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Since the discovery that the expansion of the Universe is accelerating, the field of modern
observational cosmology with type Ia supernovae has strived to ratify and confirm this result.
While one way to do so is to reduce uncertainties on measured cosmological parameters via the
increase in sample size, recent years have seen an increased focus on understanding the
underlying astrophysical phenomena that alter the measurable properties of type Ia supernovae.
Many alterations currently are simply corrected for, without a complete understanding of the
underlying cause. In this Thesis, we use the Dark Energy Survey’s 5 year, photometrically
confirmed type la supernovae (SNe Ia) sample, and investigate the effects of large and small
scale environment on many properties of type la supernovae. We aim to investigate how these
properties affect the supernovae themselves, and probe the underlying causes of some of these

changes.

We identify that 66 of these supernovae have occurred within red-sequence selected galaxy
clusters from the redMaPPer SVA1 catalogue. We compare light-curve and host galaxy
properties of the cluster SNe to 1024 SNe Ia located in field galaxies, the largest comparison of
two such samples at high redshift (z > 0.1) to date. We find that cluster SN light curves decline
faster than those in the field at 97.7 per cent confidence. However, when limiting these samples
to host galaxies of similar colour and mass, there is no significant difference in the SN light

curve properties.

Additionally, we measure the intrinsic rate of SNe Ia in cluster and field environments. We find
the average ratio of the SN Ia rate per galaxy between high mass (10 < log (M./Mg) < 11.25)
cluster and field galaxies to be 0.594 + 0.068. This difference is mass-dependent, with the ratio
declining with increasing mass, which suggests that the stellar populations in cluster hosts are
older than those in field hosts. We show that the mass-normalised rate (or SNe per unit mass) in
massive-passive galaxies is consistent between cluster and field environments. Additionally,
both of these rates are consistent with rates previously measured in clusters at similar redshifts.
We conclude that in massive-passive galaxies, which are the dominant hosts of cluster SNe, the
cluster delay time distribution, determining the expected rate of supernovae as a function of the

time passed since a sample of white dwarfs is formed, is comparable to the field.
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Motivated by our detection of a declining light curve width as a function of normalised galactic
separation, we also investigate the effects of this separation on SNe Ia light curves and

standardisation.

We use 1533 SNe Ia and show, for the first time, that the difference in SN Ia
post-standardisation brightnesses between high and low-mass hosts reduces from

0.078 £ 0.011 mag in the full sample to 0.036 + 0.018 mag for SNe Ia located in the outer
regions of their host galaxies, while increasing to 0.100 + 0.014 mag for SNe in the inner
regions. In these inner regions, the difference in post-standardisation brightness between high
and low mass hosts between can be reduced (but not removed) using a model where the Ry of
dust along the line-of-sight to the SN changes as a function of galaxy properties. Various other
probes also show a difference in post-standardisation brightness, such as intrinsically red or
blue galaxies, or between star forming and passive galaxies. We show that selecting outer
region SNe Ia only reduces this effect in all investigated probes. We conclude that the
standardised distances of SNe Ia located in the outer regions of galaxies are less affected by

their global host galaxy properties than those in the inner regions.
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little, I do, and I will remember them for both of us. And if one day I
have children I will tell them of you, so that even when I am gone, your
kindnesses will thread on down the hooks of your decedents and then
your kindnesses will never die, and when both of us are gone, when
we’re only stories, it will still live on until there in all of time and space
snuffed to dust and dust enough, there will be two facts lying leftover in
dead eternity: that you were my grandparents, and I loved you.’

exurbla, ‘The Rememberer’
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Chapter 1

Introduction

I also don’t care if heaven exists or not.
But even if it doesn’t exist...I think it’s
something that should. It’s more
convenient that way. The final destination
for those who kept on living despite all of
life’s hardships shouldn’t be oblivion.
Wouldn’t it be nicer to think that they’re

indulging in luxury up in heaven?

Heiter, Frieren: Beyond Journey’s End,

Volume. 1

1.1 Type Ia supernovae, from antiquity to the modern day

The study of astronomy has long been pursued by humans. Star maps have been in use for
millennia (von Spaeth, 2000), to track the sky and navigate the oceans. These mapped
constellations do not change on human time scales. Thus, when the night sky changes, humans
seek an answer. Typically, these changes were due to comets approaching the sun, illuminating
part of the night sky for potentially weeks to months (e.g. Halleys Comet, Sicoli et al., 2024),
or other solar based objects such as the planets. However, some events are visible in the sky for

longer, and were more distant, though this distance was not known at the time.

The first ‘guest star’ was recorded in 185AD in the Houhanshu during the Han dynasty.
Translated, the text reads - ‘In the second year of the Zhongping reign period, the tenth month,
on a Guihai day, a ‘guest star’ emerged within the Southern Gate. It seemed to be as large as
half a yan, with scintillating, variegated colors, and it then grew smaller, until in the sixth month
of the hou-year it disappeared’ (Zhao et al., 2006). While the Han Chinese were unsure of what
the new star meant, observations continued for thousands of years, with ~20 similar events

recorded in Chinese records alone over the next couple millennia (Clark & Stephenson, 1982).
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European observations of these ‘guest stars’ are often more sparse. However, some examples
exist. SN 1006 was recorded by European, Asian and Native American sources, with the
remnant from this explosion identified 900 years later (Gardner & Milne, 1965; Murdin &
Murdin, 2011). SN 1054, which created the crab nebula (Lampland, 1921) was detailed in
Eastern records, but not in European records. The lack of detailed European recordings, where
such a bright event would have been visible for years, can be possibly attributed to the ‘Great

Schism’, with recordings suppressed by the Roman Catholic Church (Collins et al., 1999).

These guest stars began to be known as ‘novae’, after Tycho Brahe’s report on SN 1572 ‘De
nova et nullius aevi memoria prius visa stella’ ("Concerning the Star, new and never before seen

in the life or memory of anyone") (Brahe, 1969, written in 1573, but re-published in 1969.).

Observations of these novae continued for many centuries, though there was no clear consensus
as to their origin. This began to change in the mid 20th century, when Edwin Hubble attributed
the changes in the shape of the crab nebula (see Fig. 1.1) to the result of a stellar explosion.
These novae were then further defined between normal novae and super-novae by Walter Baade
and Fritz Zwicky, who determined that the luminosity of a super-novae must come from a large
fraction of the total mass of the progenitor (Baade & Zwicky, 1934; Zwicky, 1940).

Further advancements were made when Minkowski (1941) obtained spectra of a handful of
supernova, and determined there were a group of highly homogeneous supernova, with spectra
that contained no hydrogen (denoted as type I supernova) and a heterogeneous sample, with
spectra all containing Balmer lines, but otherwise varied in their composition (type 11
supernova). Previously, many white dwarves had begun to be discovered. These faint stars were
postulated to be the end product of stars around the mass of our sun. Curiously, these objects
were dimmer than expected for stellar objects of their mass, and were soon discovered to only
give off light due to the emission of thermal radiation. As such, they were understood to be
composed of matter which supported itself against further collapse to due electron degeneracy

pressure (Weidemann, 1968).

The nature of type I supernovae (SNe Ia) was proposed by Hoyle & Fowler (1960) to be the
ignition of degenerate material, and further suggested by Whelan & Iben (1973) to be the
ignition of a carbon-oxygen white dwarf. Degenerate matter is only supported against collapse
by electron degeneracy pressure, thus as the mass of degenerate matter is increased, the radius
of the object decreases, and correspondingly temperature and density increase. As such, should
a carbon-oxygen white dwarf be in a binary system, and able to accrete matter from its

companion, it would invariably become a smaller and hotter white dwarf.

Such degenerate pressure can only support a given amount of mass. Beyond ~1.44 times the
mass of the sun the object will collapse (Chandrasekhar, 1931), however typically carbon
fusion is ignited, and thus a type la SNe generated, before this limit reached. Fusion within the
white dwarf is triggered by the increase in density and temperature, although the exact nature of

the ignition is still a source of debate.
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Ficure 1.1: An image of the Crab Nebula in optical wavelengths (Emission from OI, [SII],
[OI11]) taken by the Hubble Space Telescope. Credit:NASA, ESA and Allison Loll/Jeff Hester
(Arizona State University).

As a result of this carbon burning, lighter elements are fused together into heavier and heavier
elements. This fusion results in the production of iron-group elements, such as Nickel-56
(Ni°®) (Truran et al., 1967). Ni’° is unstable, and decays to Cobalt-56 by capturing an inner
electron, and releasing ~2 MeV per decay. This process has a half life of roughly one week.
Cobalt-56 further decays to the stable Iron-56 with a half life of ~ 11 weeks, releasing

~3.6 MeV per decay (Colgate & McKee, 1969). This energy is released in the form of y
radiation, which is deposited as heat in material surrounding the progenitor star. This heat is

reprocessed and released as optical radiation, the final light that we observe.

Thus, after close to two millennia of observations, theories and calculations, the mysteries of
these ‘guest stars’ began to unravel. They were the result of a stellar explosion so violent that it
unbound the star, synthesising a vast quantity of unstable elements, which decayed and heated

up the surrounding material to such extremes that it was visible from Earth. However,
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determining what caused these bright transient stars was only the first piece of the puzzle; the

question of what they could be used for still remained.

1.1.1 The first rungs are set

Distances to objects on Earth are simple, and can be empirically measured. Distances outside
of Earth however, are more complex. There exists no universal ruler to measure the distance to

the sun or the moon, and distances beyond the solar system are further complicated.

Instead, to measure the distance to nearby stars, such as those within our galaxy, astronomers
use the ‘parallax method’. This method relies on the fact that objects appear to move relative to
the observer from two different lines of sight. Thus, as the Earth orbits the Sun, stars on the sky
will shift relative to background sources. This shift however, is small, with an object 31 trillion
kilometres away only shifting by 1/3600 of a degree (1 arcsecond). This calculation defines a
parsec (pc) - the distance from Earth at which an object will experience a parallax shift of 1

arcsecond.

While useful for stars within our galaxy, further objects experience smaller shifts in parallax,
requiring more and more precise measurements of the apparent shift. For example, objects a
distance of 10° parsecs away would only display a parallax shift of 107 arcseconds. This is
further complicated by observations only showing how bright an object appears to be to the

observer, rather than how bright it intrinsically is.

A solution to this problem arrived in 1908, when Henrietta Swan Leavitt discovered a relation
between the luminosity of Cepheid variables (Pigott, 1785) and their period (Leavitt &
Pickering, 1912). This relation allowed Cepheid variables to be used as the first ‘standard
candle’. By measuring the distance to nearby Cepheid variables via parallax, how bright it
appeared on Earth (the apparent brightness or ‘flux’) and period, the relation between how
bright the object intrinsically was (the luminosity, L) and period could be calibrated. Once this
absolute luminosity versus period relation is calibrated, one can infer distances to extra-galactic
Cepheid variables by measuring the difference between its apparent brightness, as the measured
1

brightness of a source decreases with distance (Flux o o7 X L) and the luminosity (calculated

via the above period-luminosity relation).

Thus the first ‘rungs’ of the ladder to measure distances were set, parallax allowed the
calibration of Cepheid variables that could measure distances to nearby galaxies. To push this
further, astronomers needed an observable that was much brighter than a Cepheid variable, but

still had a known intrinsic brightness.
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1.1.2 The climb further

The solution came in the form of the previously discussed type la supernovae. While their
spectra were similar (Minkowski, 1941), the maximal brightness each one achieved varied.
They were first though to be used as ‘standard candles’ by Kowal (1968) who discovered the
average peak brightness of type I supernovae was relatively consistent when the distance from

the observer was taken into account.

This standardisation was bettered when it was discovered by Rust (1974) and Pskovskii (1977)
that the length of time each event was visible for corresponded to the brightness achieved at
peak. Further standardisation was improved with the discovery that the peak brightness of a
given SN was directly proportional to the amount of Ni*® synthesised in the explosion, which
came to be known as Arnett’s Rule (Arnett, 1982).

Work continued to attempt to standardise type Ia SNe, with the Philips relation (Phillips, 1993),
who characterised faster fading SNe as intrinsically fainter in the B band, and vice versa. Along
with this, relations between the difference in measured B and V band magnitudes (B-V) and the
peak brightness were also found, with bluer (i.e B < V) SNe being intrinsically brighter than
redder (i.e B > V) SNe (Riess et al., 1996; Tripp, 1998a).

Applying these light curve corrections allowed the standardisation of the peak luminosity of all
‘typical’ type Ia SNe. With these standardised luminosities, type Ia SNe within nearby galaxies
that contained Cepheids could be calibrated from these extra-galactic Cepheids (that were in
turn, calibrated by Galactic Cepheids and parallax). These calibrated SNe could then be used as
a baseline to allow for the measurement of distance to type Ia SNe billions of light years away,

providing distances to SN hosts much further than Cepheids could.

At its most basic, the difference between the observed brightness and the absolute brightness

(also known as the distance modulus) pohs; of any given SN ‘i’ is given by

Mobs,i = Mx,i +aXy; _IBCSN,i -M (1.1)

where m, ; is the maximum brightness of the SN ‘1’ in a given band ‘x’ (typically the B band),
x1,; (also known as the stretch of a SN) encapsulates the decline rate of the SN and cgn;
describes the (B-V) of the SN. «, 8 are nuisance parameters found to best fit to a given sample,
and M is the absolute brightness of the whole sample, typically around -19.5 magnitudes. The
distance modulus is empirically linked to distance to by u = 5logo(d) — 5, where d is the

distance to an object in parsecs.

This allowed empirical measurements of the distance to a given SN, with no assumed model for
the underlying mechanics of the Universe. As such, these distances could be used to test the

validity of any given cosmological model.
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1.1.3 Testing the Universe

The theory that the Universe itself, and objects within the Universe were static was generally
accepted for centuries. To counteract the effects of gravity, Einstein introduced a ‘cosmological
constant’, a type of undetectable energy that kept the Universe in a state of balance, neither

collapsing nor expanding (Einstein, 1917).

This theory was challenged in the 1920°s when Edwin Hubble discovered that not only were
galaxies receding from our home galaxy, but that more distant galaxies were receding faster
(Hubble, 1929). This measurement of expansion came about from the measurement of the
offset of radiation emitted by galaxies being shifted to redder wavelengths when compared to
radiation emitted in a laboratory rest-frame (aka redshift, z). In mathematical terms, this is
expressed as z = v/c, with v being the recession velocity of a given galaxy, and ¢ being the

speed of light.

The measurement of the increasing recession velocity (v, in km/s) of a galaxy with relation to
its distance (d, in Mpc) can be also expressed as v = Hyd, where Hy is the ‘Hubble Constant’.
For probing dark energy, the exact value of Hy is not important, instead the relative distance as
a function of redshift is. As the redshift of an event is proportional to the distance of the event,
the relative distance (and therefore the objects luminosity) can be calculated from the shift in its

emission lines.

We now have all the tools in order to investigate the underlying laws governing our Universe.
This starts with measuring the redshift of each SN in a given sample, and determining the
expected brightness for each SN as a function of its redshift. Then the difference between the

observed and absolute brightness for each SN is determined from Eq. 1.1.

Comparing the observed brightnesses of SN to the model brightnesses will allow the testing of
cosmological models, probing whether an object is further or closer than predicted for a given

cosmological model.

Performing such a test with ~ 50 SNe provided the first evidence for the accelerating expansion
of our Universe (Riess et al., 1998; Perlmutter et al., 1999, See Fig. 1.2), where the measured
distances to the SNe were 10-15 per cent further than expected in a low mass-density Universe
with a cosmological constant consistent with 0. Instead, they found better agreement for a
Universe with a positive cosmological constant, where the fate of the Universe is infinitely

accelerating expansion, never re-collapsing.

This detection of a cosmological constant was the first of its kind, and confirmed by other probes
of cosmological parameters, such as those from the CMB (Planck Collaboration et al., 2020).
Future SN surveys would also show agreement with a positive cosmological constant. However,
other variables affecting SN brightnesses would shortly be discovered, requiring further

standardisation and astrophysical explanations to reduce their effect on cosmological results.
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Ficure 1.2: Distances to a given SNe as a function of redshift. Over-plotted are 3 different

cosmological models, a low-mass Universe with no cosmological constant (dotted), a high mass

Universe with no cosmological constant (dashed) and a low-mass Universe with a cosmological

constant (solid). The data are in excellent agreement with a Universe that contains a non-zero
cosmological constant. Credits: Riess et al. (1998), Figure 4.
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1.1.4 Other measurements of H

The cosmic microwave background (CMB) can also be used to measure Hy. These microwaves
are formed from photons released after the recombination of the hot plasma formed after the
big bang. While a full explanation is beyond this thesis (see Lemos & Shah (2023) for an
excellent overview) the ‘power spectrum’ measured from the CMB can be fit to a given
cosmological model and ‘forwarded’ through time to obtain the current value of Hy. The
benefit of this method is that calibration is relatively easy, however its detriment is that it is very

sensitive to the cosmological model it is fit to.

Additionally, rather than calibrate SN using cepheids, main sequence stars at the tip of the red
giant branch on the Hertzsprung-Russell diagram are relatively equal in their brightnesses.
These instead can be used to calibrate distances to type Ia SNe, provided one is locatable within
the SN host (Freedman et al., 2019).

1.1.4.1 Progenitors of type Ia supernova

The exact progenitor system of a type Ia supernova has yet to be identified (see Maoz et al.,
2014, for a review). Leading models include a single white dwarf that accretes matter from a
companion main sequence star (Whelan & Iben, 1973) or two white dwarfs that in-spiral due to
the emission of gravitational wave energy before a period of common envelope sharing, leading
to a cataclysmic explosion (Tutukov, 1981) (see Fig. 1.3 for an artistic impression). These two
progenitor channels have different periods of time between the formation of white dwarf to the
resulting type Ia supernova, called the ‘delay time’. Theory of the distribution of the delay time
(Ruiter et al., 2009) and measurements of the delay time (Castrillo et al., 2021; Wiseman et al.,
2021) predict that most, if not all type Ia supernovae result from the in-spiralling of two white

dwarfs.
However, more ‘exotic’ models exist, in both mass growth and detonation.

Some have proposed that in dense stellar environments, white dwarfs may collide head on,
rather than in-spiral. The collision may be fully head on (in which much of the mass is
converted to nuclear energy) or grazing, which more resemble main sequence collisions (i.e no
SN produced) (Benz et al., 1989).

Other propose that if the density of unstable heavy metals (such as Thorium-232 or
Uranium-235) within a galaxy is high enough, white dwarfs can form with a significant nuclear
fraction present. These nuclides can crystallise and begin fission reactions, heating the
surrounding Carbon and Oxygen hot enough to begin fusion (Deibel et al., 2022), thus leading

to a supernova.

Accreting Helium from a companion star may lead to a Helium shell around the white dwarf.

This, if heated sufficiently, can ignite helium fusion on the surface of the white dwarf. The
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force of this fusion can compress and heat the remaining carbon/oxygen mixture to also begin
fusion, unbinding the star. This detonation method is similar to the single degenerate model (in
which matter is accreted from a companion star) but rather than a single detonation there is a
double detonation (Taam, 1980).

1.1.5 Possible causes of light curve differences

Given that not all white dwarfs will be identical in composition nor mass, along with the
detonation model itself being uncertain (Hillebrandt & Niemeyer, 2000), the resulting
explosion has a great deal of variation possible. This variation in mass at time of explosion may
lead to different masses of Ni*® being produced within the supernova, and thus to faster decline
rates and fainter supernovae. Indeed, even sub-Chandrasekhar mass explosions yield fainter

supernova than close-to Chandrasekhar mass explosions (Shen et al., 2017).

This variation in progenitor, accretion method, detonation method and even mass at time of
explosion may explain some of the differences observed within light curves. However, it is
likely that direct observation of many progenitor system of type Ia SNe will be required to
provide a definitive answer to this problem. However, direct observation remains a challenge
due to the resolution required to resolve individual binary systems (and whether accretion is

occurring!) in galaxies outside of our own.

1.2 Environments of type Ia supernovae

Type Ia SNe were now proven useful as calibratable standard candles, where, after correcting
for the decline rate and B — V variations in their light curves, scatter in their peak brightnesses
could be reduced to ~ 0.15 magnitudes (mag) (Guy et al., 2007). However, while uncertainties
on cosmological parameters could be reduced with an increase in sample size (to reduce the
statistical uncertainty), only by understanding and correcting for the remaining peak brightness

scatter could the systematic uncertainties be reduced.

