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This is one corner of one country, in one continent, on one planet that’s a corner of a
galaxy that’s a corner of a universe that is forever growing and shrinking and creating
and destroying and never remaining the same for a single millisecond. And there is so

much, so much to see.

—The Eleventh Doctor



Abstract

The assembly and evolution of angular momentum in galaxies under the ACDM paradigm
is shaped by a combination of internal and external processes. The development of
integral field spectroscopy has revolutionised our ability to study spatially resolved galaxy
properties across thousands of systems spanning a diverse range of masses, environments,
and morphologies. In particular, measurements of stellar kinematics have revealed a
vast array of dynamical structures and correlations with various global properties, raising
questions about the specific evolutionary pathways of galaxy angular momentum. In
this thesis, we investigate the physical drivers of galaxy spin evolution by combining
the statistical power of the SAMI Galaxy Survey with the high spatial resolution of
the GECKOS-MUSE Survey. We begin at the largest scales, using marked correlation
functions to find an anti-correlation of Az, with environment, where galaxies with low Ag,
values are preferentially located in denser regions. We further show that neither stellar
mass nor the slow rotator population alone can explain this relation, and that our results
agree with mock observations from the cosmological EAGLE simulations.

Turning to individual galaxies, we examine how mergers drive spin-down and the formation
of slow rotators. From deep HSC images of massive (log,o(M./Mg)>10) early-type SAMI
galaxies, we identify low surface brightness tidal features, classifying them as shells or
streams. Although the full sample shows no spin difference, younger galaxies with shells
exhibit lower spin and higher slow rotator fractions. We conclude that radial major
mergers are the primary driver of spin-down in young early-type SAMI galaxies, with the
lack of shells in older systems reflecting early Universe mergers whose shells have since
faded.

In order to further link internal dynamics, age, and merger history, we derive orbital dis-
tributions for a subsample of SAMI early-types, using orbit-superposition Schwarzschild
dynamical models. We find that the orbital fractions correlate strongly with Ag , with
the strongest relation arising from the merger-generated hot + counter-rotating fraction.
Controlling for stellar mass and environment, hot and cold orbits correlate with stellar age,
while warm orbits do not. We also find that the lower Ag, values in young shell galaxies
arises from an excess of hot and a deficit of cold orbits, implying stars transition directly
from cold to hot orbits. These results indicate that merger-driven heating dominates the
spin-down of massive galaxies, rather than secular processes.

We next extend this to Milky-Way like disc-dominated late-types, where interactions may
instead trigger bars that redistribute angular momentum internally. We use GECKOS-
MUSE observations of seven edge-on disc galaxies to assess how the presence of dust
affects axisymmetric JAM modelling and the recovery of kinematic structures. When dust
is appropriately masked, the disc regions of galaxies are fit well. Analysis of residual
velocity fields reveals coherent excesses in two galaxies that are aligned with bar orbits
and supported by photometric bar signatures. A third galaxy displays off-plane velocity
residuals consistent with a possible side-on bar. Collectively, this research contributes
to a multiscale understanding of angular momentum evolution, connecting cosmological
environment, mergers, age and the internal orbital structure of galaxies.
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Chapter 1

Introduction

You should always waste time when you don’t have any. Time is not the boss of you.

—The Eleventh Doctor

1.1 From SKky Stories to Cosmology

1.1.1 Cultural Astronomy

For almost the entirety of human history, we have looked to the sky. The Aboriginal and
Torres Strait Islander people have lived on and around the Australian continent for at least
65,000 years (Clarkson et al., 2017), with over 500 recorded languages, traditions and
cultures. The oral histories of many of these peoples shows evidence of astronomy going
back tens of thousands of years (Hamacher & Banks, 2018). These stories show evidence
that even in ancient times, humans were aware that the Sun, Moon and planets moved in
the sky. For example, the Tiwi people tell stories of the Sun woman being followed by
the Moon man, who is additionally followed by his four wives (Mars, Mercury, Venus and
Jupiter) (Mountford, 1958).

Although the earliest cultures on Earth observed the objects in the sky and understood
their motions, the idea of massive objects moving in three dimensions wasn’t realised
until classical antiquity, with the Ancient Greeks. The model of concentric spheres was
developed by Eudoxus, Callippus, and Aristotle from the 4th century BCE (Neugebauer,
1975), and involved the celestial objects moving on spheres centred on Earth. Ptolemy’s
Almagest was published in the second century CE and showed that the Earth is a spherical
object, further suggesting a geocentric model that placed Earth at the centre of the universe.
This model was consistent with the prevailing theories at the time and stood as the accepted
theory for over 1200 years. Although several people in the 3rd century BCE suggested that
the Earth may move around the Sun instead, such as Aristarchus of Samos and Archimedes
(Heath & Aristarchus of Samos, 1913), these models were not widely accepted.



1.1.2 The Birth of Scientific Astronomy

The next great leap in our understanding of the cosmos came when Nicholas Copernicus
suggested his model of the Universe, which placed the Sun at the centre, with the planets
orbiting it in circles (Copernicus, 1543). This was extended by Kepler, who adjusted the
orbits to be elliptical, and placed the Sun at one of the two foci of these elliptic orbits
(Kepler, 1609). Kepler also derived three laws of planetary motion, which allowed for the
distances between the Sun and planets to be calculated, and first hinted that the Universe
may be far larger than just our Solar System. Galileo Galilei further (controversially)
proved the heliocentric model of our Solar System using observations (Galilei, 1610).
With Newton’s Law of Universal Gravitation (Newton, 1687) giving a mathematical
model for how the planets moved around the Sun, the currently held heliocentric view on
our Solar System was established.

The extension of astronomy outside of our Solar System developed with the understanding
that distant stars are in fact the same class of objects as our Sun. This idea became
mainstream by the 18™ century (e.g. de Fontenelle & Gardiner, 1715), with the work of
Edmond Halley showing that a set of "fixed" stars had moved since the Ancient Greek
astronomers had observed them. Today, the total stellar mass of our Milky Way is estimated
to be (5+ 1) x 10'° M, (Bland-Hawthorn & Gerhard, 2016), with approximately 100-400
billion stars. By the early 20™ century, the idea of galaxies outside of our own Milky Way
started to be realised. Vesto Slipher measured the redshifts of "spiral nebulae" using the
newly developed technique of spectroscopy, and found they were almost all moving away
from our Solar System, at far greater speeds than average resolved stellar speeds within
our galaxy (Slipher, 1915). Edwin Hubble calculated the distances to these nearby spiral
nebulae in 1929 and found they were too far away to be part of the Milky Way, effectively
proving the existence of galaxies outside our own (Hubble, 1929). Today, we estimate
there are approximately 2 x 10! — 10'? galaxies in the observable Universe (Lauer et al.,
2021).

The field of astrophysics has taken many huge leaps since the early 20" century. The
development of General Relativity in 1915 linked space and time in a fundamental manner,
and predicted the existence of phenomena such as black holes (Oppenheimer & Snyder,
1939), gravitational lensing (Einstein, 1936) and gravitational waves (Einstein, 1918;
Abbott et al., 2016). Inconsistencies in galaxy rotation curves and the amount of visible
matter in galaxies led to the theory of dark matter (Babcock, 1939), which makes up ~85%
of total matter in our Universe. Measurements of Type Ia supernovae in 1998 showed that
the expansion of our Universe is accelerating (Riess et al., 1998), and an invisible dark
energy contributes ~68% of the Universe’s matter-energy budget. The currently accepted
cosmological model is known as ACDM, where A is dark energy, and CDM is "Cold Dark
Matter".

1.1.3 Modern Cosmology, Galaxy Formation and ACDM

Originally thought to be static and forever, the first hints that the Universe is instead evolving
over time came in the early 20" century. Friedmann (1922) showed that Einstein’s field
equations (Einstein, 1916) were not only consistent with a static Universe, as Einstein had
preferred, but with a Universe undergoing cosmological expansion. Edwin Hubble then



calculated the distance to several spiral nebulae, determining they were indeed beyond
the Milky Way and in fact independent galaxies (Hubble, 1926a). Georges Lemaitre
and Hubble later both showed a relation between distance and recession velocity, known
today as the Hubble-Lemaitre Law (Lemaitre, 1927; Hubble, 1929). Lemaitre then first
suggested in 1931 that if galaxies are all moving apart from one another, then at some point
in the past they must have started from a single concentrated point (Lemaitre, 1931). A
very controversial idea at the time, it was strongly opposed by many physicists, including
Fred Hoyle, who proposed his own steady-state model of the Universe that allowed it to
be static in time (Hoyle, 1948). It was Hoyle who in 1949 attempted to discredit the idea
of the Universe expanding from a single point by giving it what he thought was a fanciful
name - the Big Bang.

Over time, the Big Bang hypothesis overtook the steady-state hypothesis, first through
radio source counts (Shakeshaft et al., 1955), and finally beyond doubt with the discovery
of the CMB (Penzias & Wilson, 1965) - the echo of the Big Bang 13.7 billion years later.
Expansion was now established, and models of cosmological evolution and structure
formation followed. Starting from the assumption of the Universe starting as almost
entirely homogeneous and isotropic, theoretical work by Press & Schechter (1974) showed
that structure could grow naturally from Gaussian initial quantum perturbations. This
picture was later reinforced later reinforced by the inclusion of cold dark matter (White
& Rees, 1978), a period of exponential inflation (Guth, 1981; Linde, 1982; Starobinsky,
1982), and N-body simulations (Efstathiou et al., 1988).

Building on this cosmological framework, galaxy formation theory traces the emergence
of of galaxies from the abundances of primordial elements and dark matter established af-
ter Big Bang nucleosynthesis (Alpher et al., 1948; Wagoner et al., 1967; Steigman, 2007).
Firstly, the quantum fluctuations during inflation create over-densities and under-densitites
(Harrison et al., 1965; Zel’dovich, 1970; Mukhanov & Chibisov, 1981; Mukhanov et al.,
1992). Galaxy formation then proceeds in a two-phase process, with dark matter first
collapsing gravitationally around these over-densities to form dark matter haloes (Press
& Schechter, 1974; White & Rees, 1978). Baryonic matter (primarily hydrogen gas)
then follows, collapsing into dark matter potential wells and cooling radiatively (Rees
& Ostriker, 1977; Silk, 1977). Once the gas has cooled enough, star formation begins
(Spitzer, 1978). Early galaxies were turbulent and chaotic due to high star formation rates
(Green et al., 2010), but further gravitational collapse, tidal torques and the conserva-
tion of angular momentum eventually leads to galaxies forming spinning discs, almost
entirely dynamically supported by rotation. Hierarchical structure formation then follows,
where matter collapses and merges into progressively larger structures over time, forming
dispersion-supported elliptically shaped galaxies, and galaxy groups and clusters.

Although the basics of galaxy formation were established, work continued over the second
half of the twentieth century. Analysis of merger rates and galaxy clusters agreed somewhat
with theory (Kauffmann & White, 1993; Lacey & Cole, 1993), but models were under-
predicting large-scale galaxy clustering. Analytical descriptions of dark matter haloes
were developed (Navarro et al., 1996), but tensions remained, such as the Hubble constant
(Hp) being too high in observations. Measurements of Type Ia supernovae solved most
of these issues (H( tension between measurements remains a challenge, but at a much
smaller amplitude than previously) and revealed the final component of the Universe, dark



energy. Dark energy, i.e. the cosmological constant, in fact makes up the largest fraction
of the Universe’s mass-energy budget (Riess et al., 1998), and implies that the Universe is
not only expanding, but the speed of this expansion is increasing.

The currently accepted model for the Big Bang and following cosmology is called ACDM,
and has been a highly successful theory in explaining and predicting many features of the
evolution of our Universe (e.g. Baryon acoustic oscillation, Eisenstein et al., 2005).
However, the detailed evolution of galaxies from the first structure formation early in the
Universe to the complex structures we see today is inherently complex, and not yet fully
understood. The development of large galaxy surveys in more recent times (e.g. York
et al., 2000; Driver et al., 2011; Croom et al., 2012) has given us unprecedented data on
large numbers of galaxies (e.g. measurements of stellar age, metallicity, kinematics), and
allows us to start to investigate these problems.

1.2 Galaxy Photometry

Any examination of the physics of our Universe must involve what we can see when we
look to the sky. With up to 2 trillion galaxies in the observable Universe (Conselice
et al., 2016), they can be found across all sizes and masses. Ultra-compact dwarfs (Hilker
et al., 1999; Drinkwater et al., 2000) have radii of ~ 60pc and contain ~ 100 million
stars, and ultra-faint dwarfs (Willman et al., 2005a,b) have radii of ~ 23pc and contain
~ 100 — 1000 stars. Conversely, there are massive brightest cluster galaxies (BCGs) such
as ESO383-076, which has a radius of ~ 5.4 x 10° pc and a mass of 2 X 1012M@ (Kemp
& Meaburn, 1991).

With such a vast array of possible galaxy types, we start with the earliest classification of
galaxy observations, which is their morphological projection onto the sky.

1.2.1 Visual Morphology

When Edwin Hubble first showed that spiral nebulae were too distant to be located within
our Milky Way and thus must be extra-galactic, he also proposed a classification scheme
for their morphology (i.e. their visual appearance on the sky, Hubble, 1926b). De
Vaucouleurs extended it in 1959 (de Vaucouleurs, 1959) to a form what is commonly
referred to as Hubble’s tuning fork, shown in Figure 1.1. This diagram divides galaxies
into several groups:

Early-Type Galaxies (ETGs):

* Elliptical Galaxies: Galaxies that feature a smooth light distribution. Ellipticals
are labelled by the ratio of their minor (b) to major (a) axis, with the parameter
defined as 10x (1— %). EOQ galaxies are thus perfectly circular on the sky (a = b), E1
galaxies are slightly flatter, and so on, until about E7. However, E4-E7 galaxies are
almost certainly misclassified lenticular galaxies, with their disc not clearly apparent
due to inclination effects (Liller, 1966; Graham et al., 1998).

* Lenticular Galaxies: Galaxies that have a central bulge surrounded by a disc, but
feature little to no active star formation or spiral arms.

Late-Type Galaxies (LTGs):



Hubble’'s Galaxy Classification Scheme

Sb

Figure 1.1: An illustration of Hubble’s "tuning fork" diagram, displaying the various
types of galaxy morphology we observe in the Universe. From left to right, we begin with
spherical elliptical EO galaxies, and progress as they become more flattened and disc-like.
As they develop spiral arms, they split into two types, S and SB, depending on if they
are barred or not. Finally, irregular (Irr) galaxies are galaxies that fit into none of the
categories, and have generally more chaotic shapes. These are often a result of a recent
merger, or are simply lower mass, so smooth disk features are not as clear. We stress here
that although the left side of this diagram are referred to as "early-type" galaxies, and
the right side as "late-type" galaxies, there is no explicit time evolution direction. Image
taken from ESO/Zooniverse.

» Spiral Galaxies: Galaxies that feature a flattened disc, with spiral arms featuring
active star formation. Spiral galaxies may also have a central concentration of older
stars referred to as a "bulge".

* Barred Spiral Galaxies: A subset of spiral galaxies, barred spirals also feature a
"bar" of stars through the centre of the galaxy. In the local Universe, approximately
~ 60 — 65% of spiral galaxies are barred (Menéndez-Delmestre et al., 2007).

Irregular Galaxies (Irr): Galaxies that feature no distinct shape, with little symmetry and
are often chaotic in their appearance. They commonly do not display a bulge, disc, or
spiral arms.

1.2.2 Surface Brightness Profiles

The galaxy components mentioned thus far, such as bulges, discs and bars, are often used
to structurally decompose the light of a galaxy. A model of these components, as well as
the total light of a galaxy, has various uses, such as dynamical modelling (e.g. Cappellari,
2008; Thater et al., 2022) and SED modelling (e.g. Robotham et al., 2020).

A galaxy’s light distribution on the sky as a function of radius is commonly modelled with
a Sérsic profile (Sérsic, 1963):
I(R) = Iye *R"" (1.1)

where I(R) is the intensity at r = R, I is the intensity at » = 0, k is a free parameter,
and n is the Sérsic index. Elliptical galaxies, as well as the bulges of spirals, generally



have profiles with n = 4, known as the de Vaucoulers profile (de Vaucouleurs, 1948).
Disc components generally have profiles with n = 1, known as an exponential profile
(Patterson, 1940; de Vaucouleurs, 1959; Freeman, 1970). These values, however, vary in
practice across a population of galaxies.

