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ABSTRACT

It has been the aim of astronomers for the past century to understand the workings and
evolution of galaxies. In particular, the transformative processes that take place in order to turn a
galaxy from ‘alive’ to ‘dead’ have been an exciting topic of active research. It is now understood
that galaxies are broadly split into two classes, blue spirals and red ellipticals (and lenticulars),
featuring great differences in their properties. The mechanisms that move galaxies from blue to red
(or spiral to elliptical) are referred to as quenching mechanisms. The region of parameter space
through which a galaxy moves as it quenches is sometimes referred to as the ‘green valley’. This
thesis summarises the state of the field and then presents three novel studies on topics related to
quenching mechanisms and galaxy evolution: environmental quenching, active galactic nucleus

feedback, and superluminous supernova host galaxies.

These studies each find interesting and compelling results, and evidence of galaxies in the
green valley. In the first, I found that the star-forming/quenched status of a satellite galaxy depends
significantly on its stellar mass, the mass of its group halo, and its position within the group halo.
The second study found evidence of young active galactic nuclei within star-forming galaxies and
illustrated a scenario where variability of the active galactic nucleus has a profound effect on the
lifecycle of the galaxy. In the third study, I investigated the environments of host galaxies of
superluminous supernovae. I used simulations to explore the metallicities and star-formation rates,
and environments, of similar galaxies and found that low metallicity is more important for the

production of these explosive transients.
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Tomorrow when the farm boys find this
freak of nature, they will wrap his body
in newspaper and carry him to the museum.
But tonight he is alive and in the north
field with his mother. It is a perfect
summer evening: the moon rising over
the orchard, the wind in the grass. And
as he stares into the sky, there are

twice as many stars as usual.

Two-Headed Calf, by Laura Gilpin
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Chapter One

Introduction

Humans have long looked up to the sky and studied what we see. Astronomy is a discipline that
is millennia old, with civilisations around the world each trying to explain the cosmos. The topics
covered in this thesis, however, were unknown of until extremely recently (relatively speaking).
Just 100 years ago, there was no notion of anything existing beyond the Milky Way. It was in 1924
that Edwin Hubble discovered that the nebulous objects seen in the sky were in fact far too distant
to be part of the Milky Way, and must be galaxies in their own right. In the century since, the field
of extragalactic astronomy has rapidly expanded with new insights into the formation and evolution

of galaxies, the large-scale structure of the Universe, and our place within it all.

We now know that galaxies fall broadly into two classes, spiral and lenticular/elliptical
(sometimes referred to as late-type and early-type, respectively), with each class being further
subdivided based on the morphology of the galaxy. Figure 1.1 shows some examples of different
galaxies, and illustrates the main differences between them. Spiral galaxies (Figure 1.1a) are
typically blue in colour, due to their active star-formation. Contrastingly, elliptical galaxies (Figure
1.1b) are much redder in colour, and have usually completely ceased forming new stars. In terms
of their morphology, spiral galaxies consist of a disk component and a central bulge. The disk is

where the majority of the star-formation occurs. Spiral arms in the disk work to funnel gas towards
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(a) An example of a spiral galaxy, the Pinwheel Galaxy (M101). The blue spiral arm structure is very clear,

while the bulge in the centre is red in colour. By ESA/Hubble.

(b) An example of an elliptical galaxy, ESO 325-G004. There is less defined structure, and the entire galaxy
is red in colour. By NASA, ESA, and The Hubble Heritage Team (STScI/AURA); J. Blakeslee (Washington

State University).

Figure 1.1: Some examples of the morphologies of galaxies.
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the center, which is a possible method by which the bulge grows (Kormendy and Kennicutt, 2004;
Athanassoula et al., 2013); the bulge may also grow by galaxy mergers (Aguerri et al., 2001). The
bulge of a spiral galaxy often has reduced star-formation, and houses a black hole in the very center.
On the other hand, elliptical galaxies are much less defined in their structure. Consisting of older
stellar populations, ellipticals are lacking in the interstellar materials which fuel star-formation
such as gas and dust found in spirals. A supermassive black hole can be found at the center of an

elliptical galaxy, with many of them being active (i.e. an active galactic nucleus).

It naturally follows to ask, what is the connection between these two very different types of
galaxies? It has been established that late-type galaxies eventually evolve into early-type (Toomre
and Toomre, 1972), but the exact processes at work are not yet fully understood. The main driver
(or, alternatively, consequence) of this evolution is the reduction or cessation of star-formation. The
term ‘quenching’ is used to refer to any process or processes which result in a reduced star-formation
rate. There are many mechanisms that may contribute to quenching of star-formation; these will be

discussed in more detail in this Chapter.

This introductory chapter aims to provide the required background and context for the
subsequent chapters. First, I will discuss the main relevant differences between types of galaxies. |
will then outline the main quenching mechanisms. Finally, I will give a brief overview of luminous

stellar transients and their role in the study of galaxy evolution.

1.1 Characteristics of galaxies

1.1.1 Morphology

Let’s first describe in more detail the defining characteristics of the main two classes of galaxy

(Binney and Tremaine, 2008). Elliptical galaxies are spheroidal structures, with little to no cool
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interstellar gas. As their name suggests, they follow an elliptical surface brightness profile, with
semi-major axis a and semi-minor axis b. The surface brightness profile may be modelled by the

Sérsic law:
In(R) = I, exp (—bm [(R/Re)l/’” - 1]) , (1.1)

where m is the Sérsic index and [, is the surface brightness at the effective radius R,. The parameter
b,, 1s a function of Sérsic index, and can be well-described by b,, = 2m — 0.324 over the range
1 < m < 10. The Sérsic index m = 4 defines the de Vaucouleurs law (de Vaucouleurs, 1948),
which is used to describe the surface brightness profile of elliptical galaxies and bulges. Atm =1,

the result is an exponential profile which fits a disk, which is often appropriate for spiral galaxies.

The dimmest elliptical galaxies are known as diffuse dwarf galaxies, or dwarf spheroidals.
These typically have larger effective radii and lower surface brightnesses than other ellipticals at
the same luminosity (Mateo, 1998). Dark matter is thought to contribute ~ 90 per cent of the mass

of a dwarf spheroidal, thus these galaxies offer unique probes into the effects of dark matter.

Spiral galaxies differ from elliptical galaxies in just about every way. Their most defining
features are the disk and constituent spiral arms which facilitate the vast majority of the star-
formation. Spiral galaxies are relatively abundant in low-density environments, however make up
only about 10 per cent of galaxies in higher-density environments (Dressler, 1980). The circular
rotation speeds (v, ) of interstellar neutral hydrogen can be measured using the 21cm line; v, flattens
out at large radii, providing some of the first evidence for the existence of dark matter (Rubin et al.,
1980). Spiral galaxies also contain a bulge at the centre, not dissimilar to a small elliptical structure.
The bulge is relatively distinct from the spiral arms, and houses older, redder stars. The luminosity
of the bulge is correlated to other properties of the galaxy such as the gas fraction, colour, and how
tightly the spiral arms are wound (Binney and Tremaine, 2008). In the local Universe, about 65 per
cent of spirals have a bar, which is like an extension of the bulge along a third axis (Sheth et al.,

2008).
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Lenticular galaxies are somewhat of a transitional galaxy between spirals and ellipticals.
They typically have a rotating disk and a bulge, but have little to no gas and thus little to no
recent or ongoing star-formation. Such galaxies are rare in the field, but common in high-density
environments. This gives rise to the idea that lenticular galaxies come from spiral galaxies that
have had their star-formation shut off by interactions with the intergalactic medium upon infall to a

group or cluster (van den Bergh, 1976; Binney and Tremaine, 2008).

1.1.2 Gas and star-formation in star-forming galaxies

The gas found in galaxies, often referred to as the interstellar medium (ISM), is made up of many
different chemical elements and molecules. As each element and molecule has distinct observation
requirements, advantages, and snags, astronomers can exploit various techniques to probe the ISM
and glean different information about these tracers. The most abundant of these is neutral atomic
hydrogen (Hr), which has an emission line at 21 cm. Due to its long wavelength, obtaining any sort
of spatial resolution is typically not possible, except with the use of radio interferometry, such as
at the Very Large Array, or the upcoming Square Kilometre Array. Still, measuring the amount of
neutral atomic hydrogen in a galaxy is crucial to understanding the journey on which gas goes to

be converted into stars.

Of the molecular gas, neutral molecular hydrogen (Hj) is the most common. This molecule
has high excitation energies, and so requires very energetic conditions in order to be observable
(> 500 K). That said, molecular hydrogen is not the only molecule found in the ISM. McGuire
(2018) summarises the molecules that have been detected in the ISM, amounting to over 200 distinct
molecules. Besides H», the most abundant molecule is carbon monoxide (CO). CO can be easily
observed by ground-based telescopes, making it a favourable probe for the ISM. The CO emission

flux can be converted to a luminosity Lqgs which, in turn, can be converted to a molecular gas

mass Myu,/Mg using a conversion factor aco. For typical Galactic ISM conditions, this conversion
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-1
factoris aco = 3.2 Mg (K km s_lpc2) . The exact details behind this conversion factor and other
details about CO as a tracer for molecular gas can be found in Saintonge and Catinella (2022) and

references within.

Dust that is mixed in with gas can also be used to measure the gas content of a galaxy, as
the dust absorbs and re-emits light in the infrared. The total gas mass can be estimated by applying

the dust-to-gas ratio, which is related to the metallicity of the gas (Groves et al., 2015).

In terms of relations between the gas content of the galaxy and other properties, Schmidt
(1959) first proposed that the surface star-formation rate density is proportional to the surface gas
density, i.e. Zgpr & XZgas", with n ~ 2. About 30 years later, Kennicutt (1989) used Hi and CO
measurements for the gas, combined with He measurements for the SFR, and found n = 1.3 + 0.3.
He noted that there seemed to be some critical gas density required before star-formation could
take place. This critical density was derived from the idea of gravitational stability in rotating
disks (Toomre, 1964): X = ao«/3.36G, where « is a dimensionless constant, o is the velocity
dispersion, k is the epicyclic frequency within the disk, and G is the gravitational constant. We can
find @ by making some simple assumptions. With a constant velocity dispersion within the disk,
the epicyclic frequency can be found directly from the rotation curve V as a function of the radial
position R. Taking a reasonable value for o, an expression for X; in @, V and R is obtained. One
can then compare observations of gas densities and the critical density as a function of radius to the
observed radius of the outermost Hir regions (indicative of star-formation) of a number of galaxies,

to constrain the value of @. This approach led Kennicutt (1989) to determine @ = 0.7.

A decade later, Kennicutt (1998b) returned to this relation (the Kennicutt-Schmidt relation,
or KS relation), this time combining normal spiral galaxies with star-burst galaxies. With both the
gas surface density and the star-formation rate surface density spanning several orders of magnitude,
a very tight relation was found, with n = 1.4 + 0.15. However, this value remains very sensitive

to the data used and the methodology. Boissier et al. (2003) test a variety of possible fits on 16
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resolved galaxies, and find n = 2.06; Misiriotis et al. (2006) analyse the gas and dust distributions of
the Milky Way, and the SFR, and find n = 2.18 + 0.2; Luna et al. (2006) also study the Milky Way,
with CO observations from the southern hemisphere, and find n = 1.2 + 0.2, and that star-formation
also depends on the amount of shear, i.e. effects caused by differential galactic rotations. Spatially-
resolved SFR and CO measurements of M51 gave n = 1.56 + 0.04 (Kennicutt et al., 2007); in M33,
which has a small amount of molecular gas, the slope n = 1.36 was found for Xspr against Xy,.
A strong correlation between SFR and molecular gas density was also found in M33 (Heyer et al.,
2004). In simulations, the slope to the KS relation has been found to be n ~ 1.4 — 1.5 (Kravtsov,
2003; Li et al., 2006; Tasker and Bryan, 2006). Harfst et al. (2006) find a slope of n = 1.7 £ 0.1;
they also find that at low gas surface density (e < 10 Mg pc‘z), the SFR dips 1 — 3 dex below
the relation. They explain this by the fact that below this gas density, it will be difficult for gas to

condense and form a thin disk.

Kennicutt and Evans (2012) characterise three roughly distinct regimes of star-formation,
governed by the local gas density. Ranging from low Ze (< 10 Mg pc_z), to intermediate
(10 — 100s M pc™2), and high (> 100s M pc™2), star-formation in these regimes is found, for
example, respectively, in outer disks, dwarf galaxies, or early-type galaxies; molecular clouds or
normal disks; and, starbursts or mergers. The question, then, is how can we quantitatively trace

these regimes and relate them to galactic properties such as star-formation?

Scaling relations can give us insights into the important processes that give way to (or
hinder) star-formation. Some relations are shown in Figures 4 and 5 of Saintonge and Catinella
(2022). Here, they use data from the xGASS (Catinella et al., 2018) and xCOLD GASS (Saintonge
et al., 2017) datasets to illustrate the relations. They show that the gas fractions of Hr and H;
(fw and fu, respectively) are anti-correlated with stellar mass, due to the existence of high-mass
gas-poor galaxies. There is a tight relation between fy, and sSFR, i.e., the KS relation. On the
other hand, fy; more tightly correlates with the NUV-r colour. This is explained by the fact that Hi

traces star-formation in the outer disks of galaxies, which can be seen for example in M83 (Bigiel
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et al., 2010).

In order to put these scaling relations to use, we can consider the star-forming main sequence
(SEMS, or MS for short). The MS refers to the tight relation seen between stellar mass and SFR for
star-forming galaxies. This relation allows for a galaxy’s star-formation activity to be characterised
by the distance between the galaxy’s position on the stellar mass-SFR plane and the MS, i.e. AMS.
Galaxies found 2 0.5 dex above the MS are often considered to be undergoing a starburst, while
galaxies below the MS are undergoing reduced star-formation, and are considered quenched if AMS
< —1 dex. This is illustrated in Figure 1.2 (adapted from Saintonge et al. (2017)!), which shows the
shape of the MS on the SFR-M,, plane, along with how fy, varies throughout this plane. The MS
describes a fairly linear relation between SFR and stellar mass, but it flattens after a characteristic
mass, which we will denote Mcp,. This means that the star-formation efficiency decreases with
high mass, even though these are star-forming galaxies. This flat regime may be explained by the
fact that as galaxies increase in stellar mass, they become more bulge-dominated, which doesn’t
necessarily translate to an increase in SFR. Figure 1.2 also illustrates the decrease in fy; at high
stellar mass, indicating that gas reservoirs may not grow proportionally with the growth of the
galaxy. The stellar mass Mo ~ 10'° Mg corresponds to a halo mass of ~ 10'> Mg, which is
shown in simulations (Keres et al., 2009) to be a threshold halo mass where accreted gas cannot

efficiently cool and condense into stars.

The scatter of galaxies about the MS can provide some insights into how the behaviour of
gas can affect the SFR. As mentioned earlier, the distance of a galaxy from the MS can give an
idea as to whether it is producing more stars than normal, or fewer. In other words, AMS gives
a simplified view of the recent star-formation history (SFH) of a galaxy. We can see in Figure
1.2 that the galaxies with the smallest values of fy; also lie mostly below the MS, and vice versa.
This suggests a strong link between the gas content of a galaxy and its distance from the main

sequence. It also provides some insight for the timescales required for galaxies to move either

A similar figure depicting H, gas fractions can also be found in Saintonge et al. (2017).
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Figure 1.2: Distribution of galaxies on the SFR-M, plane, showing how the Hr fraction changes
along the MS. The MS is plotted as a dashed line, with dotted lines showing the 0.4 dex scatter
about the MS. Shaded contours show the entire SDSS sample at 0.02 < z < 0.05; black dots are
galaxies with gas fractions below the xCOLD GASS detection limit; coloured circles show the Hi

gas fractions of galaxies colour-coded on a logscale. Figure adapted from Saintonge et al. (2017).
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above or below the MS: since gas consumption timescales are = Gyrs, any gas-driven changes to a

galaxy’s position on the main sequence must operate on a similar timescale.

As Chapters 2 and 3 require the use of BPT (Baldwin, Phillips and Terlevich) diagrams
(Baldwin et al., 1981), it is appropriate to introduce them now. A BPT diagram (see Figure 2.9,
Figure 3.2, or Figure 1 of Kewley et al. (2006) for an example) depicts ratios of emission lines in
order to diagnostically determine whether a galaxy’s emission is characteristic of star-formation or
AGN activity. For the purposes of this work, the emission line ratios [NII]/Ha and [OIII]/HS are
used. The BPT diagram consists of 2-3 regions: a region of high ratios of ionised metals to Ha
and Hp, indicative of AGN activity; a region of lower ratios, i.e. higher amounts of star-formation
tracers Ha and Hp, indicative of star-formation; and a region in between referred to as ‘composite’.
The regions are demarcated by empirically determined lines (Kewley et al., 2001; Kauffmann et al.,

2003b; Kewley et al., 2006).

Now that we have established how gas relates to the star-formation activity of the galaxy, we
turn our attention to attempting to disentangle the various processes that directly affect the ability

of gas to condense into stars.

1.2 Late-stage evolution: quenching

Since the mid-to-late 2000s, it has been understood that ‘quenching’ is the name given to the
process(es) that move a galaxy from the blue cloud to the red sequence on a colour-magnitude
diagram (Strateva et al., 2001; Baldry et al., 2004; Faber et al., 2007). The region of parameter
space through which the galaxy transitions is referred to as the ‘green valley’ (Salim, 2014). These
regions in colour-magnitude space (in this case, colour-stellar mass space, qualitatively the regions
are the same) are illustrated in Figure 1.3. This bimodality persists in many galaxy properties

(Kauffmann et al., 2003a), most notably in the specific star-formation rate (the star-formation

10



Introduction

3
35 x10
2.6
3.0t
2.2
red sequence
5 1.8
2.5 -
O
- [
I green valley g
3 1.4 g
2.0F =
41.0
blue cloud
15F
40.6
190 9.5 10.0 10.5 11.0 s 02
log M« /Mg

Figure 1.3: The distribution of SDSS galaxies at z < 0.2 with u — r colour against stellar mass.
The red sequence is shown, with redder colour and higher stellar mass. The blue cloud, however,
is populated by bluer galaxies and galaxies with lower stellar mass. The green valley is the less
densely populated region between the red sequence and the blue cloud. Contours connect bins that
contain the same number of galaxies, as indicated by the z-axis. Outside the lowest contour level,

grey dots show individual galaxies.
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rate divided by the stellar mass, sSFR) as shown in Figure 1.4. Peng et al. (2010) note that
quenching is distinct from the global decline in star-formation rate since z ~ 2. In the decade since,
there has been an ongoing discussion about ‘nature vs nurture’, referring to whether quenching
depends on the intrinsic properties of the galaxy itself, or the local environment in which it resides.
Observationally, correlations have been found between galaxy stellar mass and colour (Baldry et al.,
2006) (and thus, star-formation rate), leading Peng et al. (2010, 2012) to define ‘mass-quenching’
as any quenching that occurs as a function of stellar mass. However, the exact processes are more
complex and generally correlated with stellar mass. Alternatively, galaxies found in groups or
clusters (as satellites, rather than centrals) are more likely to be quenched than isolated galaxies
at the same mass (Peng et al., 2012; Wetzel et al., 2012; Smethurst et al., 2017). This will be

discussed further in Chapter 2.

Nevertheless, it has been shown that the effects of mass-quenching and environmental
quenching are separable (Peng et al., 2010). However, this assertion may not be as straightforward,
as argued in Smethurst et al. (2017), due to the fact that the local environment of galaxies can
have profound effects on various galactic properties, including the morphology, which can lead to
mass-quenching. In other words, the processes responsible for mass-quenching and environmental
quenching are interdependent. Furthermore, the quenching pathways that move a galaxy from the
blue cloud, through the green valley, to the red sequence are varied in timescale and method, and

may be encoded in the resulting morphology of the galaxy (Schawinski et al., 2014).

In a less direct sense, the large-scale environment also has a profound effect on the star-
formation rate of the galaxy, and furthermore on the overall picture of environmental quenching.
When it comes to the environment of galaxies, they can either be found in low-density environments
(i.e., the field), in high-density environments such as galaxy groups (< 50 galaxies), or in even
higher-density environments such as galaxy clusters (100s - 1000s of galaxies). As will be discussed
later in this section, galaxies are more likely to be quenched in high-density environments, with

virtually all galaxies in massive clusters showing very little or no star-formation. It has been shown
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Figure 1.4: A histogram of the specific star-formation rate, sSFR, of SDSS galaxies. Two peaks
are clearly visible, corresponding to the star-forming population and the quenched population. The
region between the two peaks corresponds to a transitionary phase of galaxy evolution, sometimes

referred to as the ‘green valley’.
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that the group environment is very important for pre-processing galaxies (see McGee et al., 2009),
that is, a significant portion of satellite quenching occurs in galaxy groups which, in turn, infall

into galaxy clusters.

The following subsections will briefly describe the most commonly investigated quenching
mechanisms, separated broadly by internal mechanisms which rely on the intrinsic properties of the

galaxy itself, and external mechanisms which rely on the environment in which the galaxy resides.

1.2.1 Internal mechanisms: Supernova feedback

‘Supernova’ is a general term used to describe the violent and explosive end of a star’s life.
These events, sometimes visible with the naked eye, have been observed by various civilisations for
millenia. Yet, itis only in the last century that their astrophysical origins have begun to be uncovered.
Today, thousands of supernovae have been detected, with several distinguishing features. There are

a number of main supernova classifications, mostly determined by their spectra.