SNe Ia were observed to be intrinsically fainter and faster evolving in passive elliptical galaxies
when compared to galaxies with ongoing star formation (Hamuy et al., 1995). Additionally, the
rate of type la supernova is decreased in passive systems compared to active systems (Mannucci
et al., 2005; Sullivan et al., 2006). The rate of supernovae decreases as a function of time after
white dwarf binary formation (Wiseman et al., 2021), typically with rate evolving proportional
to a ~~! power law. However, younger galaxies can contain orders of magnitude less stellar
mass than older galaxies, which means that a typical ‘older galaxy’ may have many more
binary systems that are Gyrs old. Convolving these two relations between age and stellar mass
typically leads to a ‘prompt’ population, of young binary systems, and a ‘delayed’ population of

older binary systems (Scannapieco & Bildsten, 2005; Sullivan et al., 2006). This can be
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Ficure 1.3: Artists impression of the double degenerate (left) and single degenerate (right) pro-
genitor systems of type Ia SNe. Credit: Wikipedia Commons, Discover Magazine, Astrobites.

achieved by two different explosion mechanisms (such as single or double degenerate systems)

or by a single double degenerate path.

Further complications arise in the still ongoing uncertainty with separating the intrinsic colour
of a supernovae from the reddening caused by line-of-sight dust between a transient and
observer. While redder SNe appear fainter than blue SNe, the colour correction slope S is
inconsistent with a dust law slope (R, ) due to the Milky Way dust alone (Tripp, 1998a; Astier
et al., 2006).

With these observed differences in SNe light curve properties and rates, the search to understand

the underlying astrophysics causing these differences, or to correct for their effects began.

1.2.1 Effect of environment on the light curve properties of type Ia supernovae

It is now known that photometric properties of SNe Ia vary according to the host galaxy

properties of the SN. Hamuy et al. (2000) used a sample of 62 type Ia SNe and found that
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brighter and slower declining SNe preferentially preferred bluer environments. They attribute

this bluer environment to be caused by a younger age of the stellar population.

Curiously however, while bluer environments typically host only slow declining (and therefore
brighter) SNe, the older, redder environments are bi-modal, and host both slow declining and
fast declining SNe Ia (Hamuy et al., 2000; Rigault et al., 2020; Wiseman et al., 2022a). This
bi-modality further hints to two separate channels for the creation of a SNe Ia, and is in
agreement with rate measurements (Mannucci et al., 2005; Scannapieco & Bildsten, 2005;
Sullivan et al., 2006). Here, younger environments have not evolved long enough for the delayed
channel to dominate, and almost solely host prompt explosions, while older environments may

have ongoing prompt explosions, while being aged enough that delayed detonations can occur.

However, determining the age of a host is non-trivial, and often inferred from other
measurements, such as its colour (as in Hamuy et al. (2000) or from spectroscopic

measurements that indicate ongoing star formation (as in Rigault et al. (2020).

While the effects of star formation rate have already been discussed above, with galaxies with
low star-formation rates host faster-declining and fainter SNe Ia than similar mass galaxies with
more vigorous star-formation rates (Hamuy et al., 1995; Sullivan et al., 2006; Lampeitl et al.,
2010), these analyses used the overall star formation rate of the host, not the star formation only
around the SN itself.

Rigault et al. (2013) (Furthered in Rigault et al. (2020)) measured the local specific star
formation rate (LsSFR) in a 1 kpc aperture around the supernova. The LsSFR was calculated
from the strength of the Ha line, which can be used as a tracer of the underlying star formation
(Kennicutt, 1998). Rigault et al. (2013) investigated ~80 SNe Ia, split evenly between locally

passive and locally star forming regions.

With the furthering of this study and a larger sample size, Rigault et al. (2020) found that the
decline rate of a SN Ia’s light-curve correlated with LsSFR to 6.50°, with more star forming
regions (or younger) hosting SNe with high stretch values, and vice versa. This relation was not
unexpected, however, Rigault et al. (2013) found that ~ 50% of the SNe found in locally passive
environments were located in globally star forming galaxies. This result added further
correlations, and hinted that the local properties of the host may be of greater importance to

their standardisation than the global properties.

On the opposite end, the presence of large scale structure around the SN, such as galaxy clusters
(see Fig. 1.4 for one such cluster) may also have an effect. Galaxies located within galaxy
clusters are often older, and with less ongoing star formation than similar mass galaxies located
in the field (Bower et al., 1990). Within these structures, stars torn from their hosts by tidal
forces float freely within the intracluster medium. These stars have then evolved to the point of
detonation and been observed as type la SNe (Gal-Yam et al., 2003). These SNe could be used
as a powerful tool to measure the intrinsic colour distribution, as they should not be affected by

host galaxy extinction.
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Ficure 1.4: Hubble Space Telescope image of the galaxy cluster eMACS J1823.1+7822. Credit:
ESA/Hubble & NASA, H. Ebeling

However, even cluster SNe within a host have been observed to have differing light curve
properties than those outside clusters. Those within clusters decline faster, and are fainter than
non-cluster based SNe (Xavier et al., 2013). This correlates with the distance from the centre of
the cluster, with those closer to the centre of the cluster having even faster decline rates (Ruppin
et al., 2024), while their colour remains unaffected. This trend remains when limiting both
cluster and non-cluster SNe to passive galaxies, pointing to the older stellar population in

clusters driving the observed decline rate difference (Ruppin et al., 2024).

The colour of a given SN also depends on its host properties, although this manifests in a
different way to the decline rate. It shows no strong evolution with local nor global specific star
formation (Sullivan et al., 2010; Rigault et al., 2020), nor with host stellar mass (Sullivan et al.,
2010; Lampeitl et al., 2010). It has been noted however that the intrinsic colour distribution
takes the form of a Gaussian, (mean y., width o), with reddening due to line-of-sight dust
modelled as an exponential tail (of scale 7) (Jha et al., 2007; Mandel et al., 2011; Brout &
Scolnic, 2021). The strength of this reddening (R,,) and the physical amount of extinction
depends both on the composition of the dust within the host, and the amount of dust present in

the line-of-sight. There are some indications that the strength of the reddening in the SN
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line-of-sight varies between high and low mass hosts (Brout & Scolnic, 2021; Popovic et al.,
2021a).

1.2.2 Effects of environment on distance measurements

Previously we discussed how type la SNe allowed the first evidence for the accelerating
expansion of the Universe, due to their measured distances disagreeing with a model with no
cosmological constant. This difference between measured distance and model distance is
referred to as a ‘Hubble Residual’. For testing cosmological models, the model that reduces
these residuals the most is preferred, as it would provide the best fit to the observed SN
distances. Variations within these models can also be tested, such as varying the fraction of
matter, Q,,(composed of both observable and ‘dark’ matter), within the Universe which will
affect the expected distance of a given SN, along with equation of state of the Universe, w,
describing the ratio between the pressure of the Universe and its energy density (w = —1

describes no evolution of energy density of cosmic time, equal to a cosmological constant).

However, the measured brightness of a given SN (and thus the measured distance, and residual
from a given cosmology) depends on the properties of the SN host. Should the galaxy make-up
evolve with redshift, the variation in measured brightness may mimic the effects of dark energy,

or variations in other cosmological parameters.

As a quick side note, while measurement of the Hubble parameter (Hp) can be inferred from
these medium to high redshift SNe, the calibration of this relies on using SNe close enough that
the absolute distance to them can be measured from lower rungs on the distance ladder as
calibrators (such as Cepheid variables or stars at the tip of the red giant branch) (e.g., Freedman
et al., 2001; Riess et al., 2009, 2022)

An example of the measured brightnesses of SNe varying due to their host is the fact that after
the light curve standardisation from Eq. 1.1, the brightnesses of SNe Ia (and thus the distances
inferred to them) in massive, passive, older galaxies are brighter, and those in low-mass,
younger, star-forming galaxies are fainter. Simplistically, this manifests as a step in SN Ia
post-standardisation luminosity at a host galaxy stellar mass close to 10'°M, (Kelly et al.,
2010; Sullivan et al., 2010; Lampeitl et al., 2010, see Fig. 1.5). This so-called ‘mass step’ is
observed or routinely modelled in all large SN Ia surveys or compilations of datasets (e.g.,
Betoule et al., 2014; Brout et al., 2022; DES Collaboration et al., 2024b) and has a typical size
of about 0.06-0.15 mag (or three to seven per cent in distance) depending on the details of the
sample. Similar trends are seen when replacing host stellar mass with other global host galaxy
properties such as star-formation rate (SFR; Rigault et al., 2013), rest-frame colours (Roman
et al., 2018) or gas-phase/stellar metallicity (Childress et al., 2014), and when considering these
properties measured locally in a small aperture at the SN position (Rigault et al., 2013; Roman
et al., 2018; Kelsey et al., 2021). The origin of the mass step is controversial and has

implications that extend beyond SN Ia cosmology. Explanations include changing properties of
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FiGure 1.5: Manifestation of the ‘mass step’, where SNe Ia in massive galaxies are ~ 0.06-0.09
mag brighter than those in less massive galaxies. Credit Sullivan et al. (2010), Figure 4.

the progenitor star, e.g., age (Rose et al., 2019; Rigault et al., 2020) or metallicity (Hayden
et al., 2013), differing progenitor systems themselves, or dust properties that change with

galaxy stellar mass (Brout & Scolnic, 2021).

The explanation of the age of the progenitor star came from measurements of the local specific
star formation rate, and was found to reduce the significance of the host mass step. However, it
instead introduced a step with the local specific star formation rate at a higher significance,

indicating a stronger dependence of SN brightnesses on star formation than on host mass.

Indirect measurements of dust indicates that the ratio of total-to-selective extinction Ry is
different in low and high-mass galaxies. Accounting for this variation in Ry reduced the
significance of the host mass step, and also accounted for the variation of the step size with SN

colour, with redder SNe appearing to show a larger step (Brout & Scolnic, 2021).

While a complete astrophysical explanation of the host mass step remains unknown, this step
may be accounted for in cosmological analysis with the introduction of a yGeg term in Eq. 1.1
(see DES Collaboration et al., 2024b, and references therein). However, understanding of the
changes in SNe brightnesses as a function of host galaxy properties remains a key area of
research in order to reduce uncertainties and account for potential biases within a given sample
of SNe.
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In this Thesis I aim to investigate some of the outstanding problems introduced here, such as the
difference observed in light curve properties between large scale environments such as the field
and cluster. Additionally, while the effect of age upon rate measurements is fairly well
modelled, there exists an enhanced rate of type la supernovae in cluster environments compared
to the field (Freundlich & Maoz, 2021), which goes against this school of thought. I also aim to
further the investigation of host galaxy properties affecting the post-standardisation
brightnesses of type la supernovae, as current consensus as to the cause of the host mass step

varies between differing dust parameters and galaxy/local age.

The layout of this Thesis is as such: Chapter 2 introduces the survey and instrumentation used
to obtain data used. Methods to reduce and analyse the data are also outlined. Chapter 3
discusses the difference in light curve properties between type Ia supernovae found within
clusters compared to the field. Chapter 4 builds on this work, presenting a calculation and
discussion of the respective rates of type Ila SNe. Chapter 5 describes the dependence of the
host mass step on the projected galactic distance between host and supernova. Conclusions of

the thesis are then presented.
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Chapter 2

Data and Methods

Okay. Look. We both said a lot of things
that you’re going to regret. But I think we
can put our differences behind us. For

science. You monster.

GLaDOS, Portal 2, Chapter 1: The
Courtesy Call

2.1 The Supernova Sample

Before one can begin working on the science of supernovae, they must first obtain data. Many
supernova surveys exist, such as the Zwicky Transient Facility (ZTF, Graham et al., 2019),
which scans the entire northern sky every two nights from a single camera. The All-Sky
Automated Survey for Supernovae (ASAS-SN, Shappee et al., 2014) consists of scanning the
entire sky once a night down to ~ 18 mag, using 24 telescopes. These high-cadence surveys
contain a great deal of fantastic data, but lack depth, and sensitivity to longer wavelengths to
observe red-shifted optical light. For further away (or ‘deeper’) transients, sacrifices are made
in cadence, as observations take longer. The Dark Energy Survey (DES) and its supernova
program had finished their observations, and reduced much of the data by 2019, with a wealth
of simulations to help interpret the data also available. As such, I elected to use DES data, to

probe high depth type la supernovae and their host galaxies.

2.1.1 The Dark Energy Survey

The Dark Energy Survey was an imaging survey that started in 2013 and ran over the next 5
years for five-month seasons each year. The primary goal of this survey was to investigate the

nature of dark energy. To do so, four complementary probes were used. The main probe I focus
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on is type la supernovae, of which DES identified thousands photometrically. Over this 5 year
period DES also measured and correlated the shapes of over 100 million galaxies in order to
analyse Weak gravitation Lensing (Gatti et al., 2021), looked at the excess number of galaxies
in clusters (Porredon et al., 2022) and measured the peak of the Baryonic Acoustic Oscillation
from the clustering of galaxies (DES Collaboration et al., 2024a). These probes can be used
individually, but are often combined to give tighter constraints on the cosmological parameters

that govern our Universe (e.g. Brout et al., 2022).

The primary instrument was the Dark Energy Camera (DECam, Flaugher et al., 2015) mounted
on the 4m Victor M. Blanco telescope at the Cerro Tololo Inter-American Observatory (CTIO).
This 570 megapixel camera was designed to survey 5000 deg? of the southern sky with high
signal to noise (S/N > 5) at depths of ~23-24 mags while being sensitive to near-infrared
wavelengths (750 nm-1450 nm, Flaugher et al., 2015). DECam observes with 70 charge
coupled devices (CCDs), of which 62 were for scientific purposes. Due to instrumentation

issues however, only 59 of these were operational throughout the whole survey.

The DES field overlaps with parts of the South Pole Telescope survey area, specifically the SZ
cluster survey area (Lueker et al., 2010), along with part of Stripe 82 from the Sloan Digital
Sky Survey (Ahn et al., 2012) which provides additional constraints on cluster measurements.
The camera has a field of view of 2.7 deg? and used five photometric filters, grizY spanning a
wavelength range from 400 to 1065 nm. The relative transmissions of these filters (including
atmospheric transmission) is shown in Figure 2.1. While a u#-band filter was contributed by

CTIO, it is not of primary interest to DES, and thus was not used in the wider survey.

Before full DES operation, exposures were taken to verify that the camera was working to the
survey requirements. This science verification (SV) ‘mini-survey’ was conducted in order to
ascertain if any adjustments were required to survey strategy, and identify any undiscovered
issues with the DECam prior to full survey use. It went to the depth of the full wide-field
survey and, crucially for SN science purposes, covered the future DES SN fields. It is a
well-tested data set (Bonnett et al., 2016; Jarvis et al., 2016; Jeffrey et al., 2018) 1.

The SV data encompasses 250 deg?, and was collected between November 2012 and February
2013. Over this time period, 10,000 exposures were taken and the images were reduced by an
early version of the DES Data Management (DESDM) pipeline (Sevilla et al., 2011; Mohr

et al., 2012; Desai et al., 2012, See 2.1.2 for further details on DESDM).

2.1.2 The DES Supernova Program

The Dark Energy Survey Supernova Program (DES-SN) was a separate observing mode of
DES optimised for SN Ia cosmology. The survey was conducted over 10 fields, 8 ‘shallow’ and

2 ‘deep’, with limiting AB magnitudes of 23.5 and 24.5 respectively. Accounting for field

thttp://des.ncsa.illinois.edu/releases/sval
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Ficure 2.1: A figure showing the relative transmission for each of the DES photometric
passbands grizY.

overlaps, the total observing area was roughly 23 deg®. These 10 fields are located in four
regions of the sky, each of which is previously well observed by various other surveys. A
summary of the locations of the DES-SN fields and their respective legacy observations may be
found in Table 2.1.

DES-SN was run in ‘sequences’ for observation scheduling purposes. A summary of the total
exposure times, number of exposures and achieved depth per filter in the shallow and deep
fields per sequence is given in Table 2.2 (Smith et al., 2020a). While DES has the ability to
obtain observations in the Y band, the simulated signal-to-noise of a typical median redshift (z
~ 0.4-0.5) SN Ia (simulated within the SuperNova ANAlysis framework (SNANA), see Kessler
et al., 2009, absolute magnitude of ~-19.5) in the ¥ band rarely exceeded 5, even with a total
exposure time of 1800 s which is half of the z band deep field exposure time. At deeper
redshifts (z ~ 0.7), this is further reduced and drops below the signal-to-noise selection for DES

SNe. For reference, typical signal-to-noise values for simulated SNe in the griz bands range
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TaBLE 2.1: A summary of the 10 DES-SN fields, including the location of the field centre and
the legacy surveys that observed them.

Legacy Survey DES Field R.A.(deg) Decl. (deg) Type
Chandra Deep Field—South C1 54.2743 -27.1116 Shallow
(Giacconi et al., 2001) C2 54.2743 -29.0884 Shallow
C3 52.6484 -28.1000 Deep
Elais-S1 E1l 7.8744 -43.0096 Shallow
(Rowan-Robinson et al., 2004) E2 9.5000 -43.9980 Shallow
SDSS Stripe 82 S1 42.8200 0.0000 Shallow
(Adelman-McCarthy et al., 2007) S2 41.1944 -0.9884 Shallow
XMM-LSS X1 34.4757 -4.9295 Shallow
(Pierre et al., 2004) X2 35.6645 -6.4121 Shallow
X3 36.4500 -4.6000 Deep

TaBLE 2.2: The total exposure time, number of exposures and typical median limiting magnitude
for each filter, per visit, used in the DES-SN program

Filter Shallow Field Deep Field
texp (8)  Nexp Depth (mags) texp (S)  Nexp  Depth (mags)
g 175 1 23.7 600 3 24.6
r 150 1 23.6 1200 3 24.8
i 200 1 23.5 1800 5 24.7
z 400 2 23.3 3630 11 24.4

from ~ 500 at z ~ 0.1 to 10 at z ~ 1. Due to the time required to get signal-to-noise that would
pass selection cuts in the Y band compared to the griz bands, DES-SN elected to not use this
filter in their observations (Bernstein et al., 2012).

These exposures were then processed by the DES Data Management (Morganson et al., 2018)
pipeline nightly to assess image quality. For DES-SN, the first quality check is the ratio
between the actual exposure time and the exposure time required for similar S/N of a point
source in normal conditions. This ratio, defined as 7. is 1 under normal conditions, and

decreases with worsening sky quality. It is calculated as,

2
FWHMj Bs
fet = (Wmid) (?d)F @D

where FWHM is the measured point spread function (PSF) full width half maximum, B is the
measured sky background and Fians 1s the atmospheric transmission relative to an almost clear
night. 54 denotes a historical measurement of that parameter, previously observed at CTIO.
Exposures in the g band must have a calculated t.g above 0.2, while those in the riz bands have
a minimum teg of 0.3. Should any exposure fail this initial requirement the sequence containing

it is rejected and rescheduled (Morganson et al., 2018).
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2.1.3 Transient Detection

To detect transients, DES-SN used difference imaging. First, a template image was constructed
using previously taken exposures, for example the template for the first season (Y1) was built
on the science verification data. Several exposures were coadded to reduce sky-noise and

increase depth, and this template used as a reference image.

On a given night, sky conditions will vary compared to the template image. As such, the
template image is distorted to better reflect the observational conditions. The template is then
convolved with the science images to match reference stars between the two, and outputs the
difference between the convolved template image and science image. Doing such matching
should remove all non-transient detections, however many of the remaining transient detections
will be spurious. Detection efficiency is measured via the insertion of simulated transients to
each CCD. Isolated sources at a brightness of 20th magnitude are inserted in order to assess
image depth, and helps check if an observation needs to be re-taken. Additionally, sources that
imitate SNe Ia, spanning the whole redshift and host-separation distributions, are inserted to
estimate detection efficiency versus signal-to-noise. These detection efficiencies are vital as
they allow rigorous simulations of DES-SN to be constructed, which allows inherent biases in
the survey to be estimated. These biases then allow the more accurate standardisation of SNe,

providing tighter constraints on cosmological parameters.