Further, a galaxy’s Sérsic index correlates with many photometrically derived properties
of the galaxy. Blanton & Moustakas (2009) used data from the sixth data release of the
Sloan Digital Sky Survey (SDSS, Adelman-McCarthy et al., 2008) and derived Sérsic
indices for 77,153 galaxies. They showed each galaxy’s relationship between its total r-
band absolute magnitude M,, g — r colour, Sérsic index n, and effective radius rsg. These
relationships can be seen in Figure 1.2. They found that while red galaxies show a range of
Sérsic indices, blue galaxies generally show lower values. Additionally, a galaxy’s Sérsic
index correlates with M,. While it should be noted that these relationships display a large
amount of intrinsic scatter, it is clear that the Sérsic index is a key structural parameter.
Other studies have decomposed galaxies into several physically motivated components,
often a bulge+disc (e.g. Simard et al., 2011), but also allowing for bars and nuclear discs
as well (e.g. Gadotti, 2009; Salo et al., 2015).

A further method for modelling the two-dimensional projection of galaxy light on the
sky 1s Multi-Gaussian Expansion (MGE) (Monnet et al., 1992; Emsellem et al., 1994a).
This models the surface brightness (X) at the projected position (x’,y") as a sum of N
two-dimensional Gaussians:

N
S(y) = D)

2
p 2770'kq

72
—%(x’2+y—,2)] (1.2)

where each gaussian component has total luminosity Ly, observed axial ratio g}, and
dispersion o along the major axis. MGE models are useful as the Point Spread Function
(PSF) may also be modelled with an MGE, and this may be analytically convolved with
the light model and used for dynamical modelling (see Section 1.6).

’
k

1.3 Galaxy Spectroscopy

While the photometric imaging of galaxies is a powerful tool, it is limited in that each
band of light (e.g. u, g, 1, i, z, y) is integrated over a range of wavelengths. Although these
can be used to examine galaxy visual morphology and estimate approximate redshifts;
precise information on stellar populations, kinematics, chemistry and accurate redshift
measurements requires a measurement of the galaxy’s spectrum.

The use of spectra to study nature began with Newton’s prism experiments (Newton,
1671), and were linked to astrophysics when Fraunhofer observed the spectrum of the
Sun (Fraunhofer, 1817). The dark features in Fraunhofer’s spectra were later identified
as atomic absorption lines (Kirchhoff, 1860; Kirchhoff & Bunsen, 1860), and the era of
spectroscopy in astronomy began.
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Figure 1.2: The distribution of broad-band galaxy properties from the sixth data release
of the Sloan Digital Sky Survey. The parameters are total r-band magnitude M,, g — r
colour, Sérsic index n, and effective radius rsg. Notably, n displays a correlation with
M, and g — r, albeit with large intrinsic scatter. Figure taken from Blanton & Moustakas
(2009).

1.3.1 Long-Slit Spectroscopy

By the mid-20" century, astronomers extended the spectroscopy of single stars to obtain
spatially resolved spectroscopy across the faces of galaxies. Long-slit spectrographs could
sample multiple arcseconds along a galaxy (e.g. Babcock, 1939; Aller, 1942; Mayall,
1946; Burbidge et al., 1960), delivering spatially resolved spectroscopic measurements,
discovering rotation curves and radial metallicity gradients in external galaxies. The
technique works by observing an object in the sky through a narrow "slit" aperture. The
light is then sent through a spectograph. This results in a two dimensional image, of
which one dimension is spatial (along the slit), and one is spectral (i.e. wavelength data).
This spatial resolution allows for the collection of spatial and spectral information about a



galaxy simultaneously, which is required for many important measurements (e.g. rotation
curves, Courteau, 1997). There have also been several large surveys with long-slits (e.g.
Thompson & Djorgovski, 1995), and multiple short slits (e.g. Le Fevre et al., 2005). These
surveys have the advantage that many objects can be observed at once (~ 600 for Le Fevre
et al. (2005)), which enables a very large number of galaxies to be observed within a
reasonable timeframe.

The disadvantages of long-slit spectroscopy, however, come in three major categories.
Firstly, the positioning of a slit on a galaxy requires forward planning, and errors in slit
positioning can be common. Further, atmospheric differential refraction along a slit is a
substantial effect (e.g. the Filippenko effect, Filippenko, 1982) which can lead to large
uncertainties in derived velocities if not carefully accounted for. Finally, galaxies do not
only vary along one axis (e.g. over one third of early-type galaxies are suspected to be
triaxial (Emsellem et al., 2007; Cappellari et al., 2007)). A slit is fundamentally only
capable of providing spatial variation along an axis. Although a second slit can be placed
perpendicularly to the first slit, this only provides a second (thin) axis. Many galaxies
appear clumpy (e.g. van den Bergh et al., 1996; Elmegreen & Elmegreen, 2005) as a result
of their formation processes. These properties can’t be properly explored with only slits,
and require full two-dimensional spatially resolved data.

1.3.2 Single-Fibre Spectroscopy

The use of glass fibres in optics was first described by John Tyndall (Tyndall, 1873) in the
19 century, utilising the principle of total internal reflection. It would take until 1966
for the first patent for a fibre optic data transmission system, which was later used for the
Moon landing (NASA, 1968).

The idea of fibre cables being used in Astronomy was an attractive one. The benefits
of easily transferring light from a mirror to a spectrograph were obvious, with further
ideas suggested by the 1970s, such as the potential application of fibre optics in creating
telescope arrays (Angel et al., 1977). In 1979, the first spectrum was taken through a single
silica fibre, the nucleus of NGC 4151 (Hubbard et al., 1979). This spectrum can be seen in
Figure 1.3. The development of multi-object instruments utilising fibres followed quickly.
Hill et al. (1980) developed the MEDUSA spectrograph, which obtained spectra from
26 galaxies within the galaxy cluster Abell 1904. Fibres were positioned at appropriate
locations for each galaxy simultaneously.

In recent years, large, multi-object single fibre galaxy surveys have enabled the mapping
of large-scale structure in the local Universe. The 2dF Galaxy Redshift Survey (Colless
et al., 2001) obtained spectra (and thus redshifts) for over 200,000 galaxies. The Sloan
Digital Sky Survey (SDSS) (York et al., 2000) continues to take data more than twenty
years since it began, with over 3 million galaxy spectra obtained.

1.3.3 Integral Field Spectroscopy

Obtaining spatially resolved galaxy spectra across a galaxy’s projection on the sky pro-
vides a wealth of information. To attain a genuinely comprehensive, three-dimensional,
physically motivated understanding of galaxies, it is essential to gather data regarding how
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Figure 1.3: Two spectra of the nucleus of NGC 4151, taken by Hubbard et al. (1979).
The spectra were taken with the 36 inch telescope at Steward Observatory, Arizona. The
spectrograph used was the Boiler and Chivens Image Tube Spectrograph. The lower
spectrum was taken with the spectrograph at the Cassegrain focus of the telescope. The
upper spectrum, however, was taken with the spectrograph located in a floor below the
telescope, connected with a silica fibre optic table. This was the first spectrum taken
using fibre cables. Image taken from Hubbard et al. (1979).

a galaxy behaves in the line of sight dimension. This is done by providing a spectrum for
each spatial pixel (or spaxel) across a galaxy. Early work used Fabry-Pérot instruments
to obtain spatially resolved Ha spectroscopy of the Milky Way (Courtes, 1972), allowing
for kinematic measurements of ionised gas. Measurements of velocity fields, position-
velocity diagrams and Tully-Fisher relationships have also been derived for samples of
nearby spirals from Fabry-Pérot data (Amram et al., 2002; Epinat et al., 2008). The most
popular technique today to obtain spatially resolved galaxy spectra across a galaxy’s opti-
cal spectral range and across its spatial projection on the sky is integral field spectroscopy
(IFS). This enables the extraction of data such as spatially resolved star formation rates,
metallicity, and stellar or gas kinematics.

Integral field spectroscopy has been developed over the end of the 20" and beginning of
the 21% centuries. The first large spectrograph was TIGER, which was based on a lenslet
array design (Bacon et al., 1995). The lenslet design exposes the sky to an array of many
small lenses, which are then directed to a spectrograph. Although a lenslet array allows
for up to 100% spatial filling with square or hexagonal lenses, it loses 50% of detector
pixels on the CCD to avoid contamination between adjacent spectra. An alternate design
for IFS is a fibre array. In this configuration, fibres are positioned across the image of
the galaxy on the sky, which are then fed to a long-slit spectrograph. A fibre design can
achieve high spatial filling, whilst not losing any CCD detector pixels. An image further
illustrating the lenslet and fibre configurations, as well as the image slicer configuration,
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Figure 1.4: An illustration of how the lenslet, fibre and slicer designs for Integral Field
Spectrographs are configured. Lenslets can achieve 100% spatial filling with many small
lenses, however this design requires low efficiency with detector pixels. A fibre array can
still reach high spatial filling, whilst also having ~ 100% detector pixel efficiency. Image
slicers divide the field with mirror slices, reassembling the light into a pseudo-long-slit for
the spectrograph. All arrangements provide a three-dimensional "datacube” of a galaxy,
with two spatial dimensions and one spectral dimension. Each pixel of the galaxy has a
provided spectra. Image adapted from Eisenhauer & Raab (2015).

can be seen in Figure 1.4.

The first large IFS project was SAURON (Bacon et al., 2001), which was inspired by
TIGER. SAURON was both an instrument and a survey, and provided rich data for
absorption-line kinematics for elliptical and lenticular galaxies (Emsellem et al., 2004),
mass-to-light ratios, virial masses, and the fundamental plane for elliptical and lenticular
galaxies (Cappellari et al., 2006) and more (e.g. de Zeeuw et al., 2002; Sarzi et al., 2000).
SAURON was also used for the ATLAS?P project, which captured IFS data for ~ 260
nearby ETGs (Cappellari et al., 2011a).

Despite the success of IFS science, the early surveys such as SAURON and ATLAS3P
were limited to single object instruments. Even CALIFA (Sanchez et al., 2012) which
observed ~ 600 nearby galaxies could only observe one galaxy at a time. There was an
early instrument in VLT FLAMES (Pasquini et al., 2002) that had 15 integral field units
(IFUs) and could observe multiple objects simultaneously. However, its small FoV (2-3")
and narrow wavelength range limited its use for large scale surveys. In order to explore the
data that IFS instruments could provide over a large number of galaxies in a statistically
significant way, a large-scale multi-object IFS survey was needed.
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1.3.4 The SAMI Galaxy Survey

The Sydney-AAO Multi-Object Integral field spectrograph (SAMI) (Croom et al., 2012)
was deployed on the Anglo-Australian Telescope and delivered an IFS instrument capable
of simultaneous observation of 13 objects. SAMI was born of the desire to have an IFS
survey which 1) produced spatially resolved spectroscopy (with high spectral resolution),
and i1) provided a statistically significant sample of galaxies over a full range of stellar
masses and environments.

SAMI took advantage of advances in astrophotonic technology, utilising 13 hexabundles.
Hexabundles (Bland-Hawthorn et al., 2011; Bryant et al., 2014) consist of a bundle of
optical fibres, with stripped cladding to Sum. This allows for a 75% fill factor. Each
bundle accommodates 61 fibers of 1.6” diameter, resulting in a 15” diameter for each IFU.
The SAMI instrument delivered a field of view with a 1-degree diameter. The AAOmega
spectrograph (Sharp et al., 2006) processed the IFUs and 26 sky fibres. Utilising the
580V grating (3570-5750A) achieved a resolution of R=1808 (0-=70.4 kms™'), while the
1000R grating (6300-7400A) provided a resolution of R=4304 (0=29.6 kms™') (van de
Sande et al., 2017b).

The SAMI Galaxy Survey (Croom et al., 2012; Bryant et al., 2015) based its target
selection on the GAMA survey (Driver et al., 2011) and included data from eight low-
redshift clusters (Owers et al., 2017). Reduced data cubes, detailed in (Sharp et al., 2015),
are accessible through various SAMI Galaxy Survey data releases (Allen et al., 2015;
Green et al., 2018; Scott et al., 2018; Croom et al., 2021), along with accompanying stellar
kinematic maps.

The SAMI sub-sample selected from the GAMA survey consists of targets in three equa-
torial regions, each 4 X 12 degrees, and centred at approximate right ascensions (RAs) of
9, 12, and 15 hours. GAMA was selected as the background survey due to the ancillary
data available in the ultraviolet, infrared, and radio wavelength regimes, as well as spec-
troscopic redshift measurements. Targets were selected from each region based on cuts
in the redshift-stellar mass plane, where masses were derived from i-band magnitudes
and g — i colours (see Taylor et al., 2011; Bryant et al., 2015). These cuts are shown in
Figure 1.5, where black dots represent all GAMA galaxies. Points within the red region
(0.004 < z < 0.095) are high-priority targets, and points within the yellow and cyan
regions are low-priority targets only observed if there were not 12 high-priority targets
present in a pointing. The spatial distribution of SAMI galaxies within GAMA regions
is shown in Figure 1.6. Each GAMA galaxy is represented by a grey dot, with SAMI
high-priority observed targets shown in red, high-priority unobserved targets shown in
blue, low-priority observed targets shown in magenta, and low-priority unobserved targets
shown in cyan.

SAMI galaxies from cluster regions were defined in Owers et al. (2017), and we summarise
the selection criteria here. Targets were selected such that, relative to the redshift of the
cluster, [vpec|/0200 < 3.5, where vy is the peculiar velocity of the galaxy relative to the
cluster and o is the cluster velocity dispersion at the overdensity radius Ryg9. These
targets were further divided into primary and secondary targets within the redshift-stellar
mass plane, as described in Owers et al. (2017). In Figure 1.7, we show the spatial
distribution of galaxies within the eight cluster regions. Grey points represent cluster
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Figure 1.5: Stellar mass and redshift distribution of SAMI galaxies, and the background
GAMA distribution from which they were selected. Black points represent GAMA
galaxies, while all points within the red region (0.004 < z < 0.095) are high-priority
SAMI targets. Galaxies within the yellow and cyan regions are low-priority targets, only
observed if 12 high-priority targets were not present in a given pointing. The blue and
green lines are not selection boundaries, but instead show flat stellar mass distributions.
Figure taken from Bryant et al. (2015).

members from the SAMI Cluster Redshift Survey, from which the galaxy surface density
isopleths were defined, which are shown as black contours. Observed primary galaxies
(red circle), unobserved primary galaxies (blue circle), observed large radius secondary
galaxies (magenta square), unobserved large radius secondary galaxies (cyan square),
observed blue secondary galaxies (cyan star), and unobserved blue secondary galaxies
(cyan star) are also shown. Ryoo is shown with green circles. The dashed green circle
in Abell 168 represents the region used to define the cluster centre during the early
survey.

SAMI is not alone in IFS surveys, however. Other surveys such as DiskMass (Bershady
et al., 2010) and MASSIVE (Ma et al., 2014) have taken observations of discs and the
most massive galaxies, respectively. MaNGA (Bundy et al., 2015) has observed 10,000
nearby galaxies, combining with SAMI for the largest resolved spectroscopic survey of
the Universe to date. There are additionally new IFS surveys actively observing, such as
Hector (Bryant et al., 2020, Oh et al. submitted), the follow-up to SAMI. Hector will
observe up to 15,000 galaxies at low redshift, z < 0.1.
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Figure 1.6: Spatial distribution of galaxies within the three GAMA regions (0%h, 12h,
15h) that SAMI targets were selected from. Each GAMA galaxy is represented by a grey
dot, with SAMI high-priority observed targets shown in red, high-priority unobserved
targets shown in blue, low-priority observed targets shown in magenta, and low-priority
unobserved targets shown in cyan. Figure taken from Croom et al. (2021).

1.3.5 The Multi Unit Spectroscopic Explorer (MUSE)

While SAMI covers a large area of the sky with 13 simultaneous IFUs, an alternative
approach is to use a single IFU at much higher spatial resolution, as offered by the Multi
Unit Spectroscopic Explorer (MUSE, Bacon et al., 2010, 2014). MUSE is a second
generation instrument for the Very Large Telescope (VLT), operated by the European
Southern Observatory (ESO). During observations, the field-of-view is split into 24 sub-
fields, each directed to an IFU. Each IFU has an image slicer at the front end serving as
an entrance slit. MUSE can operate in either Narrow Field Mode with a field-of-view of
7.5 x 7.5 arcsec? spatially sampled at 0.025 x 0.025 arcsec?, or Wide Field Mode with a
field-of-view of 1 x 1 arcmin? spatially sampled at 0.2 X 0.2 arcsec’>. MUSE also provides
a large spectral range of 465 —930nm, with a resolution of R=2000 at 465nm, and R=4000
at 930nm.