Type I supernovae show no hydrogen in their spectra. Type la supernovae arise when a white
dwarf in a binary system reaches its critical mass, by either accreting material from a companion
star or merging with its companion star. With enough mass, the star undergoes a runaway nuclear
reaction which releases enough energy for the star to explode. Since Type Ias require evolved stars,
they occur as a function of galaxy stellar mass (and, consequently, evolutionary stage of the galaxy).
Type Ib/c supernovae, on the other hand, occur by the core collapse of massive stars. Thus, the rate
of this type of supernova is strongly correlated with the star formation rate of galaxies. Type II also

come from the core collapse mechanism, although their spectra do show hydrogen.

Stellar feedback has been shown in simulations to play an important role in the regulation of
the galaxy growth (e.g., Schaye et al., 2015; Martizzi et al., 2016; Smith et al., 2018b; Lucas et al.,

2020). Due to the vast amounts of energy released by supernovae (~ 10°! erg), star-formation may
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be suppressed by either stellar winds or supernova feedback, although stellar winds only dominate
in young (< 107 yr) starbursts that form high-mass stars (> 60 Mg). In the case when the mass-
loss rate scales with star-formation rate, and with a supernova rate of ~ 0.02(SFR/M,, yr™!), the

momentum injection due to stellar winds and supernovae may be written as (Veilleux et al., 2005),
Py =5x 103 (SFR/Myyr™!) dyne. (1.2)

The efficiency with which a starburst transfers mechanical energy to the ISM to heat surrounding gas
is the thermalization efficiency, €. This is thought to be only around 10 per cent (see Veilleux et al.,
2005), meaning energetic or mechanical feedback from stars is likely not enough to regulate star-
formation in a galaxy. Feedback from even more energetic AGN likely also contribute significantly

to the regulation of galaxy growth.

1.2.2 Internal mechanisms: AGN feedback

An active galactic nucleus (AGN) refers to the central region of a galaxy that is extremely luminous
and energetic, powered by a supermassive black hole. The luminosity is thought to come from
material accreting onto the black hole, which, due to the increased friction within the accretion
disk, releases enormous amounts of energy into the galaxy surrounding it. It has been shown that
there are correlations between AGN and many of their host galaxy properties (Fabian, 2012). For
example, generally AGN are more likely to be located in massive, elliptical galaxies (Giiltekin
et al., 2009; Heckman and Best, 2014), and stronger AGN are found in the most massive galaxies
(Hu, 2008; Giiltekin et al., 2009). Most notably, there is a very tight correlation between the mass
of the supermassive black hole and the velocity dispersion of the host bulge: the M — o relation
(Gebhardt et al., 2000; Ferrarese and Merritt, 2000). It has also been shown that the star-formation
rate of a galaxy can depend on the activity of the black hole (Page et al., 2012), this will be
discussed further in Chapter 3. Although star-formation rate correlates with the stellar mass and

morphology of galaxies, AGN are thought to have a more direct effect on regulating star-formation,
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and thus the growth of the galaxy. Via AGN feedback, AGN suppress the formation of new stars
by either expelling the cold gas required for star-formation, or heating up the gas, preventing it
from condensing into stars. These two modes, known as the radiative mode and the kinetic mode

respectively, operate on different mechanics in the AGN.

The observational evidence that gives rise to the M — o relation provides some evidence of
the radiative mode regulating the growth of the galaxy. This can be shown by assuming the radiation
pressure from a black hole at the Eddington luminosity limit is balanced by the gravitational pressure

from the gas, where the Eddington luminosity is Lgqq = 417G Mgumc/or:

Lgaa 4nG Mgum,, _ G Mgl M gas

c oT B r2 (1.3)

Let f = Mgas/ Mgy be the fraction of the galaxy mass that is gas. Under the assumption the
galaxy is isothermal and spherical, we can write Mg, = 20-%r /G (Binney and Tremaine, 2008), so

the above expression(s) can be written as,

GMgalMgas _ fGMéal _ fG 20’27' 2 (1 4)
r2 o2 2 G ' '
From here we can write
47TGMBHm 40'4
L=rf (1.5)

oT G ’
which shows that Mgy o« o, providing an explanation for the empirical relation already shown.

This simple derivation shows how a black hole at or near the Eddington limit can suppress accretion

onto the galaxy, and thus quench star-formation.

AGN winds may also be responsible. The kinetic luminosity of a wind is a function of
column density, velocity, covering fraction, and radius. It must be greater than the Eddington
luminosity in order for the gas to be expelled. It is not clear that AGN winds are sufficient to
drive gas, as very high velocities are required. Observations of high-velocity galactic outflows

are in general difficult to obtain, because of obscuration of the AGN. That said, outflow rates of
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420 M@yr‘1 at 1100 km s~ have been observed at low redshift (Rupke and Veilleux, 2011). Other
observations include a region of suppressed star-formation over a z = 2.4 quasar, where the outflow
velocity is highest (Cano-Diaz et al., 2012), and at the even higher z = 6.4, an outflow of velocity

1300km s~!, which ejects the molecular gas of the galaxy in < 107 yr (Maiolino et al., 2012).

In the most massive galaxies at the centres of groups and clusters, the kinetic mode is more
prominent. This mode is involved when the AGN are not as luminous, and are active in the radio.

In this mode gas is heated by the energy of the AGN, preventing collapse into stars.

Due to X-ray radiation in the centre of massive clusters, a cooling flow takes place. Ob-
servational evidence shows that clusters such as A 1835 (Schmidt et al., 2001; McNamara et al.,
2006), A 426 (the Perseus cluster, Fabian et al., 2006) and A 262 (Blanton et al., 2004; Sanders
et al., 2010) have a significant temperature drop in the central regions. However, if uninhibited
by any heating sources, the predicted mass cooling rates would be indicative of much higher star-
formation rates than seen. Therefore, it is thought that the AGN could be supplying heat to the
surrounding area (Pedlar et al., 1990; Baum and O’Dea, 1991; Tabor and Binney, 1993; Tucker and
David, 1997). Jets from the AGN deposit energy into bubbles suspended in the surrounding hot
gas (McNamara et al., 2000). These bubbles of hot plasma have been observed around the nuclei
of BCGs (Boehringer et al., 1993). The bubbles then rise buoyantly through the hot interstellar
medium (or intergalactic medium), consequently pushing aside the hot gas and making way for new
bubbles to form. However, it has been found that the production and dissipation of bubbles is a
gentle, continuous process, and that the energy is more likely distributed via shock waves that arise
from differences in pressure from jets (Fabian et al., 2003, 2006). Such shock waves have been
observed in various clusters such as the Virgo cluster (Forman et al., 2005), the Centaurus cluster
(Sanders and Fabian, 2008) and A 2052 (Blanton et al., 2011), although these are only observable

in the brightest clusters due to the weak amplitude of the waves (Graham et al., 2008).

While these effects have also been observed in lower X-ray luminosity groups of galaxies
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(David et al., 2011; Randall et al., 2011), it is unclear the extent to which they occur in elliptical
galaxies (Nulsen et al., 2007; Nulsen et al., 2009), and how the bubbling activity scales with galaxy
mass/luminosity, if at all. Attempting to observe these effects in smaller galaxies poses challenges
such as lower resolution, low surface brightness and low-mass X-ray binaries contaminating sources

(e.g. Humphrey et al., 2011).

1.2.3 External mechanisms: In-falling galaxies

Evidence of a morphology-density relation was shown by Dressler (1980), which found that early-
type galaxies are more likely to be found in higher-density environments such as the cores of
rich clusters. Furthermore, while the fraction of elliptical galaxies increases to 60 — 70 per cent
in the cluster core, the fraction of lenticular galaxies increases with decreasing cluster-centric
radius, before decreasing significantly in the central region (Whitmore et al., 1993; Boselli and
Gavazzi, 2006). Spiral galaxies are much rarer in high-density environments, and are only found
in the outskirts of local clusters; although rare passive spirals have been found in high-density
environments (Goto et al., 2003a). At high redshift (z ~ 0.5), the spiral fraction in rich clusters is
higher, and the lenticular fraction is lower (Dressler et al., 1997; Fasano et al., 2000). This suggests
that over the last few Gyr, elliptical and lenticular evolve from spiral galaxies (e.g. Peng et al.,

2015).

In the Sloan Digital Sky Survey (SDSS), such relations with galaxy density are also seen,
with the presence of red bulge-dominated galaxies increasing as a function of cluster-centric radius
(Goto et al., 2003b; Balogh et al., 2004). These relations hold in lower-density environments also,
with galaxy groups showing increased numbers of elliptical (and quenched) galaxies (Postman and

Geller, 1984; Wetzel et al., 2012, 2013).

There is a clear environmental dependence on the star-formation rate, and more generally,
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the evolutionary state of the galaxy. The mechanisms at work are less obvious, although several
mechanisms have been proposed. For a galaxy to quench, it needs to run out of cool gas for star-
formation. In a somewhat analogous way to AGN feedback, this can happen by either preventing the
accretion of fresh gas onto the galaxy due to interactions between the cool interstellar medium and
hot intergalactic medium (‘strangulation’, Balogh et al., 2000; Peng et al., 2015), or by the forceful
removal of the gas reservoir (ram-pressure stripping, Gunn and Gott, 1972). Increased gravitational
forces at play in a high-density environment can lead to increased galaxy-galaxy interactions, in

the form of harassment (Moore et al., 1996, 1998) or mergers (Toomre and Toomre, 1972).

There is evidence that strangulation as a quenching mechanism can explain the observed
metallicity differences between star-forming galaxies and quenched galaxies in the local Universe
(Peng et al., 2015). If a galaxy cannot accrete fresh gas, but its gas reservoir still remains, it can
remain forming stars on gas depletion timescales. For a galaxy that does not accrete any new gas,
its star-formation rate declines as (Balogh et al., 2000)

-3.5
M. () = M. (0) (1 + 0.33;) M, yr, (1.6)

e
where ¢ is defined as some time after the final gas accretion, M, (0) is the initial star-formation rate,
and ¢, is the characteristic gas consumption timescale. This is found in Balogh et al. (2000) to be
~ 4 Gyr for a typical star-forming galaxy. This supports the evidence in Peng et al. (2015), which
models the metallicity differences between star-forming galaxies and quenched galaxies. Consider
a galaxy whose gas reservoir is suddenly stripped away. It quickly quenches, thus its metallicity
remains similar to its metallicity before the gas reservoir was removed. Alternatively, if a galaxy
retains its gas but simply cannot accrete fresh gas, it will continue to form stars but will also build
its metallicity. In other words, it will eventually quench in the time it takes to form the remainder of
its gas into stars. Using a closed-box model, Peng et al. (2015) found that the metallicity differences
between star-forming galaxies and quenched galaxies matched metallicity differences seen ~ 4 Gyr

after strangulation.
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In some cases, the pressure of the hot intergalactic gas can be so great that the cool interstellar
gas of the infalling galaxy can be stripped away. This is called ‘ram-pressure stripping’ (Gunn and

Gott, 1972), where the ram pressure P, is proportional to the velocity of the infalling galaxy as,
P, ~ pevz, (L.7)

where p, is the intracluster density and v is the speed of the infalling galaxy. A typical spiral galaxy
is held together by a force of

F =2rnGoyoy, (1.8)

where o is the star surface density and oy is the gas surface density. For a typical spiral galaxy
with stellar mass of 10! M, and radius of ~ 10 kpc, the star surface density is o5 = 0.06 g cm™2. If
the gas layer is 200 pc thick, with a density of ~ 1 atom cm™>, the gas density is o, ~ 107> gcm™2.
This means that the restoring force of the galaxy is 2.5 x 10! dyn cm™2. For a galaxy moving
through the intracluster medium at 1700 km s~!, we can see from Equation 1.7, the ram-pressure
would be 5 x 1073n dyn cm~2, where n is the intracluster number density. This means that if a

3

cluster has 5 x 10™* atoms cm ™3, an infalling galaxy will be stripped of its gas.

In the decades since this theory of ram-pressure stripping was formalised, much work
has been done on galaxies with observable extended gaseous emission, often called ‘jellyfish’
galaxies (Smith et al., 2010; Poggianti et al., 2017). These tails of ionized gas can extend for
10s of kiloparsec from the original galaxy (Bellhouse et al., 2017), and can even facilitate new
star-formation (Poggianti et al., 2019). Of course, since up to 50 per cent of the gas can be lost
in this catastrophic process, the galaxy quenches soon after stripping (Bellhouse et al., 2017).
Furthermore, there is evidence that the ram-pressure of the group or cluster can have a profound
effect on the morphology of the galaxy; the gas trails sometimes appear to follow lines along the
spiral arms of the galaxy, indicating the forces involved can cause ‘unwounding’ of the spiral arms

(Bellhouse et al., 2021).
Another fate to which galaxies in high-density environments may be subjected is ‘harass-
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ment’. This is the combination of tidal-forces from the entire group or cluster and high-speed
encounters with other group or cluster members (Moore et al., 1996, 1998). In order for galaxies to
be sufficiently affected, there are many factors to consider. The efficacy of the harassment depends
on the orbital parameters of the galaxy, the properties of the galaxy itself, and the properties of the
group or cluster (Bialas et al., 2015). Tidal forces from the cluster are stronger on galaxies with
orbits that bring them closer to the cluster core (Smith et al., 2015). This also increases the chance
of encounters with other members. Bialas et al. (2015) find in simulations that the stellar mass loss
experienced by galaxies increases from ~ 5 per cent for the outermost orbits to 24 — 50 per cent for
the closest orbits which have apocentre of 0.5 Mpc. The inclination of the galaxy along its orbit
can also have a profound effect on the extent of harassment (Villalobos et al., 2012). For galaxies
with an inclination of 90° with respect to the orbital plane, the stellar mass loss is halved compared
to galaxies with an inclination of 0° (Bialas et al., 2015). Finally, harassment can induce changes
to the structure of the galaxy (Bialas et al., 2015). Furthermore, the group environment has been
shown to be very effective at causing morphology changes in satellite galaxies (Villalobos et al.,

2012).

Several studies have reported on the importance of group pre-processing in building up the
current quenched satellite population in massive clusters. van den Bosch et al. (2008) study central
and satellite galaxies in groups, and find that ~ 70 per cent of red satellite galaxies at M, ~ 10° Mg
quenched as satellites in groups, rather than being quenched already at the time of accretion. This
fact, however, does not hold in larger haloes such as clusters. In fact, a significant portion of
cluster galaxies were accreted via smaller haloes, meaning many z = O cluster satellites began
to quench in a different halo than they one they are currently in. McGee et al. (2009) find that
present-day clusters (M) 2 10143 Mo) accrete ~ 40 per cent of galaxies through M), 2> 10"° Mg
haloes. Noting the fact that cluster cores at high redshift contain bluer galaxies than at present
day (the Butcher-Oemler effect, Butcher and Oemler, 1978), McGee et al. (2009) interpret these

results as evidence that the environmental processes that induce quenching in satellites must begin
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in 10'2 — 103 My, haloes, and subsequently operate over timescales of > 2 Gyr. Furthermore,
Bianconi et al. (2018) show that, binned by cluster-centric radius, there are generally fewer star-
forming galaxies in groups which are infalling to clusters compared to the other cluster galaxies.
These results are supported by Wetzel et al. (2013) who use N-body simulations to track satellite
orbits. They find that current satellites experienced their first infall into any halo around ~ 5 Gyr
ago. It is shown that the fraction of satellite galaxies that quenched in their current halo is as high
as ~ 70 per cent for group-sized haloes, and as low as ~ 30 per cent for more massive haloes,
further indicating the importance of groups in the evolution of satellites. Additionally, it is found
that after first infall, satellites remain actively star-forming for 2 — 4 Gyr, and then quench quickly
(< 0.8 Gyr). Similarly, Donnari et al. (2021) find, through the use of the IllustrisTNG suite of
hydrodynamical cosmological simulations, that virtually all z = O satellites that were accreted
into their current halo 2 4 — 6 Gyr ago are now quenched. These results are consistent with a
‘delayed-then-rapid’ model of satellite quenching (Wetzel et al., 2013), with strangulation (Balogh
et al., 2000) being a possible mechanism as described earlier. Moreover, the quenched fraction of
satellites in massive (M200 > 1013 M@) haloes decreases as a function of increasing redshift, with
> 80 per cent of satellites being quenched at z = 0 and as few as ~ 10 per cent of 10'® M, satellites
being quenched at z = 3 (Donnari et al., 2021). These results taken together are a manifestation of
a) the time it takes for a galaxy to fall in to a halo, and b) the time it takes to quench (see McGee

et al., 2009).

1.2.4 External mechanisms: Mergers

Galaxies, especially when they reside in a high-density environment, can sometimes interact with
other galaxies in a violent, disruptive event called a merger. This is when the gravitational forces
between two or more galaxies are so strong that the galaxies become structurally deformed, to the

point of colliding and forming one galaxy (Toomre and Toomre, 1972). Two examples of merging
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systems are shown in Figure 1.5. In the top panel, we see a Hubble Space Telescope image of
NGC 4676, or the Mice Galaxies. The two galaxies interacting in this system are spiral galaxies,
with striking blue colours, particularly in the tails. These galaxies are likely members of the Coma
Cluster. The bottom panel shows a Hubble Space Telescope image of NGC 4038 and NGC 4039,
or the Antennae Galaxies. These galaxies are currently colliding and undergoing a starburst phase.

The catastrophic nature of mergers is clearly evident here.

Mergers are typically characterised by the mass ratio u of the two systems, with a ‘major’
merger usually referring to one with a mass ratio of between 1:1 and 4:1, and a ‘minor’ merger
referring to anything with a larger mass ratio. Major mergers are, of course, much more disruptive
and bring about more significant changes to the galaxy than minor mergers. That said, major
mergers are rare, and so don’t contribute significantly to the build-up of the present-day quenched
population of galaxies (compared to repeated minor mergers, Naab and Ostriker, 2017). Neverthe-
less, determining the nature and rate of mergers is necessary to disentangle feedback processes and
outflows, and understand how the morphology of galaxies can change. Early papers used simple
analytical models (Lacey and Cole, 1993) and simulations (Kauffmann et al., 1993) to determine
merger rates, and to study the behaviour of gaseous inflows and the subsequent starburst (Mihos and
Hernquist, 1996). Today, simulations and observations are more sophisticated, such that mergers
can be tracked and analysed more rigorously. The merger rate R as a function of redshift has been
determined to be proportional to (1 + z)”, with m ~ 0.8 — 1.8 in observations (Mantha et al., 2018;
Duncan et al., 2019) and m ~ 2.4 — 2.8 in simulatons (Rodriguez-Gomez et al., 2015; Ferreira

et al., 2022).

Mergers are known to have profound effects on the gas content, star-formation, and mor-
phology of the galaxy. The merger can result in increased gas densities, inducing a starburst. This
appears to be the case in a z = 1.395 galaxy, which shows a compact region of star-formation,
indicative of a merger, with SFR = 550 + 10 Mg yr~! (Puglisi et al., 2021). A massive outflow

of gas was detected from this galaxy, amounting to 46 + 13 per cent of the molecular gas of the
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(a) The Mice Galaxies. Visible are long tidal tails caused by the gravitational forces of the interacting
galaxies. By NASA, H. Ford (JHU), G. lllingworth (UCSC/LO), M.Clampin (STScl), G. Hartig (STScI),

the ACS Science Team, and ESA.

(b) The Antennae Galaxies. The disruption of stars, gas, and dust are very clear. By ESA/Hubble.

Figure 1.5: Some examples of merging galaxies.
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galaxy, or Moy = 2.0 £0.5 X 10'°Mg. Given the luminosity of the AGN in this galaxy, the outflow
mass rate is ~ 2 orders of magnitude above what it should be from scaling relations. Similarly,
if attributed simply to starburst-fuelled outflows, an outflow of this size would suggest an SFR
> 1.4 x 10* Mg, yr~! from scaling relations, which is unphysical for a singular galaxy. Thus, the
outflow is explained as being driven by tidal flows from the merger. It is clear to see, from the

magnitude of the outflow and the SFR, that this galaxy will quench soon.

The galaxy from Puglisi et al. (2021) is an extreme but illustrative example of how a merger
can induce a starbust and subsequently quench a galaxy. However, there are conflicting reports in
the literature about how efficiently mergers can reduce star-formation. For example, Pearson et al.
(2019) uses a convolutional neural network to identify mergers and non-mergers in various imaging
surveys, and compares the SFRs of the merging and non-merging galaxies. They find only a minor
difference in the SFR between merging galaxies and non-merging galaxies, which seems in tension
with the hypothesis that mergers can induce a starburst and then quench a galaxy. However, what is
missing from this study is any sense of the timescales involved in the merging process. As merging
is a slow process, and the quenching takes place after the starburst, direct observational evidence of
merger-induced quenching is difficult to obtain. Simulations focused on merger-based quenching
mechanisms, however, find significant links between major mergers and increased SFR (Rodriguez
Montero et al., 2019) and are able to successfully reproduce observed quenched populations (Gabor
etal., 2010). A favoured explanation of how mergers can cause quenching is by the merger inducing
an AGN. Satyapal et al. (2014) study AGN in galaxy pairs, and find an increased fraction of AGN in
galaxy pairs compared to a matched control sample of isolated galaxies. Additionally, they find that
the fraction of AGN increases as a function of decreasing separation between the galaxies. They
also find that the AGN in galaxy pairs exhibit higher luminosities than those in the control sample,
with the most luminous AGN being found in post-mergers. A later study of dual and offset AGN
(Comerford et al., 2015) agrees with these results; they find that 4 out of 6 confirmed dual/offset

AGN (of 12 candidates) are located in galaxies currently experiencing major mergers, and these
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AGN are on average 10 times more luminous than the single AGN in their sample.