Image artefacts from the difference imaging are removed via various brightness, signal-to-noise
and PSF cuts. Those that pass these basic cuts are sent to an automatic machine learning
algorithm (Goldstein et al., 2015), to further determine if they are a ‘true’ transient. This
machine learning algorithm uses many techniques to distinguish between fake and real
transients, but there are 3 main features it uses: the ratio of PSF-fitted flux to aperture flux,
magnitude difference between the object and its closest static neighbour, and consistency with a
point source PSF. The algorithm then assigns each potential transient a value between 1.0
(perfect confidence the object is not an artefact) and 0.0 (no confidence the object is not an
artefact). Should an object have two detections ranked above 0.3 (either on different nights or
different bands) and be separated by less than 1 arcsecond it is labelled as a transient candidate.
This left around 30,000 candidate transients that were then matched to a host galaxy using the

directional light radius (DLR; Sullivan et al., 2006, see 2.2.1 for more information) method.

Initial DES-SN were matched to hosts identified in the first annual release of the SV data
(henceforth SVA1). However, recent analyses match the DES SNe to hosts identified in ‘deep
image co-adds’ provided by Wiseman et al. (2020). For a given transient, Wiseman et al. (2020)
selected all exposures passing an effective exposure time cut, and excluding the seasons in
which the transient occurred. Exposures passing the quality cuts were stacked using swarp
(Bertin et al., 2002). Outliers in the co-adds, introduced by the stacking of different depth
images, were removed via a clipping procedure. The magnitudes of the co-adds were then
calibrated via the use of reference stars. After calibration, these stacked co-adds had a limiting

magnitude of 0.6-1.2 mag deeper in the shallow field, and 1.7-2.1 mag deeper in the deep field,
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Ficure 2.2: A comparison of the co-adds in the r band between the SVA1 and deep images.
There is a clear increase in the number of sources detected in the deep images. Figure from
Wiseman et al. (2020)
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when compared to the SVA1 data. Figure 2.2, from Wiseman et al. (2020), shows the
improvement on the source detection, with a clear increase in the number of sources detected in

the deep images compared to the SVA1 images.

2.1.4 Spectroscopic Data

These reduced images from DES-SN allow for science in four photometric bands. At its most
basic, this provides at most four data points per pointing, containing the time of pointing and
the flux values from each source. While useful, this does not provide any data from emission
lines, adding error onto both classification of sources and the distance to each source.
Spectroscopic follow-up of likely transients can allow for clear classification, and provided a
source has known emission lines (such as Ha or Hp), redshifts can be constrained with little

uncertainty (on the order of o, ~ 0.002).

Much of the spectroscopic data for DES came from OzDES (Yuan et al., 2015; Childress et al.,
2017; Lidman et al., 2020), which targeted the 10 SN fields in DES over 6 years. This
programme used the 2dF robotic fibre positioner on the 3.9-m Anglo-Australian Telescope. For
the purposes of SNe, OzDES performed two tasks - real time spectroscopic classification and
measuring host galaxy redshifts. For the real time spectroscopic classification, OzDES was
guided by the use of the photometric classifier PSNID (Sako et al., 2011). This photometric
classifier flagged likely Type Ia SNe based on their initial light curves, which were
predominantly followed up by OzDES (Smith et al., 2020a). Such follow-up provided a

spectroscopic classification for the transient. This sample, along with DES SNe classified by
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other follow-up surveys such as the Very Large Telescope (VLT), were combined and presented
in Smith et al. (2020a).

Compared to spectroscopic classification, the measurement of a given host’s redshift can be
much more efficiently scheduled. Due to the lack of time sensitivity, as the galaxy will not
significantly change on a human timescale, sources can be visited seasons after a transient has
occurred. If the initial exposure was unable to obtain a redshift, sources can be revisited to
provide additional signal-to-noise and depth. During its 6 year run time, OzDES measured host
galaxy redshifts for around 7000 transient hosts, using 68,000 fibre hours. Data from the 3rd
observing season of OzDES (Y3) had redshifts measured using Mmarz (Hinton et al., 2016)
while prior data had redshifts measured by rRunz, developed by Will Sutherland. OzDES was
magnitude limited down to the ~ 24th mag in the r band. The fraction of usable redshifts
decreases with dimmer sources, with the efficiency of obtaining a redshift dropping to ~ 20

percent at 24 mag in the » band (Vincenzi et al., 2021).

Thus, after 5 years of observing and consequent spectroscopic follow-ups, DES-SN had ~ 500
spectroscopically classified Type Ia SNe, along with ~ 7000 transient light curves with usable
host galaxy redshifts.

2.1.5 SN Classification

With ~ 7000 candidate transients with light curves from the DES 5 year pipeline, getting a
spectrum with high enough signal-to-noise to determine transient type for each candidate
would be incredibly time consuming. For example, classifying one SN Ia at z ~ 0.05 with a
single slit, 4m telescope, takes on the order of 15 minutes of exposure alone (Toy et al., 2022,
see SN2022qye), ignoring slew time and other various observational calibrations. OzDES
spent over 4000 fibre hours to classify transients spectroscopically, with 2164 individual spectra
taken. Of this, ~ 500 transients were positively classified, while the remainder were either

unclear in their classification or simply not observed due to time or brightness constraints.

With the Vera C. Rubin Observatory conducting the Legacy Survey of Space and Time (LSST)
expected to begin observations in the near future, this problem is further exacerbated. Rubin
expects to discover 400,000 Type Ia SNe over its lifespan (Ivezi¢ et al., 2019). Even though
telescopes such as 4AMOST will follow up transients discovered by LSST with fibre based
spectroscopy, at best performance only ~ 3% of the SNe discovered by LSST will have a
spectroscopic classification (Frohmaier et al 2024, in prep). Further issues arise as 4AMOST
only reaches ~22.5mag in ~ 40 minutes, while LSST will reach depths of ~25mag (The LSST
Dark Energy Science Collaboration et al., 2018), limiting the maximal redshift it may

spectroscopically classify SNe at.

We therefore examine alternate methods, such as photometric classification. Modern classifiers
typically use machine learning to classify transients, such as SuperNNova (SNN; Moller &

de Boissiere, 2019) or Supernova Classification with a Convolutional Neural Network
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(SCONE; Qu et al., 2021). This allows surveys to sort their transients based on the evolution of
their multi band light curves. SNN for example, can discern between Type Ia SNe and non Type
Ia SNe with accuracies of 99.55 + 0.06 per cent, provided redshift information is available.
Such a high accuracy is achieved by the lump classification of "anything that isn’t a type la
SNe", along with including host galaxy and redshift information. For a singular "'whole’ light

curve, accuracies decrease to closer to 95 per cent.

SNN uses a recurrent neural network to take an input light curve, and its most basic output is
the probability of said light curve being a type Ia SN. Previously, negative classifications of
type Ia SNe were rejected from cosmological samples. However, the probability of being a type
Ia SN can be used instead as a weight, where a given events contribution to a SN Ia based
cosmological analysis is weighted by its probability of being a type Ia SN, e.g. (DES
Collaboration et al., 2024b).

The final DES release contains 1499 ‘cosmologically useful’ type Ia SNe, after light curve and
classification cuts. However, after relaxing requirements on obtained host galaxy redshift and
light curve quality cuts, DES discovered 3,547 type Ia SNe, classified with SNN (Moller et al.,
2024).

2.1.6 SN Light Curve Fitting

After identifying which candidates are likely SNe Ia, we obtain parameters to describe the
evolution of the light curve. To do this, candidates are fit with the SALT3 spectral energy
distribution (SED) model (Guy et al., 2007; Guy, J and Sullivan, M et al., 2010; Kenworthy
et al., 2021) in the SuperNova Analysis framework (snana; Kessler et al., 2009).

A singular SN Ia typically shows two main types of variability in their light curves: a variation
in their broadband colours that is time independent (csy) and the rate of decline in a given band
from its peak (x;). SALT3 models the behaviour of SN Ia light curves using these variabilities
and one additional parameter: xo which models the amplitude of the light curve. With these
parameters, the spectral flux for a given SN, at a rest frame phase p (relative to the B band

maximum) and wavelength A is given by

F(p, ) =xo[Mo(p, A;mp) +x1 M1 (p,A;my)] Xexp(c X CL(4;cl)). 2.2)

Here My 1(p, A; mo,1) are flux surfaces (see Fig 2.3) that represent the SED of a reference SN
(0) and the time-dependent variability of the total population fitted. These flux surfaces have
2520 free parameters that are determined by the training for the SALT3 model. CL(4; cl)
defines how SN cgn affects its light curve, combining the effects of the variation in colour over

a population of SNe and extinction from the dust within its host galaxy.
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Ficure 2.3: A ‘Flux Surface’ for a type Ia SN at z = 0.01, with xg =0, csn =0

SALT3 is trained using the light curves and spectra from 1083 SNe. While initially 2520 free
parameters appears greater than the amount of training data, each single SN will have many
parameters describing its light curve and spectral evolution. The training alternates between
fitting the flux surfaces and colour law, along with the parameters x¢ ; and csn, while keeping
the output model uncertainties fixed. It then fits for the output model uncertainties while
keeping the flux surfaces and colour law fixed. For the purposes of training, the light curve
parameters xo | and csn of the training set (which describe and vary between individual SNe)
are of little concern. Instead the converging of the flux surfaces is the main goal of the training,

as these may be used to calculate the light curve parameters of newly discovered SNe Ia.

Once the fit for the flux surfaces, colour law and output model uncertainties has converged,
training is complete. The result is the best fit flux surfaces and colour law that describe a
population of SNe, along with their uncertainties. While it is computationally expensive to
obtain these flux surfaces and colour law, once done they may be applied on a different sample
of SNe. Doing so allows surveys to calculate the light-curve parameters x¢ ; and csn, which are

used to standardise the brightnesses of SNe Ia, and thus to constrain cosmology.

For most of the work within this thesis, we apply a similar light curve selection to those
described in Vincenzi et al. (2021), and used in Wiseman et al. (2021), on SN light-curve width
(SALT3 x;) and SN rest-frame colour (SALT3 csn): =3 < x; <3 and -0.3 < cgny < 0.3.
These selections aid machine learning in reducing contamination from core-collapse SNe
(Vincenzi et al., 2021). Additionally, the SALT model functions such that the average light
curve width of a given sample is Gaussian, with a mean of 0 and standard deviation of 1. As

such these light curve cuts also serve to remove outliers above 30 from the mean.
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2.1.7 Supernova Standardisation

After light curve parameters are calculated, we are able to obtain distances to each SN.

Distances to the i’th supernova are calculated for a given sample via the Tripp equation:

Hobs,i = My ; +axy; — fcisn —M (2.3)

where x| and c;j gn are the SALT3 light curve parameters described above, m is the magnitude
of the SN flux in a given pass band and M is the absolute magnitude. « and 8 are global

parameters determined from a minimisation over the sample to a given cosmology.

Provided a redshift for the SN or its host is available, model cosmologies may be tested and
discerned between. An example is shown in Figure 2.4 where our corrected SN distances are
plotted alongside the expected distance assuming a universe described by a flat ACDM model
with parameters of Hy = 70km/s/Mpc and Qj, = 0.3. We additionally include models with
different values of Q;, described in the legend. Of note is that the average residual (¢ — tmodel)
over the full redshift range is close to 0 compared to the model with ), = 0.3. This showcases
the ability of SNe Ia to discern between differing cosmological parameters, while requiring

only a redshift and a light curve.

2.1.8 Galaxy Clusters

After this stretch and colour standardisation, there remains a luminosity difference between
SNe in high and low mass hosts (Kelly et al., 2010; Sullivan et al., 2010; Lampeitl et al., 2010).
There still exists debate as to the underlying astrophysical phenomena that causes these
luminosity differences, with no clear consensus. Current explanations involve a range of ages
for the progenitor star (Childress et al., 2014; Rose et al., 2019; Rigault et al., 2020), varying
dust properties between hosts (Brout & Scolnic, 2021), metallicity (Hayden et al., 2013) or

even different explosion models and mechanisms.

Due to this unknown astrophysical cause, one of the interesting environments for type Ia SNe
studies is clusters of galaxies. Ages of stars and galaxies within clusters are typically old, with
most of the galaxies and stars within clusters forming at least a few Gyrs ago (Guglielmo et al.,
2015). Furthermore, when compared to similar mass galaxies outside of clusters (field
galaxies), cluster galaxies often have little ongoing star formation (Balogh et al., 1997; Haines
et al., 2015). There is also evidence that the quenching of star formation in galaxies within
clusters depends more strongly on the radial distance from the cluster centre (with cluster
centres being the most efficiently quenched) than on the galaxy stellar mass (van der Burg et al.,
2018), leading to a greater number of lower mass galaxies with extinguished star formation
(van der Burg et al., 2013) than the field. This leads to an overall reduction in star formation

rates within clusters compared to the field, across all galaxy masses.
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Ficure 2.4: Upper Panel: Corrected distances to the DES 5 year photometric sample, along with

an assumed Flat ACDM cosmology with parameters of Hy = 70km/s/mpc and Q;; = 0.3,0.1

and 1.0. Lower Panel: The difference between the corrected distances and the assumed
cosmology, along with the weighted average in equally spaced redshift bins of 0.1.

DES based clusters were identified within the first annual reduction of the SV data (SVA1;
Rykoff et al. 2016) using the red-sequence Matched-filter Probabilistic Percolation (redMaPPer,
RM) cluster finding algorithm (Rykoff et al., 2014).

redMaPPer is a photometric red-sequence cluster finder, designed specifically for large scale
surveys such as DES (Rykoff et al., 2014). First, a training sample of clusters is constructed
from red spectroscopic galaxies. These are used to look for similar colour galaxies, and for
over-densities of these types of galaxies. These over-densities are then used as training clusters
themselves, giving a sample of probable cluster members that are consistent with the red

sequence.

For each possible cluster from this initial finding, the cluster candidates are sorted by richness
(the sum of the membership probabilities over all galaxies within a given radius of the likely
cluster centre, 1) and centring likelihood (likelihood a given galaxy is the central cluster
galaxy). The sorted list is then filtered to assign cluster members correctly and to not
double-count potential clusters. For each cluster, it starts by recomputing the richness and
photometric redshift of the cluster based on the filtered catalogue (in the first run this will

simply be the input catalogue). It then determines the cluster centre and the probability of this
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centre, and again re-calculates richness and photometric redshift based on this new central

galaxy.

Galaxies are then removed from the list of possible central galaxies if they have a probability of
membership to that cluster of less than 50 per cent. These galaxies are however, still allowed to

be members to other lower ranked clusters.

This process is repeated for the next cluster galaxy from the sample, until completion. After
this process, RM will have filtered all possible cluster galaxies, and assigned them to a potential
cluster candidate (should they be associated with an actual over-density), along with the central

galaxies.

For each cluster candidate, RM provides a richness estimate A, and a scaling factor S that
accounts for survey incompleteness. These parameters are calculated such that each cluster
with richness A has 1/S galaxies brighter than the limiting magnitude of the survey within the

geometric survey mask.

This red-sequence technique is built around richness estimators that have been optimised in
Rozo et al. (2009); Rykoff et al. (2012). RM handles broad ranges of redshift well, and is ideal
for use on DES data (Rykoff et al., 2016).

For work contained in this thesis involving clusters, we selected all clusters with /S > 5 from
the SVA1 Gold 1.0.2 catalogue. While this catalogue is less reliable for analysis than other RM
catalogues with more stringent richness cuts, it gives us a higher space density of clusters.
Using the more stringent catalogues could cause us to attribute SNe that occurred within less
rich clusters as field SNe. The 4 > 55 catalogue contains roughly 1000 clusters within the
DES-SN fields and spans a redshift range of 0.1 < z < 0.95.

2.2 Methods

In this section I outline the various methods employed either by myself or others within the

DES collaboration to calculate the various data used.

2.2.1 Host Galaxy Matching

SN hosts in DES were matched to their galaxy via the directional light radius (DLR) method,
first proposed by Sullivan et al. (2006). This method not only takes into account the angular
separation of a SN from a potential host, but also the radius of each potential host in the
direction of the SN.

To calculate the value of DLR for galaxies in our sample, we run Source Extractor (Bertin &

Arnouts, 1996; Bertin, 2011, sexTRACTOR) on the deep galaxy images described in Wiseman
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et al. (2020). Galaxies are typically well modelled by an ellipse, and for each source we use the
SEXTRACTOR OUtpUtS A_IMAGE, B_IMAGE and THETA_IMAGE, being the semi-major axis (a),
semi-minor axis (b) and positional angle (relative to the positive right ascension, R.A. axis, ¢)
of the source. We transform both A_IMAGE and B_IMAGE out of pixel units into arcsecs, by

measuring how many arcsecs per pixel there are in the DES images.

DLR for each source is calculated as follows, (Qu et al., 2024)

DLR = ab (2.4)

V(asing)? + (bsinqﬁ)z'

DLR allows for the normalisation of the angular separation between a given transient and its
host across all types, sizes and inclinations of galaxies. The scale of the semi-major and
semi-minor axis are set by the second order moments of the galaxies profile along their
respective axis. With the galaxies profile accounted for, roughly 68 per cent of the galaxies

light is contained within a dprr of 1, and a dprr of 3 is roughly the galaxy’s isophotal limit.

The normalised separation of SN to host dpy R, is then calculated as follows:

A6

_ 2.
DLR’ @5)

dpir =

where A6 is the angular separation, in degrees, of the SNe and a potential host, and DLR is the

directional light radius for that given galaxy, also in degrees. As such dpyr is unit-less.

The galaxy with the lowest value of dpy R is then selected to be the transient host. As mentioned
above, the matching of transient to host for all 30,000 DES transient candidates was performed
in Wiseman et al. (2020).

2.2.2 Calculating host galaxy properties

Once a SN is matched to a given host, we calculate various host properties. As the spectra for
each galaxy were primarily taken to obtain an estimate of the host galaxy redshift, these are
relatively low signal-to-noise. As such, we rely on the photometry of host galaxies obtained via

the deep galaxy images, described above, to estimate the properties of each SN host.

As we only have the griz bands, we follow the method of Sullivan et al. (2006) and Smith et al.
(2020b). griz data, while useful for SN science due to much of the emitted light being within
these bands, does not typically encompass the light emitted by star formation (Kennicutt, 1998)
or dust (Nersesian et al., 2021). These studies used the PEGASE.2 (Fioc & Rocca-Volmerange,
1997; Le Borgne & Rocca-Volmerange, 2002) spectral synthesis code in order to generate
synthetic galaxy spectral energy distributions (SEDs). For a given initial scenario, and various

time based parameters such as the in-falling of gas, PEGASE.2 will provided SEDs over the



30 Chapter 2. Data and Methods

v
1
1
1
1
1
i
1
1

Ficure 2.5: A stamp of DES13Cljuw. Shown are the location of the SN (red cross) along
with a dpprof 1.0 (green ellipse) and 4.0 (white ellipse). Note that as dpyris directional it is
ellipsoidal, and takes the shape of the host galaxy.

total evolution of the galaxy, along with various other parameters, such as the stellar mass (M..)
and star formation rate (SFR). We generate DES griz photometry for each generated SED, and
fit that to the obtained photometry from the deep galaxy images in order to determine the best
fitting SED. Thus, for each host we obtain a best fitting stellar mass and star formation rate.
This SED fitting will also allow us to determine the total formed mass of each galaxy over its

lifetime.

We additionally force the best-fitting template SED to exactly match the observed galaxy griz
photometry using a wavelength dependent multiplication function. This allows accurate
estimation of the galaxy rest-frame UBV R magnitudes, a process referred to as ‘mangling’
(e.g., Kelsey et al., 2021). For host NIR data, we make use of VISTA images in the J, H, K
bands from the VIDEO survey that have been combined with DES for a subset of the DES-SN
survey area (Fields C3, X3 and E2, Hartley et al., 2022).
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To calculate local properties around a SN’s location we employ similar methods. We first place
a 4 kpc radius circular aperture about the SNe within the deep galaxy images. Such an aperture,
translated to angular size, remains larger than the smallest useful aperture (0.55 arcsec) out to a
distance of z = 0.6. 0.55 arcsec is approximately the smallest possible standard deviation on the
point spread function (PSF, FWHM = 2\/@ * o) of the DECam in the best possible sky
conditions (Kelsey et al., 2021). Aperture photometry was then performed within the
PHOTOUTILS Python Module, using the APERTURE_PHOTOMETERY function. We then perform
SED fitting as above using this local photometry to obtain local stellar masses and star
formation rates. As a galaxy’s apparent size decreases with redshift, the smallest useful
aperture increases. As such, the smallest useful aperture past z ~ 0.6 increases to ~5 kpc. Such
an increase in required aperture radius with redshift encompasses more and more of the host
galaxy, ‘blurring’ the local data with non-local light. As such we do not calculate local

properties for SNe further than z ~ 0.6.