MUSE has been used for a diverse range of scientific studies to date, from resolved stellar
clusters (Husser et al., 2016; Kamann et al., 2018), to gravitational waves (Tanvir et al.,
2017; Levan et al., 2017), and most relevant in the case of this thesis, galaxy evolution
(e.g. Gadotti et al., 2019; Foster et al., 2021; Emsellem et al., 2022; van de Sande et al.,
2024).
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Figure 1.7: Spatial distribution of galaxies within the eight clusters that SAMI targets
were selected from. Grey points represent cluster members from the SAMI Cluster Red-
shift Survey, from which the galaxy surface density isopleths were defined, which are
shown as black contours. Observed primary galaxies (red circle), unobserved primary
galaxies (blue circle), observed large radius secondary galaxies (magenta square), unob-
served large radius secondary galaxies (cyan square), observed blue secondary galaxies
(cyan star), and unobserved blue secondary galaxies (cyan star) are also shown. Ryq is
shown with green circles. The dashed green circle in Abell 168 represents the region
used to define the cluster centre during the early survey. Figure taken from Croom et al.
(2021).

1.3.6 Stellar Kinematics

While photometric observations provide a detailed view of a galaxy’s structural compo-
nents, a full understanding of galaxy evolution also requires knowledge of the motions of its
stars. Galaxy kinematics trace many morphological substructures, which can themselves
be evidence of specific evolutionary histories, e.g. bars (Hohl, 1971; Ostriker & Peebles,
1973; Noguchi, 1987; Salo, 1991), nuclear discs (Binney et al., 1991; Falc6n-Barroso
et al., 2006; Wozniak, 2015; Du et al., 2015; Méndez-Abreu et al., 2019), and boxy-peanut
bulges (Combes & Sanders, 1981; Bureau & Freeman, 1999; Erwin & Debattista, 2017;
Kruk et al., 2019). Indeed, studies of the dynamics of stars in galaxies give hints to their
assembly histories regardless of kinematic components (e.g. de Zeeuw & Franx, 1991;
Bender et al., 1994; Cappellari, 2016; Emsellem et al., 2022).

In principle, a galaxy can be represented by a six-dimensional distribution function
f(x,y,2,vy,vy,v;), describing the positions and velocities of each of its stars. In reality,
our observations must begin with what we can observe. The spectra emitted from galaxies
show emission and absorption lines from a distribution of stars, shifted and broadened in
wavelength space by the velocities of these stars (e.g. Minkowski, 1962; Morton & Thuan,
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Figure 1.8: Stellar kinematic maps for two galaxies from the SAMI Galaxy Survey. In
the top row, we show the galaxy with ID 16317. In the left-most panel, we show the gri
image of the galaxy in HSC Wide data, from HSC data release 2 (Miyazaki et al., 2015).
In the second panel from the left, we show the mean velocity V. In the third panel from
the left, we show the velocity dispersion . In the fourth panel from the left, we show the
skewness h3. In the right-most panel, we show the kurtosis A4. In each panel, we show
a circle representing the SAMI field-of-view (diameter of 15 arcseconds). In the bottom
row, we show the galaxy with ID 39057.

1973; Sargent et al., 1977; Franx & Illingworth, 1988). Analysis of these spectra allows
for the derivation of velocity distributions. These velocity distributions are commonly
represented with a truncated Gauss-Hermite series (van der Marel & Franx, 1993; Ger-
hard, 1993). This parametrises the distribution by its Gaussian mean velocity V, velocity
dispersion o, skewness /3, and kurtosis h4. With the use of integral field spectroscopy
(IES), it is possible to spatially resolve the line-of-sight velocity distributions (LOSVD)
of stars across the spatial extent of galaxies. Each spaxel in an IFS datacube contains a
spectrum, from which kinematic information can be extracted. By convolving templates
of known stellar populations with a velocity distribution through full spectral fitting, the
velocity distribution is solved for. The most common tool for extracting stellar kinematics
from IFU data is Penalized PiXel-Fitting (PPXF) (Cappellari & Emsellem, 2004). When
provided with appropriate stellar or stellar population model templates, PPXF derives the
LOSVD in each spaxel, parameterised by V, o, h3, and h4. In Figure 1.8, we show maps
of these velocity moments for two galaxies from the SAMI Galaxy Survey (Croom et al.,
2012; van de Sande et al., 2017b; Croom et al., 2021).

While spatially resolved maps of velocity moments offer a detailed view of a galaxy’s
internal kinematics, it is also practical to describe the kinematic properties of a galaxy in
a single parameter. A proxy for the galaxy spin parameter Ag can be measured within one
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effective radius (R,), to give Ag, (Emsellem et al., 2007):

N,
2" FiRi|Vi]
/lR =

e = N
X7 FiRiy[V? + 02

where F;, R;, V; and o; are the flux, radius, velocity and velocity dispersion of the i™ bin
respectively, where there are N, bins in total. Ag, can be thought of as a measure of the
ratio of ordered to random motion of stars: if Az, ~ 0, then there is little ordered rotation
in a galaxy, and it is mostly dispersion supported. If Az, ~ 1, then the galaxy shows mostly
ordered motion and very little dispersion, and is likely a cold disc.

(1.3)

1.4 Galaxy Environments

Just as "No man is an island" (Donne, 1624), galaxies must be considered in the context
of their external influences. That is, galaxies in general do not evolve in isolation, and are
strongly influenced by their environment. There are two main ways this influence occurs:
through star formation quenching, and dynamical interactions. Ram pressure stripping
occurs when a galaxy moves through a hot intra-cluster medium, and this medium is
strong enough to strip gas from the galaxy (e.g. Gott & Gunn, 1971; Kenney et al., 2004;
Koopmann & Kenney, 2004; Poggianti et al., 2017; Schaefer et al., 2019). Galaxies may
also be quenched through the removal of the supply of new gas (e.g. Larson et al., 1980),
which is often accreted along cosmic filaments. If quenching occurs early enough in the
galaxy’s lifetime, then there often hasn’t been enough star formation to build a rotationally
supported thin disc. The resulting galaxy will be more dispersion dominated, affecting the
later-measured stellar kinematics (e.g. Kassin et al., 2012; Wisnioski et al., 2015; Ubler
et al., 2019).

Dynamical interactions between galaxies may also influence the gas fraction and stellar
kinematics of galaxies. Dry mergers occur when there is little gas in a galaxy merger,
and generally result in dynamical heating of the resulting system (Lagos, 2020b). In
contrast, wet mergers involve a high gas fraction, and may result in dynamical heating or
the re-building of a star-forming disc (Bois et al., 2010; Lagos et al., 2018a). Dynamical
encounters that are either not full mergers (e.g. fly-bys, dynamical friction) or only minor
mergers have also been shown to potentially drive a spin-down of galaxies (e.g. Choi &
Yi, 2017; Lofthouse et al., 2017; Schulze et al., 2020).

The impacts of environment on galaxies affect the morphology, stellar kinematics, stellar
age, kinematic/morphological components, gas content, and star formation rate. It is
thus key to have a measure of the environment in which galaxies reside. The 5" nearest
neighbour surface density, or Xs, is often used to measure this. X5 isdefinedas X5 = 5/ nd?,
where d is the projected comoving distance to the 5™ nearest galaxy in the tracer population
(e.g. Brough et al., 2017). Additionally, it is possible to measure the total dark matter
halo mass that a galaxy resides in. From the group a galaxy resides in, the group velocity
dispersion is measured, and calibrated to simulations to get a halo mass (e.g. Robotham
et al., 2011). This measure allows understanding of the size of a galaxy’s group or cluster.
Finally, it is also common to classify a galaxy based on its position in a group or cluster.
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Robotham et al. (2011) classified the galaxy closest to the r-band centre of light as a
central, and every other galaxy in the group or cluster as a satellite. Galaxies not in groups
were classified as isolated. As galaxies in the centre of clusters are expected to experience
more mergers, and indeed show a high fraction of slow rotators (e.g. van de Sande et al.,
2021b), this statistic is useful to understand the difference in galaxy evolution in different
regions of a given group.

Tools such as the 2-point real-space correlation function (Peebles, 1980) also make use
of a galaxy tracer population to measure the "overdensity" of galaxies as compared to a
random distribution, as a function of radial separation. This measure is extremely useful
to measure large scale structure in the Universe. Hermit et al. (1996) used correlation
functions to find that early-type galaxies cluster more than late-types, and Madgwick et al.
(2003) found that passive galaxies cluster more strongly than star-forming galaxies. A
2-point correlation function was also used to measure baryon acoustic oscillations (e.g.
Eisenstein et al., 2005). The fourier transform of the correlation function is known as
the power spectrum, and has been used to measure fundamental cosmological parameters
(e.g. Planck Collaboration et al., 2020).

It is also possible to weight galaxy counts in a correlation function by a given parameter,
which gives the weighted correlation function (Sheth et al., 2005a). The ratio between this
and the regular correlation function is the marked correlation function, and diverges from 1
at the radial separation where your chosen parameter is over or under-represented in galaxy
clustering. This approach has been used as a powerful link between galaxy properties and
environment, probing luminosity (Skibba et al., 2006), morphology (Skibba et al., 2009),
and assembly bias (Contreras et al., 2019).

Understanding the environment provides essential context for interpreting the internal
dynamics of galaxies, as these measures describe the external conditions that determine
gas accretion, merger history, and thus the growth of angular momentum. This directly
shapes the present-day stellar kinematics. Consequently, the next step is to examine how
galaxies translate this environmental influence into their observed rotational support.

1.5 Fast Rotators, Slow Rotators, and the Company They
Keep

With the wealth of measured morphological and kinematic properties in observed galaxies,
attempting to understand the physical processes that drive the diversity in the galaxy
population is the natural next step. Although there is not a one-to-one relationship
between kinematics and morphology, elliptical ETGs tend to exhibit lower Ag, values on
average, and late-type discs tend to have higher Ag,. This has led to the classification of
galaxies into "fast rotators" and "slow rotators".

Slow rotators were first defined as a class of round galaxies with very little rotational
support using data from the SAURON project (Emsellem et al., 2007; Cappellari et al.,
2007), where it was suggested that slow rotators were galaxies with Az, < 0.1. This
was later adjusted to Ag, < 0.314/, (Emsellem et al., 2011) and then Ag, < 0.08 + &./4,
€, < 0.4 (Cappellari, 2016; van de Sande et al., 2017a); where &, is the measured ellipticity
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Figure 1.9: Ag, versus ¢ for the SAMI galaxy survey sample. Galaxies are further
coloured by morphological type. The solid magenta line shows the theoretical prediction
for edge-on regular rotators with anisotropy 5, = 0.7. Dashed lines show the same
relation, but for varying intrinsic ellipticities, from 0.3-0.9. Dotted lines again show the
same relation, but for varying inclinations from edge-on to face-on. The grey box in the
bottom left corner shows the definition of slow rotators from van de Sande et al. (2021a),
AR, <0.12 +0.25¢, € < 0.428. Figure taken from van de Sande et al. (2021a).

within 1R,. Finally, van de Sande et al. (2021a) used visual kinematic classification,
the KINEMETRY measure (Krajnovi¢ et al., 2006, 2011), and the Matthews correlation
coeflicient (Matthews, 1975) to define slow rotators for the SAMI galaxy survey: Ag, <
0.12 + 0.25¢, € < 0.428. This definition classifies visually round, dispersion supported
galaxies as slow rotators, whilst allowing for projection effects. It also takes into account
results from large surveys that suggest that genuine disk-less slow rotators are all rounder
than ¢, £ 0.4 (CALIFA, SAMI, Falcon-Barroso et al., 2015; Fogarty et al., 2015). In
Figure 1.9 we show this definition applied to galaxies from the SAMI galaxy survey,
plotted in Ag, vs ellipticity &, space. Galaxies are coloured by morphological type, with
the slow rotator region surrounded by a grey box in the bottom left. A clear correlation
between morphology and slow rotators can be seen, with most slow rotators being an
early-type elliptical or SO galaxy. However, it’s important to note that although the vast
majority of slow rotators are ellipticals, 2/3 of ellipticals are fast rotators (Emsellem et al.,
2011).

Galaxy morphology also correlates with environment, with Dressler 1980 showing that
ETGs were preferentially found in high density environments, and LTGs in low density
environments. With the advent of IFS surveys, this has been extended to a kinematic
morphology-density relationship (KMDR) (Cappellari et al., 2011a). This KMDR shows
that the fraction of slow rotator galaxies increases towards denser environments. Whilst
there is strong evidence for this relationship (D’Eugenio et al., 2013; Houghton et al.,
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2013; Scott et al., 2014; Fogarty et al., 2014), it is unclear to what degree it is truly driven
by environment. Stellar mass might be the driver of the relationship (e.g. Brough et al.,
2017; Veale et al., 2017; Greene et al., 2017; Lagos et al., 2017; Graham et al., 2019), or
it could be primarily a mass driven relationship, with environment (van de Sande et al.,
2021b) or age (van de Sande et al., 2018; Croom et al., 2024) as a second order effect.
What is clear, however, is that the build-up of angular momentum, and thus Ag,, over the
lifetime of the Universe is a very complex picture.

1.5.1 The Role of Mergers in Galaxy Evolution

The evolution of galaxies in the Universe under the ACDM paradigm (White & Rees,
1978) is strongly governed by the mergers galaxies undergo from their formation until
z = 0. Whilst tracing the merger history of observed galaxies is a difficult task, N-body
simulations (e.g. Kauffmann & White, 1993; Lacey & Cole, 1993) have shown that the
current distribution of mass and clustering of galaxies requires the hierarchical build up
of structure, where galaxies merge continuously over cosmological time.

Mergers may be classified in several ways, but are generally divided by the mass ratio, and
the gas fraction of the merging galaxies. Major mergers are often defined as occurring
when the mass ratio, u, of the two galaxies is < 3 (e.g. Conselice, 2006; Stewart, 2009),
minor mergers when the ratio is 3 < u < 10, and mini mergers for 10 < pu < 100
(Karademir et al., 2019). Wet mergers occur when the satellite galaxy is gas-rich, and dry
mergers between two gas-poor galaxies (e.g. Lin et al., 2008).

While it is well established that the assembly of galaxy masses in the Universe requires
mergers, the exact evolutionary pathways taken to reach the currently observed vast array
of galaxy morphologies are less clear. Strongly negative metallicity gradients observed in
elliptical galaxies (e.g. Parikh et al., 2019; Riffel et al., 2023) can be explained through
monolithic collapse of primordial gas clouds at high redshifts (z > 5) (Larson, 1974;
Chiosi & Carraro, 2002). Alternatively, simulations and observations of ellipticals with
a flat metallicity gradient (e.g. Taylor & Kobayashi, 2017; Benedetti et al., 2023) can be
explained through a merger scenario (Toomre & Toomre, 1972; Cole et al., 2000) which
posits that modern-day ellipticals formed through a series of major and minor mergers over
time. Today, a dual scenario for the formation of ETGs is preferred, where galaxies firstly
undergo monolithic collapse, followed by a series of dry mergers (Kormendy, 1989).

Observationally identifying the earliest mergers in the Universe is a challenging task,
as all morphological evidence of a past merger (e.g. tidal tails, streams, shells) settles
into equilibrium within ~ 2 — 4 Gyr (Lotz et al., 2008, 2010a,b; Lofthouse et al., 2017;
Mancillas et al., 2019; Nevin et al., 2021). Simulations are not bound in such ways
as observations, and suggest that mergers kinematically and morphologically transform
galaxies (e.g., Di Matteo et al., 2009; Jesseit et al., 2009; Bois et al., 2011; Naab et al.,
2014; Choi & Yi, 2017; Lagos et al., 2017, 2018a; Penoyre et al., 2017; Schulze et al.,
2020; Lagos, 2020b), causing a “spin-down" and transforming discs into ellipticals, and
slow rotators. However, there is evidence that wet mergers may reform a fast-spinning
disc post-merger (e.g. Lagos, 2020b), as well as induce starburst activity (e.g., Scott &
Kaviraj, 2014; Knapen et al., 2015; Thorp et al., 2019; Bickley et al., 2022).
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A significant consequence of both major, minor, wet, and dry mergers, is the production of
extended, low surface brightness structures in galaxy outskirts. These features can extend
up to several R, in certain cases. The study of these faint features is thus a powerful tool
for attempting to trace the recent merger histories of galaxies, and further, the formation
and evolution of slow rotators.

