sample used in this chapter. 10258 transient sources were
identi ed using repeat ugriz imaging of the region, with light curves and follow-up
spectra used for transient classi cations, all of which are utilised in this chapter to
produce a SN sample, with great care taken to ensure its completeness and the removal
of non-SN transients.

One aims to produce a galaxy sample selected via the SNe which they host. Host galaxies
for many of the transient sources were already identi ed as part of the Supernova Survey.
However, in the present section, host-galaxy identi cation is revisited for 2 reasons: i)
There is now access to deeper, coaddedlss imaging with which to search for the host
galaxy. ii) There is often a natural bias towards assigning a transient to a higher surface
brightness galaxy when one or more lower surface brightness galaxy is nearby. The
method of transient-galaxy matching presented in this section is speci cally designed
to address this bias.

To form this galaxy sample, both single epoch imaging and multiple epochdss imaging
are utilised. Single epoch imaging published as part odss-iv drl4 forms the initial
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galaxy sample (often referred to in the present section as thedss sample for simplicity),
and the sample of stars used for the removal of variable stars from the SN sample, as
outlined in Sections 2.1.4.1 and 2.1.5.1 respectively. Galaxy and star classi cation is
described in Section 4.4.6 of Stoughton et al. (2002).

Next, coadds of multiple epoch imaging are utilised. Theac stripe 82 legacy project
(Fliri & Trujillo, 2016) performed median stacking of existing stripe 82 legacy  data,
with additional complex sky-subtraction routines applied thereafter, in order to reach
the extremely faint limits of the data ( 28.5 mag arcsetto 3 for 10 10 arcseé). The

iac stripe 82 legacy catalogue hence forms a deeper sample of objects used in this
section. Approximately 100 single epoch images are median stacked per SN region, to
produce the deeper imaging crucial for LSBG detection. From this coadded imaging
the aim is to identify additional low-surface brightness galaxies not found by thesdss
sample. iac stripe 82 image mosaicking and postage stamp creation about the posi-
tions of SNe, crucial for host galaxy identi cations, are completed using the Cutout and
Mosaicking Tool, part of the ARI Survey Imaging Tools. The completeness of thedss
sample is compared with the sample found by Fliri & Trujillo (2016) from this coadded
data, as well as with aSExtractor implementation designed as a bespoke search for
CCSN host galaxies, using the same data (Section 2.1.5.3), in order to demonstrate the
sensitivity of results to sample incompleteness.

Redshift estimates are also required for the SN-galaxy pairs. Approximately 480 of the
SN candidates have spectra of their own, from ten sources outlined in Frieman et al.
(2008). Host galaxy spectroscopic redshifts for SN-galaxy pairs are only used once the
host galaxy has been con dently identi ed. The galaxy spectra utilised stem from 3
main sources within sdss. These are thesdss-ii legacy (York et al., 2000), sdss-ii
southern  (Baldry et al., 2005), and sdss-iii boss / sdss-iv eboss surveys (Dawson
et al., 2013, 2016). The latter contains spectroscopy for galaxies identi ed as the hosts
of 3743 of the 10258 SN candidates in Sako et al. (2018a), approximately a third of which
are identi ed as non-supernovae as a result. Supernova redshifts are used in cases where
both are available. Photometric redshifts of galaxies are calculated from the coadded
photometry in cases where no spectroscopic redshift is available for a SN-galaxy pair,
as outlined in Section 2.1.7.1.
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2.1.4 Selection of the Supernova Sample
2.1.4.1 Star Removal

In order to produce a sample of core-collapse supernovae (CCSNe), a focus is given to
the removal of non-supernovae from thesdss-ii supernova survey sample. 10258
transient sources were found by Sako et al. (2018a). Their classi cation attempts are
built upon by rstly removing those transient sources categorised as variable stars (ob-
jects detected over multiple observing seasons) and AGN (identi ed spectroscopically
via their broad hydrogen lines).

The main SN classi cations of Sako et al. (2018a) are Type Il, Type Ib/c, and Type la
SNe. One wishes to remove Type la SNe to obtain a CCSN sample in order to trace
star formation rates. However, likely Type la SNe are left in the sample at this stage to
search for LSBGs and to increase the size of the training sample used for the estimations
of galaxy redshifts, as described in Section 2.1.7.1. At this stage, the sample consists
of 6127 transients. Of these objects, 1809 are spectroscopically con rmed SNe and a
further 2305 are, photometrically, deemed very likely to be supernovae, via a combi-
nation of Bayesian, nearest-neighbour and light-curve t probabilities (see Sako et al.
(2018a) for a full description). Those remaining are classi ed asUnknown'. However,
these objects may still be supernovae. For several of these objects it may simply be
unclear from the photometry what type of supernova is being seen. For instance, if
probabilities derived from the 3 aforementioned techniques give a reasonable likelihood
for more than 1 of Type la, Ib/c or Il, the object will be classi ed as 'Unknown'.

Transient positions are matched with all objects of thesdss-iv drl14 photoprimary
catalogue located in thestripe 82 region with Galactic extinction-corrected r-band
magnitude < 22.0 (Petrosian, psf or model) ( 10’ objects). This is referred to as
the sdss catalogue in the remainder of the present chapter, for simplicity. Additional
variable stars are found in the SN sample by computing the separations betweesdss
stars and all transients without a spectroscopic SN classi cation. Variable stars are
identi ed as those objects found within 1" of an sdss star. This 1" transient star
separation cut-o was chosen following inspection of Figure 2.1.

The counts of non-associated transient star pairs rise as the square of their separation.
Additional counts arise below a separation of approximately 1" due to genuine associa-
tion between the transient and sdss object, and the detection is deemed to have arisen
from the star. 718 stars are removed from the supernova sample in this manner, leaving
a sample of 5549 transients. Most of these transients are likely to be SNe, but some may
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