2.2.3 Bias Corrections

While the previously described light curve standardisation performs well to obtain distances to
SNe, there are still inherent biases that affect individual or groups of SNe. Such biases include
the ‘Malmsquist bias’ (Malmquist, 1922, 1925), where dimmer SNe may be missed at higher
redshifts in magnitude limited surveys such as DES. Additionally, I previously mentioned that
the post-standardisation brightness of a given SN depends on various host properties, such as
total stellar mass, with more massive hosts containing brighter SNe (even after the stretch and
colour standardisation from 2.3, see Kelly et al., 2010; Sullivan et al., 2010; Lampeitl et al.,
2010). To account for this so called ‘host mass step’, and bias dependencies, and to better

standardise a set of SNe, additional terms are added to the standardisation equation, becoming

Hobs,i = Mxi +axy; — BcisN — ¥Gnost,; = M — Aptpias,i (2.6)

where x1, cisn, mx M, @ and § are the same as in 2.3.

v is an additional global parameter determined from a minimisation over the sample to a given
cosmology. Gy refers to the relation between SN Ia luminosity and their host properties.

Aptpias accounts for selection biases in the sample.

These biases are calculated from simulating DES-SN within the SNANA framework (Kessler
et al., 2009) using the BEAMS with Bias Corrections (BBC; Kessler & Scolnic, 2017) method.
Explaining the inner workings of BBC is beyond the scope of this thesis, but simply, it first
simulates a large range of SNe. This simulation models the SN rest frame SED, SN and host
galaxy correlations, along with instrument noise, survey strategy, cadence, filters used and

redshift effects. The biases then are recovered from interpolation over the parameters within
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FiGure 2.6: The UVJ diagram for the ZFOURGE sample from Tomczak et al. (2014).

this simulation. This allows us to correct for the differences between observed and simulated
SNe brightnesses.

Two types of bias corrections are utilised in this thesis - a ‘1D’ bias correction, which simply
accounts for the Malmsquist bias above, and a ‘4D’ bias correction. The 4D bias correction,
formalised in Popovic et al. (2021b), adds an additional 3 bias terms. This splits the solely
redshift bias into a redshift bias, a stretch bias, a colour bias and a bias based on the host
galaxies stellar mass. It additionally swaps the SALT2/3 model for SNe colour (a singular cgn
term) for an intrinsic colour distribution, modelled by csn and 8 and a colour reddening due to
dust term from Brout & Scolnic (2021). This method attempts to better model the effect of dust
on SNe.

2.2.4 Identification of Passive Galaxies

griz data, as previously mentioned, is not perfect for the identification of galaxies. As such, to
select only passive galaxies within DES we elect to use the UV J selection method, described in
(Tomczak et al., 2014). This method effectively separates galaxies into star-forming or passive
(Quiescent) based on their U — V and V — J colours. Figure 2.6, from Tomczak et al. (2014)

shows an example of this method.

While this method requires near-infrared data, it is crucially insensitive to the extinction
brought about by dust. This extinction will typically act along the same vector as the UV J cut,

preventing galaxies from crossing the boundary between star-forming and passive. UV J bands
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are calculated as in Section 2.2.2, with the addition of infrared data from the VISTA images
provided by the VIDEO survey (Hartley et al., 2022).

2.3 Summary

In this chapter I have outlined the workings of the Dark Energy Survey, how the type Ia
supernova and galaxy cluster data were obtained, reduced and standardised. How SN data have
been matched to hosts, and their host properties calculated, should now be well understood.
Furthermore I have mentioned how we further reduce the scatter on SN distances, allowing for

precise cosmological parameters to be obtained.

Critically however, while these host dependencies and biases may be accounted for, they are not
fully understood. Debate has settled some in recent years, but still lurks in many a

cosmologist’s mind - what exactly causes the mass step?

In the remaining chapters of this thesis, I aim to probe the environments of type la supernovae.
I investigate from the overarching environments of clusters in Chapters 3 and 4 to the individual
galaxy parameters in Chapter 5. I toss into the ring of cosmology another tracer of the mass

step and find rates of SNe that don’t quite agree with established literature.

Get yourself a coffee and strap in. I hope you enjoy the ride as much as I have.
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Chapter 3

Properties of Type Ia SNe within
Clusters

Let me take stock. My equilibrium is
askew, my vision is partially impaired,
and I'm clearly slurring my words. To put

a fine point on it, your boy is turnt.

Captain Holt, Brooklyn 99: A Tale of
Two Bandits

3.1 Supernova within Clusters

Galaxy clusters are some of the largest gravitationally bound structures within the known
Universe. One of the most massive cluster systems, ‘El Gordo’, contains a mass of 2 quadrillion
suns within a radius of roughly 2.0 Mpc (Kim et al., 2021). These massive structures typically
contain older populations of stars, with around two-thirds of their stellar populations being
formed before z > 2, compared to less than fifty percent of the stellar populations in the field

being formed before this time (Guglielmo et al., 2015).

This disparity in stellar population may arise from an increase in the fraction of quenched
galaxies within clusters compared to the field. Here, quenching is the shut-off or reduction of
star formation, either due to non-environmental causes, such as feedback from SNe or galactic
winds (Oppenheimer et al., 2010) or environmental causes, such as the removal of cold gas due
to ram pressure (Gunn & Gott, 1972) or galaxy mergers (Moore et al., 1996). While all galaxies
are effected by non-environmental based quenching, cluster galaxies are more susceptible to
environmental quenching due to the density of galaxies within the cluster. The efficiency of this
environmental quenching increases with respect to the centre of a given cluster, with those in

the centre more quenched than those in the outer regions (van der Burg et al., 2018).
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Interestingly, this environmental quenching doesn’t appear to be dependent on galaxy mass,
with even low mass cluster galaxies also turning from the ‘blue star forming’ phase to the

‘passive red’ phase of galaxy evolution sooner than field galaxies (Wilman et al., 2005).

Curiously, while the rate of type Ia per stellar mass SNe positively correlates with the star
formation rate of the host they are in (Sullivan et al., 20006), the rates of supernova per stellar
mass within clusters appears to be increased with respect to the field (Freundlich & Maoz,
2021). Additionally, the SN stretch parameter x, which parameterises the rate of decline of a
given SN’s light curve, is on average lower for SNe within clusters than those in the field.
However, there appears to be no difference between the colour (csn) distributions of cluster
based SNe compared to field based SNe (Xavier et al., 2013). While the difference in star
formation rate could drive the different x; distributions (Rigault et al., 2013), the apparent
similarity of their colour distributions, when the environments between field and cluster are so
different, is peculiar. Dust reddens SNe, and the mass of dust within a galaxy increases with
star formation rate and stellar mass (Lianou et al., 2019). With this increase in dust, one might
expect that massive star forming galaxies within the field to have more reddened SNe than those
in clusters, especially if mergers have stripped cluster based galaxies of their dust content. With

these colour distributions being the same, the likelihood that the dust content is different is low.

With these differences in both galaxy composition and hosted SNe in mind, we investigated first
the light curve properties within clusters, and their dependence on any host properties. We
compare these to the field, and try to find the causes of some of these differences. To do this,
we use the DES-SN5YR type Ia SN sample, and the redMaPPer (RM) SVA1 Gold 1.0.2
catalogue cluster catalogue. First however, cluster based SNe must be identified.

3.1.1 Finding Supernovae Within Clusters

To identify if a SN event occurred within a cluster, we followed the procedure outlined in
Xavier et al. (2013). Firstly, we checked if any given SN was projected onto a cluster in the RM

catalogue. For a given SN s to be projected onto a cluster k it must obey

cos & cOs 0 cos(ay — @y ) + sin dg sin 6 > cos (HI(I{;)X) , (3.1
where 15 Mpe (1 )
(k) _ L. pc + Zk
Ormax = /Zk e (3.2)
0 H(z)

is the angular radius of cluster k£, which we limit to a maximum value of 1.5 Mpc, c is the speed
of light, a4 (k) and d4(x) are the right ascensions and declinations of the SN and cluster

respectively, zj is the cluster redshift and H(z) is the Hubble parameter.

We limited the maximum angular radius of a given cluster to be 1.5 Mpc to be consistent with

other cluster SN rates in the literature (Mannucci et al., 2008). Additionally, a significant
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over-density of galaxies are still present at these radii (Hansen et al., 2005), and such SN on the

edge of our limit will still be contained within an over-dense environment compared to the field.

This matching identifies SNe that are projected onto the cluster, but this only takes into account
2D projection on the sky, not if they are at compatible distances from earth. To find if they are
at the same distance, we next compared their redshifts. As galaxies within clusters are
gravitationally bound, any measured redshift differences between cluster member galaxies arise

from peculiar velocities and measurement uncertainties in the redshifts themselves.

As each redshift measured is never exact, with measurement uncertainties from instruments and
methods, we cannot say for certain if two objects are at exactly the same distance. Thus, we find
the probability, p, for the redshift difference between a projected SN (with spectroscopic
redshift) and cluster (with a photometric redshift) to be consistent with the SN being within the
cluster. We assume the SN and cluster have a redshift that is described by a Gaussian
probability distribution centred on the measured redshift, with standard deviations

(uncertainties) o and o respectively. The probability for compatible redshifts is then

=it

For the SN sample, the typical value of o is =~ 0.0001. These redshifts come from the SN host,

_[z—(zs— )1

2(odo}) (3.3)

and were measured spectroscopically via follow-up surveys such as OzDES (see Section 2.1.4
for further information). However, RM does not have a follow-up spectroscopic program, and
instead measures its redshifts photometrically. The performance of the photometric redshifts
for the clusters using RM is o /(1 + zx) ~ 0.01 (Rykoff et al., 2016). As our cluster sample
uses photometric redshifts, we set the maximum redshift difference, z4, at 0.03 following
Xavier et al. (2013), who found this value to maximise the statistical difference between the
cluster and field samples for photometric redshifts. Additionally, they calculate their
contamination of field SNe in the cluster sample for their photometric sample at 42 per cent,
with a combined photometric and spectroscopic contamination of 29 per cent. Using a similar
calculation, we find our contamination to be ~28 per cent, comparable to the combined
contamination found in the Xavier et al. (2013) analysis, but smaller than their photometric

sample’s contamination by 14 per cent.

The purity of our cluster sample is the probability that any given cluster is classified correctly,
i.e., the probability that any cluster identified by RM is real. We refer to these purities as g. As
measurements of purity are not available for the SVA1 RM catalogue, we instead used estimates
based on cluster richness from a similar cluster catalogue (Hao et al., 2010), and apply these to
our sample. These purity estimates vary with richness, and are shown in Table 3.1. We then
make our final selection on the data. SNe that are projected onto a given cluster, with a
combined probability of matching that cluster’s redshift and the cluster itself being correctly

identified of above 50 per cent (pg > 0.5), are considered as cluster SNe. This value of 50 per
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TaBLE 3.1: The purity of a given cluster in a richness bin, estimated using Hao et al. (2010).

Richness | Purity
5-10 0.60
10-15 0.75

15+ 1.00

cent was chosen in line with other SN analyses, that typically require the probability of a given
transient being a type Ia SN (using SNN or similar classification methods, see 2.1.5) to be

above 50 per cent (e.g. Wiseman et al., 2021).

While we previously discussed a significant over-density of galaxies at 1.5 Mpc, beyond this
limit the density (and thus if the environment in this region is truly ‘cluster’) will rely heavily
on the richness of a given cluster. Due to this richness-based total radius, it is unclear if SNe Ia
that are located within 1.5 Mpc < r < 2.5 Mpc truly belong to nearby clusters they are
projected onto. This effect could contaminate our field sample with possible cluster SNe, and
vice versa. To reduce such uncertainty, and possible contamination of cluster SNe within the

field, we remove these SNe from both our samples if they pass the pg test outlined above.

Due to the potential for misattribution of cluster SNe as field SNe when using a more stringent
cluster catalogue (described in Section 2.1.8) we elect not to use the more conservative richness
selection. Doing such a selection and restricting our cluster catalogue to 4 > 20S only
identifies 15 SNe within clusters. We investigate the effects of using a more strict richness cut
on our results in Appendix A.1, where we find that our results are broadly unchanged (barring a

reduction in sample size) when using a richness cut of 4 > 158.

Fig. 3.1 shows the redshift distribution of our two samples, together with the stellar masses of
the identified SN Ia host galaxies. We find a lack of SN Ia hosts in both field and clusters
around and below log(M /M) = 10 at z > 0.7. This lack of lower mass host galaxies is likely a
selection effect (the lower mass galaxies are fainter and therefore harder to measure a
spectroscopic redshift for) and we thus make a selection in redshift of z < 0.7 for both samples.
This leaves 66 SNe Ia located within clusters, and 1024 SNe Ia located in the field. Table 3.2

shows how many SNe are removed at each stage of our selection.

Previous studies (e.g., Xavier et al., 2013) have found that SNe within clusters have differing
light curve properties than those located within the field. As the light curve properties of SNe
correlate with the properties of their host galaxy (Hamuy et al., 1995; Sullivan et al., 2006), this
effect may be due to differing host make-ups within cluster and the field. We show our U — R vs
stellar mass distribution in Fig. 3.2. It is evident that cluster and field SNe inhabit different
galaxy populations, which is not suprising given the differences in age and quenching (e.g.,
Wilman et al., 2005; Guglielmo et al., 2015; van der Burg et al., 2018)

In order to fairly compare the samples like-for-like, we select a sub-sample (which we call the
‘cluster comparison sample’) of cluster and field SNe Ia with similar host properties, and

investigate any host dependencies. We select SNe with a host galaxy rest-frame U — R colour of
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Ficure 3.1: SN Ia host galaxy stellar mass versus redshift for our two SN Ia samples (cluster SNe

as red triangles, and field SNe as grey circles). Average uncertainties on the host masses are <~

0.04 dex. We note a lack of SNe Ia in field and cluster galaxies at z > 0.7 and log (M /M) < 10.
As such we make a redshift selection of z < 0.7, shown by the dashed line.

> 1 and a host stellar mass log(M../Mg) > 10. This is intended to select SNe in older, massive,
and passive hosts. Such a selection reduces our sample sizes to 48 (27 per cent removed) SNe
Ia located within clusters and 516 (49 per cent removed) SNe Ia located in the field.

3.1.2 SN Ia properties in field and cluster galaxies

Having defined our cluster and field SN Ia samples, we next compare their light curve
properties, csn and x1, as well as properties of their host galaxy. SALT3 x; is a measure of how
quickly a SN’s light curve evolves, with faster evolving events having lower values of x;. The

SALT3 cgn of a SN is how red or blue the event is and encapsulates both intrinsic SN colour
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vertical lines indicate our selection of red, massive galaxies, with masses log (M /Mgy) > 10
andU—-R > 1.

TaBLE 3.2: The number of SNe that are removed from our sample at each stage of selection.

Selection Number remaining | Number removed
SNe pr?-hght curve cuts 2802
(see Moller et al., 2022)
SALT3 & P(Ia) selection 1306 1496
Redshift selection (0.1 < z < 0.7) 1154 152
‘Exclusion zone’ cut ? 1090 64
Cluster SNe 66
Field SNe 1024
‘Cluster comparison’ selection
Cluster SNe 48 18
Field SNe 516 508

4 SNe within 1.5-2.5Mpc of a given cluster that also match the pg limits
described in Section 3.1.1 are excluded from the sample.
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and reddening by host galaxy dust. SN csn and x; are empirically related to luminosity, via the

linear ‘bluer-brighter’ relationship and the ‘faster-fainter relation ’.

3.1.2.1 SN Ia light-curve width

The x; distributions for the full sample of cluster and field SNe, together with the cumulative
distributions, are shown in Fig. 3.3. The cluster distributions are shifted slightly to more
negative x; values when compared to the field. A two-sided Kolmogorov—Smirnov (K-S) test
returns a p-value of 0.023, indicating that the two distributions are not drawn from the same
parent distribution with a 97.7 per cent confidence level. A two-sided Anderson-Darling (A-D)

test returns a value of 0.0039, implying a confidence level of 99.61 per cent.

This is a tentative confirmation of what we might expect to observe: cluster galaxies are
typically more massive and passive than those in the field, and these galaxies typically host

fainter, faster SNe Ia than galaxies with stronger star formation (Hamuy et al., 1995).

Previous results have found more significant differences in the x; parameter between cluster and
field samples (Xavier et al., 2013). Their result however uses different light curve quality cuts.

Furthermore they only consider rich galaxy clusters, while we make no such distinction.

The same analysis performed on our cluster comparison sub-sample of cluster and field SNe Ia
in older, massive and passive galaxies is shown in Fig. 3.4. The x distribution is still shifted to
the more negative values, but the significance is reduced with a K-S test p-value of 0.068. We
attribute the change in significance due to a smaller sample size. We confirm the effect of
sample size via bootstrap resampling of our whole sample, selecting the same sample size (but
not the same sample) as in our cluster comparison sub-sample. Re-calculating the p-value of
the above K-S test we calculate a p-value higher than 0.068 33 per cent of the time, and above
0.023 66 per cent of the time.

3.1.2.2 SN Ia colour

The SN colour distributions and cumulative distributions are shown in Fig. 3.5. The field and
cluster distributions are consistent, with a K-S test p-value of 0.801. A two sided A-D test
returns a p-value of 0.274. While reduced in confidence that the distributions are drawn from
the same parent distribution compared to the K-S test, this is still far below the typical 30
confidence for a detected difference in the samples. Comparing the samples after the U — R and

host mass selection gives a similar p-value of 0.827.

Thus, we see no evidence in our sample for SN colour distributions that differ between cluster

environments and the field.

These results are consistent with previous analyses between field and cluster environments (e.g.

Xavier et al., 2013) and between passive and star forming environments (e.g. Rigault et al.,
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2020). Howeyver, this result remains curious. The amount of dust, which will redden an
‘unblemished’” sample of SNe, increases with the amount of ongoing star formation (Orellana
etal., 2017). As such, in the more passive galaxies within clusters compared to the field we
may expect to see less reddened SNe than those in the passive and star forming galaxies that
populate the field. However, it is possible that the reddening we see in cluster based SNe is not
from host galaxy dust extinction, but instead from dust within the intracluster medium (ICM),
which, can survive and be shielded from the hot, ionising gas present the centre clusters
(Shchekinov et al., 2022). However, measurements of dust in the ICM are difficult and often

indirect, and would require follow-up observations of the RM clusters to verify this claim.

3.1.2.3 SN Ia host galaxy stellar masses

We show the distributions and cumulative distributions of SN Ia host galaxy stellar mass M, in
Fig. 3.6. As expected from Fig. 3.1, there is a deficit of hosts with stellar masses of
log(M./My) < 10 in clusters, with a K-S p value of 6 x 1074, i.e., the two distributions are
drawn from different parent distributions with a significance of 3.6 0. As expected after
selecting host mass and U — R to probe similar galaxies, a two sided K-S test returns a p value
of 0.715, meaning statistically the two populations are drawn from the same parent distribution,
reassuring us that our host mass and colour cut successfully facilitates a fair comparison of the

SNe in these galaxies.

Possible explanations for the difference in stellar mass distributions for field and cluster SN host
galaxies include: a different stellar mass function of cluster and field galaxies; a different rate of
SNe Ia as a function of stellar mass in cluster and field galaxies, or a combination of the two.
Such SN rate differences could be caused by the difference in age and star-formation activity

between cluster and field galaxies. We examine these possibilities in the next chapter.

Fig. 3.7 shows the SN Ia x| versus host stellar mass, where we recover the expected
relationship: the average SN x| across both field and clusters is smaller in more massive hosts
than in less massive hosts. With the exception of the low mass bins (which as we know are not
present in high numbers in the cluster data) both cluster and field mean x; are equal at

equivalent host masses.

3.1.2.4 SN Ia host specific star formation rates

While we have found that cluster-based SNe predominately prefer higher mass hosts than SNe
within the field, we also identified that cluster SNe typically are not found within blue galaxies
(e.g. Fig. 3.2). This is not surprising, as we have already mentioned that galaxies within galaxy
clusters are typically more passive than similar mass galaxies in the field. However our U — R
measurements take into account the whole galaxy and it is possible that these are heavily

skewed to redder colours due to very red, passive cores.
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Ficure 3.5: SN Ia colour distributions for events found in clusters and those found in the field.