1.5.2 Low Surface Brightness Features

Up to 40% of galaxies observed in the Universe show diffuse, extended, often difficult
to detect structures at low surface brightness, understood to be relics of past interactions
(e.g., Toomre & Toomre, 1972; van Dokkum, 2005; Hood et al., 2018; Mancillas et al.,
2019; Huang & Fan, 2022; Khalid et al., 2024). Tidal forces during these interactions
redistribute stars into diffuse features such as streams, shells, and plumes. The properties
of these features are a function of the interaction that created them, and thus information
can be gained from their size, shape, and colour (e.g. Johnston et al., 2008). See Figure
1.10 for an example of these tidal features.

Tidal tails and streams arise from the removal of stars and gas during interactions, ei-
ther from a gas-rich, disc-dominated primary galaxy or a low-mass companion (Byrd &
Howard, 1992; Oh et al., 2008; Hood et al., 2018). Streams are understood to result from
circular infall interactions with high relative angular momentum between the two merging
galaxies (i.e. high impact parameter), while shells result from radial orbits, often with
higher mass ratios (e.g. Amorisco, 2015; Pop et al., 2018; Karademir et al., 2019; Yoon
et al., 2024). Given this, mergers that leave shell remnants are more likely to have affected
the inner regions of galaxies. This could impact their stellar kinematics within 1R, more
than mergers which leave stream/tail features.

Given the ACDM hierarchical structure formation theory discussed in Section 1.1.3, all
galaxies are expected to have undergone multiple mergers over their lifetimes. If the mass
ratio of the merger was small or the event occurred sufficiently long ago (e.g. 2 5 Gyr),
any resulting tidal features may now be too faint to detect (e.g. Duc & Renaud, 2013;
Ji et al., 2014). As a result, the observed fraction of galaxies exhibiting tidal features
primarily depends on three factors: stellar mass ratio, time since merger, and the limiting
surface brightness of the observations.

Simulations (e.g. Jian et al., 2012; Martin et al., 2022; Khalid et al., 2024) and observations
(e.g. Atkinson et al., 2013; Huang & Fan, 2022; Sola et al., 2025) have consistently shown
that the fraction of galaxies with tidal features increases with stellar mass. However, the
relationship between limiting surface brightness (e.g. u, in the r-band) and detectability
of tidal features in observations is more complex. Although most imaging surveys used
for detection of low surface brightness features have limits of x, < 30 mag arcsec™ (e.g.

~

Duc et al., 2015; Ibata et al., 2017), many tidal features are expected to lie at u, 2 30
mag arcsec™2 (Johnston et al., 2008). Further, even at a nominal surface brightness limit,
the identification of tidal features remains incomplete. For example, Kado-Fong et al.
(2018) and Sola et al. (2022) demonstrated that tidal features injected into cutouts at a

given surface brightness required a deeper limit for reliable detection.

Although tidal features allow us to infer information about recent interactions, they do
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Figure 1.10: Multiple tidal tails and shells around NGC 474. These relics are understood
to be a result of past interactions and mergers the galaxy has experienced. Image taken
from Duc et al. (2015).
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not probe how the dynamics of a galaxy have been affected, nor how the orbits of stel-
lar populations may have been impacted. Progress can be made through the correlation
of global kinematic measurements (e.g. Ag,), but for a more complete treatment, dy-
namical modelling provides methods of measuring kinematic structures and full orbital
distributions.

1.6 Dynamical Modelling of Galaxies

Fundamentally, dynamical models of galaxies attempt to turn observed kinematic mea-
surements of galaxies into physically meaningful quantities. In this thesis, we focus
on two methods of dynamical modelling: Jeans Anisotropic MGE (JAM) models, and
Schwarzschild orbit-superposition models.

1.6.1 Jeans Anisotropic MGE Models

Jeans’ theorem (Jeans, 1922) is derived from the premise that the stars in a galaxy have
positions (x) and velocities (v) that are described by some distribution function f(x,v).
As a galaxy’s stellar distribution is essentially entirely collisionless, f(x,v) should be
well described by the steady-state collisionless Boltzmann equation (Binney & Tremaine,

1987):
3
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where @ is the gravitational potential. To enable solutions derived from observable
kinematics, 1.4 is typically simplified under a series of standard assumptions, as described
below.

Rewriting Equation 1.4 in cylindrical coordinates (R, z, ¢) and assuming axisymmetry (i.e.
0®/0¢p = 0f/d¢ = 0), the Jeans equations (Jeans, 1922) are obtained:
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where the following notation is used, with v being the luminosity density:
VURD; = / vkvjfd3v (L.7)

These equations can now written in terms of the observable velocity moments, but further
assumptions are needed to uniquely specify a solution. Firstly, it is assumed that the
gravitational potential ® can be derived from the observed luminosity distribution v (if
they are exactly equal, the solutions are self-consistent, however this is not required, and a
dark matter profile may be added, for example). The next assumption is on the shape and
alignment of the velocity ellipsoid. In principle, the velocity ellipsoid need not be aligned
with any coordinate system, in which case all cross terms, viv;, are non-zero. However,
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here we choose to align with cylindrical coordinates, as this is a reasonable assumption for
spiral galaxies, particularly along the major and minor axis (e.g. Gerssen et al., 1997, 2000;
Shapiro et al., 2003; Cappellari et al., 2007; Noordermeer et al., 2008). This assumption
implies that the velocity dispersion tensor cross terms in cylindrical coordinates, vgv,,
are zero. It is also common to choose alignment with spherical, or prolate spheroidal
coordinates, depending on the galaxies being modelled (Cappellari, 2008). Finally, we

assume that the anisotropy is constant, and given by 1)12e = bv2. Taking these assumptions

with the boundary condition that vv_g = 0 as z — oo, the Jeans equations (Equations 1.5
and 1.6) have the solutions:
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where v is the luminosity density, R and z are the cylindrical coordinates, @ is the
gravitational potential, and b is an anisotropy parameter. Deprojecting an MGE model
(Equation 1.2) obtains the luminous density v:

> Ly 1 7

v(R,z) = —exp[——(R2+—)] (1.10)
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where N is the number of gaussian components, L the total luminosity of each component,

o the dispersion along the major axis, and g the intrinsic axis ratio. @, can be obtained

by multiplying v by a mass-to-light ratio, and a spherical NFW (Navarro et al., 1997) dark

matter profile and central supermassive black hole may also be added as contributions to

®. Equations 1.8 and 1.9 may then be solved to obtain the desired JAM models.

JAM models may be used to recover a galaxy’s dynamical mass-to-light ratio, inclina-
tion, and dynamical mass. These models have been applied to early-type galaxies (e.g.
Cappellari et al., 2013; Li et al., 2017; Ene et al., 2019) and spiral galaxies as well (e.g.
Scott et al., 2015; Zhu et al., 2023). Additionally, JAM has been used to derive dark
matter distributions from stellar dynamics and gravitational lensing (van de Ven et al.,
2010; Barnabe et al., 2012), study initial mass function (IMF) variations (Cappellari et al.,
2012), create discrete dynamical models of w Centauri (Watkins et al., 2013), and perform
time-delay cosmography (Shajib et al., 2023).

However, JAM is limited in its ability to model triaxial galaxies, or galaxies with distinct
kinematic components (e.g. stellar bars) that arise from non-axisymmetric gravitational
potentials. This is where orbit-superposition methods can become very useful, such as
Schwarzschild’s method.

1.6.2 Schwarzschild Models

Schwarzschild’s method (Schwarzschild, 1979, 1982), also referred to as Schwarzschild
modelling, is a flexible method to reconstruct the stellar dynamics of galaxies, while
accommodating triaxial mass distributions. Rather than modelling the gravitational in-
teraction each star within a galaxy (of which there may be up to ~ 10'?) has with every
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other star, Schwarzschild’s method models each star moving within a global gravitational
potential. By constructing this potential ®(x, y, z) with contributions from luminous and
dark matter, building a library of allowed orbits, and numerically integrating these orbits
within the potential, the model is obtained. LOSVDs are then derived from the integrated
orbits and compared to observed LOSVDs as a measure of goodness-of-fit. The final
model describes the full orbital distribution of the observed galaxy.

The calculation of a Schwarzschild model begins by estimating the gravitational potential
for the galaxy, taking into account stellar mass and dark matter. Most Schwarzschild
codes (e.g. DYNAMITE, Thater et al., 2022) use the MGE formalism (Emsellem et al.,
1994a; Cappellari, 2002) to model a galaxy’s observed luminosity density. The MGE is
deprojected to a triaxial three-dimensional light distribution, constrained by the intrinsic
shape of the flattest Gaussian component, parametrised by (pmin,gmin-¥min)- Lhis is then
multiplied by a M. /L ratio, often taken to be globally constant. The resulting mass
distribution specifies the stellar mass gravitational potential. A dark matter halo (e.g.
NFW, Navarro et al., 1996) can then be added to form the full potential.

The second step is to calculate a library of stellar orbits allowed by the gravitational
potential. These orbits are regular, i.e. they conserve three integrals of motion (E, I, I3)
and their trajectory lies on non-chaotic, predictable paths. The integrals of motion may
be sampled several times, and further dithered over to smooth the model. Schwarzschild’s
method (Schwarzschild, 1979, 1982; Zhu et al., 2018b) may then be used to calculate the
weight of each orbit’s contribution to the LOSVD in each bin, recreating the observed
velocity maps. These maps are convolved with a PSF and divided by the observational
error to obtain a y> comparison.

Finally, a grid search is run over the free parameters of the model to minimise y>. The
free parameters depend on the chosen parameterisations, but they commonly include pp,
Gmin> Umin, M+/L, and the parameters of a dark matter halo. For example, for an NFW
halo, the parameters are the concentration ¢ and fraction of dark matter within Rgg, f.
For 4-moment velocity maps, the grid search seeks to minimise y?, defined as:
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the observational errors and Ny, is the number of bins. Each model velocity is convolved

with the same PSF as the observations prior to calculating y2. Once a best-fit model
is obtained, the orbital distributions, velocity anisotropy, triaxilality, total mass and spin
parameter Ag, can be derived for a given galaxy.

Schwarzschild models have been used to model supermassive black holes (e.g. Krajnovi¢
et al., 2009; Thater et al., 2019; Quenneville et al., 2021), globular clusters (e.g. van de
Ven et al., 2006; Feldmeier-Krause et al., 2017), and galaxies of all morphologies (e.g.
Zhu et al., 2018a; Poci et al., 2019; Jin et al., 2020; Vasiliev & Valluri, 2020). Further,
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the orbital distributions obtained from these models has been used to identify dynamical
components within galaxies (e.g. Cappellari et al., 2007; van den Bosch et al., 2008;
Breddels & Helmi, 2014; Krajnovic et al., 2015). Combining such orbit-based dynamical
models with environmental metrics therefore provides a direct bridge between the internal
stellar kinematics of galaxies and the environments in which they reside.
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1.7 Thesis Goals

The advent of large IFS surveys has enabled the statistical study of spatially resolved
properties of galaxies in the nearby Universe. In this thesis, we study the connection
between stellar kinematics and environment. We investigate measurements of large-scale
structure to statistically link dynamical support to environmental density, and extend this
to galaxy mergers through the detection of tidal features in deep imaging. We derive the
orbital distribution of galaxies through orbit-superposition modelling to further establish
the impact of mergers on stellar dynamics. Finally, we demonstrate that when kinematic
measurements are available at spatial resolutions of ~10s of parsecs, axisymmetric mod-
elling of galaxies provides clear identification of non-axisymmetric kinematic structure
such as stellar bars and nuclear discs.

In Chapter 2, we present results that were published in the Astrophysical Journal. In
this paper, we investigate the kinematic morphology density relation. We use marked
correlation functions to explore the relationship between large-scale structure and the
galaxy spin parameter Ag,, and attempt to determine whether it persists independently of
any stellar mass correlations.

In Chapter 3, we present results that were published in the Monthly Notices of the Royal
Astronomical Society. In this paper, we analyse the relationship between tidal features
detected in deep imaging of galaxies and their kinematic properties. Taking our sample
as SAMI early-type galaxies with M, > 10'°M,, we investigate the relationship between
merger history, galaxy spin Ag,, and stellar age. We further attempt to identify the
formation pathway for slow rotator galaxies.

In Chapter 4, we further analyse the relationship between tidal features and Ag_, by creating
orbit superposition-based Schwarzschild dynamical models of our sample. We investigate
how the proportion of cold, warm and hot orbits, as well as triaxiality, depends on merger
history, stellar age and environment.

In Chapter 5, we present work that was published in Astronomy & Astrophysics. In this
paper, we model GECKOS galaxies with axisymmetric Jeans Anisotropic MGE models.
We apply these models to extremely highly spatially resolved MUSE data. We attempt to
detect the excess velocities in edge-on disc galaxies typical of the end of a stellar bar. We
further explore the impact of dust on dynamical modelling, with an aim to provide a basis
for future, more detailed dynamical models.

Finally, in Chapter 6, we summarise this thesis and conclude all results. Additionally, we
outline the next steps and prospects in this topic that will can inform future work.
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The SAMI Galaxy Survey: Detection of
Environmental Dependence of Galaxy
Spin in Observations and Simulations
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Abstract

The existence of a kinematic morphology-density relation remains uncertain, and in-
stead stellar mass appears the more dominant driver of galaxy kinematics. We investigate
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the dependence of the stellar spin parameter proxy Ag, on environment using a marked
cross-correlation method with data from the SAMI Galaxy Survey. Our sample contains
710 galaxies with spatially resolved stellar velocity and velocity dispersion measurements.
By utilising the highly complete spectroscopic data from the GAMA survey, we calculate
marked cross-correlation functions for SAMI galaxies using a pair count estimator and
marks based on stellar mass and Ag,. We detect an anti-correlation of stellar kinematics
with environment at the 3.20" level, such that galaxies with low Ag, values are preferably
located in denser galaxy environments. However, a significant correlation between stellar
mass and environment is also found (correlation at 2.407), as found in previous works. We
compare these results to mock-observations from the cosmological EAGLE simulations,
where we find a similar significant Ag, anti-correlation with environment, and a mass and
environment correlation. We demonstrate that the environmental correlation of Ag, is not
caused by the mass-environment relation. The significant relationship between Ag, and
environment remains when we exclude slow rotators. The signals in SAMI and EAGLE are
strongest on small scales (10-100 kpc) as expected from galaxy interactions and mergers.
Our work demonstrates that the technique of marked correlation functions is an effective
tool for detecting the relationship between Ag, and environment.

2.1 Introduction

A relationship exists between galaxy properties and local environmental density (Dressler,
1980), such that early-type galaxies (ETGs) are preferably found in denser environments.
Although the kinematic properties of galaxies do not correlate one-to-one with visual mor-
phology, a tentative relationship between a proxy for the spin parameter, Ag,, and environ-
mental density was presented by Cappellari et al. (2011b). This kinematic morphology-
density relation (KMDR) suggests that the fraction of slow rotating galaxies (low Ag,)
increases towards denser environments. However, galaxy stellar mass also correlates with
both environment and the intrinsic properties of galaxies. Thus, the question arises what
the true physical driver of the KMDR is.

Further work supported the picture of a KMDR (D’Eugenio et al., 2013; Houghton et al.,
2013; Scott et al., 2014; Fogarty et al., 2014). More recent results with larger galaxy
samples find that the KMDR is driven mostly by stellar mass (Brough et al., 2017; Veale
et al., 2017; Greene et al., 2017), but that the KMDR may also still exist at fixed stellar
mass (Graham et al., 2019). There is also evidence from simulations that points towards
environmental dependence as a weaker secondary effect, but mass as the primary physical
driver (e.g. Lagos et al., 2017). Some clear results have emerged, i.e. the trend with
mass, but it is evident that any environmental dependence is likely to be a second order
effect.

Multi-object integral field spectroscopy has revolutionised the number of galaxies with spa-
tially resolved kinematic measurements. The Sydney-Australian-Astronomical-Observatory
Multi-object Integral-Field Spectrograph (SAMI) galaxy survey has observed ~3000
galaxies (Croom et al., 2012), while the Mapping Nearby Galaxies at Apache Point
Observatory (MaNGA) survey aims to observe ~10,000 galaxies (Bundy et al., 2015).
Other ancillary surveys such as the Sloan Digital Sky Survey (SDSS; York et al., 2000)
and the Galaxy and Mass Assembly Survey (GAMA; Driver et al., 2011) enable an ac-
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curate definition of environment, tracing the underlying large scale structure that exists in
the Universe.