Despite these convincing results, there are still discrepancies in the literature. Villforth et al.
(2014) investigates the morphologies of AGN galaxies at z ~ 0.7, in search of merger or post-merger
signatures. They find no significant differences between the asymmetries of AGN galaxies and of
control galaxies in general, nor as a function of luminosity. Even in the highest luminosity bins,
where studies described above find the strongest links between mergers and AGN activity, Villforth
et al. (2014) find little significant evidence to connect mergers to AGN. This may, once again, be a
manifestation of the timescales at play, where merger signatures remain evident for ~ Myrs to ~ 1
Gyr. This, however, would likely still result in elevated AGN incidence in this study, as the time
delay between starburst and AGN activity is ~ 100 Myr (Di Matteo et al., 2005; Hopkins et al.,
2006). Another possibility is that this study misses the most obscured AGN which may be related
to an early stage in the merger cycle (see Satyapal et al., 2014). Nevertheless, the difficulty lies in
capturing a complete sample of AGN at different stages of a merger, and in consistently identifying
mergers and their signatures. By implementing more sophisticated techniques such as machine
learning with a convolution neural network to identify post-merger systems, it is easier to distinguish
between star-forming systems and merging systems, even among asymmetric galaxies. Ferreira
et al. (2022) develop a pipeline to achieve this based on the IllustrisTNG suite of simulations, and
find evidence that merging systems, compared to star-forming galaxies, exhibit a morphological

transition from disk to bulge-dominated.

It is clear from the above that, while mergers do not contribute a significant amount to the
global star-formation budget nor to quenched galaxies at z ~ 0 (Weigel et al., 2017), their role and
connection to AGN must not be neglected. Smethurst et al. (2022) also note that AGN properties
between merging galaxies and non-merging galaxies are consistent with each other, implying
consistent secular evolution may take place during the long timescales between occurrences of
mergers. In any case, the link between the aftermath of mergers and AGN feedback is challenging

to disentangle.
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1.3 Superluminous supernovae

1.3.1 Classification

A class of supernovae 10— 100 times brighter than typical supernovae was first noted by Richardson
et al. (2002), noting such events were rare (fraction < 0.01). Extensive study of so-called ‘super-
luminous’ supernovae (SLSNe) followed, and originally culminated in a review (Gal-Yam, 2012)
which classified an event as being superluminous if it had an absolute magnitude of M < —21.
However, over the course of the last decade, it has become clearer that a magnitude/luminosity
threshold is not enough to be representative of the SLSNe class (De Cia et al., 2018). Note that
SLSNe are split into two groups, Type I and Type II, depending on the lack or presence of hydrogen
in their spectra respectively. This is analogous to typical SNe, however there are differences be-
tween the mechanisms that power each of these classes of events. That said, the rest of this section

will only focus on SLSNe-I (hereafter simply SLSNe), as SLSNe-II are not relevant in this work.

The bolometric lightcurves of SLSNe have unique shapes that make them distinct from
other SNe. They have longer rise times and decay times (Nicholl et al., 2015b; De Cia et al., 2018),
and sometimes exhibit ‘bumps’ both pre-peak and post-peak. Nicholl and Smartt (2016) found that
early bumps can last for ~days to weeks, and are typically brighter than normal SNe, and sometimes
even are comparable to the peak luminosity of the SLSN (Gal-Yam, 2019). Pre-peak bumps are,
at least, very prevalent (Nicholl and Smartt, 2016). As for post-peak bumps, Nicholl et al. (2016b)
noted bumps in SN 2015bn occurring up to ~ 100 days after the peak. Such bumps have been seen
in other events (Inserra et al., 2017), although it is difficult to know conclusively the nature of these

bumps without long timescale observations of SLSNe post-explosion.

At peak luminosity, the spectra of SLSNe are very blue, indicating very high temperatures
of 20,000 K (e.g. Bose et al., 2018). There are also very notable Om absorption lines (Quimby
et al., 2018), which are unique to SLSNe.
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After peak, temperatures cool and the spectrum evolves to strongly resemble that of a typical
SN Ic (Nicholl, 2021). In fact, there have been several studied events which appear to be similar
to both SLSNe and SNe Ic. In the days before SLSNe were even classed as a distinct type of
event, Pastorello et al. (2010) noted that SN 2010gx showed a blue continuum and O11 absorption
lines, which we know now are consistent with SLSN classification. At late-times, the lightcurve
resembles more that of a SN Ic. Similarly, (Gomez et al., 2021d) present a study of SN 2019stc,
which they classify as a SN Ic. They note that the spectrum of this event lacks the blue continuum
found in SLSNe and is consistent with typical SN Ic spectra, but the peak luminosity of SN 2019stc
is much brighter than other SNe Ic, although not quite as bright as SLSNe. Furthermore, the
lightcurve of this event has two prominent peaks. The authors suggest that a combination of a
magnetar, radioactive decay, and circumstellar material (CSM) interaction power this supernova
(these possible power sources will be explained in Section 1.3.2), with the first peak being caused by
the magnetar and the radioactive decay, and the CSM interaction causing the second peak. Gomez

et al. (2021d) call this event a ‘transition’ object between SNe Ic and SLSNe.

1.3.2 Possible energy sources

SLSNe differ from normal SNe by the fact that they are not powered by radioactive decay of °Ni
(Nicholl et al., 2014). The masses required to reproduce the energy seen in SLSNe are unphysical.

Thus, there are two power sources which are favoured; a combination of these is also plausible.

It is thought that a rotating neutron star with a strong magnetic field, known as a magnetar,
could provide the energy required for SLSNe (Woosley, 2010). Attempts to model observed
lightcurves and spectra using magnetars as a power source have been fairly successful (e.g. Dessart
etal., 2012; Inserra et al., 2013; De Cia et al., 2018). However, this model does not fully capture all
the features of a SLSN. The magnetar model cannot explain the bumps seen pre-peak and post-peak

(Nicholl et al., 2015a, 2016b), thus another mechanism is likely to also contribute to produce these
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features.

Interaction with CSM blown away from the star pre-explosion is another process that is
considered to be powering SLSNe. Other SNe also show signatures of such interaction, through
various absorption lines in their spectra. Interaction with CSM can potentially explain at least
some of the bumpiness seen in SLSN lightcurves (although a combination of mechanisms remains
plausible, see Nicholl et al., 2016a). Hosseinzadeh et al. (2022) employ a CSM model on a
sample of SLSNe exhibiting late bumps, and constrain Mcsy to be ~ 0.1Mg at a distance of
~ 10° R,. However, they cannot rule out a magnetar-powered model. Fiore et al. (2022) analyse
the photometry and spectroscopy of SN 2018hti. They also attempt to constrain the CSM mass,
and the properties of a possible magnetar. They find that 8 Mg of ejecta may be interacting with
~ 10 Mg of CSM, or, that a magnetar with magnetic field B ~ 1.3 x 10!3 G and a period P ~ 1.8

ms could be powering the SN.

It is clear that there is a wide diversity of events within this class, with many edge-cases
emerging and muddling the picture further. Blanchard et al. (2021) present analysis of the SLSN
SN 2016inl. The spectrum of this event is similar to that of PS1-14bj, which appears consistent with
a pair-instability supernova (PISN). However, due to the behaviour of the lightcurve at late-times,
the authors rule of the possibility of a PISN. Instead, the decline in the lightcurve may be explained
by the spin-down of a magnetar, following a power-law: L o r~28. With this model, an unusually
large ejecta mass is found (~ 20 Mg). The event SN 2019stc (Gomez et al., 2021d) was discussed
above, and was found to be a ‘transition’ object between SNe Ic and SLSNe. Nevertheless, the near
future will allow for high-cadence observations of SLSNe, via the LSST at Vera Rubin Observatory,

which will help uncover the mysterious mechanisms that power these events.
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1.3.3 Rates of SLSNe

These explosive events are extremely rare; only ~ 100 classified events have been detected. By
simulating SNe and comparing to observations, Frohmaier et al. (2021) compute volumetric rates
for core-collapse supernovae (CCSNe), stripped-envelope supernovae (SESNe), and SLSNe. They
find that, at a mean redshift of (z) = 0.028, CCSN occur ata rate of rS¢ ~ 9x 107> yr™! Mpc™ A3,
For SESNe, they find the volumetric rate r5E to be < 0.3 r$€. On the other hand, the inferred rate
of SLSNe at (z) = 0.17 is estimated to be 755N ~ 3.5 x 1078 yr~! Mpc ™3 h%' This means that,
for 1 SLSN, there should be ~ 3500 CCSN, or ~ 810 SESN. When looking only at the host galaxy
stellar mass bins where SLSNe occur, i.e. log M,./Mg < 9.5, this ratio increases to approximately
1/1700 and 1/300 for CCSN and SESN, respectively. This further exemplifies the importance of

upcoming high-cadence, wide-field surveys such as LSST for understanding the physics of SLSNe.

1.3.4 Host galaxy properties

Direct observations of SLSN host galaxies are challenging, as these events usually occur in faint
dwarf galaxies. That said, more and more studies of individual SLSN hosts, and of samples of hosts,
are emerging. These studies show that SLSNe are found in galaxies with log M./Mg < 9.5, high
specific star-formation rate, and that SLSNe favour low-metallicity environments with Z < 0.4 Zg
(Lunnan et al., 2014; Chen et al., 2015; Perley et al., 2016b; Gomez et al., 2021d; Schulze et al.,
2021). Still, some outliers remain; for example, SN 2017egm occurred in a spiral galaxy, with a
stellar mass of log M,./Mg = 10.5 (Chen et al., 2017b). The SLSN occurred in an environment
with metallicity Z = 2.6 Zg, which is the highest metallicity detected of any SLSN. Such events

pose a challenge to the understanding of the mechanisms behind SLSNe.

There is evidence that suggests some SLSNe could arise because of interactions between

their host galaxy and other galaxies, leading to a starburst. By examining spatially resolved
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observations of the SLSNe PTF 11hrq and PTF 12dam, Cikota et al. (2017) find that both host
galaxies are likely interacting with a nearby companion, due to starburst regions within the galaxies
and disrupted morphologies. Chen et al. (2017a) perform similar analysis on the SLSN LSQ14mo,
and find their results are consistent with an interacting galaxy system, which could explain the
increased star-formation in the region of the SLSN. The host galaxy environments of SLSNe will

be investigated further in Chapter 4.

1.3.5 Links with gamma-ray bursts

There is an uncertain connection between SLSNe and long GRBs (LGRBs). LGRBs generally
occur in galaxies with high star-formation rates, and are associated with CCSNe (Woosley and
Bloom, 2006). Similarly, Lunnan et al. (2014) find that LGRBs and SLSNe are found in roughly
similar host galaxies. Although, the host galaxies of SLSNe have lower stellar masses than those
of LGRBs, and thus lower metallicities (Angus et al., 2016). Schulze et al. (2018) find that the
cut-off for metallicity for SLSN hosts is ~ 0.4 dex lower than for LGRBs. SLSNe are found to be
less clustered in the brightest regions of galaxies compared to LGRBs, which Lunnan et al. (2015)

interpret as evidence for lower-mass progenitors of SLSNe than of LGRBs.

Ultra-long GRBs are rare events, lasting 103 - 10% s (Levan et al., 2014). One of the
hypothesised mechanisms behind these mysterious events is a magnetar (Ioka et al., 2016), which
may be responsible for SLSNe as discussed above. Greiner et al. (2015) reports on SN 2011kl, a
normal supernova that exhibits some traits similar to a SLSN, which has an associated ultra-long

GRB 111209A. They also hypothesise that a magnetar could explain the behaviour of this event.
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1.4 Outline of thesis

This thesis is outlined as follows: Chapter 2 describes a study on environmental quenching; Chapter
3 describes a study on AGN variability; Chapter 4 describes a study on superluminous supernova

host galaxies; finally, Chapter 5 summarises and concludes the material covered in this thesis.
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Chapter Two

Environmental galaxy quenching

This Chapter contains the paper "The environmental dependence of rapidly-quenching and reju-
venating galaxies" (Cleland and McGee, 2021), published in MNRAS. In the original paper, the
terminology ‘transient galaxy’ was used, however in this thesis, the term ‘recently-quenched galaxy’

is adopted to avoid confusion with stellar transients.

By combining Ha flux measurements from the Sloan Digital Sky Survey (SDSS) with UV
flux observations from the Galaxy Evolution Explorer (GALEX), we examine the environmental
dependence (through central/satellite distinction) of the rapid quenching and rejuvenation of galax-
ies. Ha emissions trace the most massive stars, thereby indicating star-formation on timescales
of ~ 10 Myr, while UV emission traces star-formation on timescales of ~ 100 Myr. These vary-
ing timescales are exploited to probe the most recent star-formation histories of galaxies. In this
work, we define a class of recently-quenched (RQ) galaxies which have UV emission typical of
star-formation but negligible Ha emission. We find that the occurrence of these RQs has a strong
stellar mass dependence in both the satellite and central population. However, while at stellar
masses greater than M, ~ 100 Mg, they occur with equal frequency regardless of environmental
class, at lower stellar masses they are more common in satellites only, with an excess of about 1

percentage point across all low stellar mass galaxies. These satellite RQs also have a strong halo
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mass and group-centric radial dependence suggesting they are driven by an environmental process.
Finally, we select a sample of galaxies with He emission but not UV emission which could contain
short-timescale rejuvenating galaxies. These rejuvenating candidates are few in number and do not
have a strong difference in their occurrence rate in centrals or satellites. These unique probes point
to an environmental quenching mechanism which occurs on short timescales after the satellite
has been in the group environment for a significant time — consistent with ‘delayed-then-rapid’

quenching.

2.1 Introduction

It has been established that the distribution of colours of galaxies is bimodal, with star-forming
galaxies belonging to the ‘blue cloud’ and quiescent galaxies belonging to the ‘red sequence’
(Strateva et al., 2001; Bell et al., 2004). The redshift evolution of galaxy populations suggests that
the quenching of star-formation is the likely process which moves a galaxy from the blue cloud
to the red sequence (Baldry et al., 2004; Faber et al., 2007). However, there are many separate
physical mechanisms that may be contributing to the reduction and cessation of star-formation in a

galaxy. These mechanisms are often broadly classed as internal or external processes.

Internal processes refer to those that occur due to the individual galaxy properties, such
as morphology or the presence of an AGN. Morphological quenching may either prevent star-
formation from taking place, such as with the presence of a bulge which may prevent the collapse
of the disc and the formation of stars (Bluck et al., 2014), or accelerate gas consumption, whereby
the presence of a bar directs material to the centre of the galaxy (Athanassoula, 1992) where
it is depleted more efficiently thus leading to a reduced SFR (Zurita et al., 2004; Sheth et al.,
2005). Alternatively, a galaxy with an AGN may experience feedback which provides heat to the

surrounding gas, preventing star-formation (Fabian, 2012; Smethurst et al., 2017).
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External processes are those where the environment of a galaxy is relevant. These include
mergers, which may violently heat and expel gas, and are also often responsible for morphological
changes to a galaxy (Gabor et al., 2010). Ram-pressure stripping occurs when a galaxy encounters
gas upon infall to a group or cluster, causing its cool gas to be stripped away (Gunn and Gott, 1972).
Ram-pressure stripping results in a relatively quick depletion of gas, operating at a fraction of cluster
crossing-time timescales (~ 107 yrs, Abadi et al., 1999). A galaxy will quench its star-formation
on gas consumption timescales if it fails to accrete additional cool gas through either the removal
of the gas reservoir (e.g. ‘strangulation’, Balogh et al., 2000) or the cutting off of cosmological

accretion (e.g. ‘overconsumption’, McGee et al., 2014).

It is not trivial to discern which of these internal or external processes are dominant (if
any) for a given galaxy as they are heavily related and dependent on each other. One way to
determine if internal or external processes are dominant is by examining the galaxy properties as
a function of their environment. If a particular property has no environmental dependence, then
it is likely driven by internal mechanisms, and alternatively, a strong environmental dependence
is indicative of a strong external mechanism. There is clear evidence that local environment
of a galaxy has a prominent effect on its star-formation rate. In addition to a well-documented
morphology-environment correlation (Dressler, 1980), it has been shown that satellite galaxies in
a group or cluster exhibit an increased fraction of quenching compared to galaxies at the centre
of the group or cluster or isolated field galaxies (e.g., McGee et al., 2011; Wetzel et al., 2012;
Ziparo et al., 2014). However, evidence for the regimes in which internal or external mechanisms
dominate is not yet clear. One promising avenue for further elucidation of this is to examine the

locations and abundances of galaxies currently undergoing rapid quenching.

Much of the work on rapidly quenching galaxies has been done using the class of galaxies
called E+A or post-starburst galaxies. These were first discovered by Dressler and Gunn (1983) who
found three galaxies within a galaxy cluster with very strong Balmer absorption lines. Using stellar

population modelling, those authors suggested these galaxies resulted from a burst of star-formation
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(~ 20 per cent of the total stellar mass formed within 10® yrs), and later became quenched. This
early identification and interpretation has led to their synonymous identification as ‘post-starburst’
galaxies. Later work focused on the occurrence of these galaxies in clusters, and their classification
standardized into requiring the non-existence of a current star-formation indicator ([OII] in early
studies) along with the strong Ho absorption. It has been clear since the early days, when the
proportion of cluster galaxies classified as E+A’s varied from ~ 30 per cent to 2 per cent (Couch
and Sharples, 1987; Poggianti et al., 1999; Balogh et al., 1999), that the relatively small sample
sizes of E+A’s combined with their sensitive dependence on the details of the target selection,
spectroscopic reduction and parameter estimation, could have a big impact on the interpretation.
These uncertainties have continued, and the literature is unsettled on many of the major questions
about E+A environmental dependencies (Zabludoff et al., 1996; Paccagnella et al., 2019; Owers
et al., 2019), morphological composition (Pracy et al., 2009; Swinbank et al., 2012; French et al.,
2016) and triggering mechanisms (Zabludoff et al., 1996; Bekki, 2014; Yesuf et al., 2014; Pawlik
et al., 2019; Vulcani et al., 2020).

In this study, we begin a fresh look at the question of rapidly quenching galaxies by selecting
them in a new way — using a combination of UV emission and Ha emission. Although some studies
have examined the UV properties of previously selected E+A galaxies (Kaviraj et al., 2007; Melnick
and De Propris, 2013), to our knowledge, this is the first time where the primary selection of the
rapidly quenching galaxies has been made using UV with spectral diagnostics. Our method has the
benefit of being sensitive to shorter timescales of star-formation than the traditional E+A method,
and thus may allow a better pinpointing of the quenching driver. We will constrain the timescale of
the quenching processes by determining the recent star-formation history (SFH) of each galaxy. To
do this, we define a ‘recently-quenched’ galaxy (RQ) as one that has a star-forming UV component
but a lack of Ha. Ha traces young O-type stars, which typically have a lifetime of about 10 Myr,
while UV traces O- and B-type stars, where the latter typically lives for ~100 Myr. This disparity

means that a lack of Ho measurements implies star-formation has ceased less than ~100 Myr ago.
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Due to the sensitivity of these star-formation tracers to stars of different masses, this method allows

us to investigate the short timescale differential SFR of galaxies in the process of quenching.

Using this new classification of galaxy, we will attempt to isolate the internal/external
mechanisms by examining the differential effects of quenching on the environment of the galaxy
and by characterizing the timescale over which the cessation of star-formation occurs. We define
‘environment’ as the location of the galaxy in its host dark matter halo. Central galaxies are the
galaxies that have the most stellar mass in their local potential and are often assumed to be located
in the center of the dark matter halo. By this definition, central galaxies contain both the dominant
galaxy in a group or cluster as well as an isolated galaxy in the ‘field’. Galaxies which appear

gravitationally bound to a halo in which they are not the dominant galaxy are called ‘satellites’.

Subsequently, the properties of each satellite and how it relates to its group may be investi-
gated to probe the effects of the immediate environment of the satellite. For this work, we consider
the group-centric radial position of satellite galaxies, and the relative velocity of the satellite to the
central galaxy. Combining all these data, we aim to discern the dependencies of these quenching

processes and which, if any, are dominant.

The data used for this work will be described in Section 2.2. The results will be presented
and explained in Section 2.3. There will be a discussion of the results in Section 2.4, and finally,
our work will be summarised in a conclusion in Section 2.5. Throughout this work we adopt the
following cosmological parameters: Hy = 72kms™' Mpc™!, Qx = 0.7, Qy = 0.3. We assume a

Kroupa IMF (Kroupa, 2001).
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2.2 Data

Our sample is derived from the set of galaxies with spectroscopic measurements in the Sloan Digital
Sky Survey (SDSS) Data Release 7 with 0.01 < z < 0.2 (Abazajian et al., 2009). Although more
recent data releases are available from SDSS, this version contains several ‘value-added’ catalogues
which we use. For each galaxy, we use the survey completeness correction given by Blanton et al.
(2005) to mimic a complete, flux-limited sample to the depth of the SDSS spectroscopic catalogs.
Further, we use the volume corrections calculated by Omand et al. (2014)! to ensure selection
effects do not significantly bias our results. For each galaxy, we compile the stellar mass (M../My),
Ha flux (non-corrected for stellar absorption, [erg sl ecm™2]) and equivalent width (EW [A]) from

the MPA-JHU value added catalogs (Brinchmann et al., 2004)2.