Upper: Histograms binned in steps of 0.05. Lower: CDFs of the colour distributions. A two

sided K-S test gives a p-value of 0.801, indicating no statistical evidence that the CDFs are from
different parent distributions.
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Ficure 3.6: Host galaxy stellar mass distributions for SNe Ia occurring within clusters and in

the field. Upper: Cluster and field data binned in steps 0.25. There is a lack of cluster hosts with

stellar masses between 9 < log(M../Mg) < 10, skewing the distribution to the more massive

end. Lower: CDFs of the host stellar masses. A two-sided K-S test performed on the CDFs

returned a p-value of 0.0006, indicating strong evidence that the two distributions are drawn
from different base distributions.



3.1.  Supernova within Clusters 47

2 -
1+ I -
.i“
x o
_]_ —
: Cluster
= Field ! Il |
—2F ¢ Cluster Mean T 4
" e Field Mean | ‘ | ~ i Rl
_IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIII'IIII.-Il--IIIIIII_

70 75 80 85 9.0 95 100 105 11.0 11.5 12.0
Stellar Mass (log(M«/Mg))

Ficure 3.7: SN Ia x; versus host galaxy stellar mass for SNe Ia in clusters and the field, shown

both as individual points (yellow stars/grey crosses) and as weighted means (red diamonds/blue

pentagons). We recover the expected trend of higher mass hosts containing SNe Ia with smaller
values of x7.

Additionally, it also has been observed that the rate of type Ia SNe positively correlate with
respect to the star formation rate of the host they are in. It may be that SNe Ia in galaxy clusters
are predominately found within the few hosts with ongoing star formation in their outer regions

within these environments.

As such we calculate the star formation rate of each host in both the field and clusters, and
normalise this rate by the stellar mass of each galaxy, to calculate the specific star formation

rate of each host,

SFR
FR = . 4
sS Vi (3.4)

*

Here, SFR is the star formation rate of the host, in solar masses per year, and M, is the stellar
mass of the host, in solar masses. This calculation provides the specific star formation rate in
units of per year. This normalisation should help to offset any effect from the still growing
lower mass field hosts (which are not present in clusters in great numbers), and allows us to

more fairly compare the two samples.
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We present the specific star formation rates of our cluster and field samples in Fig. 3.8. We can
see that SNe within clusters are shifted to less vigorously star forming galaxies. This is
consistent with the fact that cluster galaxies are less star forming overall than similar galaxies
within the field, but against a possible cause for the previously measured increase of the rate of
type Ia SNe per stellar mass in clusters. A two sided K-S test performed on the two samples
returns a p-value of 0.0009 (~ 3.507) giving strong evidence that the two samples do not come

from the same parent distribution.

However, we know our cluster and field samples do not occupy the same distribution in host
stellar masses. To investigate the effect this may have, we only use the host mass selection from
Sec. 3.1.1, and only select massive galaxies. Using our full cluster comparison sub-sample
would yield little difference between the two samples sSFR, as we would only select passive,
massive galaxies. The resulting distributions are shown in Fig. 3.9. It is plain to see that the
two samples are near identical at higher masses, with a two sided K-S test returning a p-value of
0.77. It appears that any differences between the two samples specific star formation rate is

driven by low mass, star forming field galaxies.

Additionally, we previously recovered the known relation between x; and host stellar mass, with
a decreasing average x| with increasing galaxy mass. As we have found that high mass hosts in
both cluster and field environments have similar sSFR distributions, we additionally investigate
how the light curve width of our SNe varies with sSFR. The relation is shown in Fig. 3.10, and
we reconfirm previous results that hosts with higher star formation contain longer lived and
brighter SNe than passive hosts. Furthermore there is little distinction between SN x; for SNe
in cluster or field hosts with similar specific star formation rates. This, combined with the
similar distributions found in Fig. 3.7 and Fig. 3.4 gives evidence that the differing x,
distributions we find in the overall cluster and field sample is caused by a lack of low mass, star

forming galaxies within the cluster environment.

3.1.2.5 The Effect of Progenitor Age

Galaxies in clusters have been found to be older than their similar-mass field counterparts
(Saracco et al., 2017), with much of their stellar populations formed at z > 2 (Guglielmo et al.,
2015). Furthermore, stars near the centre of galaxies, regions with lower specific star formation
rate, tend to be older (Zheng et al., 2017).

For SNe Ia, Ivanov et al. (2000) and Galbany et al. (2012) find that SNe Ia in the centres of
galaxies are fainter, and Howell (2001) find that older progenitors lead to fainter SNe Ia.
Rigault et al. (2020) provides an updated analysis, showing that x| correlates with specific star
formation rate measured within a projected distance of 1 kpc from each SN location (local
sSFR, or LsSFR), and therefore progenitor age. Additionally, regions of high surface brightness
lead to increased scatter in their fluxes, increasing the uncertainty of SN brightnesses in the

bright centres of galaxies (Kessler et al., 2015).
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Ficure 3.8: Upper: SN Ia host specific star formation rate distributions for those location in
clusters verses those in the field. There are a higher proportion of hosts with more vigorous star
formation in the field than in clusters. Lower: A CDF of the above distributions. The cluster
SN hosts have a clear shift to lower specific star formation rates. A two sided K-S test returns a

p-value of 0.0009, giving strong evidence for two separate populations.
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Ficure 3.9: Distributions of the specific star formation rates of high mass hosts within clusters
and the field. The two distributions are nearly identical, with a two-sided K-S test returning a
p-value of 0.77.

In Fig. 3.11, we show x| versus dpy r, a measurement of the effective distance of the SN from
the galaxy centre (Sullivan et al., 2006). With the exception of the lowest dprr bin, in the field
there is no trend between x; and dpyr; the weighted mean values for the cluster sample are
broadly consistent (average difference between the two is ~ 1) with those of the field sample.
We confirm this visual lack of a trend by fitting a straight line to the data, which has a gradient
consistent with zero, and a Spearman correlation coefficient of -0.12, with an associated

p-value of 0.68.

In the lowest dprr bin, there is a decrease in the error-weighted mean x; for SNe in both field
and cluster galaxies (i.e., intrinsically fainter SNe Ia are preferentially located in these region).
The SNe in this dpr r bin are closest to the host galaxy centres, where increased surface
brightness would bias against detecting fast, faint SNe. Similarly, increased dust extinction in
these regions is unlikely to drive the absence of the intrinsically brighter / larger x; events.
Thus, it is likely that the age gradient present in star-forming galaxies, strongest for dprr < 0.5
(Gonzalez Delgado et al., 2015; Ibarra-Medel et al., 2016), drives the effect that we see.
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Ficure 3.10: SN Ia x| versus host galaxy specific star formation rate in clusters (red triangles)

and the field (black circles). Weighted means are shown in purple (cluster) and thistle (field).

We confirm previous results that more vigorously star forming galaxies (in both the cluster and
field environments) host longer lived SNe.

3.1.3 Other causes of host distribution differences

The main difference between type Ia SNe light curves and host properties within cluster
environments is in their host galaxy stellar masses and specific star formation rates. These
differences drives the observed x| distributions, as in similar galaxy makeups few differences
are observed. However, clusters are inherently messy environments. With so many galaxies in a
tight space, it is possible that these host property differences are not inherent to cluster based
SNe, but instead due to observational difficulties. To investigate if this effect is driving the host
galaxy stellar mass differences, we probe the likelihood that a given SN is assigned to the

wrong host.
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Ficure 3.11: SN x; vs fractional host galaxy distance (dprr) for SNe Ia in clusters and the
field, with the mean values for x; within dppr bins of width 0.25 plotted. Due to few SNe Ia at
these distances, we use one bin between 1.75 < dpir < 2.5.

3.1.3.1 Host Confusion

Our SNe are matched to hosts via the dpy g method, which selects the galaxy with the minimum
normalised angular separation between host and SN. However, the dpr method on occasion
will select hosts that are further from the SN in angular separation than a secondary host, but
larger on the sky (and thus have a larger normalisation factor). To parameterise the possibility
that an assigned host is chosen simply due to a larger size on the sky, Gupta et al. (2016)
defined a ‘Host confusion’ parameter, where larger values indicate a higher level of ‘confusion’

in correct host selection.

For a given SN with N galaxies with a calculated dprr < 4, host confusion (HC) is defined as:

HC -99ifN=1 3.5)
= D?/Dy+e D?/Dj+e . :
log10(D2 DI+GZ J>1—2<Dj o )) ifN>1

Here D, is the galaxy that is the n’th closest (in terms of dprr). € is chosen as 1073, but the HC

is not sensitive to this exact value. This parameter weights higher the contribution from the two
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FiGure 3.12: A cartoon showing the behaviour of the host confusion parameter. Regions of

space where the SN is close to or within a specific host having a low degree of confusion, while

regions with SN spread more equally between several potential hosts have a higher degree of
confusion. From Gupta et al. (2016).

closest galaxies D1 > and down weights each successive galaxy (from the i> term in the
summation denominator. Figure 3.12, from Gupta et al. (2016), shows the behaviour of the HC
parameter, regions of space where the SN is close to or within a specific host having a low
degree of confusion, while regions with SN spread more equally between several potential

hosts have a higher confusion.

We present our host confusion values in Figure 3.13. As can be seen, there is no significant
difference between hosts in cluster or field environments. A two sided K-S test returns a p-value
of 0.94, meaning there is no significant difference between our two distributions, and that it is

likely both come from the same ‘parent distribution’.

We can thus conclude that even with the over-density present in cluster environments, there
likely to be no more mismatching of hosts present in these environments than in the field. This
allows us to say with confidence that our host stellar mass distributions for clusters, where fewer
SNe are observed in lower mass hosts, is a real effect of the cluster environment, rather than an
observational mismatch. This is likely due to these low-mass galaxies being quenched within
clusters, and thus the rate of SNe within these low-mass galaxies is damped compared to the
field.

3.2 Summary

Using the DES 5 year photometrically identified SN catalogue, we identified 66 type Ia SNe
located within cluster galaxies. We analysed both their light curve properties and their host

properties. Our main findings are:
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Ficure 3.13: Host confusion distributions for cluster and field based hosts. There is no
significant difference between the two samples, with a two sided K-S test returning a p-value of

0.94.

We find a tentative indication that the light curve widths, x;, of cluster SNe Ia are, on
average, more negative (i.e., fainter and faster evolving) than their field counterparts.
Although this is an expected result, as x; has a known dependence on galaxy stellar mass
and age, the evidence is not strong in this sample. When just comparing galaxies with
similar host masses and colours, the significance drops further, perhaps implying that any
differences we see are due to the lack of low-mass, young cluster hosts. We find that the
colours of cluster SNe Ia statistically match those of the field, with very similar

distributions.

There is no clear relationship between a SN’s x; and its location in its host. The
exception is for the innermost SNe Ia, which have smaller values of x| for both cluster
and field hosts.

We find that for similar mass galaxies, the specific star formation rate of cluster or field
hosts to be near identical. Any differences seen in these distributions can be attributed to
a lack of low-mass, star forming hosts within cluster environments, which have likely
been quenched due to disruptive events in the cluster environments. Additionally, the

known positive correlation of the x; parameter and star formation rate behaves similarly
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in clusters and the field. This provides further evidence that these large scale
environments do not greatly affect a given SN’s light curve, instead, it is the host galaxy

itself that is the predominant driving factor.

Previous studies have found an increase in the SN Ia delay time distribution within galaxy
clusters compared to the field Freundlich & Maoz (i.e 2021). Motivated by this finding, we
will calculate the mass-normalised rate of SNe Ia in the next chapter.

Clusters remain an interesting area to investigate SNe within. The typical galaxy make-up is
more homogeneous than the field, with typically only massive passive galaxies hosting SNe.
With the current focus in SN cosmology to understand how host properties introduce
uncertainty in distance standardisation, they may prove a powerful tool in the era of LSST to
understand and account for these effects, with using the cluster based SNe as a ‘unblemished’

sample.
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Chapter 4

Rates of Type Ia SNe within Clusters

The number of hours we have together is
actually not so large. Please linger near
the door uncomfortably instead of just
leaving. Please forget your scarf in my
life and come back later for it.

Mikko Harvey, ‘For M’.

4.1 Supernova Rates in Clusters and the Field

In Chapter 3.1.2.3 we showed that there is a differing distribution of host galaxy stellar masses
between SNe Ia within clusters and those in the field. This produces an obvious question, why

are cluster SNe predominately in higher mass hosts than the field?

This question does not have an obvious answer, as the rate of type Ia SNe per stellar mass
declines with increasing galaxy mass (Graur & Maoz, 2013), and increases with increasing star
formation rate (Sullivan et al., 2006). This decrease is often attributed to the delay time
distribution (DTD), often measured as a power law of slope t~~! (Graur & Maoz, 2013;
Wiseman et al., 2021), where older populations have a lower rate of SNe than younger
populations. Curiously however, previous studies have measured a higher normalised DTD
within cluster environments (Freundlich & Maoz, 2021). While this helps explain the excess of

high mass hosts within clusters, it does not explain the lack of low mass hosts.

In fact, based on this higher normalised cluster DTD, and assuming that most galaxies within a
given cluster are of a similar age, we would expect an excess of cluster SNe at all host galaxy

masses.
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To investigate this lack of low mass SN hosts, in this Chapter we measure the rate of SNe Ia per
unit stellar mass, also called the mass-normalised SN Ia rate, or the specific SN Ia rate, as a

function of the stellar mass of their host galaxies for the two samples.

4.1.1 Calculating the SN Ia rate per unit stellar mass

The rate of SNe Ia per unit stellar mass is calculated from the number of SNe Ia (Nsne) detected
per unit time, divided by the total surveyed stellar mass. This rate can be further calculated as a
function of stellar mass by repeating the calculation, but segregating events into bins based on
the stellar mass of their host galaxies. The total amount of stellar mass for SN hosts is a simple
sum of the masses of each individual host. However, this disregards the galaxies surveyed by
DES that did not host a SN Ia. As such we must account for all the mass surveyed by DES in
both cluster and field environments. For the field, we estimate the total stellar mass by
multiplying a stellar mass function (SMF) by the volume surveyed by the DES-SN survey over
0.1 < z < 0.7. We elect to use the ZFOURGE/CANDELS SMF measured over measured over
0.2 < z < 0.5 (Tomczak et al., 2014). This SMF is complete from 8 < log(M../My) < 11.25),
(~ 1 dex deeper than previous SMFs over 0.2 < z < 3) encompassing 97 per cent of our SN
hosts. While not covering our full redshift range, the SMF measured over 0.2 < z < 0.5 is near
identical to the SMF measured over 0.5 < z < 0.75 (Tomczak et al., 2014), and thus well

describes our data.

The ZFOURGE SMF, ¢(M)dM, is described by the double Schechter function (Schechter,
1976)

¢(M)dM = ¢ (M)dM + ¢2(M)dM
= In(10)e= 10" 1M -M") @.1)
X [¢710M =M@y gr1oM =MD gpg

where M = log(M /My), (a1, ay) are the slopes and (¢}, ¢5) are the normalisations of the two
Schechter functions, and M* is the characteristic mass. The product of the SMF and the field
volume results in the galaxy numbers as a function of stellar mass that DES surveys, from
which the total stellar mass in each mass bin can be calculated. For the cluster SN Ia sample,
instead of calculating the volume encompassed by our clusters (which is uncertain as clusters
are unlikely to be perfect spheroids) and multiplying by a cluster SMF, we instead use the
relation between a cluster’s richness, A and its total stellar mass, M, i.e.,

M, A
In|l—|=n +a In| < , 4.2
(M*) My la+am,|a (/1) 4.2)
where M, is the median M, of the sample, and A =40, 7 = 0.35 are the median richness and
redshift used in McClintock et al. (2019). Values for mpz, |1, @pr, 2 and M, are taken from
Palmese et al. in prep and Palmese et al. (2020), which measured the stellar-to-halo mass

relation for DES redMaPPer clusters.
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This gives the total stellar mass for each cluster, which may be summed to provide the overall
mass for the cluster sample. This may then be separated into mass bins by using a SMF for
DES clusters presented in Palmese et al. in prep. However, this SMF is only valid for hosts with
log(M./Mg) > 10. As such, we discard cluster SNe in hosts less massive than this limit for this
rate analysis. Both field and cluster SMFs assume a Chabrier initial mass function (IMF). In SN
Ia rate analyses, a Kroupa IMF is often used. As such we shift our IMFs from a Chabrier IMF to
a Kroupa IMF, using Eq. 2 in Speagle et al. (2014) which amounts to a difference of 0.01 dex.

Nsne for both our samples is calculated as detailed in Chapter 3.1.1. We account for the effects
of time dilation deeper in the universe via a (1 + z) correction on the number of SNe. DES-SN
is not a perfect survey, and some SNe will not be detected, nor will the redshift of some hosts be
measurable (typically due to the host being too faint or lacking detectable emission lines). As
we require a spectroscopic redshift for our SNe, we must account for the efficiency of obtaining
this redshift, along with the efficiency of detecting a given SN.

The efficiency of the DES-SN survey in both detecting SNe and in measuring the redshift of the
SN host galaxy using host galaxy spectroscopy is calculated following a standard ‘efficiency’
method (e.g., Perrett et al., 2012; Wiseman et al., 2021).

The SN detection efficiency is estimated by simulating 1.1 x 10% SNe Ia using sNaNA and
running a simulation of the DES-SN survey, and is fully described in Wiseman et al. (2021). To
obtain the detection efficiency, we divide the number of SNe detected by the simulation of
DES-SN (i.e., that pass the light-curve selection described in 2.1.6) by the total number of
simulated SNe Ia. These remaining fraction of SNe depend on the sky location, time of
explosion, and the light curve properties of the SN themselves. We show these efficiencies in
Fig. 4.1. The detection efficiency depends weakly on stretch and strongly on colour and
redshift, with the deeper fields (C3, X3) being sensitive to higher redshifts. Some of the
efficiencies downturn at lower redshifts, which initially seems counter intuitive. However, as
DES was designed to be a median to high redshift survey, SN at these lower redshifts (and their
host galaxies) can over-saturate the detector, leading to an inability to identify the SN,
expressed as this downturn in efficiency. Typically these downturns are seen in the higher
stretch and/or bluer SN, which are inherently brighter.

The efficiency of obtaining a host galaxy redshift was modelled in Vincenzi et al. (2021). To
briefly summarise here, Vincenzi et al. measures €, (mtr‘f’f‘) from the data itself, contrary to
previous analyses (Jones et al., 2017, 2019) which model the efficiency as a simple function of
redshift. The data driven method doesn’t guarantee a match between simulation and data, but
instead allows measurements of efficiency as a function of galaxy properties. This allows better
modelling of the dependency of SN rates on their host properties. Vincenzi et al. calculates the

efficiency of obtaining a host galaxy redshift is roughly 100 per cent for bright host galaxies

host

(mhot <~ 21 mag), with this decreasing to ~ 50 per cent for galaxies with m!"

~ 23 mag.
This efficiency varies between each SN field, due to prioritisation of the deep fields (due to

increased amounts of SN candidates) and the Elais-S1 (E1/E2) fields (due to an increased
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Ficure 4.1: The efficiency of SN detection as a function of stretch (x|), colour (csn), field and
redshift. Figure adapted from Wiseman et al. (2021).

visibility window for OzDES). Additionally, some of the fields have greater numbers of

external surveys that have historically measured galaxy redshifts.

We then compute ngn i, the detection efficiency of the ith SN, as

host
nsNi = NG (Fis Zis 10,05 X1, CiSN) X €0 (M), (4.3)

where nsn i (Fi, zi,t0.i, X1, ¢i.SN) 18 the SN detection efficiency of the ith SN exploding in field

F, at time 7y and redshift z, with stretch x; and colour csn and €, (m}r1

%) is the efficiency of
obtaining a spectroscopic redshift for our SN hosts as a function of r-band apparent magnitude.