With the growing wealth of spatially resolved kinematic data, the statistical tool of corre-
lation functions becomes more powerful. It allows us to connect large scale structure in
galaxy clustering to internal galaxy properties, in our case galaxy spin, parameterised by
Ag.Correlation functions have already demonstrated a relation between environment and
the star-forming and morphological properties of galaxies (e.g. Madgwick et al., 2003;
Hermit et al., 1996). Marked correlation functions, where galaxies are marked by some
physical parameter, are even more effective at detecting and quantifying weak correlations
with environment (Sheth & Tormen, 2004; Harker et al., 2006), making this method ideal
for detecting a possible relation between Ag, and environment.

Most papers look at the fraction of fast and slow rotators as a function of mass and
environment (Cappellari et al., 2011b; Brough et al., 2017; Veale et al., 2017; Greene
et al., 2017; Graham et al., 2019), whereas a broader analysis of the Ag, distribution as a
function of mass and environment shows that environment might have a small impact on
Ar, (Wang et al., 2020).

In this paper we aim to investigate the correlation between Ag, and environmental density.
We present an analysis using marked cross correlation functions applied to SAMI (Croom
et al., 2012) and GAMA (Driver et al., 2011) data, as well as mock observations from
the EAGLE Simulations (Schaye et al., 2015). We adopt a ACDM cosmology, with
Ho=70kms ™! Mpc™!, Q,, =0.3, Qs =0.7.

2.2 Observations and Simulations

2.2.1 Observations

The SAMI instrument (Croom et al., 2012) is mounted on the Anglo-Australian Telescope
and provides a 1 degree diameter field of view. SAMI employs 13 fused fibre bundles
(Hexabundles; Bland-Hawthorn et al., 2011; Bryant et al., 2014) with a high (75%) fill
factor. Each bundle contains 61 fibres of 1.6”diameter resulting in each IFU having a
diameter of 15 ”. The IFUs, as well as 26 sky fibres, are fed to the AAOmega spectrograph
(Sharp et al., 2006), using the 580V grating at 3570-5750A giving a resolution of R=1808
(0=70.4 kms~!), and the R1000 grating from 6300-7400A giving a resolution of R-4304
(00=29.6 kms™!) (van de Sande et al., 2017b).

The SAMI Galaxy survey (Croom et al., 2012; Bryant et al., 2015) selected galaxies from
the GAMA (Driver et al., 2011) survey, in addition to eight low-redshift clusters (Owers
et al., 2017). Reduced data cubes (Sharp et al., 2015) and stellar kinematic maps are
available with the SAMI Galaxy Survey data releases (Allen et al., 2015; Green et al.,
2018; Scott et al., 2018; Croom et al., 2021).

Our sample contains 1832 galaxies with Az, measurements, derived from spatially resolved
kinematic measurements as described in van de Sande et al. (2017b), and include an
aperture correction (van de Sande et al., 2017a) and a seeing correction (Harborne et al.,
2020; van de Sande et al., 2020). Furthermore, we define a volume-limited sample by
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selecting galaxies at: 1) z < 0.06 to avoid biases in the marked correlation function
as the SAMI selection function results in different distributions of galaxy stellar masses
in different volumes, and 2) M /Mgy > 10'° to avoid low-completeness in the stellar
kinematic sample. Alternatively, we could have treated each redshift section within
the SAMI function selection individually, and taken a variance weighted mean of each
resulting correlation function. While this achieves a stronger signal, the result becomes
more difficult to interpret due to our ranking method for weights (Section 2.3). The final
sample contains 710 galaxies, of all morphological types. This sample is unique amongst
other similar surveys. For example, ATLAS?P’s sample for kinematic analysis (Cappellari
et al., 2011b) only contained 260 field ETGs, and MaNGA (10,000 galaxies, Bundy et al.,
2015) is only a narrow band in the mass redshift plane, with a complicated selection
function that may make analyses that require volume limited samples more difficult to
replicate.

Galaxies from the GAMA survey (Driver et al., 2011; Liske et al., 2015) serve as a
background galaxy distribution for our analysis. GAMA adopted an r-band magnitude
limit of rpee < 19.8 mag. For our analysis, we restrict the GAMA sample at z < 0.06 ( Zmax
of SAMI) and define a volume-limited sample in redshift and r-band apparent magnitude.
This was done so that the background distribution was not biased by a higher density of
fainter galaxies at lower redshifts in an apparent magnitude limited sample. The GAMA
data used in this paper came from three equatorial regions centred at 9", 12" and 14.5" in
RA, each of 12 x 4 deg?.

2.2.2 Simulations

We use galaxy mock-observations from the EAGLE hydrodynamical cosmological simu-
lation suite (Schaye et al., 2015) as presented by Lagos et al. (2018b). A total of 7 X 108
galaxies were extracted from the 100 Mpc? box, where each baryonic particle has an initial
mass of 1.8 x 10°Mg, with a maximum gravitational softening length of 0.7 kpc. We
adopt a stellar mass cut of Mg > 5 X 10° Mg, to ensure galaxies had angular momentum
profiles that converged. Ag, values were derived for mock-observations of this sample,
leaving us with 5587 galaxies. A sample of 29737 galaxies not subjected to the stellar
mass cut serves as the background galaxy distribution. These samples have an effective
mass limit of M /Mg > 108,

Additionally, as the mass distributions of SAMI and EAGLE galaxies are significantly
different, we use a set of galaxies sampled from EAGLE in such a way to match the SAMI
mass distribution. The initial distributions can be seen in Figure 2.1.

2.3 Marked Correlation Functions

Marked statistics are a powerful tool to determine whether correlations between galaxy
parameters depend on environment or not. Galaxies are assigned a mark, corresponding
to some physical parameter, and a marked correlation function (Sheth & Tormen, 2004;
Sheth et al., 2005a) is calculated. We begin by defining the 2-point real-space correlation
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Figure 2.1: The distribution of SAMI (red) and EAGLE (blue) galaxies in log,q(M /Mo)-
AR, space. The normalised histograms of both samples for both parameters is also
included. In this paper we adopt a mass limit for SAMI of log,,(M /M) > 10.

function &£(r), given by Peebles (1980):
dP = p*[1 + £(r)]dV,dVs, 2.1)

where dP is the probability for two galaxies to be located at a distance r from each other, in
volume elements dV; and dV>. p is the mean density of galaxies in the volume considered.
The correlation function £(r) measures the “overdensity” of galaxies. In our case, we
assume that redshift gives the radial distance to a galaxy. This is known as a redshift-space
(s) correlation function, £(s).

In practice, estimators are used to calculate £(s). We use an estimator introduced by
Peebles (1980): (SG(5))
s

O = SGroy
where (SG (s)) and (SGg(s)) are pair counts between a SAMI (S) and GAMA (G) galaxy,
and a SAMI and random GAMA (G g) galaxy respectively. These pair counts are calculated
by first defining radial bins, equally spaced in log;(s). A SAMI galaxy is selected, and
the distance to each GAMA galaxy is calculated. A count is then added to each relevant
radial bin. This is repeated for all SAMI galaxies. Random GAMA galaxies are a sample
of GAMA-like galaxies, created in such a way to match GAMA’s selection function.

(2.2)

We now assign SAMI galaxies marks (m). Galaxies are ranked in Ag, and log stellar mass,
with the mark taken as the rank, to ensure an equivalent dynamical range for both marks.
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Marked correlation functions can then be thought of as a ratio of galaxy marks to the mean
mark, 1, as a function of galaxy separation (Sheth et al., 2005a):

_xm@)m(y)I(lx -yl -s)
M(S) =
mymy 3, I (Jx —y| - s)
xmx)I(lx —y|l-s)
- &7 Akl 2.3)
mp=[1+&(s)]
where m(x) is the mark of a SAMI galaxy. We have defined the mark of all GAMA
galaxies [m(y)] to be 1, 7 (x) = 0 unless x = 0, and the sum is over all SAMI-GAMA

galaxy pairs. As we have divided by m, M (s) = 1 for all s if no correlation between marks
and environment exists.

We can also consider Equation 2.3 in an alternate way. By a simple re-arrangement,
the denominator can be expressed as one plus the regular correlation function, defined
in Equation 2.1, and the numerator as one plus a “weighted” correlation function. This
weighted correlation function, defined as W (s), can be calculated using the same estimator
as &(s), except the i SAMI galaxy contributes a weight of m;/m to the relevant radial
bins:

S(m(e) I (x =yl =s) _ 1+ W(s)
ST(x-yl-s)  1+&(5)
_ (WG (s)
(SG(s))”

where (WG (s)) are weighted pair counts between weighted SAMI (W) and GAMA (G)
galaxies, and (SG (s)) are unweighted pair counts between SAMI (S) and GAMA galaxies.
Marked correlation functions with random marks are also calculated, as a check that any
signal seen in the real functions is legitimate. Once our correlation functions are calculated,
we use the Python emcee package (Foreman-Mackey et al., 2013a) to fit a function of the
form:

M(s) =

2.4)

M(s)=1+As™ (2.5)

We use this functional form as we expect M(s) ~ 1 for all scales other than small
scales, where it may deviate according to possible spin-environment and mass-environment
relations. Uncertainties are calculated from the 16" and 84™ percentiles.

2.3.1 Uncertainty Calculation

We choose bootstrap re-sampling for our uncertainty estimate, as bootstrap re-sampling
is robust and as shown by Fisher et al. (1994), at worst overestimates error in correlation
functions. Importantly, bootstrap uncertainties assume zero correlation between points,
which is not strictly true in our case, as single galaxies contribute to multiple pair counts.
However, on small scales the data points are largely independent, due to the small number of
galaxies contributing to pairs at such small separation. As another test, we also evaluated
another two different error estimations. We divided our sample into nine regions, and
calculated a correlation function in each region, taking the standard deviation between the
regions. We also calculated Poissonian errors for each bin. We found that the bootstrap
errors were similar to Poissonian at small scales, and similar to the nine region standard
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deviation at large scales. Due to this, and our largely independent points at small scales,
we use ordinary bootstrap re-sampling as a close approximation of errors.

As bootstrap re-sampling generally overestimates uncertainties at small scales by a factor
V3 (Croom & Shanks, 1996), the number of SAMI galaxies drawn per bootstrap sample
was 3N, where N is the total number of galaxies, as also suggested by Norberg et al.
(2001). Previous galactic correlation function works have used 10 re-samples (Hermit
et al., 1996) or 20 re-samples (Madgwick et al., 2003). Due to our smaller data set in
SAMI, we created 10,000 re-samples for each correlation function.

2.4 Results

2.4.1 SAMI Galaxies

We present marked correlation functions for SAMI Galaxies, with ranked Ag, and stellar
mass marks, in Figure 2.2.

Towards small scales s we find that the marked correlation measurements (orange symbols)
are significantly less than 1, i.e., there is a significant anti-correlation of ranked Ag,
with environment. The best-fit power-law (Equation 2.5, Figure 2.2a, red line), shows a
significant turn below M (s) = 1, beginning at around s = 1 Mpc. We find a best-fit value
for A = —0.038:"8:8}%, 3.20 below zero. This implies that galaxies with low Ag, start
being preferentially located in dense environments at scales of s ~ 1 Mpc. As done by
Harker et al. (2006), we also take one large radial bin out to 1 Mpc to find significance
at small scales (M (< 1Mpc)). We find M(< 1Mpc) = 0.925 + 0.034, 2.20 below 1.

Randomised marks are consistent with M (s) = 1 at all scales.

In Figure 2.2b we also detect a significant correlation of ranked stellar mass with envi-
ronment. The best-fit power-law (red line) shows a significant up turn above M(s) = 1
towards small scales in s, beginning at around s = 1 Mpc. We find a best-fit value of
A =0.03670013, 2.40 above zero. This result implies that galaxies with high stellar mass
start being preferentially located in dense environments at scales of ~ 1 Mpc. We find
M(< 1Mpc) = 1.058 £ 0.042, 1.40 above zero. This result is consistent with previous
work, as galaxies are well known to cluster according to mass (or luminosity) (e.g. Norberg

et al., 2002). Randomised marks are consistent with M (s) = 1 at all scales.

Further Analysis of SAMI Results

We have found an anti-correlation of Ag, with environment, and a positive correlation
of stellar mass with environment. We can compare these results with different tests.
First, we reverse the rank order for Az, and compare M (< 1M pc) for these reverse Ag,
ranks and stellar mass ranks. We find M (< 1M pc) = 1.075 + 0.043 for reverse Ag, and
M(< 1Mpc) = 1.058 + 0.041 for stellar mass. This gives a difference of 0.017 + 0.059.
Using this metric, mass and reverse Ag, rank marks are consistent. However, this simplistic
approach of assuming a one-to-one relationship between reversed Ag, ranks and stellar
mass ranks is not entirely supported, as there is a lot of scatter in this relationship (Croom
et al., 2021). In Figure 2.3, we present two methods of testing for the physical driver of
our SAMI Ag,-environment anti-correlation. Bins are defined in stellar mass of 0.1 dex
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Figure 2.2: Marked correlation functions for ranked Agr_ (left panel) and ranked stellar
mass marks (right panel), with SAMI galaxies (blue data). Randomised marks are plotted
as a test of our method (orange data). We plot the best-fit power law (dark red line). One
hundred samples from the MCMC chain (light red lines) are plotted, as a representation
of the uncertainty in the fits. Contours for the 68", 90" and 95'" percentiles are plotted
for the real data in A and m space, as explored by the emcee algorithm, in the inset. The
red overlay lines in these parameter spaces represent the values of A and m selected at the
50™ percentile. Measures of the significance can be found in Table 2.1. A, is negatively
correlated with environment, while stellar mass is positively correlated with environment
in SAMI galaxies.

in width. Galaxies are then assigned a Ag, value from another random galaxy in their
mass bin. This failed to reproduce a negative correlation with environment. The lack of
correlation in this case implies that the signal we see between Ag, and environment cannot
be caused purely by a mass-environment relation. Removing slow rotators (1g, < 0.2)
from the sample did reproduce a negative correlation with environment. This existence of
a correlation implies that the observed correlation between Ag, and environment cannot
be attributed solely to slow rotators.

2.4.2 EAGLE Galaxies

We show the distribution in A, and stellar mass of SAMI and EAGLE galaxies in Figure
2.1. As the mass distributions are significantly different, we create a set of observations
sampled from EAGLE in such a way to match the SAMI mass distribution. Fifty bins
spaced in log(M /M) were defined across the mass range for SAMI, and EAGLE galaxies
in each bin were drawn randomly until there were three times as many EAGLE galaxies
in each bin as SAMI.

We present marked correlation functions for these re-sampled EAGLE galaxies, with
ranked Ag, and stellar mass marks, in Figure 2.4. We see a significant anti-correlation of
ranked A, with environment in our marked correlation function for EAGLE (Figure 2.4a).
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Figure 2.3: Marked correlation functions for different tests exploring whether our SAMI
AR, anti-correlation with environment can be explained by mass trends. Selecting a
galaxy’s Agr, value at random from 0.1 dex mass bins failed to reproduce a negative
correlation (left panel). Removing slow rotators from the SAMI sample (1g, < 0.2) still
reproduces a negative correlation (right panel). Randomised marks are also plotted as a
test of our method. Symbols and lines are similar as in Figure 2.2, but now presented for
mass-defined Ag, and for a sample with slow rotators removed. The anti-correlation of
AR, with environment is not driven purely by stellar mass, or by slow rotators.

The best-fit power-law shows a significant downward trend towards small scales in s. m is
lower for EAGLE than for SAMLI, so the correlation between Ag, and environment extends
to larger scales in EAGLE than in SAMI. We find a best-fit value of A = —0.020%0-003,
6.60 below zero. This implies that in the EAGLE mock-observations, low-Ag, galaxies
are preferentially located in dense environments, out to scales of the order ~1 Mpc. This
is consistent with our SAMI results. We find M (< 1Mpc) = 0.966 £ 0.008, 4.20 below

1. Randomised marks are consistent with M (s) = 1 at all scales.

We see a significant correlation of ranked stellar mass with environment in our marked
correlation function for EAGLE. The best-fit power-law shows a significant upwards trend
towards small scales in s. We find a best fit value of A = O'O3Oi8i88§’ 100~ above
zero. This implies that in the EAGLE mock-observations, high stellar mass galaxies are
preferentially located in dense environments, out to scales of the order ~ 10 Mpc. We
find M(< 1Mpc) = 1.066 +0.015, 4.40 above 1. Randomised marks are consistent with

M (s) = 1 at all scales, as expected.