The UV emission measurements are taken from the GALEX-SDSS-WISE Legacy Catalog
Medium-Deep 2 (GSWLC-M2) (Martin et al., 2005; Morrissey et al., 2007; Salim et al., 2016,
2018)34. For our purposes, this catalogue provides well-matched GALEX photometry to the
SDSS spectroscopic galaxy sample. The GALEX satellite provided photometry in both the Near
Ultraviolet (NUV; 2300 A) and Far Ultraviolet (FUV; 1500 A). Although the FUV is a cleaner
probe of the recent star-formation rate in local galaxies, there are many more measurements of
galaxies in the NUV due to a failure of the FUV instrument. We will use NUV as our ultraviolet
probe in this paper, but we note that we have explored using FUV instead and find no qualitative
change in our results except for a reduction in the statistical power. After matching our galaxy
sample and its associated stellar mass and Ha measurements to the GSWLC-M2, and removing
galaxies with flagged photometry or non-detections (e.g. flux in Ha or UV < 0), we are left with a

sample of 227,176 galaxies with Ha and UV coverage. Note that the fraction of removed galaxies

thttp://cdsarc.u-strasbg.fr/viz-bin/cat/J/MNRAS/440/843
2https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
3http://pages.iu.edu/~salims/gswlc/
“http://galex.stsci.edu/GR6/
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due to poor NUV observations is about 2 per cent across all stellar mass bins, with a slight increase

towards the highest mass bins.

The GALEX observations which go into the GSWLC-M2 catalog have variable exposure
times across the different pointings in the range of 650 to 4000 seconds in the NUV band (Salim
et al., 2018). Thus the flux limit also varies across these pointings. However, within the footprint
of the GALEX observations, essentially all SDSS galaxies with » < 16 are detected. For blue
galaxies (u — r < 0.8), this universal detection remains until past the » = 17.7 limit of the SDSS
main spectroscopic sample. For red galaxies (u —r > 0.8), 75 per cent of them are detected at r
= 17, while about 50 per cent are detected at 17.7. Thus, our catalog is missing some red SDSS
spectroscopic galaxies at the limit of the survey. To overcome this, when we rely on detections of
low star-formation rates in UV, we reduce the redshift limit of the sample to z = 0.1, where we are

nearly complete.

Distances are calculated assuming the redshift is dominated by the Hubble flow, and these
distances are used to compute luminosities from the fluxes. Star-formation rates (SFR /Mg yr™!)
and specific star-formation rates (sSFR /yr~!) are computed using Ha and NUV flux calibrations

from Kennicutt (1998a) as in Equations 2.1 and 2.2.
SFRiy = 7.9 x 107 Ly, [erg s7'], 2.1)

SFRyy = 1.4 x 10728L,, [erg s"'Hz™']. (2.2)

Note that these calibrations are for a Salpeter IMF (Salpeter, 1955), but we correct them to a Kroupa
IMF (Kroupa, 2001) by multiplying the SFR by 1.5. It should be noted that our results are not
sensitive to the exact form of these calibrations as we are principally interested in the differential
change between environments and our divisions between ‘star-forming’ and ‘passive’ are motivated
by empirical divisions in the observed data. For all our results, the galaxies are weighted by the
completeness and volume corrections from Blanton et al. (2005) and Omand et al. (2014). The

statistical errors are calculated using raw data.
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We obtain 221,904 petrosian magnitudes across all SDSS bands u, g, r, 7, z (Doi et al., 2010)
and match these to emission line data and stellar masses in order to produce a colour magnitude
diagram with star-formation information. These magnitudes satisfy a redshift limit z < 0.2 and

magnitude limit u < 20.

Our environmental (central/satellite) classifications come from the Yang et al. (2007) group
catalogue (hereafter YGC). In the YGC, galaxies were assigned to groups via the friends-of-friends
algorithm and the groups were assigned a total mass by rank-ordering the total luminosity (or
stellar mass) of the group members, for a given comoving volume and halo mass function. This
rank-ordering ensures that the halo mass function for a given cosmology is consistent with the total
masses in the groups. The most luminous or the most massive (in terms of stellar mass) galaxy
in a group is considered the central galaxy, while the remaining galaxies are denoted as satellites.
Again, note that this means ungrouped, or isolated, galaxies are by definition also central galaxies.

For this study, we assume a central galaxy is the one with the most stellar mass.

From the YGC, we obtain the satellite/central classification for each galaxy and the total
mass of the halo (M},) that the galaxy resides in. For the galaxies which have appropriate Ho and

UV coverage, we find a sample of 222,304 galaxies within the YGC.

For each group with redshift zg, we can also calculate the group-centric halo radius r;gg

(Equation 2.3), defined where the dark matter halo has an overdensity of 180,

1/3
rigo = 1.26 h™! Mpc ( ) (1+29)7", (2.3)

10 h=1 Mg
and the effective line-of-sight velocity dispersion o (Equation 2.4),

My,

104h~1 Mg

0.3214
) (2.4)

o =397.9kms™! (

as in Yang et al. (2007). In this manner, we calculate the projected separation between each satellite

galaxy and its central galaxy in terms of rgy of the group. We can use the redshift offset between
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Figure 2.1: Stellar mass (M..) versus specific star-formation rate [a) sSSFRy,; b) sSSFRyyv] distribu-
tions for all galaxies. Note the bimodality of the population: star-forming in the top portion of each
panel and quenched in the bottom portion of each panel. The z-axis denotes number of galaxies in
each bin, with contour lines indicating regions of equal numbers. The light purple regions signify

no data.

the satellite and the group to calculate the relative velocity difference,
Av = c(zg — 2Z5). (2.5)

In analysis, this is normalized as Av/o.

2.3 Results

2.3.1 Quenched galaxies

Although it is well established that ‘quenched’ or passive galaxies are strong functions of stellar
mass and environment, we will first examine this same phenomenon in our sample. Our motivation

is to establish the main trends, as well as examining their dependence on the star-formation tracer—
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in particular Ho and UV. In Figure 2.1, we present the distributions of galaxies with respect to
their stellar mass (M..) and specific star-formation rate (sSFR), with SFR calculated using Her in the
left panel and SFR calculated using UV in the right panel. sSFR is calculated simply by dividing
the star-formation rate by the current stellar mass and gives an indication of the star-formation the

galaxy has with respect to its integrated past star-formation rate.

There are some obvious differences in the two panels of the figure which show the impact
of SFR being calculated via Ha or UV flux which we will discuss after taking each in turn. In the
sSFRy, panel, there is a clear bimodality leading to two particular over-dense regions, one due to
star-forming galaxies, and one due to quenched galaxies. Principally, by visual inspection, a dividing
line between the two populations was chosen such that quenched galaxies have log(sSFR/yr™!) <
—11.7, and star-forming galaxies are those above this cut-off. This cut-off is lower than some
sSFR demarcations in the literature, such as Wetzel et al. (2012) who find that the trough in
sSFR between star-forming and quenched galaxies in found at sSFR = 10~!! yr~! when using
Ha-based star-formation rates. However, it is important to remember that our Ha-based SFRs are

not corrected for the effects of internal dust extinction.

In Appendix 2.A, we examine the relative effects of dust extinction on central galaxies and
satellite galaxies, with respect to several properties of the galaxies (e.g., in stellar mass bins, halo
mass bins, radial and velocity offset bins). We conclude that there is no difference in the attenuation
effects between centrals and satellites in any of these subsamples. Since applying this attenuation
correction would have no appreciable difference on the differential effects of centrals and satellites
and thus no effect on our subsequent analysis, we do not apply it. This choice allows us to use Ha
measurements for galaxies in which there is no HB measured, and maintains a clear connection
to the massive stars responsible for Ho emission. We opt to retain a larger sample of galaxies
with well-measured (SNR > 3) Ha (153,294 centrals, 37,811 satellites), compared to those with
well-measured Ha and HB (125,346 centrals, 29,318 satellites). We assert the same line of thinking

with regards to dust extinction of the UV, such that, since we are primarily interested in comparisons
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Figure 2.2: Stellar mass (Mx) versus specific star-formation rate (sSFRy,) distributions for a)

11.7 1

central galaxies and b) satellite galaxies. The grey dashed line signifies a) sSFRy, = 107"+ yr~
and b) sSFRyy = 107! yr=!. The z-axis denotes number of galaxies in each bin, with contour

lines indicating regions of equal numbers. The light purple regions signify no data.

between populations which should be equally affected by dust, corrections for extinction are not

required.

Turning our attention to the right panel of Figure 2.1, we can see the distribution of galaxies
in the sSSFRyvy—stellar mass plane. It is clear that with this star-formation indicator, the bimodality
is still apparent as in the Ha case. However, we note that the division in the bimodality is different
to that in sSFRy,,, and still not exactly equal to the common cut-off point in literature. Thus, we
demarcate star-forming and quenched galaxies using a cut-off of log(sSFR/yr™!) < —11.1, chosen
from the local minimum of the sSFRyy distribution of the sample. We can now investigate how
the sSFR distribution varies with environment. In Figure 2.2, we present the galaxy distribution
in the sSFR—stellar mass plane, where we measured the sSFR using He, for central galaxies (left
panel) and satellite galaxies (right panel). There are interesting, but expected, differences between
the environmentally separated populations. It is clear that the quenched population appears more

prominent with respect to the star-forming population at all stellar masses in the satellite galaxies
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than it does in the central galaxies. It is worth noting the relative lack of quenched galaxies with
M., < 10'03 My, in the central population, but their prominence in the satellite population. To have
a more quantitative view of these distributions, we present Figure 2.3, in which we bin the data
in stellar mass, and calculate the fractions of quenched galaxies with respect to the total number
of galaxies, f; = Nq/N, for centrals and satellites separately. Error bars are determined using the
percent point function of a beta distribution where the input parameters are the number of quenched
centrals (satellites) and the total number of centrals (satellites) in each mass bin (Cameron, 2011).
At all stellar masses, there is a larger fraction of quenched satellite galaxies than quenched central
galaxies, with a sharp increase for both centrals and satellites at around 10'° My. This supports
the assertion that galaxies in dense environments such as satellites, and particularly high stellar
mass galaxies, are more likely to be quenched. This general shape is consistent with many other
studies of central/satellite quenched fractions in the literature (Kimm et al., 2009; Bluck et al.,
2014; Davies et al., 2019). Note that our procedure of removing undetected NUV galaxies means
that these fractions may suffer some incompleteness at the massive end, and thereby underestimate
the quenched fraction. This removal of galaxies accounts for up to 8 per cent of quenched galaxies
at the high-mass end. We have checked that imposing a redshift constraint of z < 0.1 does not

qualitatively change our results.

2.3.2 RQ galaxies

Now that we have established the clear environmental trends in star-formation properties, and the
implied quenching effect on satellite galaxies, we can attempt to pick out those galaxies which
have recently undergone the cessation of their star-formation. As discussed in the introduction, Ha
and UV measurements are sensitive to star-formation on different timescales (10 Myr and 100 Myr
respectively), so a combination of the two measurements can be applied to investigate the differential

star-formation rate. Consider a galaxy which has a star-formation rate typical of a star-forming
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Figure 2.3: Fraction of quenched galaxies, fq = Ng/N, where Ny is the number of quenched
central(satellite) galaxies and N is the total number of central(satellite) galaxies. The star-formation

rate is drawn from He.
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Figure 2.4: Distribution of equivalent widths of Ho measurements in angstroms. The black dashed

line denotes EW(Ha) = 3A.

galaxy. If this star-formation is shut off quickly in a semi-instantaneous event, the O stars giving
rise to the Ha emission will die within 10 Myr and the galaxy will cease to appear star-forming
in this tracer. However, as the UV emission comes from the less massive stars, the galaxy will
appear to have significant UV emission until those stars die ~ 100 Myrs after the extinction event.
Thus, we can look for these recently-quenched galaxies by isolating those that have a star-forming
UV component, but a negligible Hoe component. To define these ‘RQ’ galaxies we must ensure
that they have Ha flux consistent with no star-formation, and that the UV component must be from

star-formation and not residual emission from old stars, and that this UV emission is significant.
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First, to determine the galaxies with a lack of Ha emission directly, we plot a histogram of the
distribution of the equivalent width (EW) of He in Figure 2.4. There are two clear populations:
galaxies with a significant Ha detection, and galaxies with negligible Ha detection with a clear
dividing line at EW(Ha) = 3A. Galaxies below this cut are assumed to have no significant Ha

emission.

Similarly, we want to establish a sSSFRyy cut which is consistent with the UV emission being
the normal emission of a star-forming galaxy. For this, we will return to our log(sSFRyy /yr~!) >
—11.1 cut established in the previous subsection. However, we further require that the galaxy has
a NUV — r colour consistent with being a star-forming galaxy. From an analysis of the colour
magnitude diagram, and consistent with previous divisions (Salim et al., 2007; Arnouts et al.,

2013), we require NUV —r < 4.5 to be star-forming.

We can now define RQ galaxies as those with log(sSFRyy /yr™!) > =11.1, NUV —r < 4.5
and EW(H,) < 3A. In Figure 2.5, the fractions of RQ galaxies with respect to the total number of
galaxies (f; = Ny/N) for centrals and satellites are plotted for each stellar mass bin. The clearest
difference between the two distributions is the excess of RQ fraction in satellites compared to
centrals at low M., compared to the lack thereof at higher stellar masses. Over the entire low mass
bin (M, < 10'%3 M), there is an average 1 percentage point excess in RQ fraction of satellites

compared to centrals at a 6.30 significance.

Across all stellar mass bins, we count 2,758 RQ satellite galaxies and 12,080 RQ central
galaxies. This gives 5.9 per cent and 6.7 per cent fractions of the total satellite/central galaxy
count respectively. However, we find further evidence for a mass dependence by looking only
at galaxies with M, < 10'© Mg, where we find 303 RQ satellite galaxies and 340 RQ central
galaxies, giving 2.7 per cent and 1.2 per cent of the total number of satellite/central galaxies with
M, < 10'° My, respectively, which is consistent given the timescale we are searching for and the

typical age of a galaxy (100Myr/10Gyr ~ lper cent). As such, we see a slight increase in the
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Figure 2.5: Fraction of RQ galaxies, fi = N¢/N, where N, is the number of RQ central(satellite)
galaxies and N is the total number of central(satellite) galaxies. RQ galaxies are those with no

detectable Ha and UV emission from star-formation.
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Figure 2.6: Colour magnitude diagram, u — r against M,. Contour plots indicate abundances of
quenched and star-forming populations defined as above using sSFRy,, . A marginalised distribution
shows that RQ galaxies as defined in this paper lie between red and blue galaxies on a colour

magnitude diagram.

fraction of RQ satellite galaxies at low-mass versus RQ central galaxies. This implies that although
high-mass galaxies are more likely to be quenched, satellite RQ galaxies deviate from RQ centrals
at low masses, meaning low-mass satellites may be more inclined to begin to quench based on
environmental factors. In other words, while there is an excess of central RQ galaxies on the

high-mass end, this is to be expected by mass-quenching mechanisms (Peng et al., 2010).

We plot a colour-magnitude diagram (CMD) in Figure 2.6. Contour lines indicate popula-
tions of quenched and star-forming galaxies, using definitions established in Section 2.3.1, using

sSFRyy, . Individual RQ galaxies are plotted over the contours. A histogram is plotted showing the
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distributions of colours of the red and blue galaxies. The CMD and histogram confirm that RQ
galaxies, as defined in this paper, lie between red and blue galaxies in terms of colour, and thus in

terms of their evolution.

2.3.3 Group and satellite properties

Now that we have identified a population of galaxies with recently quenched star-formation and
which are preferentially satellite galaxies, we can investigate the environments of those galaxies in
more detail. The phase space distribution of galaxies in groups or clusters, that is, the plane of
projected group-centric distance versus the relative velocity offset, has shown to hold important
information on the path of a satellite upon entering the system (Muzzin et al., 2014; Jaffé et
al., 2018). For each satellite, we calculate their relative velocity (Av) with respect to the group
velocity dispersion (o) and the projected separation between the satellite and the central () with
respect to the group halo radius (r1g9). Figure 2.7 shows a 2d histogram with axes r/rigp and
Av /o, which shows the distribution of the entire sample of satellite galaxies across the phase
space with marginalised distributions on each axis for star-forming, quenched, and RQ satellite
galaxies. Individual RQ galaxies are indicated on the plot by green circles. Note also that
RQ galaxies populate the region of the CMD known as the ‘green valley’ (Salim, 2014). The
distributions appear similar across the three distributions and in both the velocity distribution and
radial distribution. There is a slight suggestion that the RQ population has a radial distribution
more similar to the quenched population than the star-forming population, however KS-tests on all
the distributions show no significant trends. However, this plot includes all satellites regardless of

their stellar mass. We will investigate any possible stellar mass dependence further in Section 2.4.

We examine the excess of satellite RQs further by looking at the relative proportions of RQ
satellites with respect to star-forming galaxies and quenched galaxies binned by group halo mass. In

Figure 2.8, we plot the fraction of RQ galaxies compared to star-forming galaxies against the radial
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Figure 2.8: Fractions of RQ galaxies with respect to star-forming galaxies (top) and quenched
galaxies (bottom) for different group halo mass bins. There is a clear downward trend for the

fraction of RQ galaxies with respect to star-forming galaxies as r/rgo increases at high halo mass.
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position of the satellite galaxy in the group (top panel). We also plot the fraction of RQ galaxy
compared to quenched galaxies (bottom panel). First, examining the panel presenting the fraction
of RQs with respect to the star-forming galaxies, we see two interesting trends. Firstly, there is a
clear radial trend in that this ratio increases towards the center of the halo. This would be expected
if satellites become RQs upon infalling into the group, and that their likelihood of quenching
increases as they reach the center of the cluster. Secondly, there is a halo mass dependence to the
RQ/star-forming ratio. Halo masses greater than 10'3 Mg, host much higher rates of RQs than do
halos less massive. Again, this may indicate that RQs occur in satellites after infalling, and that
their rate of going through a RQ stage is related to the densities of gas or size of gravitational

potentials they encounter.

In the bottom panel of Figure 2.8 the fraction of RQ to quenched galaxies is shown for
the same bins of halo mass and group-centric radius. For massive halos (> 1013 Mg), there is a
clear opposite radial trend, in that this ratio is smaller with decreasing radius. Since the quenched
galaxies are a larger proportion of all galaxies towards the group centre, this means that the RQ
population is anti-correlated with the quenched population. Usefully, this means that RQs are not
likely to be a momentary, recurrent phase in the life of quenched galaxies, but rather indicate a
once-off event. Interestingly, the halo mass dependence of this ratio is less clear than it was in the
RQ/star-forming ratio and may suggest that the past level of quenching is not as closely correlated
with current quenching. If quenching in a group occurs on short timescales with respect to the

formation of the group, then this relative lack of correlation would be expected.

2.3.4 Rejuvenating galaxies

The anti-correlation between the RQ population and the quenched population suggests that the
RQs we are seeing are not a stage in the life of a normal quenched galaxies, but rather a phase

indicative of a key quenching event. However, it is worth noting that galaxy-group and galaxy-
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galaxy interactions or continued further gas accretion may cause star-formation to begin again in
a quenched galaxy, so called ‘rejuvenation’. Indeed, models of galaxy formation in which the gas
accretion (and subsequent star formation) is closely tied to the dark matter accretion suggest that
galaxies should naturally go through periods of quenching and rejuvenation. For instance, a model
which ties gas accretion to dark matter accretion finds that between 20 per cent and 80 per cent of
galaxies at z = 0 (depending on their stellar mass) go through a rejuvenation phase of at least 300
Myr of quiescence, followed by 300 Myr of star formation (Behroozi et al., 2019). This motivates

a short-timescale search for galaxies that are just beginning their rejuvenation.

For this reason, in this paper, rejuvenating galaxies are defined as those with significant Ha
detection [EW(He) > 3A] but negligible UV emission, i.e. sSSFRyy < 10711 yr=!. We require
small amounts of UV because, when star-formation commences again, it will take time for the UV
emission to build up to significant (in terms of defining star-formation/quenched status) amounts.
Using similar logic in defining RQ galaxies, this implies that star-formation has recently begun
again in these galaxies. Due to requiring sensitivity to low-levels of star-formation from the UV
emission, we limit our analysis in this section to galaxies at z < 0.1. Note that this is a shorter-
timescale rejuvenation selection than previous studies (see, e.g., Thomas et al., 2010; Chauke et al.,
2019, for low- and high-redshift analyses respectively) which used spectral features to determine
if galaxies had ever gone through a rejuvenation phase. The spectral features are only sensitive to
longer timescales (>100 Myr) than ours. Our selection is designed to find those galaxies just in the

process of rejuvenating, and are not the integral constraint on the fraction that previous studies are.