Finally for the rate calculation, the weight (W) of a given SN ‘i’ is found via:

_1+z

4.4)

=
TISN,i

To test the reliability of our detection efficiencies, we calculate a simple average volumetric rate

(SNRp,)for our field sample and compare to other analyses. We take the efficiency-corrected

number of field SNe and divide by the co-moving volume (V) within our redshift range.
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N

Wi
SNRy, = 4.5)
Zi: VbEs

We calculate SNRy, ({z) = 0.55) = 0.406 x 10~* SNe yr~! Mpc~3, consistent with Neill et al.
(2006) who found

SNRy,((z) = 0.47) = [0.42*013 (syst.) + 0.06 (stat.)] x 10~* SNe yr~! Mpc™ and Perrett et al.
(2012) with SNR,(0.5 < z < 0.6) = [0.48*096+0.0% ] % 107* SNe yr~! Mpc . Our
measurement is also within the 1o~ uncertainties of the power-law fit to the evolution of the
SNRj, with redshift (Frohmaier et al., 2019). We also show the volumetric rate, calculated in
smaller redshift bins in Fig. 4.2, along with the rate calculated in Perrett et al. (2012) using SNe
from the supernova legacy survey. We see that in each redshift bin our calculated rate is
contained within the 10 uncertainties from Perrett et al., and thus conclude that our efficiencies

are robust.

We have not performed a full uncertainty analysis on our SNRy, measurement as this is not the

focus of this work, however the errors shown in Fig 4.2 have been estimated as
SNRIaer = VNgN.

We calculate the rate of SNe Ia per 10'° M, per century (also know as the SNuM) as a function
of host galaxy stellar mass, shown in Fig. 4.3.

N
SNuMbin = Z

i

W; %yrs 4.6)
My * 100yrs '
Within stellar mass bins that contain detected cluster SNe, the rate of SNe in cluster
environments is broadly consistent with the field, with the respective rates mostly being 1o of
each other. The largest outlier is the highest mass bin with cluster SNe detected, which sharply
decreases compared to the field, with a difference of 3.60-. On average however, the rate of
cluster SNe per mass is lower than the field, driven by the higher mass bin, with a weighted
average ratio of the two of 0.594 + 0.068 between (10 < log(M./Mg) < 11.25).

We do not detect any cluster SNe Ia in host galaxies above log(M../M) = 11.25, which is
perhaps surprising. This lowers the overall cluster SNuM significantly, as a typical cluster SMF
indicates galaxies with these stellar masses exist. For example, if the cluster rate from

11.25 < log(M./Mg) < 11.5 was equal to the field rate, 17.8 = 5.0 SNe would have been
expected over the 5-year DES-SN observing period given the total mass observed in that bin,
and thus we would expect such objects to occur in our sample. However, cluster environments
are also older when compared to the field, which (assuming a DTD that declines with time) also

reduces the expected rate in these higher mass galaxies.

By using both SMFs for field and cluster to calculate the total stellar mass of both samples
log(M../Mg) = 10 for clusters and field, we calculate the integrated SNuM measurement for
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FiGURE 4.2: The number of SNe per year per Mpc?, as a function of redshift. Also shown are
the data from Perrett et al. (2012). Our results are consistent within the 10~ uncertainties from
Perrett et al..

both environments. SNuM is known to be a strong function of galaxy properties (Mannucci

et al., 2005; Sullivan et al., 2006; Smith et al., 2012; Wiseman et al., 2021), and as such this
host mass selection is key to making sure our results are a fair comparison, and do not include
less massive field hosts, which have a higher SNuM then higher mass hosts. We find the
integrated SNuM for clusters to be 0.0332 + 0.0040t%%%§& at a efficiency weighted redshift of
0.44, while the field SNuM is 0.086 + 0.0069 + 0.0062 at a efficiency weighted redshift of 0.54.
Both SNuMs are presented as a function of stellar mass. There exists an evolution of rate with
redshift, which will account for some of the difference between our cluster and field rate. We
compare our measurements of total SNuM to measurements from the literature in Fig. 4.4 and

Table 4.1.

We also calculate the integrated mass of the stars formed (formed mass) in our cluster hosts to
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FiGURE 4.3: The number of SNe per 10'° My, per century, as a function of stellar mass of the

host galaxy for cluster SNe and field SNe. The final cluster data points are the 1o~ (dark red)

and 30 (light pink) upper limits for a non detection from Gehrels (1986). The final ratio is the
ratio of the 30~ non-detection rate to the field.

compare the production efficiency of SNe Ia between the field and clusters, and for comparison
to the literature. For this, for clusters we assume a single burst of star formation at z = 3, and a
constant metallicity of 0.02, using the Pégase.3 (Fioc & Rocca-Volmerange, 2019) spectral
synthesis code as done in Freundlich & Maoz (2021), and present our overall rate as a function
of formed mass rather than stellar mass. After cutting low mass galaxies, we assume that the
star formation history of the field hosts is the same as the cluster hosts. This allows us to make a
simple estimate of the formed mass for the field galaxies, shown as the unfilled black circle in
Fig. 4.4.

Our cluster SNuM is the most precise in its redshift range, and is consistent with other
measurements at lower and higher redshifts. However, we stress for these overall rates we have

removed both cluster and field SNe that are located in low mass galaxies. This would lower our
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FiGure 4.4: A comparison of our field and cluster SNuMs, in host galaxies with log(M../My) >
10, compared to other literature examples. The gold markers are rates measured in clusters
from the literature. The black filled point is the field rate per stellar mass, and the black circle is
the estimated field rate per formed mass, assuming a similar SFH to cluster environments, the
error of which should be treated as a lower limit. Both cluster and field are presented in terms
of formed mass. The redshift range of this work spans 0.1 < z < 0.7. Data are in Table 4.1.

overall rate compared to literature rates. Additionally, due to the cluster SMF being only valid
for use in galaxies log(M./My) > 10 we have assumed all cluster mass is made up of these
galaxies. As we have found cluster SNe Ia hosted in less massive galaxies (Figs. 3.1, 3.2, 3.6,
3.7) we know this to be an over-simplification. As such we estimate the amount of mass below
this limit in the cluster using the ZFOURGE/CANDELS passive stellar mass function
(measured over 0.2 < z < 0.5). We account for this uncertainty in the mass in the upper error
on our cluster SNuM. Our field rate is also consistent with literature cluster rates at similar
redshifts.

4.1.2 Discussion of rates

Our SN Ia SNuM in galaxy clusters is lower than that in the field, whether comparing overall

values or only rates for SNe Ia in similar mass hosts. Fig. 4.3 also shows that the ratio of the
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FIGURE 4.5: A similar comparison to 4.4, but instead both field and cluster have been limited to
galaxies passing the UVJ cut described in Section 4.1.2.2. Errors on these passive rates should
be treated as a lower limit.

cluster rate compared to the field rate tentatively decreases with host stellar mass. We discuss

the origin of this trend below.

4.1.2.1 The effect of age on the SN Ia rate

The cluster DTD has been measured to be normalised higher than the field DTD by many
studies (Maoz & Graur, 2017; Freundlich & Maoz, 2021). This enhanced DTD could be caused
by an excess of white dwarfs (WD), due to a differing IMF, or an enhancement of binary
systems within clusters compared to the field (Friedmann & Maoz, 2018). For example, the
IMF may be non-universal (van Dokkum, 2008; Davé, 2008) and depend on a galaxy’s velocity
dispersion, which may in turn lead to an excess of low-mass (0.5 -8 M) stars in the most
massive galaxies (Ferreras et al., 2013; Ferré-Mateu et al., 2013). This may lead to cluster
galaxies’ stellar populations containing a higher fraction of low-mass stars than the field, which,

evolved over long enough times could lead to more WDs, causing a higher normalised DTD.
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TaBLE 4.1: Overall SN Ia rates (with host mass cuts applied) from this work with comparisons
from the literature, as recalculated by Freundlich & Maoz (2021).

Rate (SNuM) Average Redshift
Cluster SNuM (This work) 0.0332 + 0.0040*09052 0.44
Field SNuM (This work)® | 0.086  0.0069 + 0.0062° 0.54
Field SNuM (Passive galaxies) | 0.0625 =+ 0.0069 + 0.0062°¢ 0.54

Cluster literature SN Ia rates

Friedmann & Maoz (2018) 0.246*097 1.12
Barbary et al. (2012) 0.145%C 1.12
Gal-Yam et al. (2002) 0.181t%§‘§g 0.9
Sharon et al. (2010) 0.058+¢% 0.6
Graham et al. (2008) 0.0451‘3)1%72‘?1 0.46
Gal-Yam et al. (2002) 0.046*C % 0.25
Dilday et al. (2010) 0.039+0013 0.23
Sharon et al. (2007) 0.0383%§§6 0.15
Dilday et al. (2010) 0.023*902 0.08
Mannucci et al. (2008) 0.026i%%5§ 0.02

4 Statistical + systematic + SMF Correction

b This is for a estimated formed mass, assuming a similar SFH as the cluster hosts.
Errors presented are for a stellar mass based SNuM, and as such should be treated
as a lower boundary.

¢ Minimum error, see Section 4.1.2.2.

4 Single redshift bin

One may expect due to this increased DTD, to measure more SNe within clusters than in the
field at the same redshift. However we find that the overall rate of SNe Ia per unit formed mass
in massive galaxies within the field environments is higher than cluster environments.
Assuming a declining DTD, our lower rate in clusters would indicate that cluster galaxies of the
same mass have older stellar populations than their field counterparts. This age dependent rate

could negate this higher-normalised DTD, and explain the damped cluster rate.

It may be possible to probe the effect of an older stellar population by measuring the U — R
colour of SN host galaxies. U — R can be used as a proxy for morphology, and is dependent on
the star formation history of the galaxy being studied (Lintott et al., 2008). U — R also
correlates with galaxy age (Wiseman et al., 2022a), with redder galaxies being older, and thus
we can use U — R to probe the galaxy age. We have shown the U — R colours versus their stellar
masses for our two samples in Fig. 3.2. We see a slightly higher proportion of high mass, red
galaxies within clusters compared to the field. The increasing U — R with galaxy stellar mass,
and the higher proportion of red galaxies in the cluster SNe hosts, may help explain the

dampening in the rate as a function of mass in the cluster population.

A possible cause of this older population is that star formation in clusters turned off earlier than
in the field. The rate of galaxy mergers within cluster environments compared to the field may
be enhanced (Watson et al., 2019), although the significance of this increase is debated, and

evidence also exists for a comparable or lower cluster merger rate when comparing the field to
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the central cluster environment (Delahaye et al., 2017). Galaxy mergers can alter the gas content
of the interacting galaxies, with some gas potentially being removed from one galaxy and taken
by another, or lost to the intergalactic medium. Such a removal of gas would quench star

formation within clusters, leading to older populations and a subsequent decrease in the rate.

Further investigation is needed into the effect of the IMF on WD production efficiency, and on
galaxy mergers causing a differing age in similar mass galaxies in different environments. This
would allow further constraints on the cluster and field DTD in order to see what effects this
would have on SN production over Hubble Time. A precise DTD in galaxy clusters and

massive field galaxies is deferred to a future work.

4.1.2.2 The SN Ia rate in passive galaxies

We are able to estimate the effects of an age difference between the cluster and the field
environments by isolating field galaxies that are passive, and thus should have older stellar
populations. To calculate the SNuM in massive, passive field galaxies requires a passive field
galaxy stellar mass function, which is provided by ZFOURGE. The ZFOURGE passive

galaxies were identified using the rest-frame U, V, and J bands.

To estimate the total number of massive field galaxies that are passive, we compute the fraction
of those with NIR coverage that pass the Tomczak et al. (2014) UVJ cut and multiply it by the
total number of galaxies. We then calculate the total passive formed mass using the passive
SMF in Tomczak et al. (2014) and assuming a similar SFH to clusters, as above. We can then
calculate the rate per century per 10!° My, formed, which we find to be 0.0625 with the
minimum error being +0.0069 (stat.) + 0.0062 (syst.). As we have made some
oversimplifications we do not know the exact error on this rate. However, assuming similar or

slightly enhanced errors to our other field SNuMs, this passive rate is comparable (different at a

+0.0082
—-0.0044

minimum error). Additionally, fitting a straight line to the literature values in Fig. 4.4 allows us

maximum of 1.7¢°) to the passive cluster rate of 0.0386 +0.0040 (stat.) (syst.) (again the
to probe the evolution of the SNuM as a function of redshift. We find that such a rate evolution
has a gradient of ~ 0.11 + 0.02. Thus the average redshift difference of 0.1 between our cluster
and field samples would have a related rate difference of ~ 0.011. Shifting the cluster rate to the

field redshift using this evolution brings the maximum difference to < 1o

Therefore it appears that while the stellar population in cluster host galaxies may be much older
than those within overall field hosts, they are comparable in age or slightly older to stellar
populations in passive field hosts. Another cause may be that the IMF in cluster hosts produces
additional white dwarfs compared to the lower mass field hosts, but production of these white

dwarfs is similar in clusters and passive field hosts.

We however note that this passive rate contains many simplifications, and more wide-reaching
NIR data would be needed to allow these comparisons to be performed in a more precise

manner.
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4.2 Summary

From our previously identified sample of 66 cluster based and 1024 field based SNe within the
DES-SN5YR sample we have calculated the mass-normalised rates of SNe Ia within these two

environments. Our main findings are as follows:

* We measure a preliminary rate of the full DES-SN5YR sample normalised by the volume
encompassed by the DES-SN survey, and find the overall rate to be consistent with
previously measured rates from the Supernova Legacy Survey (Neill et al., 2006; Perrett
et al., 2012). We also measure the evolution of this volumetric rate as a function of
redshift, and find it in good agreement with both the evolution measured in Perrett et al.
(2012) and the power-law fit to the redshift evolution calculated in Frohmaier et al.
(2019).

* We calculate the rates of SNe Ia in cluster and field environments, and find them to be
broadly consistent to within 10-. However, at higher masses this appears to change, with
the rate of cluster SNe between (11 < log(M./Mg) < 11.25) being lower than the field
by 3.60. Taking into account all mass bins with a detected cluster SN, the weighted
average ratio of cluster to field SNe rates is 0.594 + 0.068, however this average ratio is

heavily driven by the final cluster mass bin.

* Integrating the overall rates of field and clusters within galaxies with
log(M./Mg) = 10.0, we find the rate of SNe Ia within clusters as a fraction of formed
mass to be 0.0332 + 0.0040 (stat.)*$%%2 (syst.) SNe 100 yr~! 10'® M, and the
corresponding field rate to be 0.086 + 0.0069 (stat.) + 0.0062 (syst.) SNe 100 yr~!
1010 M(T)l. However, these measurements are at slightly differing redshifts, which will
account for some of this difference and both are broadly consistent with other literature
cluster rates. The measured decrease could be due to cluster galaxies being older, or
more quenched than their field counterparts. Thus this declining rate within clusters
compared to the field indicates that galaxies at a fixed mass are older in clusters than the
field. We calculate that the rate in passive field galaxies is more comparable to the cluster

rate, however a more complete dataset would be valuable in verifying this result.

Interestingly, where previous studies have found an increased rate of SNe per formed stellar
mass within clusters compared to the field, we find that they are, within similar galaxy types,
statistically the same. This, along with the previous chapters results of similar light curve
properties in samples of similar galaxy make-ups, implies that the global environment is
sub-dominant in its effects on SNe properties when compared to the correlation between host
galaxy properties and SNe properties. Even recent studies such as Larison et al. (2023), which
find SNe closer to the centre of their cluster to be faster evolving than those further out, suggest
this may be caused by a gradient in stellar population, with older galaxies closer to the cluster

centre.
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Despite this, clusters remain an interesting point of study. Recently, Ruppin et al. (2024)
reconfirmed the dependence of x; on distance from cluster centre. They calculate that if this is
a solely age driven effect (i.e older populations host faster declining SNe), the fraction of
quenched galaxies in the centres of galaxies could reach ~ 90 per cent. Such a homogeneous
environment, with very little ongoing star formation, could be an interesting target for future

cosmological surveys to test the robustness of their host-property corrections.

Motivated by the seeming sub-dominance of large scale environment on type la supernovae,
with many differences lowered when comparing SNe in similar hosts, along with the curious
effect of faster declining SNe within the centres of hosts, we will investigate the properties of
SNe as a function of their projected separation from their host galaxy, and any dependence on

their standardisation in the next chapter.
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Chapter 5

A cosmological conundrum - Galactic
location and its impact on the
properties and standardisation of

supernova

How about we explore the area ahead of

us later?

Paimon - Genshin Impact

5.1 The importance of galactocentric separation for supernova

properties

In the previous chapters, we broadly investigated the trends of SN light curves and rates with
their host environment, splitting them into binary categories of within a cluster or not. Such a
split allowed us to probe the effects of large scale structure, different progenitor formation

periods, and differences in stellar populations.

We made the assumption through most of that work that galaxies within clusters and the field
contained no large population differences at fixed stellar mass. We also assumed that the
galaxies themselves contained no gradients such as dust or star formation. This assumption is a

great simplification.

Rather than homogeneity, galaxies often instead have gradients based on the distance from the
galaxy core. Within both spiral (Simpson et al., 1995) and elliptical galaxies (Kormendy &

Djorgovski, 1989), observations show gradients in their metal abundances, with inner regions
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being more metal rich than the outer regions. Gradients for spiral galaxies change on the order
of kpcs, with stellar metallicity (the fraction of elements within stars heavier than He) gradients
of —0.05 dex/kpc often observed (Pilkington et al., 2012).

Additionally, galaxies often exhibit gradients in the age of their stellar populations. Stellar
populations within spiral galaxies are typically younger in the outer regions, attributed to
inside-out star formation (where the centre bulges of galaxies form first, followed by ‘rings’ of
stellar formation) (Parikh et al., 2021). Stellar populations in elliptical galaxies on the other
hand may be older in the outer regions (Baes et al., 2007), or exhibit little overall gradient. This
may be due to the star formation within the nucleus of elliptical galaxies being less affected by
the galactic wind, while star formation in the outer regions is quenched due to feedback from

active galactic nuclei and SNe (Baes et al., 2007).

Such gradients pose an interesting conundrum for SN cosmology. These gradients inevitably
lead to varying environments in which the SN progenitor will evolve from within the same host,
as well as from galaxy to galaxy. Such different environments may change the astrophysics
which involve the SN Ia progenitor, with different white dwarf ages, masses and compositions
depending on the stellar age of the surrounding environments. Different compositions or
masses may lead to the production of different amounts of Ni*%, the decay of which governs the
observed light curve (Arnett, 1982). Additionally, the inter-stellar medium (ISM) may be
composed of different gasses and molecules, varying the underlying reddening and extinction
we observe due to line of sight effects. These environmental properties governing and altering
the SN Ia explosion may affect the light curve properties we measure, such as dust reddening
the emitted light, leading to different supernova colours being measured. While these
differences in light curve properties such as x; and csy may not affect the standardised
brightness, instead leading to different nuisance parameters (/) being calculated, dimming
from dust or brightness fluctuations based on fluctuations in Ni*® masses may lead to variations

in standardised brightnesses and ultimately on cosmological measurements.

One property often not included in the standardisation of SNe is the projected separation of a
SN as a function of its host galaxy radius in the direction of the SN (dprr, see Sullivan et al.,
20006, and §2.2.1). When adjusting SN brightnesses based on correlations between brightnesses
and host properties, dpy r is not considered and is for the most part, ignored in cosmological
analyses. Previous work showed no clear trends between SN light curve width and dprr (e.g.
Ivanov et al., 2000; Jha et al., 2007; Hicken et al., 2009). However, as seen in Chapter 3.1.2.5,
the stretch of light curves for cluster and field-based SNe decreases at low values of dprg,
hosting faint, fast evolving SNe Ia. This is unlikely to originate from an observational bias; in
these regions close to the host galaxy centres, any surface brightness effects (similar to the
Shaw effect on photometric plates (Shaw, 1979; Howell et al., 2000)) or dust extinction effects
would bias against the fast, faint SNe that this region seems to prefer.

Previous studies have found relations between the post-standardisation brightness of a given SN

and measurements of the local specific star formation (Rigault et al., 2013, 2020). Similarly,
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under luminous SN are predominately found in older galaxies (Howell, 2001). However, these
studies showed no clear trends between the age of the stellar population and the supernova
colour, and other studies have found trends between post-standardisation brightness and the
colour of the supernova (Brout & Scolnic, 2021). Additionally, Jha et al. (2007) and Hicken

et al. (2009) found a deficit of red supernova at large galactocentric separations.

Finally we reach our conundrum - no single parameter seems to completely align the
standardised brightnesses of supernovae, with debate ongoing as to the effects of age or dust on
these brightnesses. Motivated by the knowledge of galaxies exhibiting gradients of their
properties, and that these properties seem to affect supernova brightnesses, we perform an
in-depth analysis as the the effects of galactocentric separation on both the light curve

properties and post-standardisation brightnesses of type Ia supernovae.