2.5 Conclusion

We investigate the existence of a kinematic morphology-density relation (KMDR) using the
technique of marked correlation functions. Ranking galaxies by their spin (parametrised
by Ag,) and stellar mass allows us to investigate whether the relation is driven purely
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Figure 2.4: Marked correlation functions for ranked Agr_ (left panel) and ranked stellar

mass marks (right panel).

Symbols and lines are similar as in Figure 2.2, but now

presented for the EAGLE data. Ag, is negatively correlated with environment, while
stellar mass is positively correlated with environment in EAGLE galaxies.

Table 2.1: Measurements of the significance of the signals in the correlation functions
for SAMI and EAGLE data. We present the values of A and m for each data type and
mark type, and the value of a single bin below 1 Mpc for each data type and mark type.
The significance for the single bin is taken as the distance away from M(s) = 1, the
expected value given no correlation.

Data Type Mark Type A m Single Bin Value
SAMI Spin Data Real ~ —0.038%0012  1.060*01%  0.925+0.035
Random  —0.008709%  1.850*0412  0.981 +0.038
SAMI Mass Data Real 0.036*9013 0.713*9-320 1.058 + 0.041
Random  —0.003*0:9%7  0.795707%  1.019+0.039
Re-sampled EAGLE Spin Data Real —O.OZOJ:%:%%% 0.529f(())'.(())99§1 0.966 + 0.008
Random  —0.001*9:90% 0.530*9-4%0  1.000 + 0.008
Re-sampled EAGLE Mass Data Real 0.030*9.903  0.488*09%  1.066 +0.015
Random ~ —0.003*09%  0.379*03%%  1.005 +0.015
Mass Assigned Spin Data, SAMI Real —0.002i%‘.%%98 1.035f%_86271 0.984 +0.038
Random  —0.0147991L 0.792*0-33¢  0.989 +0.038
No Slow Rotators Spin Data, SAMI ~ Real ~ —0.035*0:012  1.308*038  0.937 +0.037
Random  0.005*000¢  0.812*06%2  1.008 + 0.041
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by stellar mass or if some residual spin correlation exists. This is the first time that
marked correlation functions have been applied to galactic spin. We apply our analysis
to both the SAMI observations and EAGLE simulation mock-observations, allowing us to
compare SAMI to simulated results. The GAMA dataset is used as the “background” in
the SAMI analysis for measuring large scale structure, due to GAMA’s highly complete
spectroscopic data. We estimate uncertainties in all our correlation functions through
bootstraps with 10,000 re-samples, and estimate significance by fitting power laws of the
form M(s) =1+ As™™ and looking at single bins below 1 Mpc.

We find the following results:

* Mass is positively correlated with environment. Fitting our ranked mass mark
correlation function by a power law gave parameters A = 0.036J_f8:8}§, and m =

0.713*0:333. These results are consistent with previous work (e.g. Norberg et al.,
2002).

* Spin (parametrised by Ag,) is negatively correlated with environment. Fitting
our ranked Ag, mark correlation function by a power law gave parameters A =
—0.038’_“8:8%, and m = 1.0601’8:%28. This is consistent with previous work that
found evidence of a KMDR (Cappellari et al., 2011b; D’Eugenio et al., 2013;
Houghton et al., 2013; Scott et al., 2014; Fogarty et al., 2014), and the presence of
an environmental effect on spin (Choi et al., 2018).

* Spin anti-correlation with environment is not driven solely by stellar mass. Defin-
ing bins in stellar mass of 0.1 dex, galaxies are assigned random Ag, values cor-
responding to their mass bin. This failed to reproduce a negative correlation with
environment.

* The anti-correlation between spin and environment is not driven purely by slow
rotators. When slow rotators are removed from the SAMI sample (1z, < 0.2), the
anti-correlation is found to still be present.

* Using mock-observations from the EAGLE simulations we find qualitatively con-
sistent results as compared to observed data. Mass is correlated with environment,
and spin is anti-correlated with environment with EAGLE galaxies as well as SAMI
galaxies. A larger sample size in EAGLE allows us to see to larger scales than
SAMI with high signal to noise, but the overall qualitative result remains the same.
Although the relationship extends to larger scales for EAGLE, we know there are
offsets between SAMI and EAGLE spin values (van de Sande et al., 2019). Investi-
gation of whether these offsets can fully explain the larger scale result is beyond the
scope of this paper.

Previous work has suggested that the Ag,-environment anti-correlation is simply a man-
ifestation of the mass-environment correlation, caused by dynamical friction (Brough
et al., 2017; Houghton et al., 2013; Cappellari, 2016; Veale et al., 2017; Greene et al.,
2017). Our results suggest that the Ag_ environment anti-correlation is not as simple as a
re-statement of the mass-environment correlation. Physical process such as environmen-
tal quenching, mergers and interactions may drive galaxies towards lower Ag, values in
denser environments (see also van de Sande et al., 2021b). The connection between mean
stellar population age and environment (e.g. Scott et al., 2017) combined with the relation
between mean stellar age and the dynamical thickness or intrinsic shape of galaxies (van
de Sande et al., 2018) indicates that the star-formation history of a galaxy, its environment,
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and dynamical properties are closely connected.

Future IFS surveys such as HECTOR (Bryant et al., 2016) will improve the statistics that
we find here, in particular at small separation.
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The SAMI Galaxy Survey: using tidal
streams and shells to trace the
dynamical evolution of massive
galaxies

Never knowingly be serious.

—The Eleventh Doctor

Tomas H. RUTHERFORD,? JESSE VAN DE SANDE, "2 Scort M. Croom, 2 Lucas M.
VALENZUELA,3 RHEA-SILVIA REMUS,3 FrANCESCO D’EUGENIO,4’5 SaMm P. VAUGHAN,
Hexnry R. M. Zovaro,”? SaraH Casura,'? STErania Barsantr,??! Joss
BLaND-HawTHORN,'? SARAH BrouGH, "2 JuLia J. Bryant, 212 MicuaEL GooDWIN,
Nuria LorenTg,!? SReg Om, 42 AND ANDREI RisTEA 22

2,6,7,8

13

ISydney Institute for Astronomy, School of Physics, A28, The University of Sydney, NSW, 2006, Australia

2 ARC Centre of Excellence for All Sky Astrophysics in 3 Dimensions (ASTRO 3D), Australia

3Universitits-Sternwarte, Fakultit fiir Physik, Ludwig-Maximilians-Universitidt Miinchen, Scheinerstr. 1, 81679 Miinchen,
Germany

“4Kavli Institute for Cosmology, University of Cambridge, Madingley Road, Cambridge, CB3 OHA, UK

S5Cavendish Laboratory - Astrophysics Group, University of Cambridge, 19 JJ Thomson Avenue, Cambridge, CB3 OHE, UK
6School of Mathematical and Physical Sciences, Macquarie University, NSW 2109, Australia

7 Astronomy, Astrophysics and Astrophotonics Research Centre, Macquarie University, Sydney, NSW 2109, Australia

8Centre for Astrophysics and Supercomputing, School of Science, Swinburne University of Technology, Hawthorn, VIC 3122,
Australia

9Research School of Astronomy and Astrophysics, Australian National University, Canberra, ACT 2611, Australia
10Hamburger Sternwarte, Universitit Hamburg, Gojenbergsweg 112, 21029 Hamburg, Germany

118chool of Physics, University of New South Wales, NSW 2052, Australia

12 Astralis-USydney, School of Physics, University of Sydney, NSW 2006, Australia

13 AAO-MQ, Faculty of Science & Engineering, Macquarie University. 105 Delhi Rd, North Ryde, NSW 2113, Australia
14Department of Astronomy and Yonsei University Observatory, Yonsei University, Seoul 03722, Republic of Korea
BInternational Centre for Radio Astronomy Research, The University of Western Australia, 35 Stirling Highway, Crawley WA 6009,
Australia

This chapter is reproduced from Rutherford et al. (2024), which was published in the Monthly Notices of the Royal Astronomical
Society as '"The SAMI Galaxy Survey: using tidal streams and shells to trace the dynamical evolution of massive galaxies''. 1

39



40

wrote all the text, produced all figures, and wrote most of the code for analysis. Francesco D’Eugenio provided the code for
Multi-Gaussian Expansion models of SAMI galaxies which I modified for my use. Jesse van de Sande and Scott M. Croom
supervised the work and assisted in revising the text. Lucas M. Valenzuela and Rhea-Silvia Remus provided the simulation data
Jfrom Magneticum. Sam Vaughan provided light-weighted average ages for SAMI galaxies, and Henry Zovaro provided Hx
equivalent width measurements.

Abstract

Slow rotator galaxies are distinct amongst galaxy populations, with simulations sug-
gesting that a mix of minor and major mergers are responsible for their formation. A
promising path to resolve outstanding questions on the type of merger responsible, is by
investigating deep imaging of massive galaxies for signs of potential merger remnants. We
utilise deep imaging from the Subaru-Hyper Suprime Cam Wide data to search for tidal
features in massive (log;,(M./Mgy) > 10) early-type galaxies (ETGs) in the SAMI Galaxy
Survey. We perform a visual check for tidal features on images where the galaxy has been
subtracted using a Multi-Gauss Expansion (MGE) model. We find that 3153 percent of
our sample show tidal features. When comparing galaxies with and without features, we
find that the distributions in stellar mass, light-weighted mean stellar population age and
Ha equivalent width are significantly different, whereas spin (Ag, ), ellipticity and bulge to
total ratio have similar distributions. When splitting our sample in age, we find that galax-
ies below the median age (10.8 Gyr) show a correlation between the presence of shells
and lower Ag_, as expected from simulations. We also find these younger galaxies which
are classified as having "strong" shells have lower Ag,. However, simulations suggest that
merger features become undetectable within ~ 2 — 4 Gyr post-merger. This implies that
the relationship between tidal features and merger history disappears for galaxies with
older stellar ages, i.e. those that are more likely to have merged long ago.

3.1 Introduction

Galaxy mergers play an important role in the hierarchical structure formation theory of
the Universe (White & Rees, 1978), being a key aspect of mass build-up in the ACDM
paradigm. While the overall picture is well established, the impact of mergers on specific
sub-classes or individual galaxies is less well understood. Slow rotator galaxies are a
subset of galaxies characterised by a low spin parameter (dg,) (Emsellem et al., 2007),
large stellar mass and old stellar ages. However, it is not clear which processes cause the
morphological (spin-down) and quenching transformation of these galaxies (e.g. Lagos
et al., 2022). Evidence from simulations (e.g., Di Matteo et al., 2009; Jesseit et al., 2009;
Bois et al., 2011; Naab et al., 2014; Choi & Yi, 2017; Lagos et al., 2017, 2018a; Penoyre
et al., 2017; Schulze et al., 2020; Lagos, 2020b) suggests that galaxy mergers are capable
of kinematically transforming these galaxies. However when these mergers happen, the
ratio of minor to major mergers and the importance of gas are still outstanding questions.
Indeed, some observational studies have found no link between merger signatures and
slow rotators (e.g., Oh et al., 2016).

Galaxy interactions and mergers leave remnants of their existence in the form of tidal
features, long understood to be relics of past encounters (e.g., Toomre & Toomre, 1972;
van Dokkum, 2005; Hood et al., 2018; Mancillas et al., 2019; Huang & Fan, 2022). Tidal
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tails and streams are formed when material is stripped from a primary gas-rich, disc-
dominated galaxy or from a low-mass companion during interactions (Byrd & Howard,
1992; Oh et al., 2008; Hood et al., 2018). Simulations have suggested that streams indicate
a circular infall of a companion (large impact parameter), and shells a nearly complete
radial infall (Karademir et al., 2019). However, it should be noted that the evolution from
a radial merger to a shell is not one-to-one, as radial infall mergers can also form other
structures such as diffuse fans (Weil et al., 1997).

If slow rotators (SRs) are formed through galaxy mergers (Lagos et al., 2022), we expect
to see a higher fraction of recent merger features around these slow rotator galaxies.
The galaxy spin parameter Ag, has traditionally been used to classify galaxies as slow
rotators (Ag, < 0.1) or fast rotators (g, > 0.1) (Emsellem et al., 2007). Ag, is defined as
Ag, = (R|V])/{RVV? + o°?), a luminosity-weighted rotational velocity, normalised by the
second velocity moment V2 + 02, A R. can be interpreted as a measure of how rotationally
or dispersion supported a galaxy is. More recently, slow rotators have been defined within
a region of Ag -¢ (spin-ellipticity) space (e.g., Emsellem et al., 2011; Cappellari, 2016;
van de Sande et al., 2021a), with low Ag, (< 0.2) and low € (< 0.4).

The role of major versus minor mergers in the evolution of slow rotators is not yet clear from
simulations. Whilst major mergers have long been believed to be essential for spinning-
down galaxies, it is also known that processes such as minor mergers, secular evolution,
fly-by encounters, harassment and dynamical friction can impact and even dominate spin
evolution (Choi & Yi, 2017). Indeed, slow rotators can form from a series of minor
mergers (Schulze et al., 2020), and this may even be the dominant driver of morphological
transformations over cosmic time (Choi & Yi, 2017; Lofthouse et al., 2017). Ag, has been
shown to decrease in simulations and observations from a maximum at z = 1 (Bezanson
et al., 2018), however, this is independent of merger history in the case of simulations
(Walo-Martin et al., 2020). Choi & Yi(2017) and Lofthouse et al. (2017) argue that major
mergers are not the main driver of the spin-down of galaxies over cosmic time.

In order to confidently link tidal features to a potential merger history, an understanding
of the timescale on which these features fade to be undetectable, or settle back into the
main body of the galaxy is required. Post-merger galaxies can mostly only be identified
via their tidal features during this timescale, which may differ from the timescale for A, to
settle post-merger. Generally, tidal features are visible for a few Gyr (e.g., Lotz et al.,
2008, 2010a,b; Lofthouse et al., 2017; Mancillas et al., 2019; Nevin et al., 2021), although
various studies have a large variation in timescales. The best combination of techniques
can make detection possible up to < 2 Gyr (Nevin et al., 2021), or potentially < 4 Gyr
(Pop et al., 2018). However, these times have been shown to be dependent on gas fraction
(Hood et al., 2018), decreasing to < 300 Myr for low gas fractions (~ 20%), and reaching
up to > 1 Gyr for higher gas fractions (~ 50%) (Lotz et al., 2010a). Huang & Fan (2022)
estimate that for massive early-type galaxies (ETGs), the lifetime of tidal features is ~ 3
Gyr. It should be noted, however, that these timescales are often related to identifying a
merger in progress (e.g., Lotz et al., 2010b,a; Nevin et al., 2019, 2021), and the timescale
for tidal features at large radii to exist may be significantly longer. Additionally, different
classes of features may have different detectability timescales. Mancillas et al. (2019)
investigated the lifetime of different types of features. They estimated a survival time of
~ 2 Gyr for tidal tails, ~ 3 Gyr for streams, and ~ 4 Gyr for shells.
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The detection of tidal features is also strongly dependent on surface brightness limits.
Ji et al. (2014) found that the detection time was on average ~ 2 times as long for a
surface brightness limit of 28 mag arcsec™2 as compared to 25 mag arcsec”2. They found
environment had an important effect, where a cluster potential was able to strip merger
features and reduce the detection time. Martin et al. (2022) also found that detection rates
depend on surface brightness limits, with 80 per cent of flux in features around Milky
Way like galaxies identified at 30-31 mag arcsec™2, falling to 60 per cent at 29.5 mag

arcsec_z.

The vast array of different merger scenarios can have a strong impact on the evolution of
the galaxy, with the importance of gas specifically impacting both the kinematic evolution
and star formation quenching. Whilst mergers may kinematically spin-down a galaxy
(e.g., Naab et al., 2014; Lagos, 2020b) and leave an SR remnant, a fast-rotating disc
can be subsequently formed post merger. However, the formation of a fast-rotating disc
post-merger is dependent on the gas fraction (Lagos, 2020b), where wet mergers can even
spin-up a galaxy post-merger, via newly-formed stars of high rotational speed. Mergers
can also cause quenching in galaxies provided there is strong active galactic nuclei (AGN)
feedback (Sparre & Springel, 2017), but this strong feedback is generally only induced by
the gaseous disc being disrupted (Pontzen et al., 2017). Dry mergers tend to spin-down and
morphologically disrupt galaxies, and wet mergers are capable of inducing star formation
in a new disk. If this disk has enough stellar mass to counteract the stars sent to hotter
orbits when the merger occurred, there can be little to no change in Ag, .