We stress, that while our selection of galaxies may include the sought after short-timescale
rejuvenating galaxies, it is not exclusive. It will contain contaminants and an independent verifi-
cation of the true nature of these potentially rejuvenating galaxies is difficult to obtain since most
photometric and spectroscopic indicators vary on longer timescales than is relevant. In particular,
since UV flux is more affected by dust than He, our selection may be contaminated by dust galaxies.

This means our selection represents an upper limit on rejuvenating galaxies defined in this way.
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Nevertheless, we will remove galaxies from the sample which are not obviously of rejuvenating

origin, but it should be cautioned that what is left is not necessarily rejuvenating.

The largest source of contamination will be AGN. Although optical line AGN are relatively
rare in galaxies without significant NUV emission (Kauffmann et al., 2007), we will need to take
this into account. In Figure 2.9, we show the BPT diagram for the whole sample of galaxies (black
dots and grey contours) and for those passing our rejuvenation selection (green dots). We also show
the demarcation line of Kauffmann et al. (2003b) which divides purely star-forming galaxies (below
the dashed line) from composite or AGN-dominated galaxies (above the line). By this stringent
definition, only 1/3 of our rejuvenation candidate galaxies have emission lines caused by pure star

formation.

Removing the AGN-dominated galaxies from the sample does not necessarily leave only
rejuvenating galaxies, but it is now worth examining the stellar mass and environmental character-
istics of these candidates. In Figure 2.10, we show the ratio of the number of rejuvenating galaxy
candidates over the total number of galaxies as a function of two stellar mass bins, low stellar mass
(10'° < M, /Mg < 10'") and high stellar mass (10'! < M, /Mg < 10'?) for each of the central and
satellite populations. Note the minimum stellar mass of the rejuvenating galaxy candidates does
not go below 10!° M. The fraction of rejuvenating galaxy candidates in the low stellar mass bin
is about 0.2-0.4 per cent, while it is about 0.4-0.5 per cent in the higher stellar mass bins. This
mild stellar mass dependence is at least partially due to the underlying stellar mass dependence of
the quenched fractions, as it is not possible to have a rejuvenated galaxy without first quenching it.
Interestingly, there is only a mild difference in the fraction of rejuvenated galaxy candidates when
divided into central and satellite galaxies. Quantitatively, the slight excesses of rejuvenating candi-
date centrals seen in the left and right panels of Figure 2.10 have significances of 3.6 o and 0.6 o
respectively. Thus, the data does not strongly indicate a significant excess of rejuvenating candidate
centrals compared to satellites. In terms of bulk numbers, We find 257/59,784 rejuvenating candi-

dates in low stellar mass central galaxies, and 39/7,795 rejuvenating candidates in high stellar mass
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Figure 2.9: BPT diagram with the Kauffmann et al. (2003b) demarcation line. Two-thirds of
the galaxies identified by our rejuvenating candidate selection are shown here to not have truly

star-forming emission.
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Figure 2.10: Fraction of candidate rejuvenating galaxies after removal of AGN-dominated galaxies,
ft = N:/N, where N; is the number of candidate rejuvenating central(satellite) galaxies and N is the
total number of central(satellite) galaxies. The data is binned by stellar-mass, with low stellar-mass

on the left and high stellar-mass on the right.
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central galaxies. This compares to 55/20,565 rejuvenating candidates low stellar mass satellite
galaxies and 6/1,636 rejuvenating high stellar mass satellite galaxies. The behaviour in this plot is
in contrast to the peak in RQ satellite galaxies compared to central galaxies at M, ~ 10°> M in
Figure 2.5. While we see clear evidence that the RQs are environmentally effected, the rejuvenated
candidate galaxies are not. This gives confidence that our RQ population is a true population of

galaxies undergoing a catastrophic quenching event.

For galaxies with stellar mass M, > 10'° My, the fraction of rejuvenating candidate galaxies
which have their emission due purely to star formation is 0.5 per cent. If these galaxies are all
truly rejuvenating and the timescale with which we would detect them is ~ 50 Myr, then we
would expect 10 per cent of galaxies to go through this phase every Gyr. This number is not
incompatible with the results from galaxy formation models, or the other methods of measuring
longer timescale rejuvenation. It is a matter for future work to make a holistic confrontation of

short- and long-timescale rejuvenation with galaxy formation models.

2.4 Discussion

These results show that there are multiple aspects at play which influence the star-formation of
galaxies and which depend on various galactic properties. We see enhanced quenching in satellites,
likely due to the environmental effects that act on a satellite galaxy as it moves through a group. To
get a clearer picture of how the environment effects a satellite galaxy, we can isolate galaxies that
are in the process of quenching, and relate the individual galactic properties with those of the group.
We note that there is a higher fraction of RQ satellite galaxies at M, < 10'° Mg compared to RQ
central galaxies. This suggests that low-mass satellite galaxies are quenched more efficiently than
low-mass centrals are. This scenario of low-mass satellite quenching is consistent with previous

studies using direct stellar ages (Haines et al., 2006; Smith et al., 2009). It also shows similar trends
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to studies of spectroscopically selected post-starburst galaxies (Paccagnella et al., 2017), although

with a different selection method from ours.

It was found in Section 2.3.3 that RQ galaxies evenly occupy the full range of r/rgy, and
that there was not a significant difference in the distributions of RQs, star-forming and quenched
galaxies. This is, perhaps, inconsistent with Muzzin et al. (2014) who find a particular ring structure
in the phase-space location of z ~ 1 post-starburst cluster galaxies. Similarly, Owers et al. (2019)
found that Ho strong galaxies are principally found at small (< 0.5 Rygp) cluster-centric distances.
However, it is clear that the exact definition of a ‘quenching’ galaxy, and the stellar mass limits
will make a difference (Paccagnella et al., 2017). Our result was shown for the full range of stellar
masses, and we have seen that the most prominent differences may occur at low stellar mass. For
this reason, we separate low-mass and high-mass satellites. In Figure 2.11, we show the radial
distribution of low-mass and high-mass satellites of both the RQ and star-forming variety. The top
panel shows low-mass (108 < M,/ Mg < 10') galaxies, and the bottom panel shows high-mass

(10'° < M,/ Mg < 10'3). The mean distribution of each plot is also shown for ease of comparison.

If quenching were driven primarily by environmental factors, we would see a radial dif-
ference in the star-forming and RQ populations. However, for the high-mass bin of Figure 2.11,
we find that the RQ and star-forming radial distributions are nearly identical, suggesting that the
quenching mechanisms for these galaxies is unlikely to be primarily group-driven. It is a different
story for the low-mass galaxies. For these, the RQs are more concentrated towards the center
compared to star-forming galaxies, and are consistent with having been in the massive halo for a
long time, while the star-forming galaxies have a radial profile more consistent with recent infall
(Oman et al., 2013; Jaffé et al., 2018). This supports the idea that low-mass galaxies are more
susceptible to the environmental effects, while the quenching of high-mass galaxies is driven by

internal effects.

We can support the role of environmental effects further by recalling the clear halo mass
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Figure 2.11: Histograms of stellar mass binned RQ and star-forming galaxies with respect to r /rgo.

Here, low stellar mass (top panel) refers to galaxies with stellar mass 10° < M, < 10'° Mg, and

high stellar mass (bottom panel) refers to galaxies with stellar mass 109 < M, < 10'> Mg. The

mean distribution of each plot is shown for ease of comparison. Errors are computed using the

normalised count in each bin.
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dependence in the ratio of RQs to star-forming galaxies seen in Figure 2.8. With increasing halo
mass, the proportion of RQ galaxies with respect to star-forming galaxies, across all stellar masses,
increases. The opposite is true for RQ fractions with respect to quenched galaxies. The halo
mass dependence for the fraction of RQs with respect to star-forming galaxies is further clear
evidence that some of the RQs are driven by environmental processes. This halo mass dependence
is consistent with the work of Paccagnella et al. (2019) who also showed a strong dependence of the
post-starburst fraction with halo mass. This consistent result, with a very different galaxy selection,

clearly points to some role for halo mass in the appearance of this quenching.

However, it is important to note, that while there is a strong halo mass dependence for the
appearance of RQs, even the lowest halo masses show an increasing fraction of RQs with respect
to star-forming as a function of decreasing radius (e.g., the purple line in the top panel of Figure
2.8). This strongly suggests that, while the effectiveness of environment-induced quenching is
lower in low-mass halos, it is still a factor. This is an intriguing result, which is also consistent
with other previous studies (Zabludoff et al., 1996; Paccagnella et al., 2019; Vulcani et al., 2020).
The environmental effect clearly can not be dependent only on halo mass, but perhaps instead some
other physical feature which correlates with halo mass, such as relative velocity and intragroup gas

density.

We present further evidence for this suggestion in Figure 2.12, which shows the distribution
of satellite-central velocity offset with respect to the group velocity dispersion split by low halo mass
(10" < M;, < 1035 Mg top panel) and high halo mass (1035 < M, < 10'% My; bottom panel).
The mean distribution of each plot is also shown for ease of comparison. We find that, for both the
low and high halo mass subsets, the RQs appear to have lower velocity offsets than do star-forming
galaxies in the same mass halos. A lower velocity offset is expected if these galaxies have been in
the group for longer than the typical star-forming galaxy. This is evidence that there is a timescale
on the order of the group-crossing time before the galaxy becomes a RQ galaxy. That said, we see

a similar pattern as in Figure 2.11, where in each mass bin, the RQ and star-forming populations

61



Environmental galaxy quenching

1.2

1.0

0.8

0.6

0.4

0.2

0.0

1.2

Normed frequency

1.0

0.8

0.6

0.4

0.2

0.0

—

Low My; RQ
Low My,; star-forming
Mean high M,

—
—

High My; RQ
High My,; star-forming
Mean low M,

Av/o
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have practically identical distributions. This further implies that, while the environmental effects

cannot be neglected, they are not the primary driver of quenching mechanisms.

Overall, these results describe a picture of the state of star-formation in various classes of
galaxies and the confluence of factors which drive them. We see that galaxies which have recently
truncated their star-formation have a strong stellar mass dependence, which occurs in both central
and satellite galaxies. However, at low stellar mass (M, < 10'0 M), these recently-quenched
galaxies are much more likely to be satellite galaxies. Further, the occurrence of these RQs shows
a strong halo mass and radial dependence, with more star-forming galaxies being transformed into
RQs in high mass halos and nearer the group center. We also find that the rejuvenated galaxy
candidates do not have an environmental dependence, so will not preferentially revive these RQ
satellites. Finally, although we find a clear environmental effect responsible for some RQs, we still
find a sizeable population (especially at high stellar mass) which occur in both central and satellite

galaxies in equal occurrences.

2.5 Conclusions

By combining Ha and UV measurements, from SDSS and GALEX respectively, we gain a unique
insight into the instantaneous star-formation rate of satellite galaxies in galaxy groups. Using
properties of the group of each satellite, from the YGC, we examine the environment of the satellite

and investigate its significance on quenching. Our main results can be summarised as follows:

* We find a population of recently-quenched galaxies (‘RQs’) which lack Ha emission but
maintain UV emission indicative of star-formation. This is characteristic of a galaxy which
has had its star-formation quenched in the last ~ 100 Myrs. The occurrence of these RQs is
a strong function of stellar mass, and occur in central and satellites at the same rate in high

stellar mass galaxies (M, > 1010 My). However, at low stellar masses, these RQs are more
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likely to occur in satellite galaxies than in central galaxies.

* The occurrence of RQ galaxies in the satellite population is a strong function of the total
host halo mass and projected group-centric distance. Measured by the ratio of RQ galaxies
to star-forming galaxies, RQs are more likely to occur in high mass halos and closer to the

group centre. Both of these features are characteristic of environmentally driven processes.

* We examined the population of rejuvenating galaxy candidates which show Ha emission
but lack UV mission, suggesting that they could have recently begun their star-formation
again after a period of quiescence lasting at least 100 Myrs. This population showed no
environmental dependence, which suggests that our ‘RQ’ satellite galaxies are not simply a

normal part of a on-off star-formation cycle in galaxies.

The evidence for an environmental role in the production of RQs that we see in low-mass
galaxies, as well as the halo mass and radial dependence, is clear. This suggests that some
environmental process is acting over short timescales to quench at least some of these galaxies.
Given the signatures in the radial and velocity distributions of these galaxies, this process is likely
to occur some time after a galaxy enters the halo. Given the short timescale of the RQ phase, and
the long timescale after the entering of the halo, our results agree with the ‘delayed-then-rapid’

quenching scenario of Wetzel et al. (2012).

However, the clear environmental role should not be overstated. The strong stellar mass
dependence of the RQ galaxies is similar in both satellites and centrals, and indeed the highest
occurrence rates of RQs occur in high stellar mass galaxies and equally in central and satellites.
This suggests that there is a significant additional factor driving the quenching of galaxies be-
sides environment. This, along with a further elucidation of the role of environment, AGN and

morphology, will be the subject of future work.
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Appendix

2.A Dust Attenuation

As stated in Section 2.3.1, we do not apply dust attenuation corrections to the star-formation rates.
This allows us to use the full range of galaxies with well-measured Ha fluxes, while maintaining
the connection directly to the massive stars that produce this emission. Given the dust is expected
to principally come from local scales, it may be that such effects are similar in centrals and satellites
for similar star-formation rates. However, we must test this assumption, and show its consistency
in all the regions we probe. We estimate the effect these dust corrections would have on our SFRs
by using the Balmer decrement, as in Gilbank et al. (2010) (see references therein):

2.5 | (1 fHQ)’

Apy = ——2 __ JHe
o = p/hia — 12\ 285 fug

(2.6)

where kyg/kpo = 1.48 and fi,(p) is the Ha(B) flux. Using the fluxes of HB and Ha for galaxies
with both well measured we find that the average attenuation is Ay, ~ 1, and this shows no
difference between satellites and central galaxies. Since applying this attenuation correction would
have no appreciable difference on the differential effects of centrals and satellites and thus no effect
on our subsequent analysis, we do not apply it. However, we fully investigate the relative effect of
dust attenuation here. We use the ratio of Ha to HS as a proxy for the attenuation coefficient. We
ensure that each galaxy that is considered to have well-measured Ha or HB has a SNR > 3 for both

measurements.
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Figure 2.13 illustrates the flux ratio for centrals and satellites in three stellar mass bins,
M, /My < 10'°, 101 < M, /My < 10'" and M./Mg > 10''. Each bin contains 11,006 centrals
and 4,031 satellites, 49,119 centrals and 13,300 satellites, and 63,854 centrals and 11,474 satellites
respectively. The mean flux ratio in each bin is 3.32 + 0.03 (centrals) and 3.40 + 0.05 (satellites),
4.04 + 0.04 (centrals) and 4.08 = 0.05 (satellites), and 4.38 + 0.31 (centrals) and 4.27 + 0.15
(satellites) respectively. Apart from negligible differences, the distributions of the flux ratio are
identical. This implies that the dust attenuation is the same for centrals and satellites with respect

to stellar mass, at least for the case when both Ha and HS are well measured.

To check whether there could be differences in dust attenuations, we will look at subgroups
of satellites in different host halo masses, different radial positions and different velocity offsets.
First, in Figure 2.15, we plot the flux ratio with respect to three group halomass bins. These bins
have total galaxy numbers of 9,712, 5,483, and 11,266 respectively and the mean flux ratio in each

bin is 4.08 £ 0.07, 4.19 £ 0.09, and 4.06 + 0.15 respectively. These differences are minimal.

Next, we plot the flux ratio of satellite galaxies in different bins of absolute normalised
velocity offset, |Av/o|. This is shown in Figure 2.14. The number of galaxies in each bin is 14,643,
7,665, and 4,153, with mean flux ratio 4.13 +0.06, 4.08 +0.18, and 4.01 +£0.09 respectively. Again,

we see negligible difference in flux ratio.

Finally, Figure 2.16 plots the flux ratio of satellite galaxies in bins of group-centric radius,
r/rigo. The number of galaxies in each bin are 15,811, 5,690, and 4,960, with mean flux ratio
4.12+0.13,4.11 £0.09, and 3.99 + 0.07 respectively. There is a slightly larger flux ratio (i.e. dust
attenuation coefficient) for galaxies closer to the group centre, and a slightly lower flux ratio for

galaxies towards the group edge. However, these slight offsets are considered negligible.

It is possible that galaxies that are deemed passive by sSFR have preferentially higher dust
attenuation coefficients, meaning their sSFR is underestimated. However, in Figure 2.17 we see

this is not the case. This figure plots the flux ratios of star-forming and quenched galaxies as these
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Figure 2.13: Distributions of flux ratios Ha/Hp in three stellar mass (M) bins as labeled in each
panel. We see the flux ratio distribution is the same for central galaxies and satellite galaxies with

respect to stellar mass.

were defined in Section 2.3.1. We see that, for quenched galaxies (i.e. low sSFR), there is a wide
range of flux ratio available. In fact, the mean flux ratio for quenched galaxies is lower than that
of star-forming galaxies, with 3.90 + 0.09 and 4.16 + 0.11 respectively. These results confirm that

our results are not biased by dust attenuation.

In this Appendix, we have shown that there appears to be no evidence for differential dust
effects which could be affecting the bulk of our results. However, we caution that we can not rule

out effects when Hf can not be accurately measured, or for individual galaxies.

67



Environmental galaxy quenching

1 |Av/o] <0.5
[ 0.5=<|Av/o|<1
0.4 1 1 |Avio| =1
>
O
C p—
0 0.3
O
v -
Y—
8 J—
g 0.2 1
O
=
0.1 -
0.0 +— . . :

0 2 4 6 8 10
Hq/Hp flux ratio

Figure 2.14: Distributions of flux ratios Ha/Hf in three absolute normalised velocity offset

(JAv/o|) bins. We see the flux ratio distribution is the same regardless of velocity offset.
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Figure 2.15: Distributions of flux ratios Ha /HS in three halomass (M) bins. We see the flux ratio

distribution is the same regardless of halomass.
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Figure 2.16: Distributions of flux ratios Ha/Hg in three group-centric radius (r/rgp) bins. We see

the flux ratio distribution is the same regardless of group-centric radius.
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Figure 2.17: Distributions of flux ratios Ha/Hp for star-forming (log(sSFRyy[yr~']) > —11.1)
and quenched (log(sSFRyy[yr~']) < —11.1) galaxies. We see the quenched population is not

unduly biased by high flux ratios (i.e. dust attenuation coefficients).
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Chapter Three

AGN variability

This Chapter contains the paper "Photometric variability in star-forming galaxies as evidence for

low-mass AGN and a precursor to quenching" (Cleland and McGee, 2022), published in MNRAS.

We measure the optical variability in ~ 16500 low-redshift (z ~ 0.1) galaxies to map the
relations between AGN activity and galaxy stellar mass, specific star-formation rate, half-light
radius and bulge-to-total ratio. To do this, we use a reduced y? variability measure on > 10 epoch
lightcurves from the Zwicky Transient Facility and combine with spectroscopic data and derived
galaxy parameters from the Sloan Digital Sky Survey. We find that below stellar mass of 10'! M,
galaxies classed as star-forming via the BPT diagram have higher mean variablities than AGN or
composite galaxies. Revealingly, the highest mean variabilities occur in star-forming galaxies in a
narrow range of specific star-formation 107!! < sSFR/yr~! < 10719, In very actively star-forming
galaxies (sSFR/yr_1 > 10_10), the reduced variability implies a lack of instantaneous correlation
with star-formation rate. Our results may indicate that a high level of variability, and thus black
hole growth, acts as a precursor for reduced star-formation, bulge growth, and revealed AGN-like
emission lines. These results add to the mounting evidence that optical variability can act as a

viable tracer for low-mass AGNs and that such AGNs can strongly affect their host galaxy.

72



AGN variability

3.1 Introduction

In the past two decades, the study of active galactic nuclei (AGN) and their properties has become
widespread, in part thanks to recent advances in both multi-wavelength astronomy and long-term
time-domain surveys. One of the celebrated facets of AGN behaviour is that the central black
hole is well correlated with the growth of the bulge, and thus, the growth of the galaxy stellar
mass (Magorrian et al., 1998; McConnell and Ma, 2013; Kormendy and Ho, 2013; Reines and
Volonteri, 2015). This tight correlation implies a self-regulation which links galaxy evolution to
black hole growth that has been shown to be important in theoretical models of galaxy formation
(D1 Matteo et al., 2005; Croton et al., 2006; Bower et al., 2006). This raises the question - can we
see observational evidence that AGN activity and the resulting black hole growth has a direct effect

on galaxy properties such as its star-formation rate or morphology?

Theoretically, it is understood that AGN feedback has an effect on the star-formation rate of
a galaxy, by either heating up cold gas and thus preventing it from condensing to form stars, or by
energetically expelling gas from star-forming regions (see Fabian, 2012, for a review). However,
these processes are still not fully understood and this mode of quenching is heavily confounded
with other processes such as environmental quenching (e.g. Wetzel et al., 2013; Cleland and
McGee, 2021) and/or mass quenching (Peng et al., 2010; Peng et al., 2015). Therefore, it is
useful to investigate AGN activity in galaxies across the full stellar mass range in a wide variety of

environments and stages of evolution.