5.2 Light Curve Properties as a function of Host Galaxy Radius

We use the DES 5 year photometric sample described in Chapter 2. We apply light curve
selections as described in 2.1.6. We apply a selection on SN light-curve width (SALT3 x;) and
SN rest-frame colour (SALT3 cgn): =3 < x; <3 and —0.3 < csn < 0.3.

5.2.1 Light Curve Properties

The SALT3 x; distribution as a function of dprr is shown in Figure 5.1. SNe located within the
inner-most regions (dprr< 0.5) of the host galaxy have a more negative x| on average than
those located outside this region. This means that, on average, SNe within the centres of
galaxies are fainter and faster evolving than SNe at higher galactic radii. Additionally, the
furthest bin also exhibits a slightly decreased average x;. Within these regions we reach the
haloes of galaxies, which are inhabited by typically older stars, likely driving the fainter and

faster SNe we see in these regions.

We found a similar trend in Chapter 3. In that Chapter, we used a redshift selection of z < 0.7,
whereas here no such selection has been made. This may contribute to the slightly less negative

mean x; in the inner-most bins found in this Chapter.

We also present the SALT3 cgy distributions as a function of dpy r in Figure 5.2. SNe within
the inner-most regions and extending out to a dprr of ~ 1.5 appear to be slightly redder than
those in the outer regions, with those below dprr of 1.5 having a mean colour of 0.010 + 0.003
and those above this dp r having a mean colour of —0.023 + 0.006. This difference is

significant to ~ So

We show the mean values of the SALT3 x| and colour parameters for both inner (dpLr< 1) and

outer (dpLr> 1) regions in Table 5.1. We additionally present other split locations, to
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Ficure 5.1: SALT3 x; for our sample as a function of dprr along with the weighted averages.
We see that, on average, the light curve width is centred on 0. However, in the centre-most bins
the average x| is more negative.

TaBLE 5.1: Weighted mean values of SN Ia light curve properties x; and csny and Hubble
residuals in different dppr ranges.

investigate if there exists a more significant split location. As expected from Figures 5.1 and

5.2, the most significant x; difference presents at a dprr split location of 0.5, while the most

dpLr range  Number X1 c Mean Au
of SNe Ia

dpir < 0.5 607 -0.24 +£0.04 0.009 +£0.004 -0.012+0.010
dpir > 0.5 926 —0.05 £0.03 0.001 = 0.003 0.008 = 0.007
dpir £ 1.0 1028 -0.16 £ 0.03 0.008 + 0.003 0.001 £ 0.007
dpir > 1.0 505 -0.07 £ 0.05 0.002 +£0.005 -0.002 + 0.009
dpir < 1.5 1294 -0.12+0.03 0.010 £ 0.003 0.002 + 0.006
dpir > 1.5 239 -0.14 £0.07 -0.023+0.006 —0.009 +0.014

significant cgy difference appears at a split location of 1.5.

5.2.2 What could drive these light curve differences?

As previously discussed in Section 3.1.2.5, the increased number of fainter and faster SNe

detected in the inner-most regions of their host galaxies are unlikely to originate from a
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Ficure 5.2: SALT3 cgn for our sample as a function of dppr along with the weighted averages.
The average colour in the inner-most regions of galaxies are redder, while outer regions become
slightly more blue.

increased surface brightness bias. Such an increased brightness would instead bias us to miss
these SNe, and if this was the case we would expect to preferentially find brighter, long lasting
SNe within these regions. This decrease in x; could be due to older stellar populations within

the centres of galaxies.

We additionally discussed that an increased amount of dust (and thus extinction) is unlikely to
bias our results to favour fainter, faster events. However, Jha et al. (2007) and Hicken et al.
(2009) show a lack of reddened SN at higher values of dprr and SN colour does not seem to be
affected by the age of the stellar population (Rigault et al., 2020). The cause of this decrease in
the fraction of red SNe may then be due to an decrease in the fraction of dust in the outer

regions of galaxies.

With these changes in light curve properties, and their uncertain causes, we next investigate the

post-standardised brightnesses of SN and their correlation with dppr.
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5.3 Supernova Standardisation

As a reminder, distances to the i’th supernova are calculated using the modified Tripp (Tripp,
1998b) equation:

Hobs,i = My i +axi; — BC;sN +YGhost,; — M — Aptpias ;- (5.1

x1 and cgy are the SALT3 light curve parameters, m, is the magnitude of the SN flux in a given
band ’x’, and M is the absolute magnitude. a, 8 and y are global parameters determined from a
minimisation over the sample to a given cosmology. Gps,; is the relation between SN Ia
luminosity and their host properties, and has historically been referred to as a "mass step"
(Sullivan et al., 2010). Aupias,; corrects the sample for inherent biases, determined following
the method in Section 2.2.3. For the purposes of this work we make use of a ‘1D’ bias
correction, which accounts for the so called ‘Malmsquist bias’ (Malmquist, 1922, 1925), in
which dimmer objects are missed in a magnitude limited survey such as DES-SN, and other
various selection effects. This applies a shift to the brightness of a given SN as a function of its
redshift, with an average correction of |upias| ~ 0.016 over our redshift range. Other bias
corrections, such as the ‘4D’ bias correction (see Popovic et al., 2021b; Vincenzi et al., 2024)
model biases as a function of z, x1, ¢, and log(M..). This framework includes an underlying
model that makes assumptions about how SNe Ia and dust vary by host properties, which is part
of the motivation for this chapter, and thus we elect to use only the ‘1D’ bias corrections.

However, we do compare our results to ‘4D’ bias corrected brightnesses where relevant.

As the purpose of this work is to investigate the effects of the position in the host on SN
properties and standardisation, we do not apply the Gyo,; term. This allows our sample and
standardisation to remain affected by differences in host properties, and thus we may probe

effects on standardisation that host properties may have.

We present the difference between our assumed cosmology of a flat ACDM universe with
Qumatter = 0.3, and with a Hubble constant of Hy = 70 kms~! Mpc~! and the standardised
brightness for each SN calculated above (the ‘Hubble residual’ of each given SN) in Figure 5.3.
Of note is that there is no significant evolution of average Hubble residual as a function of dp .

5.3.1 The Host Mass Step

There exists a so far unexplained problem in supernova standardisation. The apparent excess
brightness of supernovae in high mass hosts by around 0.05-0.1 magnitudes (Sullivan et al.,
2010; Kelly et al., 2010; Lampeitl et al., 2010; Betoule et al., 2014; Scolnic et al., 2018; Brout
et al., 2022; DES Collaboration et al., 2024b) has no overall consensus to its astrophysical
cause. This mass step still exists in the DES-SN 5 year sample, as can be seen in Figure 5.4.

This step is highly significant at ~ 7 o (0.078 £ 0.011 mag), and around 4 times the size of the
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Ficure 5.3: Hubble residuals for our sample as a function of dppr. There is no significant
evolution of average Hubble residual as a function of dpyR.

average bias correction we have performed. The size of the step is consistent with that found in
Sullivan et al. (2010), which found a systematic increase in brightness of SNe in massive hosts
of 0.06 — 0.09 mag, using SNe from the Supernova Legacy Survey (SNLS) (Guy, J and
Sullivan, M et al., 2010).

Many attempts have been made to understand the astrophysical phenomena behind the mass
step without simply correcting for it via yGpeg in the Tripp equation (Eq. 5.1). Measuring and
accounting for local specific star formation (hereafter LsSFR) can reduce the size of the host
mass step (Rigault et al., 2020). However, such a correction introduces a LsSFR step larger than
the mass step, an indication that LsSFR may be probing one of the underlying causes of the
mass step (Briday et al., 2022). Re-fitting samples based on differing SN colour (and possibly
dust) laws also can reduce or remove this step (Brout & Scolnic, 2021). Brout & Scolnic (2021)
uses 1450 spectroscopically confirmed SNe, and finds that the difference in brightness
post-standardisation seen in low and high mass galaxies depends on the SN colour, with redder

SNe having a larger mass step size than bluer SNe. They refit this trend of SN Hubble residual



Chapter 5. A cosmological conundrum - Galactic location and its impact on the properties
78 and standardisation of supernova

T T T T T T T T T

DES-SN5YR SNe la

r . | ]
L I . i
0.5F | @ SNe Weighted Means -
I S - Weighted Means ]
0.4F Tl (0.5 dex bins) b
i I : - .
~—~ L T : i
© 03 » -;
\E/ 0.2F = : . i ]
_— C PR | i
(o) - . Tl E
0.1 - IR | K ]

S . \ - .
-O ; ............ * ............ .- ..‘R.‘.’..".{ . E
‘n 0.0r R S
O : . ]
o —0.1f S ]
Q : L ]
5 _0.2 B .“, :. . Il R . 7
2 | e |
> —0.3F . I ]
I : o ’ ;
—0.4F : ]
5| Step=0.0780.011(680) i i
- L L . Ll L . =

8.5 9.0 9.5 10.0 10.5 11.0 11.5

Stellar Mass (log(M«/Mg))

Ficure 5.4: The Hubble Residuals for the DES 5 year photometric sample, fit with 1 dimensional

bias corrections only as a function of their host galaxy stellar mass. When split into bins above

and below a stellar mass of 10'°M, there is a difference of 0.078 + 0.011 magnitudes between
the low and high mass weighted averages.

with the SN colour with two different dust laws, with those in low mass hosts having a mean
Ry =2.75 £ 0.35 and high mass hosts having a mean Ry = 1.50 + 0.25, further developed with
supporting results of an evolving Ry dependent on host galaxy properties in Wiseman et al.
(2022b).

While these above attempts to explain the mass step rely on spectroscopic classification of their
SNe, recent studies have shown similar trends with photometricically classified samples, such
as the Amalgame sample (Popovic et al., 2024). As such while analysing any host mass step we

cannot ignore the effects of star formation rate and dust driving any steps we see.

5.3.2 Host Mass Step as a function of dp r

We previously identified that SN light curve properties depend on their radial distance from

their host centre. The standardisation of SNe, and therefore best fit to a cosmology, depends on
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TABLE 5.2: Statistics related to the steps in SN Ia luminosity as a function of stellar mass (the
mass step) in our samples.

Sample Number Mean Ay in Mean Ay in Size of the Significance r.m.s in r.m.s in
(LM hosts, HM hosts) low-mass hosts high-mass hosts mass step of step low-mass hosts  high-mass hosts
Full Sample 1533 (472, 1061) 0.051£0.009  -0.028 £0.007 0.078 +£0.011 6.80 0.199 0.226
dpir <1 1028 (310, 718) 0.065+0.012  -0.035+0.009 0.100 +0.014 6.90 0.205 0.232
dpir > 1 505 (162, 343) 0.023+0.014 -0.014+0.011 0.036 £0.018 2.00 0.180 0.212

these properties and how they relate to the standardised brightness of the SNe. As such, we split
our sample into inner (dpLr< 1) and outer (dpLr> 1) regions and re-calculate the size of the

host mass step, split at a stellar mass of log(M. /M) = 10. The results are shown in Figure 5.5.

SNe within the inner regions of their host galaxy have a larger mass step than in the ‘whole’
sample, with a step size of 0.100 + 0.014 mag, significant at 6.90. We additionally calculate the

root-mean-square deviation (r.m.s) for hosts on either side of the mass step as

1 n
TRMS =4[ 3 X ;(Xi - x0)? (5.2)

where N is the size of the sample, x; is the given Hubble residual for any single SN and xg is the

weighted mean Hubble residual for the sample.

The r.m.s on these inner region SNe is larger in both lower and higher mass hosts than in the

full sample.

SNe within the outer regions however exhibit a significantly suppressed mass step, with a step
size of 0.036 + 0.018, a significance of 20-. The r.m.s on these SNe are also lower by ~ 0.015
mag in both high and low mass hosts than the whole sample. Due to the reduction of scatter in
the Hubble residuals for this sample, it indicates a more robust standardisation for SNe in the
outer regions compared to the inner regions. Values for the low/high mass hosts weighted
Hubble Residuals, size of mass step, r.m.s and significance for all 3 of our samples can be found
in Table 5.2

We verify the robustness of the detected decrease of the host mass step at higher dprr’s via
boot-strap resampling of the whole sample and selecting the same number of SNe as in the
outer regions. As previous studies have determined a dependence on Hubble residual with
colour, we weight the selection so that the resampled SNe have a similar colour distribution to
those in the outer regions. We then re-calculate the size and significance of the host mass step.
The results of this verification are shown in Figure 5.6. We see that on average, the step size of
the resampled SNe is consistent with the whole sample, and while significant to a lesser degree
due to a decreased sample size, (- = 4.7 + 0.75 for the resampled SNe vs o =~ 7 for the whole
sample) still above the ‘typical’ significance of o = 3 for a significant result. We therefore
conclude that our lack of step, and the selection required to identify it is not due to random

chance.
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TaBLE 5.3: The best fit parameters and reduced x> for a linear trend and a step function to

Figure 5.7.
Linear Fit Step Function
Reduzced Gradient Intercept Reduzced Step A B
X X Location
0.92 -0.041£0.08 0.11+0.010 0.82 1.0 0.099 £0.316 0.020 + 0.01

To determine if the observed difference in mass step size between inner and outer regions is
best fit by a single split at dpr r= 1, we split our sample into more than two dprr bins. As the
number of SNe often trace the profile of galaxy light (Anderson et al., 2015), we use bins that
increase in size from a dpyr of 1 so we have similar numbers of SNe in each bin. We then fit
both a step function and a linear trend to the data, via y> minimisation. The results of this finer
binning and fitting are shown in the upper panel of Figure 5.7, and the best fit parameters and
corresponding reduced y? values are shown in Table 5.3. In the lower panel we show the best
fit reduced )(2 as a function of dprr split location. We see that a split at dp r~ 1 provides the
best fit to the data, further reinforcing our choice of split location.

5.3.3 Line of sight effects

Some galaxies within our sample may be side on, which means that our inner region sample
could be more contaminated with SNe within the outer regions, attributed to inner regions due
to line of sight effects. The outer regions however should be less affected by line of sight

effects, as any SNe in these regions would remain within the outer regions regardless of depth.

To investigate the effect on the host mass step within our inner region SNe, we calculate the

b2
=4/l -— 5.3
€gal 22 (5.3)

where b and a are the semi-minor and semi-major axis of the host galaxy. We show the

eccentricity, eg,, of each host galaxy,

distribution of host eccentricities for our inner region sample in Figure 5.8. Around 400 SNe

have an eccentricity higher than 0.5, over half the sample.

We then limit our inner region sample to only those hosts we are confident are face on, i.e.
those with an eccentricity below 0.5, and recalculate the host mass step. This is shown in
Figure 5.9. While the significance of the host mass step decreases from ~ 70 to 4.00, its
magnitude remains consistent with the inner region sample with edge-on (eg, > 0.5) galaxies
included. We attribute the decrease in significance to the limiting of the sample in size, and the
subsequent increase in error on the weighted means. Performing this eccentricity selection may
erroneously remove face-on elliptical that are disturbed. As this is likely to affect mainly higher
mass galaxies, and we see little change in the mean Hubble Residual in these galaxies we

determine that this potential exclusion is not a dominant effect.
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Ficure 5.5: Top - As Fig. 5.4, but limited to SNe with dp r < 1. The observed step between

the SNe in low and high mass hosts increases to 0.100 + 0.014 mag. Bottom - As Fig. 5.4, but

limited to SNe with dprr > 1. The observed step between the SNe in low and high mass hosts
decreases to 0.036 + 0.018 mag.
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Ficure 5.6: Upper panel: The size of the host mass step, calculated for each realisation of our

resampling, outlined in Section 5.3.2. The distribution appears broadly Gaussian, centred on a

step size of 0.08 mag. Such a step size is consistent with the host mass step observed in our full

sample. Lower panel: As the upper panel but instead the significance of the host mass step. It

is centred between 30~ — 40, showing that on average, a statistically significant step is found in

our resampled SNe. Shown by the dashed red line in both are size and significance of the host
mass step measured in the outer regions.
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Ficure 5.7: Upper: The host mass step observed in smaller dprr bins, with a span of 0.25
dex between 0 <dpyr< 1, increasing to 0.5 dex up to a dpir< 2 and finally 1 dex at dpLr>
2. We fit both a step function and a linear function to our data, and find both have similar
goodness-of-fit values, outlined in 5.3. Numbers show the amount of SNe within each dpr
bin. Lower: The reduced y? for differing step positions. Due to binning this only changes once
the bin centres (shown in the dotted black lines) have been passed. We see that the best fit step
function is located around 1.0, verifying the choice of location for our previous dpyr split.
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Ficure 5.8: Eccentricities of host galaxies within our inner region sample.

This similar mass step size after limiting the potential line of sight effects from our sample

implies that these effects have little to no influence on our results.

5.3.4 Other steps

Stellar mass is not the only host property that has previously had a measured ‘step’ in their
Hubble residuals. For example, the colour of the host galaxy (e.g. Roman et al., 2018; Kelsey
et al., 2021) has previously been measured to have a similar size step when compared to galaxy

mass, but to a higher significance.

We find a similar result in our sample, where within the inner region there exists a 7.60" ‘colour
step’ (a difference in the weighted mean values of Hubble residual as a function of host colour)
when splitting between red and blue hosts (defined by a split at U — R = 1 following (Kelsey

et al., 2022)). Within the outer regions however, this step is still negligible. We show these
steps in Fig. 5.10.
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FIGURE 5.9: As the upper panel of Figure 5.5 but limited to host galaxies with an eccentricity
below 0.5, calculated with Equation 5.3.

To further investigate this effect within our sample, we calculate the average Hubble residual for
those in blue hosts and red hosts in dpyr bins. We also perform a similar calculation, but
instead calculate the host colour for inner and outer regions separately, with host colour
measured in an aperture defined at dpy r= 1 and an annulus defined by 1 < dprr < 4. We
present this calculation, and compare it to the average Hubble residual in high and low mass
hosts, in Fig. 5.11.

It is clear to see that any difference in the weighted mean values of Hubble residual as a
function of host colour, be it local or global colour additionally is drastically reduced above a
dprr of 1. This gives further credence that the post-standardisation brightnesses of SNe Ia
within the outer regions of galaxies are less affected by the properties of their host than those in

the inner regions.
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5.3.5 Could it be dust?

Previous studies have proposed a differing dust law in low and high mass hosts to explain the

host mass step (Brout & Scolnic, 2021; Popovic et al., 2024) etc. Here we investigate if a

similar effect is occurring within our samples in outer and inner regions.

We show our colour distributions in Figure 5.12, split by hosts on either side of the mass step.

We assume a similar colour distribution as Brout & Scolnic (2021); Popovic et al. (2021a),
where the intrinsic colour distribution for a given sample of SNe is fit by a Gaussian, and

reddening by dust introduces an exponential tail.
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As such, we fit both normal Gaussian (Equation 5.4) and Gaussian with an exponential tail

(Equation 5.5) probability functions to each sample.

Amplitude (5 )

fx) = (5.4)
oV2r
: 2
Flri o 7) = Amplitude X7 £ uiro-2x) o oo ([HFTT_ =X (5.5)
2 V2o

In both equations, u, o are the mean and the standard deviation of the distribution respectively.
‘Amplitude’ allows the peak of the distribution to shift up or down from the peak of the
distribution and 7 is the rate of the exponential component. ‘erfc’ is the complementary error

function, defined as

T

erfe(x) = % / et ar, (5.6)

We calculate the least squares of both a Gaussian fit and an Gaussian plus exponential tail fit,
and, after dividing the least squares by the number of free parameters, define the best fit as the

model with the lowest reduced y?.

We find both samples are best fit by a Gaussian with an exponential tail, with similar
parameters (all parameters are within 1o~ except the standard deviations, which are higher for
the low mass hosts, likely due to the lower sample size)for their best fit. This, while a basic test,

is an indication that dust is reddening SNe in both high and low mass hosts to a similar degree.

We additionally perform this calculation on both the SNe in the inner and the outer regions of
their host galaxy. This is presented in Fig 5.13. SNe in the inner region appear similar to the
full sample in Fig 5.12. However, SNe in the outer regions in low mass hosts are not best fit
with an exponential tail. This may indicate that we have a lack of reddened SNe within these
regions, perhaps not entirely unexpected result given the amount of dust within a galaxies
increases with stellar mass (Santini et al., 2014). It is also possible that red SNe in outer regions
are not reddened due to dust, and instead this shows the intrinsic colour distribution of type la
SNe. We show the reduced y? for each fit to each sample, along with the best fitting parameters
in Table 5.4.