The identification and analysis of galaxy mergers from observations is complicated by the
low surface brightness of the tidal features, and the large radii at which they often occur.
Studies using simulations often analyse Ag, and studies using observations perform visual
merger checks, and thus work that bridges this gap is a key part of identifying the impact of
galaxy mergers on slow rotator formation. Recent work by Valenzuela & Remus (2022),
building on tidal feature classification by Bilek et al. (2020) on the MATLAS sample
(Duc et al., 2015; Habas et al., 2020) has shown a correlation between shells and low Ag,
values.

In this paper, we use the recent wealth of deep optical imaging from the Subaru Hyper-
Suprime Cam (HSC) to expand on the MATLAS (Mass Assembly of early-Type GalLAxies
with their fine Structures) work with a significantly larger sample size. We use visual
identification of tidal features in model-subtracted massive galaxies (e.g., shells, tidal
streams, tails) from HSC-SSP (Aihara et al., 2019) in addition to standard cutout feature
visual identification, complemented by kinematic data from the SAMI Galaxy Survey
(Croom et al., 2021). We aim to address some of the questions surrounding the role of
galaxy mergers in the formation pathway of slow rotators.

Our work is structured as follows. Section 2 discusses the data used in this paper. Section
3 describes our method. Section 4 states the results. Section 5 discusses these results in
context with previous work. Section 6 presents a conclusion to this work. Throughout this
paper, we adopt a ACDM cosmology, with Hy = 70 km s™! Mpc~!, Q,, = 0.3, Q, = 0.7.
We further assume a Chabrier (Chabrier, 2003) stellar initial mass function (IMF), and an
AB magnitude system (Oke & Gunn, 1983).



43
3.2 Data

3.2.1 The SAMI Survey

The SAMI instrument (Croom et al., 2012) provides a 1 degree diameter field of view and
is mounted on the Anglo-Australian Telescope. SAMI uses 13 fibre bundles (Hexabundles;
Bland-Hawthorn et al., 2011; Bryant et al., 2014), each having a 75% fill factor. There are
61 fibres of 1.6”diameter within each bundle, giving a diameter of 15”to each IFU. The
IFUs and 26 sky fibres are fed to the AAOmega spectrograph (Sharp et al., 2006). The
580V grating at 3570-5750A is used, giving a resolution of R=1808 (c=70.4 kms™!), as
well as the 1000R grating from 6300-7400A, which gives a resolution of R=4304 (0=29.6
kms™!) (van de Sande et al., 2017b).

The SAMI Galaxy survey (Croom et al., 2012; Bryant et al., 2015) target selection came
from the GAMA (Driver et al., 2011) survey, as well as eight low-redshift clusters (Owers
et al., 2017). Reduced data cubes (Sharp et al., 2015) are available with the SAMI Galaxy
Survey data releases (Allen et al., 2015; Green et al., 2018; Scott et al., 2018; Croom et al.,
2021), as well as stellar kinematic maps.

Our sample contains Ag, values derived from spatially resolved kinematic measurements,
detailed in van de Sande et al. (2017b), with both an aperture correction (van de Sande
et al., 2017a), and a seeing correction (Harborne et al., 2020; van de Sande et al., 2021a).
R, is defined as the semimajor axis effective radius of a galaxy, and the ellipticity & is
defined in terms of the axis ratio, b/a = 1 — . R, and & values are taken from MGE
fits derived by D’Eugenio et al. (2021), using code from Cappellari (2002). Stellar mass
measurements are taken from Bryant et al. (2015), using Milky-Way-extinction-corrected
apparent g and i magnitudes, using the technique from Taylor et al. (2011).

Luminosity-weighted age measurements were derived by Vaughan et al. (2022). The ppxF
code (Cappellari & Emsellem, 2004; Cappellari, 2017) was used to fit MILES single-
age, single-metallicity stellar populations (SSP) models (Vazdekis et al., 2015). The SSP
models used templates from Pietrinferni et al. (2004, 2006). Bulge to total flux ratios
were derived by Casura et al. (2022), using the prRorounD (Robotham et al., 2018) and
PROFIT (Robotham et al., 2017) codes, applied to r-band KiDS (Kilo-Degree Survey)
DR4.0 photometry (Kuijken et al., 2019). In our analysis, we begin by including bulge to
total ratios of galaxies that have an appropriate two component fit'. We then extend this,
by assigning bulge to total ratios of 1 to one component fit galaxies with Sérsic indices
above 2.5, and bulge to total ratios of 0 to one component fit galaxies with Sérsic indices
below 1. This allows us to include pure ellipticals and disks which cannot be fit with two
components in our analysis.

For each galaxy, the Hx emission line equivalent width (Hyy) was measured within a
circular apertures with radius 1R,, where we adopted the MGE measurements from SAMI
DR3 (D’Eugenio et al., 2021; Croom et al., 2021). The equivalent width is measured as
the total Hox flux (not corrected for extinction) divided by the mean continuum level within
the rest-frame wavelength range from 6500 A to 65400 A.

'To have an appropriate fit, a galaxy was required to have the flag R_N_COMP = 2, i.e. that the
recommended number of Sérsic components was 2. For more detail, see Casura et al. (2022).
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3.2.2 The HSC SSP Survey

Located on the summit of Maunakea in Hawaii, the wide-field imaging camera Hyper-
Suprime-Cam (HSC) is mounted on the prime focus of the 8.2m Subaru telescope (Aihara
et al., 2018a; Miyazaki et al., 2015). HSC utilises the full 1.5 degree diameter field of view
of the Subaru telescope, with 116 Hamamatsu Deep Depletion CCDs, with 2000 x 4000
pixels each. Each of the 15um pixels covers 0.168” on the sky. There are five broad-band
(grizy) and 4 narrow band filters.

This paper uses the HSC r-band Wide data from HSC data release 2, which has a surface
brightness limit of 27.8 + 0.5 mag arcsec2, derived in Section 3.2.4. We use the Wide
data due to its overlap with the GAMA/SAMI sample, and data release 2 was shown by
Huang & Fan (2022) to be most suitable for extended, LSB objects. Image cutouts of
361 x 361 pixels (approximately 60" x 60”), centred on the chosen galaxy, were used for
model subtraction images. Greyscale inspection images were taken to be at least 10R, in
size, requiring cutouts of 829 x 829 pixels (approximately 140” x 140”) as standard, with
larger taken when necessary.

3.2.3 Sample Selection

We take our sample to be non-cluster SAMI ETGs from SAMI DR3 (Croom et al.,
2021), as these galaxies have HSC imaging coverage. Morphology measurements were
taken from Cortese et al. (2016), which used the classification method from Kelvin et al.
(2014) on SDSS DRO9 colour images (Ahn et al., 2012). We selected all galaxies above
log,o(M./Mz) = 10 to balance our aim to investigate massive slow rotators, and to
appropriately compare to Valenzuela & Remus (2022). Some galaxies in this sample
are discarded due to issues with their imaging (artefacts impacting the galaxy image), or
identifiable spiral arms in HSC-SSP despite their previous morphological classification
from SDSS imaging. Not all galaxies have values for all parameters. This is due to several
factors, most importantly low signal to noise and insufficient radial coverage. The final
sample contains 411 ETGs with good imaging, of which:

* 325 galaxies have Ag, values.

* 268 have B/T ratios.

* 405 have ellipticity values.

* 386 have light-weighted age measurements.

3.2.4 HSC Surface Brightness Limits

The identification of low surface brightness (LSB) features in galaxy surveys is limited
by the minimum surface brightness of a survey. Previously unobserved features often
appear in a deeper survey, and these features can be required to be several magnitudes
brighter than the reported depth of a survey to be identified at a high completeness level
(Kado-Fong et al., 2018).

However, it should be noted that the effect of surface brightness limits differs for different
tidal features. Mancillas et al. (2019) found that the detection of streams is highly sensitive
to surface brightness limits (2 — 3x more streams with a brightness cut of 33 mag arcsec™>
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Figure 3.1: An example of an MGE model of galaxy with CATID 91697. The left panel
has flux contour lines in black, with MGE model contour lines in red. Contour lines are
spaced by 1 mag arcsec™. The grey square contains the central region of the galaxy,
and is enlarged and shown in the right-hand panel. The pixel scale of all cutouts is 0.168
arcsec pixel !

compared to 29 mag arcsec”2). There was no sensitivity dependence found for tails, and
only a mild dependence for shells.

The various surveys on LSB features use different methods and aperture sizes to estimate
the limiting surface brightness. Atkinson et al. (2013) note that differences as large as
2-3 mag arcsec™ can exist between surveys, making comparison extremely difficult. For
completeness, we will describe here our derivation of our surface brightness limits.

Similarly to Atkinson et al. (2013), we placed 40 circular apertures of area 1 arcsec’

on empty fields of 20 HSC cutouts. The root-mean-square variations between the
total sum of flux within each aperture, for each cutout, was calculated. These val-
ues were then converted to mag arcsec™> with Equation 3.1, where FLUXMAGO =
63095734448.0194.

SB (3.1

mag arcsec™

FLUXMA
2 = 2.5 X loglo (U—GO)

flux

This resulted in a distribution of surface brightness limits, where we took the mean

and standard deviation to be our limiting surface brightness, and its uncertainty. This

estimation of our surface brightness limit was found to be 27.8 + 0.5 mag arcsec 2.

3.3 Method

3.3.1 MGE Galaxy Profile Modelling

The visual inspection and analysis of LSB tidal features in deep imaging is complicated
by separating these features from the bright, smoothly varying flux of the main body of
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Figure 3.2: An example image (DEC vs RA) for analysis of galaxy with CATID 49734.
Panel (a) contains the r-band cutout for the galaxy. Panels (b) and (c) contain an rgb
image of the galaxy, and an enlarged version of the rgb image respectively. Panel (d)
contains the r-band cutout for the galaxy, with the spatial frequency filters from Kado-
Fong et al. (2018) applied, and panels (e) and (f) contain r-band cutouts with increased
contrast. Panel (g) contains an MGE model of the galaxy, panel (h) contains the MGE
model-subtracted residual, and panel (i) contains the same residual divided by noise. The
dashed ellipses represent the radii 1R, and 2R, (and 3R, in panel (c)). A shell-like tidal
feature can be seen to the upper left of the images.
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the galaxy. To overcome this issue, analysis of model-subtracted residual images has been
employed in previous work (e.g., Bell et al., 2006; Mclntosh et al., 2008; Mantha et al.,
2019). The modelling code caLriT (Peng et al., 2002) has traditionally been used to fit
physically motivated Sérsic profiles for the required flux models. MGE is an alternate
method, being significantly faster than caLriT with high-efficiency algorithms delivering a
fitin ~ 2 minutes. The efficiency of MGE comes from the fitting of a number of sectors of
a given flux profile, rather than pixel-by-pixel. Given our desire for fast model generation
which can give us the smallest residuals after model subtraction, physical motivation is
less important than efficiency, and we utilise MGE in this work.

We follow the MGE fitting code from D’Eugenio et al. (2021). The code starts by
using SEXTRACTOR (Bertin & Arnouts, 1996) to identify all sources in the HSC cutout.
SEXTRACTOR provides an image mask to all sources other than the central galaxy. The point-
spread function (PSF) is characterised by fitting 2-5 stacked circular Gaussians.

Provided with a PSF and image mask, the galaxy flux is fit. We do not use regularised
fits (Scott et al., 2009), which require the flattest Gaussian to have the roundest axial
ratio which still reproduces observations (Cappellari, 2002). Unregularised fits yield the
lowest y? values and more realistic galaxy shapes (D’Eugenio et al., 2021). We present
an example MGE fit in Figure 3.1.

The MGE modelling code used in this work (Cappellari, 2002) fits an integer pixel to the
galaxy centre. As aresult, the flux in the centre of a galaxy is usually not fit as well as the
outer regions, and thus model subtraction near the galaxy centre is poor. This can be seen
in examining panel (i) in Figure 3.2. However, as we expect tidal features at large radii,
this sub-pixel shift does not affect the identification of these features.

3.3.2 Model Subtraction and Visual Inspection

The visual inspection of each galaxy for tidal features utilised an image with multiple
panels. Each image includes: r-band image, rgb image, MGE model, model-subtracted
residuals, and relative model-subtracted residuals. An example image can be seen in
Figure 3.2. Panel (a) shows an r-band cutout for the galaxy. Panels (b) and (c) show an rgb
image for the galaxy. Panel (d) shows the r-band cutout, with spatial frequency filters from
Kado-Fong et al. (2018), with the goal of making non-spherically-symmetric features more
apparent. Panels (e) and (f) show increased contrast versions of the r-band cutout. Panel (g)
shows the MGE model for the galaxy, with panels (h) and (i) showing the model subtracted
residual, and model subtracted residual divided by uncertainty respectively.

Tidal features are often divided into classes, based on the physical process they formed
from (e.g., Atkinson et al., 2013; Bilek et al., 2020; Desmons et al., 2023a). We divide
these into two for this work: tidal streams, and shells. Tidal streams are seen as "streams"
of stars, appearing to move radially inwards to the galaxy, and in some cases the satellite
galaxies associated with these streams are still visible. We acknowledge here that there
is significant ambiguity between a shell, stream, ring and a weak spiral arm in LSB
imaging. Although our sample was selected to contain only ETGs, the morphological
classifications used were taken from visual inspection of SDSS imaging. The increased
depth of HSC imaging allows for visual identification of rings and spiral arms previously
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unseen. We defined a shell as a feature that curves around a galaxy with approximately
constant radius, and unlike most spiral arms or rings, is separate from the main body of
the galaxy. We made a point to only classify galaxies without knowing their Ag, values,
to avoid any unconscious bias. This also meant we did not downselect our galaxies after
re-examination. There are some fast rotating disc galaxies with weak shell features that
could plausibly be a ring within the disc, rather than a shell. We accept this as a reality of
our method, which cannot be easily reduced without biasing our sample (examples can be
seen in Figure A.2).

Each HSC model-subtracted residual image was inspected individually by a group of three
people (THR, JvdS, SMC). Each person was able to individually decide if an image had
any stream or shell-like tidal features, and give a 1-5 value for the "strength" of that feature.
This strength classification represented the confidence a classifier had in a feature existing,
and often correlated with how bright and separated from the main galaxy body the feature
was. When inspecting the image seen in Figure 3.2, one could focus on the top left panel,
panel (a). The dynamic range of the greyscale image could be changed interactively for
each galaxy, allowing for the user to select a unique scaling to best identify features for a
given galaxy. A feature was determined to be significant if at least two people identified
it. The strength was taken to be the average strength selected.

Once individual classifications were complete, a set of galaxies which had disagreements
in strength of > 2 were selected, and inspected as a group. Disagreements were identified
and a group classification was agreed upon. Most disagreements were due to ambiguity
between a shell and a stream. We note that other galaxy observables, such as metallicity,
kinematics and HI maps, can also be used alongside visual features to identify past
interactions (e.g., Lopez-Sdnchez, 2010). However, this work is focused on correlating
these observables to tidal features and thus we will not be using this technique.

3.4 Results

3.4.1 Merger/Tidal Features in the SAMI Galaxy Survey

Here, we present the results of our analysis of the merger features of our SAMI galaxies
in the GAMA field regions with log,o(M./Mg) > 10. In total, we have 411 galaxies with
classifications. 129 galaxies have a feature identified (71 shells, 76 streams and 18 with
both). For simplicity, we refer to galaxies with shells as "Shell Galaxies", galaxies with
streams as "Stream Galaxies", galaxies with a shell and/or stream as "Feature Galaxies",
and galaxies with no shell or stream as "Regular Galaxies". Feature classifications are
used alongside SAMI kinematic data to examine the link between merger features and
slow rotators.

We begin by presenting the distributions of our regular galaxies, shell galaxies and stream
galaxies in several parameter spaces, using the parameters Ag,_, log,o(M./Ms), Age and
B/T. This can be seen in Figure 3.3. Galaxies with no features are coloured in sky blue,
galaxies with shells are coloured in red, galaxies with streams are coloured in dark blue,
and galaxies with streams and shells are coloured in orange. Shell galaxies classified with
a strength of at least 3 are circled in black, referred to as "strong" shells. In panel (b), we
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Figure 3.3: Distributions of our sample galaxies in all relevant parameter spaces, using
the parameters Ag,, log,o(M./Ms), Age and B/T. Galaxies with no features are coloured
in sky blue, galaxies with shells are coloured in red, galaxies with streams are coloured
in dark blue, and galaxies with streams and shells are coloured in black. Shell galaxies
classified with a strength of at least 3 are circled in black. The median stellar mass and
age are shown as dashed lines in panel (b).

show the median stellar mass and age with dashed lines.