Unfortunately, it is difficult to find a single observational measure which gives a uniform
accounting of the presence of an AGN. Generally, commonly used indicators cannot be uniformly
applied to all galaxies with equal effectiveness. For instance, the often-used practise of measuring
emission line ratios to distinguish AGN emission from star-formation is often not effective in
strongly star-forming galaxies because the star-formation swamps the AGN emission (Baldwin

et al., 1981; Cann et al., 2019; Agostino et al., 2021). One promising route to a uniform indicator
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is through examining the photometric variability. Variability in the luminosity of galaxies can act
as an indicator for varying activity levels in the AGN. Higher levels of activity over the observing
period may suggest stronger black hole growth and thus stronger evolutionary links. In the short
term, i.e. over timescales of days to years, variability has been detected in lightcurves of AGN in
a variety of wavelengths (Cartier et al., 2015; Caplar et al., 2017; Smith et al., 2018a). Variability
over longer timescales has been uncovered through the use of models and simulations (Novak
et al., 2011; Bland-Hawthorn et al., 2013; Sartori et al., 2018). Optical variability has also been
shown to be a reliable method of uncovering low-mass AGN otherwise obscured by star-formation

(Baldassare et al., 2018, 2020; Ward et al., 2022; Burke et al., 2022).

In this paper we attempt to extend the application of optical variability across a full sample
of galaxies at low redshift drawn from the Sloan Digital Sky Survey. To quantify the optical
variability, we use the reduced y? of the magnitudes of galaxy lightcurves drawn from the Zwicky
Transit Facility. This is found to be a robust method, both from our own formalism, and from
the work of Zibecchi et al. (2020). This method is agnostic of galaxy type and can be applied to
the entire sample, including galaxies that are deemed non-AGN by other methods such as a BPT
diagram (Baldwin et al., 1981). In Section 3.2 we describe the dataset, in Section 3.3 we explain
how variability is calculated and discuss some initial results, in Section 3.4 we interpret and discuss
the results, and in Section 3.5 we summarize. Throughout we adopt the cosmology used in Omand
et al. (2014), from where we derive our sample (see also Bennett et al., 2013), with & = 0.693,

Q= 0.286, and Q = 0.714 and a Kroupa (2001) IMF.

3.2 Data

Our sample is based on galaxies with spectroscopic measurements from the Sloan Digital Sky

Survey (SDSS) Data Release 7 with 0.01 < z < 0.2 (Abazajian et al., 2009). We use a sample
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Figure 3.1: Two examples of galaxy lightcurves, with variability = 0.46 on the left and variability
= 1.53 on the right as measured using Equation 3.1. r-band magnitudes are plotted as red circles,
with g-band magnitudes plotted as green triangles, for illustrative purposes. Here, the dashed line
represents the constant line of best fit through the photometric datapoints. These galaxies were
chosen to have similar mean r magnitudes, similar number of photometric observations, and similar

observation time periods.
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of galaxies constructed by Omand et al. (2014)!, which contains several value-added catalogues to
use in addition, including the stellar mass (M) and star-formation rate (SFR) which come from the
MPA-JHU value-added catalogue (Brinchmann et al., 2004)2, and effective radii and bulge-to-total
estimations from Simard et al. (2011)3. The stellar masses are calculated by comparing photometry
fits to various stellar population models, and the star-formation rates are inferred from emission
lines in the spectra for star-forming galaxies, and are estimated using the 4000 A break for non-star-
forming galaxies. Using the Zwicky Transient Facility (ZTF; DR7) catalogue search#, we match
these coordinates to photometric sources observed by ZTF (Bellm, 2014; Masci et al., 2019). We
search for matching sources in a radius of 1 arcsecond; this radius was chosen to maximise matches
while also avoiding contamination from non-matches. The resulting table provides object IDs
that can be used to retrieve photometric lightcurves from ZTF. The photometric lightcurves were
measured with psf-matching source extraction at each individual epoch and the range of magnitudes
we cover are well detected in each frame. We restrict observation magnitudes to the r-band as it is
the same band as the spectroscopic selection. We have aimed to make as homogeneous a galaxy

selection as possible, and examining the r-band avoids the need for cross-band corrections.

In total, we retrieve 51068 non-empty lightcurves matched with the Omand et al. (2014)
sample. In Figure 3.1, we show two example lightcurves in both the g- and r-band, although our
variability measures use only the r-band. These were selected to highlight the difference between
high and low variability (0.46, left; 1.53, right, see Section 3.3.1 for details on how the variability is
calculated). The observations were taken over similar time periods (581 days, left; 526 days, right),
similar number of photometric observations (191, left; 93, right) and similar mean r magnitudes
(and thus similar photometric error bars). The variabilities exhibited here are typical of the ones

we study in this paper — that is, they are not the result of systematic trends in the data, or ‘one-off’

thttp://cdsarc.u-strasbg.fr/viz-bin/cat/J/MNRAS/440/843
2https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
3https://cdsarc.cds.unistra.fr/viz-bin/cat/J/ApJS/196/11
“https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?projshort=ZTF
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transient events. They seem to result from short-timescale apparent stochastic variability. By
comparing the g- and r-band variability, we can see that there is clearly some very short timescale
variation (< week) which appears in one band but not another. For instance, in the right plot of
Figure 3.1 there is a large dispersion in the r magnitudes near mjd ~ 58475 which do not appear
in the g magnitude. Nonetheless, there is some more coherent variation in both magnitude bands
near the beginning and end of the light curves which seems of a physical nature. Furthermore,
it is difficult if not impossible to know what a source with truly zero variability would look like,
due to photometric uncertainties. However, in this work we attempt to roughly demarcate between
sources with small amounts of variability and sources with larger amounts of variability, and
identify correlations and trends between them. To definitively identify a baseline of zero variability

would be the subject of future work.

We extract emission line fluxes from Brinchmann et al. (2004) to construct a BPT diagram
(Baldwin et al., 1981) in order to classify galaxies between AGN, star-forming, or composite, based

on their emission line ratios.

3.3 Analysis and Results

3.3.1 Calculating variability

To ensure the robustness of the galaxy classes and variabilities, we impose a signal-to-noise cut
on the SDSS spectral emission lines and a cut on the number of photometric observations from
ZTF. We enact a signal-to-noise ratio cut of SNR > 3 for the Ha, Hf3, [NI[]16584 and [OIII]A15007
emission lines in order to classify between AGN-like emission and emission consistent with star-
formation (SF) on a BPT diagram (Baldwin et al., 1981). The resulting BPT diagram is shown

in Figure 3.2, along with the demarcation lines from the studies of Kauffmann et al. (2003b) and
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Kewley et al. (2006). In the rest of the paper, we will refer to star-forming, composite and AGN,
galaxies as labelled in the Figure. For instance, the composite galaxies are those with emission line
ratios greater than the Kauffmann line and less than the Kewley line. Note that our classification
does not require ‘star-forming’ galaxies to be forming stars at a particular rate, simply that their

emission lines appear due to star-formation.

We restrict analysis to lightcurves with n > 10 photometric epochs from ZTF to ensure
robust determination of the variability. However, we have verified that varying the cut-off for n
does not quantitatively change the results of this paper. If a galaxy passes the SNR and epoch cuts,

the variability is calculated. After SNR and epoch cuts, we are left with 16577 galaxies.

The variability is calculated using the logarithm of the reduced chi-squared ( X%) of the

magnitudes of each epoch, taking the errors on the magnitudes into account, as in Equation 3.1:

N a2
(% )]/(N—u,

2
Xy =

1

(3.1)

variability = log,, ()(5) ,

where N is the number of epochs, m; is the magnitude measured at the ith epoch, a is the constant
line of best fit through the datapoints and dm; is the error on the magnitude at the ith epoch. We
emphasise that variability, as referred to in this paper, is the logarithm of the reduced y? as shown

in Equation 3.1.

Under the hypothesis that the galaxy photometry is non-variable, the photometric data form
a flat line as a function of date of observation. The reduced y? tests this hypothesis, and provides a
measure of how scattered the points are about the baseline, i.e. how variable the magnitudes of the
galaxy are over the entire observation period. The resultis a measure of the variability of the galaxies
that depends on the magnitudes and the errors on the magnitudes. This means that dim galaxies
with large uncertainties on the magnitude will have systematically underestimated variabilities
compared to bright galaxies with small uncertainties, regardless of the actual variability of the

source. To counteract this effect, we simulate variabilities and magnitudes of 10000 galaxies.
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Figure 3.2: BPT diagram with demarcation lines from Kauffmann et al. (2003b) (dashed) and
Kewley et al. (2006) (solid). The colourbar indicates number of galaxies found at each point in a

contour region.

79



AGN variability

The full details of the simulations are included in Appendix 3.A. The simulations allow us to
match a ‘true’ variability with the observed variability, at a given magnitude. Note that variability
as described here is a dimensionless measure of of the scatter of points about a baseline, with

variabilities > 1 roughly indicating a variable source.

For the purposes of this work, we decide to employ a magnitude cut when considering
variabilities. This is because of the large disparity in distributions of magnitudes in AGN and star-
forming galaxies, and that the variability calculation depends on the magnitude of the source. In
effect, we want to examine the trends without the uncertainties that different magnitude ranges have
on the calculated variabilities. Due to large overlap in the distributions, we choose 17 < m < 18 to

be the magnitude slice; note that results are not sensitive to the choice of magnitude slice.

One additional benefit of employing a narrow apparent magnitude cut is that it reduces
the variation in source ‘extendedness’ on the sky. A potential source of non-physical variation in
magnitudes is that ZTF psf-fit photometry depends on the on-sky extent of the galaxy. By restricting
to a narrow apparent magnitude, we naturally reduce the variation in on-sky extent. Intrinsically
fainter galaxies will be nearer than intrinsically brighter galaxies, but such fainter galaxies are also
intrinsically smaller on average. In this way, the on-sky extent of our sample (as measured by the
Petrosian radius) is quite narrow with a peak at ~ 2 arcsecs, and the vast majority of galaxies less
than 5 arcsecs. This on-sky extent is also largely consistent with stellar mass, with a slight tendency
for more massive galaxies to appear larger. As we will discuss later, the effect of increased variation

from large galaxies would act to reduce our results rather than explain them.

The resulting distribution of variabilities for BPT diagram-defined AGN, composite galax-
ies, and star-forming galaxies are shown in Figure 3.3. In this Figure, the classes are individually
normalized to have an area under their curve of 1. The number of galaxies in each of these classes
is 2858 (AGN), 3729 (composite) and 9990 (star-forming). We see that, unexpectedly, star-forming

galaxies exhibit higher levels of variability than their counterparts with more active black holes via
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Figure 3.3: Variability distributions of AGN, star-forming galaxies, and composite galaxies. Here,

distributions are normalised so that the area under each curve is 1.

emission line diagnostics. By fitting Gaussians to these histograms, we can measure the means and
standard deviations of each distribution; we find oagn = 0.299 £ 0.021, ocomp = 0.298 £ 0.026 and
osf = 0.341 £0.012, and puagn = 1.153 £ 0.016, preomp = 1.182 + 0.011 and puer = 1.300 + 0.010.
We find slight differences in the widths of the distributions, but significant differences in the means,
with use > picomp > pagN- This result will be expanded upon and discussed throughout the rest of

the paper.
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3.3.2 Variability and galaxy properties

We may now explore the relationships between variability and a variety of galactic properties.
First, it must be stressed that many of these properties are highly inter-dependent and thus the exact
causality of the changes in variability is difficult to identify. Nevertheless, in this section we attempt
to present the data as is, and more in-depth discussion will take place in Section 3.4. In Figure 3.4,
we plot the mean variability in each stellar mass bin separated by emission type as determined by the
BPT diagram. The AGN and composite galaxies have very similar mean variabilities as a function
of stellar mass, with both increasing from variability ~ 1 at M, ~ 10°> Mg to ~ 1.2 at M, ~ 1013
Mo. In contrast, in all but the most massive bins (M, > 10''M,), the star-forming galaxies have
mean variabilities that exceed that of AGN and composites. At M, = 10'°M,, the difference is
0.305 which is approximately 47 per cent of the width of the star-forming variability Gaussian, thus
this is a significant deviation between the star-forming and AGN populations. Additionally, we see
that the peak in mean variability occurs at M, ~ 10'>M,, for star-forming galaxies and starts to
decline at higher masses. In contrast, the AGN and composite mean variabilities appear roughly

monotonically increasing with stellar mass.

The interesting dependence of variability on stellar mass from Figure 3.4 suggests an
investigation into the variability as a function of stellar mass and specific star-formation rate
(sSFR). The specific star-formation rate is the star-formation rate divided by the stellar mass,
and gives an indication of how rapidly the galaxy is forming stars relative to its past average.
A sSFR of log(sSFR) = —11yr~! is commonly used as a demarcation between quenched and
star-forming galaxies at z = 0, with star-forming galaxies having a higher sSFR (eg., Wetzel
et al., 2013; Cleland and McGee, 2021). In Figure 3.5, we show the sSFR and stellar mass
measurements for the AGN and star-forming classes and color each datapoint by their measured
variability. We see that AGN (marked as circles) dominate the quenched region of the sSFR-M,

plane, and that SF galaxies (marked by stars) are typically found above this region, as expected.
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Figure 3.4: Mean variability binned by stellar mass, separated by emission type. Shaded regions
indicate the standard deviation of the mean in that bin. Bins with fewer than 3 galaxies are omitted

for clarity.
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Note that in this Figure, composite galaxies are omitted for clarity. Interestingly, by examining the
figure, it appears that there is a band of high variability in the intermediate sSFR region, roughly
107"yr~! < sSFR < 10~'%r~!. This is where the vast majority of the ‘purple’ points from the
high end of the variability color map lie. It also appears that both the high and low end of the sSFR

distributions have lower variabilities than this middle region.

In Figure 3.6, several trends emerge with respect to the mean variability binned by various
galactic properties for the three galaxy classes. In the left panel, we plot the mean variability with
respect to the bulge-to-total ratio (B/T) as measured by Simard et al. (2011) using bulge to disk
decompositions. We see that for the most part, the mean variability is similar for each class and is
steadily declining with the bulge-to-total ratio, deviating only at extreme values of B/T. However,
this similarity of the galaxy classes does not hold when looking at the half-light radius (R) in the
centre panel. We see that at almost all radii R < 7 kpc, star-forming galaxies have higher mean
variabilities in each bin than composite galaxies and AGN. This is explained by the fact that at
the same galaxy size, star-forming galaxies will typically have less massive bulges than AGN do,
and thus will have a smaller B/T. As we see in the left panel of Figure 3.6, galaxies with smaller
B/T have higher mean variabilities, so the excess in mean variability for star-forming galaxies in
the centre panel is accounted for. The right panel in Figure 3.6 is similar to Figure 3.5, but better
illustrates the trend we identified in which variability is highest in intermediate sSFR of star-forming
galaxies. Interestingly, we also see stark declines in mean variability at log(sSFR) > —10yr~!,

indicating it is not sufficient to have high rates of star-formation to have high levels of variability.

3.4 Discussion

We have found several empirical relations. We see that galaxies whose optical line emission is

predominately the result of star-formation have higher variabilities (in the mean) than galaxies
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Figure 3.6: Mean variability binned by different quantities, separated by emission type. Shaded

regions indicate the standard deviation of the mean in that bin. Bins with fewer than 3 galaxies are

omitted for clarity. Left: mean variability against bulge-to-total ratio. Centre: mean variability

against half-light radius. Right: mean variability against log(sSFR/yr™1).

whose optical line emission is from AGN or a composite of AGN and star-formation. Further, we
see that star-forming galaxies have higher variabilities at all stellar masses than composite or AGN.
Interestingly, we showed that at fixed bulge-to-total ratio the mean variabilities of all three classes
were similar, but at fixed half-light radius, star-forming galaxies had higher mean variabilities
than seen in AGN or composite galaxies. Perhaps most interestingly, we found variability is
strongly dependent on the galaxy location within the sSFR-M, plane. The star-forming galaxies
have mean variability higher than either the AGN or composite galaxies at any fixed sSFR, but
star-forming galaxies have a peak in their variability just ‘above’ the quenched demarcation line.

This intermediate region of sSFR is consistent with galaxies in the ‘green valley’ (Salim, 2014).
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Figure 3.7: Three hypothetical scenarios that could possibly describe the behaviour of variability
in sSFR-M,. space. Scenario A) describes a situation where the BPT identifies all the AGN, and
so variability is tightly linked to stellar mass and lack of star-formation. Scenario B) illustrates the
idea of variability being dependent on gas content in a galaxy, so higher gas content implies higher
SFR implies higher variability. Scenario C) is the situation we see in Figure 3.5, where a galaxy
funnels gas into the centre after some time forming stars, exhibits variability, consumes the gas and

quenches.
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Figure 3.8: Scenario C) illustrated further; see text for full details. The colourbar is as in Figure
3.7, where pink denoted low variability and purple denotes high variability. The symbols refer to

different stages of a galaxy’s evolution, as explained in the text.
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3.4.1 Source of the variability

Until now, we have not discussed what actually causes the variability we see in these galaxies.
There are at least three possibilities: 1. unaccounted-for errors in the photometric measurements,
2. intrinsic variability in the light from the dust/gas/stars in the galaxy, and 3. intrinsic variability
caused by emission from the central black hole and associated accretion disk. We will look at each

of these possibilities and the expectations of their signal.

The most obvious explanation for variability in photometric data is an unaccounted-for vari-
ation in the photometric measurements — whether from inaccurate zeropoint calibration, unmatched
aperture measurements (from seeing, etc) or a similar observational problem. While it is difficult
to rule this out as a factor in all of the computed variabilities, we have taken a number of steps to
minimize the possibility for error. For instance, we have principally examined the mean variability
for wide classes of galaxies rather than the ‘extremes’ of a particular distribution. We have limited
our sample of galaxies to only one magnitude of apparent magnitude (17 < m < 18) to avoid the
reliance on photometric error bars to be well represented across a wide dynamical range. Finally,
if the mean variabilities we have measured were completely determined by unaccounted-for pho-
tometric errors, we would not expect these to show the dependence on physical galaxy properties
that we have seen in the previous section. The main way that a physical property could induce
photometric errors would be through a correlation of the errors with the physical extent of the
galaxy. The on-sky extent of a galaxy is likely to have a positive correlation with photometric
errors. However, as we have discussed earlier, our narrow magnitude cut limits the correlation
between the physical extent of the galaxy and the ’on-sky’ extent. We have found the galaxies with
higher stellar mass tend to have slightly higher on-sky extents on average. But, this would tend to

induce increased errors as a function of stellar mass in the opposite manner of our results. Given

this, it is worth looking at the possible causes of intrinsic variability in the galaxy light.

The next possibility is that the variability comes from the interstellar gas/dust or stars in the
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galaxy itself. The galaxies in this paper have half-light radii of ~ 1 — 10 kpc, which would imply
that the timescale for complete variability across the galaxy would have to be greater than ~ 3000 -
30,000 years (assuming unimpeded light travel across the galaxy r/c). However, the variability we
see is on the ~ week to year timescale. Thus, the variability would have to be on smaller scales -
individual stars or gas clouds. In this case, the individual stars and clouds would have to have widely
and rapidly varying luminosities to avoid being washed away by the uncorrelated variations of other
stars. This is clearly not possible for the normal variation of stars. The only possibility would be
the large variation caused by supernovae or similar cataclysmic events. However, the variation we
measure appears stochastic (Figure 3.1) rather than the result of a particular rare event. Although
there have been recent suggestions that even supernova or stellar variation can mimic some of the
AGN-like variation (Burke et al., 2020), these events are still expected to be rare (~ 0.1 — 2 per
100 yr for a star-forming galaxy, Tammann et al., 1994). As we are principally looking at the mean

variability, we are not driven by these uncommon occurrences.

That leaves the possibility that the variation we measure is due to variable emission from
the central black hole/AGN in each galaxy. The scale of central black holes and their accretion
disks are thought to be < 0.1 pc which would imply light crossing times of < 100 days (Hawkins,
2007; Morgan et al., 2010). Although it is unlikely that global changes in the accretion disks are
made on that timescale, it does indicate that large changes are possible on short timescales possibly
through thermal fluctuations of the UV-emitting region (Kelly et al., 2009; Burke et al., 2021).
Indeed, direct observations of AGN have shown that > order of magnitude changes are possible on
hour to year timescales (McHardy et al., 2006; Hickox et al., 2014). Given the known variability
of AGN, and the lack of an viable alternative source for the variability, in the rest of the paper will
we consider what implications this variability has for our understanding of galaxy formation if it is

due to AGN.
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3.4.2 Implications for galaxy formation if variability is from AGN

Our finding that higher variability occurs at particular locations depending on galaxy type, stellar
mass and specific star-formation rate may seem counter-intuitive to the current understanding
of AGN physics. In this section, we attempt to illustrate a possible scenario for the physical

mechanisms behind these results, and rule other possibilities out.

In Figure 3.7, there are 3 plots illustrating possible physical scenarios which could be
expected to occur in Figure 3.5, labelled A), B) and C). These three scenarios are roughly: A)
variability traces the appearance of emission line galaxies classed as AGNs, B) the variability
traces the global sSFR, or C) variability traces those galaxies that are in the process of being most

actively quenched. We will now discuss each in turn.