This apparent lack of reddened SNe in the outer regions of low mass hosts would be initially
attributed as the cause of a lack of step we observe, as this would indicate two distinct
populations in the outer regions: Low mass, dust free regions and high mass regions obscured

by some dust.

We analyse this as a cause for the lack of step in Figure 5.14. The upper panel shows the Hubble
residuals for our full SN sample limited to the outer regions of their host, split between low and
high mass, as a function of their SALT3 colour. Critically, across all SNe colours we observe

no significant difference between SNe in low or high mass hosts. While a reconfirmation of the
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TaBLE 5.4: A table showing the reduced y? values for both an exponential and regular Gaussian

for both high and low mass hosts for each of our samples. Additionally, the best fit parameters

are shown. They may also be found in the legends of Figures 5.12 and 5.13.
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Ficure 5.12: Colour distributions for our sample, split by low (black) and high (red) mass

hosts. Over-plotted are the best fit to the data. In this case both high and low mass hosts are
best fit by a Gaussian with an exponential tail.

lack of step previously measured in these outer regions, it does show this lack of step is not due

to averaging, where blue SNe could have the opposite step size to red SNe.

Comparing this to the inner regions, we see an increasing difference between low and high
mass hosts as SN colour increases. This lack of step in reddened SNe in the outer regions
would point to a similar dust law (R,,) in high and low mass hosts, if methods from previous
studies such as Brout & Scolnic (2021) were used, where they alter the colour component of the
Tripp equation shown in Eq. 5.1 as such,

Besn — BsnesNine + (Ry + 1) Equst. (5.7)

Where R, + 1 is the dust law governing the B band reddening (The band SNe are typically
standardised in) and Eq,g is the colour excess due to the dust. As such populations with dust are
modelled not by only an intrinsic colour with an exponential tail but include the reddening on

an intrinsic colour distribution due to the effects of dust.
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However, within the outer regions there appears to be little dust present in the lower mass hosts,
as indicated by the lack of exponential tail in their SALT3 colour distributions. To reconcile
this, the dust content in the outer regions may have little evolution as a galaxy grows, while the
inner regions dust evolves more drastically. This would allow the outer region SNe to behave

similarly while the inner region SNe would diverge.

Applying a ‘4D’ bias correction (described in Chapter 5.3), which should correct for diverging
dust parameters, we see that a step exists even in the slightly blue (c ~ —0.05) SNe in the inner
regions, between low and high mass hosts, however we observe no such step between these two
samples in the outer regions. This means the host mass step we measure in the inner regions is
seemingly intrinsic, and not solely due to dust, as effects from dust on the Hubble residual
would be reduced in bluer SNe. We show this effect in Fig. 5.15.

Combining all the evidence here, we see that adjusting for differing dust laws can reduce, but
crucially not remove the observed step in the inner regions. However, in the outer regions there
is no evolution of the dust law governing SNe csn. As such we disfavour dust as the sole cause
of this lack of host-mass step we observe in the outer regions (as such a correction still does not
remove the step in the inner regions!). Instead, we observe a systematic increase in the average
Hubble residual for SNe in high mass hosts, and corresponding decrease in low mass hosts in
these outer regions compared to the inner regions. Consequently, the average of both high and
low mass SNe’s Hubble residuals is roughly 0, i.e little-to-no offset from the cosmological
model. However, we cannot say that dust is not contributing to the observed step in the inner
regions, only that it is not the sole cause of the step, as after dust corrections the step is reduced

but not removed in these regions.

5.3.5.1 Other influences on the mass step

While we disfavour dust as the sole cause of the lack of observed step between high and low
mass hosts and determine little to no influence on the step due to line of sight effects, there are
other properties of SN hosts that could be driving this trend. We briefly discussed that fitting
for LsSFR, a good tracer for the age of the stellar population around a given SNe, when
calculating SNe distances reduces the size of the observed mass step. This method instead
translates the mass step into an ‘age step’, with older stellar populations hosting brighter SNe

after corrections, and vice versa.

We perform a similar test in Figure 5.16, where we calculate the step between globally star

forming and passive galaxies, split at logjo(sSFR) = —10 yr~!. We find that there remains a
significant step in brightness between star forming and passive galaxies in the inner regions,
shown in the upper panel. Again, any step present in the outer regions remains insignificant,

and consistent with 0.
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Ficure 5.14: Hubble residuals for our inner (upper panel) and outer (lower panel) regions as
a function of SALT3 colour. We observe no significant difference in mean Hubble residual
between low and high mass hosts at any SNe colour in the outer regions.
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Ficure 5.15: Hubble residuals for our inner (upper) and outer (lower) regions as a function
of SALT3 colour csn, plotted separately for events in low and high-mass host galaxies, after
having made a BBC 4D correction for the colour-dependent selection and dust bias.



5.3.  Supernova Standardisation

95

dpr=1

r e All SNe ]

0.5F SNe Weighted Means

i ® Step=-0.10 + 0.016 ]

0.4} o ° o:....' .' ° E

a r o | N8 O
m 03f ° ° % [ : .‘ oi
r & ° 1 0 © ©° o g

E [ ° b s’ © o °Qo o
- 0.2r ° e e 0,4 | ° e 2%
: o R8s o o o 8w

o [ ° ol ° *'o.o o o8 -
© 0.1F ° ° ° ...'.'ﬁ.?.:o' 4
. L ® (] 4

.g i . oy %o o .'\.?E “ %;‘ 'l":‘r.%
i "N 5 T poo26 ]

'G OOf ° ° ° l .. oy .J'.h .'. ° ..f: ?&A
) b 0.0 ) o’ '“‘# % o l.::o.ﬁt
I PO RRRRE SR S g .*SL" .‘p. ot O]
oC-01F, o . EXAS T A NP RS
) - o0 . g ce%0 & '{3- o, .o %]
B b & ®o ) PRI ° e ]
QO _0'2: ° LTS ° -..". %o 0@ % o 0o ‘¢
Ie) , o L T AT & o
S _0.3} o ° . ...:.o o E
T ; ° e ’ :.. ool
L ) e |
-0.4r, ° :o ° ]
Sigma step = 5.981 e 1 e

-0.5F ® RMS SNe Passive I RMS SNe Star

F Host = 0.204 . IForming Host®= 0.1921

s b e b 18 e Vo b
-14 -13 -12 -11 -10 -9 -8

log,9(Host Specific Star Formation Rate)
[yr—!]

dDLR>1

L B B L LN L LR B L L L ]

r e All SNe ]

0.5¢ SNe Weighted Means ]

i ®  Step=-0.01+0.022 |

0.4 e 1~ ® o

S o, L g
o 03r o ]
I TR A
~ 02:_ ° ° : ° ° IP. o ° oo: .E
— r o o o ]
© o . i? 2' 8o ol
> M R P
2 ool Cee- o SR S
1R O L AT e Bt Sty @ %

$ ,r o 0 © ® e . JI.‘." ° © e, ":
m 01: o. e .o...ﬂ...l-. ° ':o:
-0.11 ® %0 ) 7

o | o 0T Wl
L Y Y 4

o —0.2r o | T
-2 . L PR
S -0.3f « 0t eagw? .
T | ]
: I ° ]

-0.4r o ! =

| I .|

Sigma step = 0.516 | ¢ ]

-0.5F RMS SNe Passive I °RMS SNe Star

F Host = 0.170 IForming Host = 0.158

s b v b b Vo b
-14 -13 -12 -11 -10 -9 -8

log,0(HoOst Specific Star Formation Rate)
[yr=t]

FiGURE 5.16: Hubble residuals for our inner (upper panel) and outer (lower panel) regions as a
function of their host specific star formation rate, split at loggss = —10.
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Such a dichotomy between inner and outer regions, after disfavouring both line of sight effects
and dust effects as sole contributors, remains curious. There are several possible ways to

reconcile these observations.

The first is that the inner regions are more diverse in the stellar ages around a SN and dust
content, while the outer regions are more homogeneous in their stellar ages and dust content,
even from galaxy to galaxy. This would remove any observed age step or dust step in these
outer regions, and imply that the cause of the host mass step is due to a difference in age of

stellar populations and a difference in dust content in high/low mass hosts.

Secondly, we are only considering the global sSFR. In Rigault et al. (2013), it was found that
~ 50% of SNe found in locally passive environments were hosted in globally star forming
galaxies. As such using the global specific star formation above may not correctly identify the

stellar population about the SNe.

5.4 Summary

Using the 5 year photometrically confirmed sample for DES, we have analysed the effects on
host galaxy projection on the light curve properties. We also provide a way to homogenise the
brightnesses between SNe in high and low mass hosts, without the need for complex dust
simulations, and only accounting for the Malmsquist bias found at higher redshifts. Our main

findings are:

* We confirm previous findings that the inner most regions of galaxies (dprr< 1) host

faster, fainter and slightly redder SNe than in the outer regions.

* We find that the difference in SNe brightness between high and low mass hosts is
consistent with O in the outer regions, while present at ~ 70 in the inner regions and full

sample.

* We find that the reduction of this step is well fit by both a step function, split at dpyr of 1,

or a decreasing linear function with dp; r.

* We show that using different Ry values for dust along the line of sight to SNe that varies
between low and high-mass host galaxies, can reduce but not remove the step for SNe Ia

in the inner regions.

* There is no evidence that the outer regions of galaxies have dust laws that change as a

function of stellar mass.

* We attempt to probe the effect of age, and find no step between SNe in star forming and
passive galaxies in the outer regions. However, previous studies have found that the

global star formation rate is not the most accurate probe of a SN’s local environment.
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Calculating dpy R is not a computationally expensive process, and selecting SNe Ia based on
dprr reduces the need to account for host galaxy properties to standardise SN Ia brightnesses
across different galaxies. While the underlying astrophysics that dpy r’s are tracing in the DES
five-year SN Ia sample remains uncertain, we have shown that the standardised distance
measurements from SNe Ia in the outer regions of galaxies have little dependence on their

global host galaxy properties.

Restricting a cosmological analysis to SNe Ia in the outer regions of their host galaxies reduces
the sample size to around a third. This increases the statistical uncertainties on such a sample.
However, the reduction in the astrophysical systematic uncertainties (and complications) gained
from using such a sample, coupled with the very large sample sizes expected in future
experiments such as the Rubin Observatory’s Legacy Survey of Space and Time (LSST, Ivezic¢

et al., 2019), means that such a selection is likely to be beneficial.
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Chapter 6

Conclusions

You see, at this point... I’'m pretty much
the Queen Bitch of the Universe

Sarah Kerrigan, Omega, StarCraft: Brood
War

6.1 Conclusions

Within the contents of this Thesis we have used photometrically classified type Ia supernovae
from the Dark Energy survey, primarily to determine how the effects of both large and small

scale environment affect type Ia supernovae.

To do this, we have used two different samples: One with a redshift cut of z < 0.7, to offset the
observed differences between cluster and field hosts, and one with no redshift cut. Both
samples were restricted to ‘cosmologically useful’ type la supernovae, via selections on their
light curve properties (Betoule et al., 2014; Vincenzi et al., 2021). The work on large scale
structure focuses on investigating the difference in light curve properties and the respective
rates. The smaller scale structure work focuses mainly on the observed difference in
post-standardisation brightness between high and low mass hosts, and how this varies based on

projected galactocetric distance.

Our main findings are, for ease, split between the work investigating the effects of the large
scale environments within cluster of galaxies and those investigating smaller, galactic scale

environments.
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6.1.1 Differences in light curve properties and rates between cluster and field
based type Ia supernovae

For the cluster based work our main findings are as follows:

* We find a tentative indication that the light curve widths, x;, of cluster SNe Ia are, on
average, more negative (i.e., fainter and faster evolving) than their field counterparts.
Although this is an expected result, as x; has a known dependence on galaxy stellar mass
and age, the evidence is not strong in this sample. When just comparing galaxies with
similar host masses and colours, the significance drops further, perhaps implying that any
differences we see are due to the lack of low-mass, young cluster hosts. We find that the
colours of cluster SNe Ia statistically match those of the field, with very similar

distributions.

* There is no clear relationship between a SN’s x| and its location in its host. The
exception is for the innermost SNe Ia, which have smaller values of x; for both cluster
and field hosts.

¢ We calculate the rates of SNe Ia in cluster and field environments, and find them to be
broadly consistent to within 1o-. However, at higher masses this appears to change, with
the rate of cluster SNe between (11 < log(M./Mg) < 11.25) being lower than the field
by 3.60. Taking into account all mass bins with a detected cluster SN, the weighted
average ratio of cluster to field SN rates is 0.594 + 0.068, however this average ratio is

heavily driven by the final cluster mass bin.

* Integrating the overall rates of field and clusters within galaxies with
log(M../Mg) > 10.0, we find the rate of SNe Ia within clusters as a fraction of formed
mass to be 0.0332 + 0.0040 (stat.)*3%%2 (syst.) SNe 100 yr~! 10'° M, and the
corresponding field rate to be 0.086 + 0.0069 (stat.) + 0.0062 (syst.) SNe 100 yr~!
1010 M(;l. However, these measurements are at slightly differing redshifts, which will
account for some of this difference and both are broadly consistent with other literature
cluster rates. The measured decrease could be due to cluster galaxies being older, or
more quenched than their field counterparts. Thus this declining rate within clusters
compared to the field indicates that galaxies at a fixed mass are older in clusters than the
field. We calculate that the rate in passive field galaxies is more comparable to the cluster

rate, however a more complete dataset would be valuable in verifying this result.

6.1.2 Differences in light curve properties and post-standardisation brightness of
type Ia supernovae between inner and outer regions of their host galaxies

We have separated type Ia supernovae based on their projected galactocentric distance into

inner (dpLr< 1) and outer (dpLr> 1) regions. We have then investigated the light curve
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properties and post-standardisation brightness of type Ia supernovae within these two samples.
Additionally, we investigate the post-standardisation brightness as a function of various
properties of the supernova’s host galaxy, such as its stellar mass and specific star formation

rate. Our main findings are as follows:

* We confirm previous findings of Ivanov et al. (2000); Galbany et al. (2012) and Chapter 3
that the innermost regions of galaxies (dpLr< 1) host faster-declining SNe than the outer

regions.

* We show, for the first time, that the difference in SN Ia post-standardization brightnesses
between high and low-mass hosts reduces from 0.078 + 0.011 mag in the full sample to
0.036 + 0.018 mag for SNe Ia located in the outer regions of their host galaxies
(dpLr > 1), while increasing to 0.100 + 0.014 mag for SNe in the inner regions
(dpLr < 1). The effect remains when splitting SNe Ia by their global galaxy U — R
colour, or by the U — R colour in the inner aperture/outer annulus in which the SN

occurred.

* We find that the decrease in magnitude of this mass step as a function of dp; g is well fit

by either a step function, split at dppr of 1, or a linear function declining with dpy r.

* There is no evidence that the outer regions of galaxies have dust laws that change as a
function of stellar mass. Similarly, there is no evidence for an intrinsic luminosity

difference between SNe Ia in the outer regions of low and high-mass galaxies.

* We attempt to probe the effect of age, and find that no step between SNe in star forming
and passive galaxies in the outer regions. However, previous studies have found that the

global star formation rate is not the most accurate probe of a SNe’s local environment.

6.2 Looking to the future

We have shown in this Thesis that statistically significant results, based on environmental
factors, can be obtained with a sample of less than 2000 type Ia supernovae. However,
uncovering the underlying astrophysical phenomena driving these trends often requires further
sub-samples to be selected, either based on the properties of the supernovae themselves or the
host they are within. Doing such a selection invariably reduces the confidence to which you can
confirm a result, due to the reduction in sample size. With our sample of 2000 photometrically
confirmed type Ia supernovae, these sub-samples and selections can quickly reduce the usable

sample size to a few tens of supernovae.

However, in the upcoming era of the Rubin Observatories Legacy Survey of Space and Time
(LSST) sample sizes will continue to increase. LSST expects to photometrically classify

hundreds of thousands of type la supernovae, increasing the existing sample sizes by around
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two orders of magnitude. Such a wealth of data would allow for many selection cuts without
significant reduction of confidence nor sample size. Selecting only outer region SNe would
allow for a cosmologically useful sample without the correction of a yGyeg i, possibly opening
up further insights into the relationships stretch and colour have on the brightness of a given
SN. Additionally, while a selection would reduce the statistical uncertainties on the
cosmological parameters measured, the systematic uncertainties would be reduced. With the
expected large sample sizes of LSST, using this selection may lead to an overall reduction in
uncertainty compared to previous surveys. Furthermore this selection is on a simple to
calculate variable (which, if LSST matches their SN to host in the same way as DES, would be
computed in the host identification stage), allowing such a selection to be investigated with little

additional compute time required.

Additionally, such a sample size will allow for uncertainties in cosmological parameters, such
as those on the equation of state of dark energy, and the density of matter in the universe to be

further reduced.

In terms of cosmological analyses, the measurement of distances are crucial, and much work
has been undertaken to limit and account for variations of brightness. In (DES Collaboration

et al., 2024b), much of the systematic uncertainty comes from the colour-and-host dependent
scatter model. The results of this Thesis may indicate that the associated bias corrects may be
overestimated in the outer regions and underestimated in the inner regions. However, the results
of this potential over/underestimation would not propagate through as a bias on w, as this would

require the distribution of dpy r to evolve as a function of redshift, which it does not.

LSST’s dpy r distribution is unknown, and should it evolve with redshift (due to selection
affects or a yet unknown astrophysical cause), care must be taken to account for this potential
bias on w. The simplest way to investigate and account for this would be to add an additional
terms to the bias corrections, correcting for a mass step in the inner region, with lower

successive corrections as the SN become more removed from their host..
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Appendix A

A.1 Investigating the effects of Cluster Richness on SNe within

clusters

When selecting our cluster sample we chose to use the larger 1/S > 5 catalogue, potentially
opening our analysis to contamination from over densities of galaxies that would not be
classified as true clusters. To investigate what affect this cut has, we restrict our sample to
A/S > 15 and re-analyse the results presented in this paper. This re-analysis is summarised in
Table A.1.

Limiting the sample with a more stringent richness cut does change the significance of our
results. The colour distribution changes by a large amount, but there is still no significant
difference between the two samples, with both samples having less than 10 difference between
them. For the field vs cluster x; distribution, it does not alter the result much, with the ‘less
significant’ sample still having a tentative difference between the cluster and field samples, with
a confidence level of around 95 per cent. Additionally the restriction shifts the result into being

less significant. If the cut removed non-cluster SNe this should increase the significance

TaBLE A.1: Significance’s of our cluster vs field analysis for a richness cut of 1/S > 5 and for

/8> 15
Comparison K-S Test result K-S Test result
A/8>5 /8 > 15

X1 0.023 0.0507

c 0.8005 0.4441

Host Stellar Mass 0.0006 0.1102

Overall Cluster Rate +0.0091

(SNe 100yr~110104751)8 0.03327% " logo (syst) | 0.0325 £ 0.0098

4 Calculated rate is for galaxies with log(M./Mg) > 10 as done in

Section 4.1
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Ficure A.1: Host galaxy stellar mass distributions for SNe Ia occurring within clusters and in
the field. Shown is the CDF of our uncut sample, with clusters of richness > 5.

between our two samples, as SN x; values within rich galaxy clusters were previously found to

be significantly different from field galaxy x; values, as found in Xavier et al. (2013).

The largest shift is in the host stellar masses, where restricting our sample to only higher
richness clusters again decreases the significance of the difference between them. The actual
distribution shapes however, do not significantly change. This is shown in Figures A.1 and A.2.

We therefore attribute the drop in significance to lower statistics.

There is no significant change in the overall rate, with the two being consistent when
accounting for their errors. As our investigated properties do not significantly change under a
richness cut, we conclude that making such a richness cut is unnecessary, and would be

unnecessarily removing cluster SNe from our sample.
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Ficure A.2: Host galaxy stellar mass distributions for SNe Ia occurring within clusters and in

the field. Show is the CDF of our restricted sample, with clusters of richness > 15 Visually,

there is little difference between this sample and A.1, with the exception of far fewer SNe within
the higher richness sample.
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