In scenario A), we illustrate the variability trend in sSSFR-M, assuming that a BPT diagram
correctly and completely identifies all the AGN in the galaxy sample. In this case, any star-forming
galaxy will neither have an active black hole nor exhibit variability. Tracing these emission classes
would result in the behavior shown in Figure 3.7 A). We see the highest variability would be found
at the low-sSFR-high-mass end of the plot. Moving up the plot, variability decreases. In essence,
scenario A) implies that variability is correlated with stellar mass, and anti-correlated with star-
formation. While the assumption that star-forming galaxies have no active black hole is extreme, it

is often treated as such when analysing star-forming galaxies.

In scenario B), we show the variability trend assuming that variability is fueled by global gas
content in the galaxy, and thus is correlated with sSFR. This scenario would result in the behavior
illustrated by Figure 3.7 B), which shows a region of high variability at high sSFR, with variability
decreasing as sSFR decreases. While this complete correlation may seem extreme, it is a natural
outcome of the often assumed tight relation between star-formation and black hole growth (eg.,

Hopkins et al., 20006).

91



AGN variability

However, neither scenario A) nor B) resemble what is seen in Figure 3.5. Figure 3.7 C) is
intended to schematically represent what is actually happening; rather than finding high variability
at the extremes of the sSFR-M.,. plot, we see a band of high variability at intermediate sSFR. We
saw that a band of high variability occurred in the middle range of sSFR values, and so, the data
rules out either of the extreme cases presented in A) and B). Assuming the variability traces AGN
activity, then 1) there are active black holes in galaxies classified as star-forming via their emission
line ratios and 2) there is not a direct instantaneous relation between the sSFR and the black hole

growth rate. Scenario C) may imply a convolution of scenario A) and B).

Scenario C) can be described using the 3 points in Figure 3.8; a circle, a square, and a
diamond. The circle represents a galaxy in the early stages of its evolution, that has a high sSFR.
Our data imply this galaxy has gas fuelling star-formation but relatively little gas feeding the black
hole, thus, the galaxy shows the required low variability. The square represents a galaxy which now
has gas feeding the black hole, and also has gas fuelling star-formation. The presence of gas in the
centre of the galaxy provides the required variability. However, it would appear that due to AGN
feedback and gas consumption, the galaxy’s star-formation drops. So, the square galaxy has an
intermediate sSFR and high variability. After some time, AGN feedback suppresses star-formation,
thus the galaxy becomes quenched, as indicated by the diamond. Due to gas consumption, gas can

no longer feed the black hole, and so the variability decreases, as required.

This scenario is consistent with other results throughout this work; in Figure 3.4, mean
variability in SF galaxies peaks at M, ~ 10'%5 Mg, implying that as the bulge grows in a SF
galaxy, variability increases until the point where the AGN ‘turns on’ (as determined by the galaxy
emission). Similarly, in Figure 3.6, we see that galaxies with underdeveloped bulges have higher
variabilities compared to galaxies which have had longer to build their bulges. In our possible
scenarios, we have have not explicitly addressed the possibility that host galaxy dilution plays some
role. For instance, two black holes of the same mass, accreting at the same rate, would likely

have different contributions to the galaxy-wide variability if put in two galaxies with significantly

92



AGN variability

different luminosities. It is very hard to rule out this effect playing a role, but we expect it would
work to reduce the trends we see. That is, at a fixed stellar mass, star forming galaxies will have
higher luminosities than AGN or composite galaxies — because their more recent star formation
leads to lower M/L ratios. So, we would expect host-dilution to muffle the signal in SF galaxies.
Given we see the highest signal at fixed stellar mass in the SF galaxies, we expect this effect is not

dominant.

3.5 Conclusions

We have combined photometric lightcurve data from the Zwicky Transient Facility with spectro-
scopic data from the Sloan Digital Sky Survey to examine the variability of ~ 16500 galaxies at z
< 0.2. Using the value-added measurements of SDSS, we examine this variability as a function
of stellar mass, specific star-formation rate, galaxy class as determined by emission line ratios,

effective radii and bulge to total ratios. Our main findings can be summarised as:

* The photometric variability of star-forming galaxies (with their class determined by their
location in the BPT diagram) is higher than the variability of either the composite or AGN-
dominated galaxies. Restricting to a narrow slice in apparent magnitude (17 < m < 18), we
find the median variability of star-forming galaxies is 1.289, while it is 1.150 for AGN and

1.190 for composite galaxies.

* The elevated variability in star-forming galaxies compared to AGN or composite galaxies is

also seen at fixed stellar mass for all but the highest ranges (> 10'! My).

* The highest variabilities occur in a well defined region of the sSSFR-M, plane — in a band with
-11 > log(sSFR/yr~!) > -10. In this region, we again see that star-forming galaxies have the

highest variabilities of the three galaxy classes.
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* The differences in mean variabilties of the galaxy classes largely go away when compared at

fixed bulge-to-total ratio (for B/T < 0.8), but remain for small half-light ratios < 6 kpc.

We argue that the best explanation, based on timing arguments, for the observed behavior
of mean variabilities is that the variability is driven by AGN activity. Under this assumption, we
argue this provides evidence that central supermassive black holes exist in star-forming galaxies,
including in low mass galaxies. We also argue that the appearance of the mean variabilities rules
out an exact correlation between instantaneous star-formation and black hole growth. Finally, we
argue this enhanced variability is evidence that AGN feedback is shutting down the star-formation
in actively star-forming galaxies. Taken as a whole, these results indicate that emission in the form
of star-formation may obscure a low-mass AGN, and hide the dramatic effects the AGN are having

on galaxy evolution.

In our work, we have attempted to measure the variation of a well-selected sample of galaxies
in a ‘source-agnostic’ way. Given our current explanation that this variation arises chiefly from
AGN activity, in future work we will explore further measures to quantify the AGN. We plan to use
both the g- and r-bands to measure the variability with other techniques such as by quantifying the
RMS of the intrinsic source variability (Shen et al., 2019), and comparing to expected summary
statistics of stochastic variations (Kelly et al., 2009; Koztowski, 2016). We also expect to tie the
requirements for the length of light curves more directly to possible time-frames which maximize

the coverage of relevant BH timescales (eg., Burke et al., 2021).
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3.A Simulations of recovered variability

These simulations are motivated by the fact that without them, low variability is biased towards
bright objects with small uncertainties. To account for this effect, without discarding the un-
certainties entirely, we begin with a sample of 10,000 galaxies to which we randomly assign a
variability and a magnitude. Both the variability and magnitudes are taken independently from
uniform distributions. For clarity, this variability will be referred to as the ‘true’ variability. We
reconstruct a lightcurve using the true variability and some Gaussian scatter. In order to reconstruct
the lightcurve from the variability, an average value for dm must be assumed (see Equation 3.1).
This value is taken from the best fit line through the magnitude uncertainties with respect to the

magnitudes, as shown in Figure 3.9.

When the simulated observations are in place, we assign a different uncertainty on the
magnitude. This uncertainty is drawn from a sample of uncertainties which is based on the real
uncertainties in the data for a given magnitude bin. We now recalculate the variability in the exact
same way; this variability may be thought of as the ‘reco’ variability, analogous to the observed
variability in the real data. This allows for a direct comparison between the reco variability and
the true variability, at a given magnitude. The resulting scatter acts as an uncertainty on the true

variability.
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Figure 3.9: Magnitude against magnitude uncertainty for each epoch in the ZTF dataset. For

plotting purposes, the number of datapoints has been reduced from 10° to 10%.
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Figure 3.10: Example plots of the relation between the true variability and the reco variability, in

various magnitude bins. The purple points are the simulated datapoints; the black points are the

best fit line through the datapoints; the teal shaded region shows the 10~ area around the best fit; the
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In practice, we take the observed variabilities (equivalent to reco variabilities) and match
them up to the true variabilities, at a given magnitude. This is illustrated in Figure 3.10, where a
small number of bins is shown for clarity purposes. The actual number of bins used is larger, and
was chosen to minimize scatter while also avoiding overbinning. Note that although the scatter in
dimmer magnitude bins appears significant in the Figure, the actual scatter is much smaller and

negligible. These true variabilities are injected back in to analysis.
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Chapter Four

Superluminous supernova host galaxies

This Chapter consists of the paper "Metallicity beats sSFR: The connection between superlumi-
nous supernova host galaxy environments and the importance of metallicity for their production”,

(Cleland et al., 2023), published in MNRAS.

We analyse 33 Type I superluminous supernovae (SLSNe) taken from ZTF’s Bright Transient
Survey to investigate the local environments of their host galaxies. We use a spectroscopic sample
of galaxies from the SDSS to determine the large-scale environmental density of the host galaxy.
Noting that SLSNe are generally found in galaxies with low stellar masses, high star formation
rates, and low metallicities, we find that SLSN hosts are also rarely found within high-density
environments. Only 3*] per cent of SLSN hosts were found in regions with 2 or more bright
galaxies within 2 Mpc. For comparison, we generate a sample of 662 SDSS galaxies matched
to the photometric properties of the SLSN hosts. This sample is also rarely found within high-
density environments, suggesting that galaxies with properties required for SLSN production favour
more isolated environments. Furthermore, we select galaxies within the Illustris-TNG simulation to
match SLSN host galaxy properties in colour and stellar mass. We find that the fraction of simulated
galaxies in high-density environments quantitatively matches the observed SLSN hosts only if we

restrict to simulated galaxies with metallicity 12 + log(O/H) < 8.12. In contrast, limiting to only
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the highest sSFR galaxies in the sample leads to an overabundance of SLSN hosts in high-density
environments. Thus, our measurement of the environmental density of SLSN host galaxies appears
to break the degeneracy between low-metallicity or high-sSFR as the driver for SLSN hosts and

provides evidence that the most constraining factor on SLSN production is low-metallicity.

4.1 Introduction

While the detection rates of supernovae have rapidly increased over the last decade or so, thanks
to wide-field high-cadence surveys such as Pan-STARRs (Chambers et al., 2016), ATLAS (Tonry
et al., 2018) and ZTF (Bellm et al., 2019), superluminous supernovae (SLSNe) remain a rare and
elusive transient event. SLSNe were originally classed as a supernova event that is 10-100 times
brighter than typical supernovae (Quimby et al., 2011; Gal-Yam, 2012), however are now classified
by their unique spectra (e.g. Lunnan et al., 2018; Quimby et al., 2018; Angus et al., 2019). Their
lightcurves differ from those of other supernovae as they are both broader and brighter. There are
two classes of SLSNe: Type I and Type II. Type I SLSNe (often referred to as simply SLSNe, a
convention we adopt in this work) are dominated by OII absorption lines at maximum luminosity,
while Type II SLSNe exhibit sharply peaked hydrogen emission lines from circumstellar interaction.
The physical mechanisms which cause Type I SLSNe remain a topic of debate, with mechanisms
such as a central engine in the form of a magnetar (see e.g. Kasen and Bildsten, 2010; Inserra
et al., 2013; Nicholl et al., 2017) or interaction with the circumstellar medium (see e.g. Smith and
McCray, 2007; Chevalier and Irwin, 2011; Chatzopoulos et al., 2012; Ginzburg and Balberg, 2012)

being proposed as possible power sources for the increased luminosity.

We can use properties of their host galaxies to infer the conditions required for a SLSN to
occur. This can help constrain the processes at work. SLSNe have been found mostly in low-mass

galaxies, with very few being found in host galaxies with stellar mass > 10 Mg (Schulze et al.,
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Sample  # ob;j. Redshift Med(z) Magnitude Med(M;) Description
SLSN-g 33 0.064,0.39 0.159 -22.74,-15.32 -18.41 SLSN host gals.
SDSS phot-z

SDSS-m 662 0.036,0.312  0.117  —22.196,-16.709 -19.632  gals. matched to
SLSN-g

SN-Ia 3268 0.001,0.156  0.065  -26.56,-11.56 -20.76 Type Ia host gals.

SDSS spec-z
Spec-z 300000 0.00,0.40 0.144  -31.214,-10.006 -22.385
gals.

Table 4.1: Descriptions of each of the samples used. The columns are the name of the sample,
the number of objects in the sample, the minimum and maximum of the redshift, the median of
the redshift, the minimum and maximum of the absolute magnitude, the median of of absolute

magnitude, and the description of the sample.

2018). This is surprising, as one might expect that with more stars comes more supernova events
(Sullivan et al., 2006; Smith et al., 2012; Wiseman et al., 2021, see also Perley et al., 2016b).
Various authors have found that SLSN host galaxies typically have high specific star-formation
rates (~ 10~° yr‘l, Neill et al., 2011; Leloudas et al., 2015; Angus et al., 2016), leading to the
idea that SLSNe may be the first stars to explode following a starburst. Leloudas et al. (2015) note
that SLSN host galaxies have properties which are consistent with extreme emission line galaxies
(EELGs), i.e. high-sSFR and also highly ionised gas. Meanwhile, Lunnan et al. (2014), Chen
et al. (2017c) and Perley et al. (2016a) argue that the low-metallicity observed in SLSN hosts is
the more important factor in the production of these rare transients, and that their low metallicities
can explain the extreme energies seen (Chen et al., 2013). Nevertheless, since dwarf galaxies tend
to have both low metallicities and bursty star-formation histories, and the production of SLSNe
appears averse to high-metallicity and low specific star-formation rate (Schulze et al., 2018), there

is a degeneracy regarding which of these factors is more critical.
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Figure 4.1: PanSTARRS i-band cut-out images (Flewelling et al., 2020) of SLSN sources and of a
SN Type Ia host. Panel a) shows object ZTF21aaarmti, panel b) shows object ZTF22aalzjdc and
panel c) shows object ZTF18aangpkx. The magenta circle in each panel depicts the location of
the source. In panel b), no host galaxy was found for the source. The host galaxy in panel c) is
in a higher-density environment than the SLSN hosts; see Section 4.3.1 for details. The absolute
magnitude of the host galaxy in panel a) is M; = —21.36 and its redshift is z = 0.193. The absolute
magnitude of the host galaxy in panel ¢) is M; = —22.67 and its redshift is z = 0.070. The redshift

of the SLSN source in panel b) is z = 0.200. The size of each of the images is 62.50”.
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It is well known that the local environment of galaxies, that is whether a galaxy is located
within a galaxy group or a galaxy cluster or it is isolated, has a profound effect on a number of
galaxy properties, including the metallicity (Tremonti et al., 2004; Ellison et al., 2009; Cooper et al.,
2009), star formation rate (Wetzel et al., 2013; Cleland and McGee, 2021) and overall evolution of
the galaxy (Dressler, 1980). Gravitational interactions between galaxies can disturb the gas and dust
which fuels star-formation, leading to starburst phases, or similarly galaxies may merge which will
also have an effect on the star-formation rates of the galaxies involved. Conversely, high-density
environments may cause the quenching of star-formation in an infalling galaxy. It naturally follows
to investigate the local environment of SLSNe host galaxies to uncover any environmental factors
that may impact SLSNe rates. @rum et al. (2020) find that up to 50 per cent of superluminous
supernova host galaxies have at least one companion within 5 kpc, which they use to explain the
increased star-formation rates required for SLSNe to occur. However, for the purposes of this work
we are interested in the overall density of the local environment of the SLSN host galaxy. That is,
a close companion galaxy of arbitrary stellar mass within kiloparsecs of the supernova host galaxy
does not necessarily lead to the same environmental effects at larger scales (e.g., Mpc). In order
to probe for such effects, we aim to use bright galaxies as a proxy for density, noting that this is
a first order approach, with the absolute magnitude of galaxies roughly tracing stellar mass. By
investigating the environments of these galaxies in this way, we aim to break the degeneracy between

the requirements of low-metallicity and high specific star-formation rate for SLSN production.

In this work we identify isolated SLSNe and SLSNe in groups, and compare between
various host galaxy properties. We also compare against Type Ia supernova host galaxies, which
occur in a wider variety of host galaxies. We then investigate these host galaxies further within the
Ilustris-TNG simulation suite, by exploring the metallicities and specific star-formation rates of a

sample of simulated galaxies with observational properties similar to those of SLSN hosts.

The paper is structured as follows: in Section 4.2, we describe the data used and how it was

obtained; in Section 4.3 we explain the results and discuss their implications; finally in Section 4.4
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Figure 4.2: Histograms of the colours, absolute magnitudes, and redshifts of galaxies in SLSN-g
with reliable photometry compared to the matched SDSS sample. KS-tests result in p-values of
0.46, 0.36, and 0.75 respectively, validating that the SLSN-g and SDSS-m samples match each

other.

we summarise our findings. For the computation of cosmological distances, we use a flat universe

with Hy = 70.2 and Q,,, = 0.277.

4.2 Data

We obtain coordinates, redshifts and host photometry (g — i colours and M; absolute magnitudes)
of 55 Type I SLSNe (hereafter simply referred to as SLSNe) and 4816 Type Ia supernovae from
the ZTF Bright Transient Survey! (BTS; Masci et al., 2019; Perley et al., 2020c). This was the full
sample of Type I SLSNe and Type Ia SNe available on the BTS at the time of analysis (September
2022). The BTS is used to obtain properties on supernova events and their host galaxies due
it being a well-defined sample with a limiting magnitude of ~ 18.5 mag that selects for nearby
events with a higher chance of host detection. The supernovae in this sample have been classified

spectroscopically, and by a variety of research groups. Table 4.2 lists and cites the classification

thttps://sites.astro.caltech.edu/ztf/bts/bts.php
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group for each SLSN. The code SueErLOCK? is used to cross-identify for a host galaxy and its
photometry (Smith et al., 2020); this information is available directly on the LAasAaIr broker (Smith
et al., 2019) for each source. Some sources have no catalogued host, and are marked as ‘orphans’.
See Figure 4.1 for examples of a SLSN source with a host detection (left panel) and a SLSN source
where no host was detected (middle panel). We denote the SLSN host galaxy sample as SLSN-g,

and the Type Ia supernova host galaxy sample as SN-Ia.

We obtain a spectroscopically-redshifted sample of 300000 random galaxies (Spec-z) from
the Sloan Digital Sky Survey (SDSS) DR17 (Smee et al., 2013; Blanton et al., 2017; Abdurro’uf
et al., 2022), such that their redshifts are local and precisely-known, 0 < z < 0.4. We also obtain
16494 random photometrically-redshifted galaxies from SDSS DR17 (Fukugita et al., 1996; Gunn
et al., 1998; Gunn et al., 2006; Doi et al., 2010) to better match the parameter space of the SLSNe
sample, with 0 < z < 0.4, such that z¢; < 0.1 and zer/z < 0.5. Both samples were obtained
using the SDSS query service CasJobs3. For each sample of supernova hosts, we restrict to sources
within the on-sky footprint of the spectroscopic sample, resulting in 35 SLSNe (18 with detected

hosts) and 3450 Type la supernovae.

4.2.1 Matched sample generation

Since the number of SLSN host galaxies is so low, it is desirable to generate a matched galaxy
sample, based on SLSN host galaxy properties. This means we can make statistical comparisons
of SLSN host-like galaxies, but on a much larger sample of galaxies. The properties of the SLSN
host galaxies are based on their photometry, so we generate a sample of galaxies that are matched
based on photometric properties such as absolute magnitude and colour. We generate this matched

sample to the SLSN host galaxies from the SDSS photometric galaxies (Cooper et al., 2009). For

2https://github.com/thespacedoctor/sherlock
3http://cas.sdss.org/dr17/
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each SLSN host galaxy, we randomly search for a photometric galaxy within a sphere in parameter
space according to Equation 4.1:

Acolour\? AM,; 2 Az 2
( 0.2 ) +(ﬁ) +(m) =1 1)

where Acolour, AM; and Az refer to the difference between the (g — i) colour, absolute magnitude,
and redshift of the SLSN host galaxy and the photometric galaxy. The scaling factor in the
denominator of each term in Equation 4.1 comes from taking the range of each property and
multiplying by a factor of 0.1. This factor was chosen by visual inspection to ensure an adequate
chance of finding an appropriate match, while reducing mismatches in parameter space. Applying
this factor ensures each property has the same weight in parameter space. We attempt a random
search for a unique SDSS galaxy that satisfies Equation 4.1 on a SLSN host galaxy; this search gets
repeated until a match is found, to a maximum of 1000 times. This process is repeated on SLSN
host galaxies 10000 times. This results in a matched sample (SDSS-m) of 662 galaxies. Note
that varying the multiplicative factor in Equation 4.1, and the number of repetitions performed on
each galaxy, has no quantitative effect on the results discussed in Section 4.3.1. For this matching
procedure, we only use the 18 SLSN sources with detected hosts and reliable host photometry. The
rest of the analysis depends on the positions and redshifts of each SLSN source directly, and so the

entire sample of 33 SLSNe is used.

The details of each sample are listed in Table 4.1. Histograms of the distributions of
the colour, absolute magnitude, and redshift of SLSN-g and SDSS-m are plotted in Figure 4.2.
Kolmogorov-Smirnov tests validate that the distributions match well, with the added benefit of over

an order of magnitude more galaxies in the matched sample than SLSN host galaxies.
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4.3 Results and discussion

4.3.1 Observations

Using bright, well-observed galaxies as a proxy for density, we count the number of bright (M; <
—21.5) Spec-z galaxies that are at an on-sky projection of 2 Mpc or less of the target galaxy, within
Az = 0.005, based off a typical velocity dispersion of a galaxy group/cluser (Yang et al., 2007).
We denote this quantity as No. We use M; < —21.5 as the threshold for bright galaxies as this
magnitude is the completion limit for the entire spectroscopic sample for this redshift range, and we
use 2 Mpc as it is the upper end of galaxy group diameters (Yang et al., 2007). Note that varying
the M; threshold does not have a qualitative effect on the results. We calculate N, for SLSN-g,
SDSS-m, and SN-Ia as a control. SN-Ia works as a control sample because these galaxies are much
less confined to a specific region of parameter-space compared to SLSNe, and the photometry is
easily comparable to SLSN-g since both samples come from ZTF. A 2-d histogram showing these
results is shown in Figure 4.3, with N, shown as a function of absolute magnitude. Note the log
scale in the z-axis. This quantity is also plotted for SLSN-g and SDSS-m in dark purple and light
purple, respectively. We can see that while the distribution N, for SN-Ia occupies a large and varied
region of parameter-space (note 70 per cent of SN-Ia still has N, = 0), N, < 2 for SLSN-g and
N; < 3 for SDSS-m, with the majority of galaxies having N, = 0. This is not simply a consequence
of reduced numbers of SLSN-g compared to SN-Ia; binned by magnitude, the fraction of SLSN-g
with any bright neighbour (i.e. N, > 1) reaches a maximum of about 10 per cent#, which is only
half of the minimum of the fraction of SN-Ia with any neighbour in the same bins. Similarly,

SDSS-m only reaches a maximum of about 10 per cent.

We consider galaxies with N, > 2 as being in a high-density environment, with everything

else being in a low-density environment. This number is chosen under the assumption that a typical

4This number is entirely dependent on the choice of binning since N, = 1 for SLSN-g in any magnitude bin
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Figure 4.3: A scatter plot of the number of bright Spec-z galaxies within 2 Mpc of a target galaxy
against absolute magnitude, compared to a 2d histogram of the same distribution for Type Ia SNe
host galaxies. SLSN-g is shown as dark purple circles and the matched sample, SDSS-m, is shown
as light purple triangles. Normalised histograms are included on the x— and y—axes and show the

absolute magnitude and N, distributions for SN-Ia, SDSS-m and SDSS-g.
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Figure 4.4: A colour-magnitude diagram comparing SLSN-g and SDSS-m to SN-Ia. Low-density
SLSN-g galaxies are plotted in purple circles, high-density SLSN-g galaxies are plotted in orange
pluses, low-density SDSS-m galaxies are plotted in purple crosses, high-density SDSS-m are plotted
in orange triangles, and the distributions for low- and high-density SN-Ia galaxies are plotted as
purple filled in contours and orange contour lines respectively. Open purple circles represent the
SLSN-g sources with unreliable host photometry. Purple and orange points shown individual SN-Ia

galaxies when they are not captured by the contours.
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Figure 4.5: Histograms of metallicity (left) and sSFR (right) in [llustrisTNG for all blue low-mass

(BLM) galaxies (black), BLM field galaxies (purple) and BLM group galaxies (orange).

galaxy group or cluster halo is of the order of a few Mpc in diameter (Yang et al., 2007), so
any more than two bright (large) galaxies would be considered a high-density environment. We
emphasise the fact that this is a generous constraint, set in an attempt to maximise the number of
SLSN hosts in high-density environments. An example of a SN-Ia host galaxy with a high N,
number (N, = 8) is shown in the right panel of Figure 4.1. We plot SLSN-g, SDSS-m, and SN-Ia
on a colour-magnitude diagram in Figure 4.4, separated by high- and low-density. Contour lines
map out the SN-Ia galaxies that are in high-density environments. We see that the high-density
SLSN-g and SDSS-m galaxies are found on the outer regions of these contour lines. That is, they
preferentially avoid the region in phase-space where high-density environments occur. This result,
along with finding that the matched sample galaxies are also almost exclusively found in low-density
environments, is indicative that the galactic properties of SLSN hosts are the constraining factor in
the density of the environment of these galaxies. In other words, the type of galaxies where SLSNe
are found (blue, low-mass, low-metallicity) are rarely found in high-density environments. As a

fraction of each sample, SLSNe that occur in high-density environments is 1/33 = 0'03’:8:8?’ and

40.005

matched galaxies that occur in high-density environments is even lower, at 4/662 = 0.006+ 1>.
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4.3.2 Simulations

Since these galaxies are so faint, often the reliable host photometry or spectroscopy required to
accurately measure physical properties like metallicity and star-formation rate is not available.
Therefore it can be useful to use simulations to distinguish between real physical properties,
and observational constraints. In Section 4.3.3 we utilize the IllustrisTNG suite of simulations?
(Pillepich et al., 2018; Springel et al., 2018; Nelson et al., 2018; Naiman et al., 2018; Marinacci
et al., 2018; Nelson et al., 2019). IllustrisTNG is a set of large-scale cosmological, gravo-
magnetohydrodynamical simulations based on the Arepo code (Springel, 2010). We use the
TNG-100 simulation, which has a volume of 106.5° cMpc. This simulation provides the best
balance of large haloes (i.e. M) > 10'2 M) and smaller resolution subhaloes (i.e. M), < 10° My),
although qualitatively similar results were found with the use of TNG-300. From this simulation,
we use stellar masses, star-formation rates, gas-phase metallicity abundances, galaxy colours, group

halo masses, and information about group membership.

4.3.3 IlustrisTNG

To investigate the tendency of SLSN host-like galaxies to avoid high-density environments further,
we make use of the IllustrisTNG suite of simulations. From the TNG100-1 simulation, we obtain
stellar masses, gas metallicities, star-formation rates, and g and i photometry on all 4.4 million
subhaloes in the most recent redshift snapshot. Each subhalo resides in a parent halo with a total
halo mass M»q, defined as the total mass of a sphere whose mean density is 200 times the critical
density of the Universe. In line with the properties of SLSN host galaxies, we define a sample of
blue, low-mass galaxies (BLM), with (g—i) < 1 and 107 < M, /Mg < 10°. This stellar mass range
has an upper limit in line with observations of SLSN host galaxies (e.g. Schulze et al., 2018), and

a lower limit to avoid contamination from haloes not yet formed into galaxies. Note that at this

Shttps://www.tng-project.org/data/
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stellar mass range, virtually all galaxies (~ 98 per cent) have (g —i) < 1 and also are star-forming.
For each subhalo, we retrieve the number of subhaloes (Ngyps) in its parent halo. For a galaxy to
be in a group, we require Ngps > 1 and Mooy > 10'2 Mg. This is to ensure we avoid including
field galaxies with smaller (non-galaxy) haloes associated with them. Everything else is assigned

as being in the field.

In Figure 4.5, we plot a histogram of the log of the metallicity of BLM and a histogram of
the log of sSFR, separated by group membership. Immediately it is clear that this sample is biased
towards low metallicities, as is expected from observations of SLSN host galaxies (see Figure 11
in Chen et al. (2015), and Figure 8 in Perley et al. (2016a)). Notably there are much fewer BLM
galaxies in groups than in the field, with group galaxies making up 35.5 per cent of the BLM
sample. Additionally, the BLM galaxies that reside in groups lie at the high end of the metallicity
distribution. We also see that BLM galaxies typically have intermediate sSFR, as is seen in the
properties of SLSN host galaxies. However, BLM galaxies in groups dominate over field galaxies

at high-sSFR.

Thus, in agreement with our observational results in the previous section, the simulation
results qualitatively suggest that the reason SLSN-g are not found in dense environments is because
the galaxies that host SLSN, blue low-mass, are not often found in groups. However, quantitatively,
there is a potential discrepancy. From the simulation results in Figure 4.5 we measure that 35.5 per
cent of such BLM galaxies are found in groups within the simulation. This means, observationally,
we would expect about 12(235) of SLSN-g(SDSS-m) to be in high-density environments, compared
to the 1(4) in SLSN-g(SDSS-m).

This potential discrepancy is pointing to an additional requirement in our simulated sample
to properly recover the observed environmental distribution — that of low-metallicity. It is known
that SLSNe require host galaxies with low metallicities (e.g. Lunnan et al., 2014), and in the

simulation results of Figure 4.5, the lower metallicity ranges are dominated by field galaxies. We

112



Superluminous supernova host galaxies

1.0
0.8
. 0.6
S —— BLM-f
2 BLM-g
0.4
0.2 1
0.0 . . : : :
7.0 7.5 8.0 8.5 9.0 9.5

12 + log(O/H)

Figure 4.6: Fractions of BLM-f (purple) and BLM-g (orange) of the total BLM sample with respect
to metallicity. The gray dashed line shows the metallicity at which group galaxies account for 3

per cent of the entire BLM sample, in accordance with observations, with upper and lower limits

shaded in gray.
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better illustrate this in Figure 4.6, where we plot the fractions of field galaxies and group galaxies
with respect to the total BLM sample as a function of metallicity. Field galaxies clearly dominate
at Z < Zg, and group galaxies dominate at Z > Zg; here we assume Zg = 8.69 following Asplund
et al. (2009). We also plot the metallicity at which the fraction of observed SLSN host galaxies in
groups is 0.03. We can then apply generous constraints by considering the uncertainties on the SLSN
occurrence rate above. By computing beta distribution confidence intervals at ¢ = 0.68 (Cameron,
2011) on the fraction of observed SLSNe in groups we find this fraction to be 0.03 fg:gg. In Figure 4.6
these confidence intervals are shaded in gray. Even with such a wide confidence interval, the highest
metallicity that is consistent with the observed environmental density of SLSN hosts, and therefore
the apparent upper limit of SLSN production is 12 + log(O/H) = 8.12. This is approximately 0.2
dex lower than the apprent threshold reported in Schulze et al. (2018), 12 + log(O/H) ~ 8.3, and
0.3 dex lower than the threshold reported in Chen et al. (2017c), 12 + log(O/H) ~ 8.4.

In addition, we find that only about 26 per cent of BLM galaxies in groups reside in haloes
of M}, > 103 My, This supports the idea that the typical galaxies that host SLSNe will rarely be

found in large groups or clusters.

The distributions in Figure 4.5 provide evidence that low-metallicity is the constraining
requirement for SLSN production, rather than high-SFR. Focusing on the right panel, we see that
the distribution of BLM-g in sSFR is more evenly distributed compared to metallicity in the left
panel. In particular, noting SLSN host galaxies require sSSFR> 10~ yr~! (Schulze et al., 2018),
there is actually an excess of BLM-g galaxies at this sSSFR. This means that if a high-sSFR was
the predominant factor for SLSN production compared to low-metallicity, we would see many
more SLSN host galaxies in denser environments: =~ 24 out of the 33 SLSN events in this sample.
Since this is not the case, our analysis suggests that low-metallicity is likely the more important

requirement.
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4.4 Conclusions

Using SLSN sources from the ZTF BTS, we calculate whether their host galaxies are found in
high-density or low-density large-scale environments. We use bright, spectroscopically redshifted
galaxies with absolute magnitude M; < —21.5 as tracers of density, and classify a source as in a
high-density environment if there are 2 or more bright galaxies within 2 Mpc. We test our findings
by comparing the SLSN sample with a sample of Type Ia supernovae, whose host galaxies span a
wider range of galaxy colour and absolute magnitude. We also create another sample, derived from
SDSS photometrically-redshifted galaxies, matched to the SLSN host galaxies in galaxy colour,

absolute magnitude, and redshift. Our main findings may be summarised as follows:

* SLSN host galaxies are almost always located in low-density environments, with all but 2
(of 33) host galaxies having no bright galaxies within 2 Mpc. The photometrically selected
matched sample (in luminosity, colour, and redshift) shows similar results. This is in contrast
to Type la supernova host galaxies, 8.5 per cent of which have 2 or more bright neighbours
This is consistent with the fraction of SNe Ia found in clusters compared to field galaxies,
according to Larison et al. (2023). In any relevant magnitude bin, the maximum high-density
fraction is < 10 per cent for the SLSN and matched samples, while for the SN-Ia sample the

minimum is > 20 per cent.

* In analysis of the Illustris-TNG simulations, over 70 per cent of blue, low-mass galaxies are
found in the field, rather than in groups. These galaxies have low metallicities and high

star-formation rates, which are typical of SLSN host galaxies.

* Crucially, we find that in order to quantitatively match the rate of SLSN host galaxies found
in dense environments, an additional condition on the metallicity of the host in the simulation
is required. Taking the uncertainties into account, SLSN production is only favoured in

galaxies with 12 + log(O/H) = 8.12. In contrast, selecting only high-sSFR galaxies would
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lead to an over-representation of high-density hosts in the simulation.

The fact that simulations suggest that galaxies capable of producing SLSNe and having
high-sSFR would preferentially be found in groups, but such galaxies with low-metallicity would
preferentially be found in the field, suggests that the metallicity of a galaxy is the more important
factor in the occurrence of these explosive transients. However, this result will be strengthened
with more observations of SLSNe and their host galaxies, which will be achieved over the coming

years when new high-cadence surveys come online such as LSST at the Vera Rubin Observatory.
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Appendix

4.A List of SLSNe

Table 4.2 lists all 55 SLSNe events that were available on the BTS when analysis began, the groups

that classified them as SLSNe, and the relevant citation.

Table 4.2: Table of ZTF IDs of the transient events that were obtained on the BTS, the group that

classified them as SLSNe, and the relevant citation.

ZTFID Classifying group Citation
ZTF18aavrmcg NUTS Dong (2018)
ZTF18aapgrxo ZTF Fremling and Sharma (2018)
ZTF18abmasep ZTF Fremling et al. (2018a)
ZTF18ablwafp ePESSTO Gromadzki et al. (2018)
ZTF18abshezu ZTF Fremling et al. (2018b)
ZTF18abvgjyl ZTF Fremling et al. (2018c¢)
ZTF18acapyww ZTF Fremling et al. (2018d)
ZTF18acenqto ZTF Fremling et al. (2018e)
ZTF18achdidy ZTF Fremling et al. (2019b)

Continued on next page
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Table 4.2 — continued from previous page

ZTFID Classifying group Citation
ZTF18acxgqxq ZTF Fremling et al. (2019b)
ZTF18acyxnyw ZTF Fremling et al. (2019c¢)
ZTF19aaknqmp ZTF Fremling et al. (2019d)
ZTF19aanesgt ZTF Fremling et al. (2019e)
Z'TF19aacxrab ZTF Fremling et al. (2019f)
Z.TF19aavouyw None Chen (2019)
ZTF19aarphwc ZTF Fremling et al. (2019g)
ZTF19aawfbtg TCD Prentice et al. (2019a)
ZTF19abpbopt ZTF Perley (2019)
ZTF19abnacvf ZTF Perley et al. (2019)
ZTF19abfvnns ZTF Fremling and Dahiwale (2019)
ZTF18aajqcue ZTF Fremling et al. (2019h)
ZTF19abxgmzr ZTF Fremling et al. (2019a)
ZTF19acfwynw C-SNAILS Nicholl et al. (2019)
ZTF19acgjpgh TCD Prentice et al. (2019b)
Z'TF20aahbfmf SGLF Poidevin et al. (2020)
ZTF20aaifybu ZTF Yan et al. (2020b)
Z'TF19acbonaa ZTF Yan et al. (2020a)
ZTF20aayprqz ZTF Perley et al. (2020b)
ZTF20aattyuz ZTF Dahiwale and Fremling (2020)
ZTF20abobpcb SGLF Perez-Fournon et al. (2020)
ZTF20abpuwxl None Terreran (2020)
ZTF20abzumlr ZTF Perley et al. (2020a)
ZTF20acphdcg ePESSTO+ Ihanec et al. (2020)
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Table 4.2 — continued from previous page

ZTFID Classifying group Citation
ZTF20acpyldh FLEET Blanchard et al. (2020)
ZTF21laaarmti ePESSTO+ Gillanders et al. (2021)
ZTF2laagpymw ePESSTO+ Magee et al. (2021)
ZTF19ackjrru FLEET Gomez et al. (2021a)
ZTF19acyjzbe FLEET Gomez et al. (2021a)
Z'TF19adaivcf FLEET Gomez et al. (2021a)
ZTF2laappdnv  Global SN Project Gonzalez et al. (2021)
ZT¥F2laakjkec ZTF Dahiwale and Fremling (2021)
ZTF21aaxwpyv TCD Deckers et al. (2021)
ZTF2laavdqgf None Yao et al. (2021)
Z'TF21abaiono ZTF Perley et al. (2021)
ZTF21abcpsjy REFITT Weil et al. (2021)
ZTF21abbgeea SGLF Poidevin et al. (2021)
ZTF21absyjft FLEET Gomez et al. (2021b)
ZTF2laccwovq ePESSTO+ Gromadzki et al. (2021)
ZTF2l1abrqria FLEET Gomez et al. (2021c¢)
ZTF21aalkhot ePESSTO+ Smith et al. (2022)
Z'TF22aabimec ePESSTO+ Srivastav et al. (2022)
ZTF22aadqgoa SGLF Poidevin et al. (2022)
Z7TF22aalzjdc UCSC Davis et al. (2022)
ZTF22aarqrxf ePESSTO+ Ayala et al. (2022)
ZTF22abcvfgs ePESSTO+ Harvey et al. (2022)
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Chapter Five

Conclusions

This thesis has illustrated the complicated web connecting various processes of galaxy evolution,
from very local scales such as the effect of the central black hole on the surrounding galaxy, to
global scales such as the intergalactic medium and other galaxies in the environment. Yet, we see
connections between these very distinct mechanisms, in that each galaxy population discussed in

this thesis can be thought of as being in a transitionary state, or in the ‘green valley’.

Chapter 1 gave some context for this work, and briefly described some of the most pertinent
facets of the workings of galaxies, including how gas relates to star-formation, how star-formation

is quenched, and how some of the most explosive events within galaxies occur and their properties.

I presented work on the environmental dependence of galaxy quenching in Chapter 2. Most
similar studies look only at whether or not a galaxy is quenched, i.e., meaning it has ceased star-
formation. However, in this work I probed the most recent star formation history of galaxies, and
identified galaxies which had ceased star-formation in the last 10 — 100 Myr. This is a very small
window in the lifetime of a galaxy and gives a good indication of the environmental conditions that

are most linked to the initiation of quenching.

To achieve this, a combination of He and UV flux was exploited to trace star-formation
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from different types of stars. Ha traces the biggest and brightest stars, and these are also the first to
die. UV traces similar stars but with slightly longer lifetimes. Thus, when a galaxy stops producing
new stars, the brightest stars will begin to die after 10 Myr, there will be little Ha, but there will

still be some stars traced by UV. These galaxies were named ‘recently-quenched’ or RQ galaxies.

As a tracer of the environment of each galaxy, I distinguished between central and satellite
galaxies in galaxy groups. I found a significant excess of RQ satellite galaxies compared to RQ
central galaxies at mass <10'© Mg. At larger masses, the central galaxies dominated, which
was expected due to mass-quenching. Furthermore, the fraction of RQ galaxies increased with
decreasing group-centric radius, indicating a radial dependence. That is, galaxies closer to the
center of the group were more likely to have recently-quenched. There was also a halo-mass

dependence, with higher mass haloes having higher fractions of recently-quenched satellites.

These results taken together illustrated a picture where the environment has a significant
effect on the star-formation rate. Low mass satellites in high mass haloes showed the largest fraction

of RQ galaxies, and this effect was stronger closer to the center of the group.

In Chapter 3, results from a study on optical variability as a probe of galaxy evolution were
presented. The aim of this work was to quantify the effect of (potentially obscured) AGN variability
on the star-formation rate of the galaxy. I defined a measure of the variability using the reduced y?
of the lightcurve of the galaxy. I classified each galaxy using a BPT diagram as either star-forming,
AGN, or composite. Upon investigating how variability behaved compared to these classes and
other galaxy properties, I surprisingly found that the star-forming galaxies had the highest measures

of variability.

As a function of mass, the star-forming galaxies exhibited an excess of variability compared
to their AGN counterparts, at least at M, < 10'%> M. This also corresponded to an increase
in mean variability at intermediate sSSFR. At higher masses and lower sSFR, i.e. where AGN

dominate, the mean variability decreased. These results were consistent with a scenario where the
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effect of the AGN on the galaxy depends on the gas content, i.e. the star-formation rate, and also
depends on how and when that gas gets consumed, i.e. when the galaxy becomes quenched and
gas-poor. This study provided an effective way of identifying young AGN and found interesting

links between the AGN variability and the evolution of the galaxy.

Finally, Chapter 4 described results from a study on the host galaxy environments of
superluminous supernovae. I first established that SLSNe were almost exclusively found in low-
density environments, which was perhaps not surprising considering the blue colours of SLSN hosts,
but in slight contention with results from other studies that suggest SLSN hosts are sometimes found

to be interacting with nearby companions.

Building on this result, I then compared to a simulated sample of galaxies with properties
similar to those of SLSN hosts. I showed that, in order to match the observed rates of SLSNe
in low-density environments, a low metallicity range is required. Contrastingly, the majority of
galaxies at the high sSFR range were located in high-density environments, which does not match
observations. These results provided evidence which suggested that the metallicity constraint in

SLSN production is more crucial, compared to high star-formation rate.

To capture the complexities of galaxy evolution in one text is an ambitious task. There
remain many gaps in our understanding of this subject. Fortunately, we find ourselves at the dawn
of a new era in the field, with a number of exciting and promising new telescopes coming online
in the next few years. Over the next decade, surveys such as the LSST at Rubin Observatory, and

telescopes such as JWST and Euclid, will revolutionise our knowledge of galaxy evolution.
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