We see evidence in panel (b) of galaxy shells being correlated with both age and mass, with
neither being the sole driver of the relation. When splitting this panel into four quadrants
by the median stellar mass and median age (log;,(M./Mgy) = 10.75 and Age/Gyr = 10.80
respectively, shown by dashed lines), we find the following shell feature fractions:

* Low mass, high age galaxies: 9/90, 10.0"3:%

* High mass, high age galaxies: 11/103, 10.733%

* Low mass, low age galaxies: 13/104, 12.5%:%
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Figure 3.4: The cumulative distribution for all relevant parameters and tidal feature
samples. Regular galaxies (sky blue), shells (red), streams (dark blue) and shells or
streams (orange) are all shown. In each panel, we show different parameters. We show
the p-values from a KS test between regular galaxies and shells (red), regular galaxies
and streams (dark blue), and regular galaxies and combined features (orange). P-values
less than p = 0.05 are shown in bold. We don’t consider p-values above p = 0.05 to be
significant correlations. We find that while features are correlated with lower stellar ages
and higher Wy, there is no such correlation with Ag_ or B/T.
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Figure 3.5: The cumulative distribution for all relevant parameters and tidal feature
samples, for galaxies with stellar ages below the median light-weighted stellar age. All
cumulative distributions and labels are the same as Figure 3.4. We find that for these
galaxies with low stellar ages, shells are correlated with lower Ar and higher Wy.

* High mass, low age galaxies: 31/89, 34.8'3%

There is a substantial number and fraction of galaxies with features at high mass and low
age, with the fraction of features clearly affected by both age and mass.

We also visually represent and quantify the difference between shell galaxies, stream
galaxies, and regular galaxies using cumulative distributions and Kolmogorov—Smirnov
(KS) tests. The cumulative distributions for all relevant parameters and feature samples
can be seen in Figure 3.4. We analyse feature galaxies split into shell (red) and stream
(dark blue) samples, and combined (orange). The resulting p-values from each KS test
are given in Figure 3.4 and Table 3.1. Table 3.1 also includes p-values for when galaxy
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features are only considered for a classified strength greater than three. Each p-value
comes from a two sample KS test applied to a set of feature galaxy parameters (e.g.
shell galaxy Ag, values) and the set of regular galaxy parameters (e.g. regular galaxy
AR, values). Essentially, they quantify the probability that these merger features are not
correlated with a given parameter. If a p-value is higher than 0.05, we don’t consider
this to be a significant correlation. To test whether there are any significant differences
in the tails of the distribution, we also employ the Anderson-Darling test. We find that
all p-values from Figures 3.4 and 3.5 stay either significant or non-significant under this
test, with the exception that the difference between the ellipticity (&) of young stream and
regular galaxies in Figure 3.5 is no longer significant.

We see in Figure 3.4 that Ag_, £ and B/T are not correlated with any type of tidal feature.
We additionally find that the mean stellar age is significantly lower, and Ho emission
line equivalent width (Wy) and stellar mass (log,(M../M)) are significantly higher, for
feature galaxies versus regular galaxies. Specifically, lower stellar age (p = 6.28 x 107,
p = 5.44x1073), higher Wy, (p = 2.68x1075, p = 4.85x107%) and higher log,,(M../ M)
(p =2.25x 1074, p = 2.35 x 107) are correlated with both shells and streams. A lower
mean stellar age is an expected result, as models and observations have shown that cold
gas may be funnelled to the centre of galaxies during a merger, giving rise to central
starburst activity and thus lower mean stellar ages (e.g., Scott & Kaviraj, 2014; Knapen
et al., 2015; Thorp et al., 2019; Bickley et al., 2022). An alternative interpretation is that
features fade over time, so older galaxies may have had an earlier merger but have no
identifiable features remaining. We also expect a higher stellar mass, given the correlation
between stellar mass, number of mergers, and total flux in tidal features (i.e. identifiability
of features) (e.g. Martin et al., 2022). We note here that we choose to analyse Wy instead
of sSFR for our sample. We do this for several reasons. Firstly, as we have selected only
ETGs, Ho based star formation rate measurements for these mostly passive galaxies are
not very physically meaningful, and SED-fitted SFR values (Ristea et al., 2022) show no
correlation. Secondly, Wy, goes approximately with sSFR, without assumptions that Hx
flux is from star formation sources.

The correlation of higher stellar masses with tidal features as shown in Figures 3.4 and 3.5
is significant, however we found that it does not drive our strong mean stellar age result.
In Figure A.1, we show that when restricting to galaxies with stellar masses above the
median stellar mass (log,,(M./My) = 10.75), there is no significant correlation between
features and stellar mass. However, when we apply the same restriction, the qualitative
results from Figure 3.9 (see below) remain (The mean spin values from this figure while
only considering high-mass galaxies can additionally be seen in Table 3.4). Specifically,
we still see a lower spin for shell galaxies in the central age bin as compared to regular
galaxies, and strong shell galaxies show the same relation with a larger gap in average
spin.

The stellar kinematics of galaxies are also well known to be affected by mergers (e.g.,
Naab et al., 2014; Lagos, 2020b; Schulze et al., 2020). Given these results, an increase
in B/T ratio and a decrease in € and Ag, in feature galaxies is similarly expected, as slow
rotators are described as high dispersion oblate spheroids. The lack of these results in
Figure 3.4, as well as the results from Figure 3.3 leads us to consider the role of stellar
age, which we investigate in section 3.4.2.
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Figure 3.6: The distribution of selected SAMI galaxies in Ag - space. Galaxies are
coloured as red if they were identified as having shells, and by blue if they had no features
identified. The solid magenta line shows the expected relation for edge-on oblate rotators
with anisotropy 8, = 0.7. The dotted grey lines represent the same relation, but for
varying inclinations (10° — 80°). The dashed grey lines represent the same relation again,
but for fixed ellipticity (0.35—0.9), changing with inclination. The black line denotes the
separation between fast and slow rotators from van de Sande et al. (2021a), 0.12 + 0.25¢
for & < 0.428. Distributions of Ag, and ¢ are in the side panels, in red for galaxies
with identified shells, and in blue for galaxies with no tidal features. The galaxies with
shells do not have significantly different Ag, values than galaxies without, and are not
preferentially located in the slow rotator region.
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Figure 3.7: The distribution of selected SAMI galaxies with a mean stellar age below the
median age in Ag,-€ space. The layout is similar to Figure 3.6. The young galaxies with
shells have significantly different A, values than galaxies without, and are preferentially
located in the slow rotator region.

3.4.2 Merger/Tidal Features in Galaxies with Relatively Young A ge

We present our analysis of the galaxies in our sample with stellar ages below the median
light-weighted stellar age (10.80 Gyr), henceforth referred to as younger galaxies. As tidal
features are only detectable for ~ 2 — 4 Gyr (Lotz et al., 2008, 2010b,a; Lofthouse et al.,
2017; Nevin et al., 2021; Mancillas et al., 2019), we expect that younger mean stellar age
should be correlated with identifiable merger features. This can also be seen in Figure 3.4.
The cumulative distributions for our young galaxies can be seen in Figure 3.5, presented
similarly to Figure 3.4.

We find that when we restrict to lower ages, the presence of shells is correlated with
lower Ag, (p = 0.038), while the stellar age correlation disappears. This is likely due to
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reducing the dynamic range in stellar age. The correlation of lower Wy with features is
maintained (p = 0.0057 for shells, p = 0.00042 for streams), as well as the correlation
with higher log,o(M./Mg) (p = 9.14 x 107> for shells, p = 2.39 x 10~ for streams).
The B/T ratio is not significantly correlated with features, however this is likely due to low
number statistics. 268 of 411 galaxies have B/T ratios, of which only 77 (~ 29%) have
features. This can be compared to 325 galaxies with Az, measurements, of which 114
(~ 35%) have features. It should also be noted that Ag, is measured within one effective
radius, while B/T is a measurement taken from the full photometry of a galaxy, and thus
the parameters are not indicative of the same physical scale.

From Figure 3.5, we see that even though the presence of shells is correlated with lower
AR,, streams are not. Indeed, the analysis done to shell galaxies in Sections 3.4.3 and
3.5.3 below can be done to stream and combined feature galaxies as well, but all results
remain strongly driven by shells. We also acknowledge that while streams may be more
important than shells at lower stellar masses (e.g., Desmons et al., 2023b), our mass cut
at log,o(M./Mgy) = 10 means our sample contains a reasonable fraction of shells. As
a result of these considerations, this paper will henceforth be largely focused on shell
features only.

3.4.3 Spin, Ellipticity and Slow Rotators

When considering slow rotators, we look in more detail at the parameters that define a
slow rotator, Ag, and ¢ (ellipticity). Figure 3.6 shows our galaxies with classifications in
AR,.-€ space, where slow rotators are traditionally classified (e.g., Emsellem et al., 2011;
Cappellari, 2016; van de Sande et al., 2021a). We plot galaxies with shell features as
red points, and galaxies without any type of feature as blue points. The magenta line
represents the expected relation between Ag, and ellipticity for edge-on oblate rotators
with varying intrinsic ellipticity €; and anisotropy 5, = 0.7¢;. Dotted grey lines show the
same relation but for varying inclinations, with the grey dashed lines showing galaxies with
fixed intrinsic ellipticity, changing with inclination. The black lines denote the separation
between fast and slow rotators for seeing-corrected SAMI data, from van de Sande et al.
(2021a). We find that feature galaxies are not preferentially located in the slow rotator
region compared to regular galaxies (32.8'$1% vs 30.7*33% respectively)®>. We note that
the slow rotator fraction is particularly high here overall, due to a high mass, early-type
sample. The distribution of younger galaxies in Ag,-& space is shown in Figure 3.7, with
the same layout as Figure 3.6. Shell galaxies in the younger sample are found to be
significantly more preferentially located in the slow rotator region than regular younger
galaxies (31.0%1% vs 17.3973,% respectively). Note that the increase in significance when
we cut by stellar age is due to the fraction of regular slow rotators falling, rather than the
fraction of shell slow rotators rising.

3.5 Discussion

In this section, we discuss the implications and limitations of our results and place them
in context with similar studies.

2Uncertainties are calculated as binomial confidence intervals from Cameron (2011).
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3.5.1 Effectiveness of Visual Classification

In this work, visual classification of merger features using the combination of model sub-
traction with an interactive dynamic range in image cutouts provided a consistent method
for identifying any apparent merger features. However, the completeness of our classi-
fications is hampered by two factors. Firstly, the majority of tidal features are expected
to lie at > 30 mag arcsec 2 (Johnston et al., 2008), and our derived surface brightness
limit for HSC r-band cutouts is 27.8 + 0.5 mag arcsec™2. Secondly, identification of tidal
features at nominal surface brightness limits is significantly incomplete. Detectability is
also strongly dependent on radial extent. For example, Kado-Fong et al. (2018) injected
features into cutouts, with various surface brightnesses for each feature, and a derived
surface brightness limit of ~ 28 mag arcsec 2. They identified only 14.3% of shells at
4R, with a shell surface brightness of 27.0 mag arcsec™2, as compared to a shell surface
brightness of 25.125 mag arcsec™2 which gave 64.3% at 4R, and 89.3% at 5R.. Sola

et al. (2022) similarly were unable to find any tidal features fainter than 27.5 mag arcsec ™,

despite their nominal surface brightness limits of 28.3 — 29 mag arcsec™2.

Given these challenges in defining a completeness for our visual classifications, we can
look to similar studies, examining the fraction of features as a comparison. The MATLAS
survey (Duc et al., 2015; Bilek et al., 2020; Habas et al., 2020; Sola et al., 2022) was
examined by Bilek et al. (2020) similarly to this work, classifying tidal features visually.
Valenzuela & Remus (2022) further investigated the correlation between tidal features and
Agr, for MATLAS, as well as a hydrodynamical cosmological simulation (Magneticum
Pathfinder?, Dolag et al., in prep.). Comparing MATLAS to this work is appropriate, given
the similar surface brightness limits (28.3 — 29 mag arcsec 2 for MATLAS, 27.5 + 0.5
mag arcsec™> here, noting the discussion in Section 3.2.4 above concerning differences in
calculated surface brightness limits) and target galaxies (field ETGs). The feature fractions
from this work and from MATLAS can be seen in Table 3.2. The feature and shell fractions
agree remarkably well between SAMI and MATLAS galaxies. Whilst the stream fractions
are in slight disagreement, the overall results suggests that our work detects as many
features as Bilek et al. (2020). Indeed, noting that MATLAS contains only galaxies in a
local volume with distance below 42 Mpc, and SAMI contains galaxies out to a redshift
of ~ 0.1 (~ 420 Mpc), cosmological surface brightness dimming reduces intensities by a
factor (1 +0.056)* = 1.246 at the median redshift of our sample, and (1 +0.11)* = 1.509
at the maximum redshift. This effectively reduces our surface brightness limit by 0.3 mag
arcsec™2 and 0.5 mag arcsec™2 respectively.

Additionally, other observations and simulations of samples like ours report similar frac-
tions of features to this work. Kluge et al. (2020) found a lower bound of ~ 9.4% of
galaxies in local clusters showing shell features, and ~ 22% showing streams. Pop et al.
(2018) found in the Illustris simulation that 18 + 3% of massive, z = 0 galaxies exhibited
shells. Other studies (e.g. Schweizer & Seitzer, 1988; Tal et al., 2009) have found shells
in between ~ 10% and ~ 22% of elliptical galaxies.

Given the similar results and surface brightness limits between our work and MATLAS, as
well as similar feature fraction rates between our work and similar studies, our combination
of model subtraction with an interactive dynamic range in image cutouts likely provides a

3www.magneticum.org
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Table 3.2: The number of galaxies with shells, streams and any feature for SAMI (ngawm)
and MATLAS (nmatLas). We also show the fraction of features found as compared to
the total number of galaxies for SAMI ( fsamr) and MATLAS ( fmMATLAS)-

Shells Streams Features Total
NSAMI 71 76 129 411
foamr 17.372%9%  18.574% 31.473%9%  ——
NMMATLAS 23 33 41 131
+3.8 +4.2 +4.3

SmatLas  17.6228% 25.2234% 31.3.33% ——

consistent and appropriate method of identifying tidal features around ETGs.

Instead of human visual classifications, machine learning techniques have recently shown
promise in automatic classification (e.g., Bottrell et al., 2022; Bottrell, 2022; Bickley
et al., 2022; Dominguez Sanchez et al., 2023), and make classifying very large datasets
(> 10,000 galaxies) possible in a reasonable amount of time. Whilst this is a method
with a lot of potential, visual classification currently remains necessary for training these
algorithms on real observations. However, developments in self-supervised learning could
change this in the near future (e.g., Desmons et al., 2023a).

The identification of LSB tidal features around galaxies is difficult, but future surveys
which reach deeper surface brightness limits will be able to identify higher fractions of
galaxies with features. Martin et al. (2022) showed that at a surface brightness limit
of u, = 35, close to 100 percent of galaxies show some type of feature. Although a
limiting surface brightness of 35 is still somewhat unrealistic, the importance of ranking
the strength of tidal features as well as identification will become more important as they
become more ubiquitous around galaxy images.

3.5.2 Interpretation of Hox Equivalent Widths

In Figures 3.4 and 3.5, we showed that shell and stream galaxies have significantly higher
Ho emission line equivalent width (Wy) values than regular galaxies. We are careful
not to interpret larger amounts of Hx emission as indicative of star formation, given our
sample was selected to be massive ETGs which are likely to be mostly passive. While a
thorough investigation of the nature of Ho emission in these galaxies is beyond the scope
of this paper, we use the classification method from Cid Fernandes et al. (2011), which
utilises Wy, and the [NII]/Hx line ratio to classify the emission source of weak-lined
galaxies.

In Figure 3.8 we show [NII]/H« line ratio versus Wy, values of regular (blue) and feature
(orange) galaxies. Of the 314 galaxies with measured line ratios, 105 (33%) are feature
galaxies. Table 3.3 shows the proportion of galaxies within each region of Figure 3.8. We
note that galaxies with a Wy, S/N < 1 are still included in our analysis (empty sumbols
in Figure 3.8, because these low S/N values are typically driven by low Wy, values, and
removing them would heavily bias our sample.

We find that feature galaxies are over-represented in the SAGN and wAGN regions

(S0.0tléfi% and 66.7t91'36,5% VS 33.43‘%% overall), and under-represented in the passive
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Figure 3.8: Distributions of our regular galaxies (blue) and feature galaxies (orange)
in an emission line classification diagram, with [NII]/Hx line ratios plotted against
Whe. Galaxies with signal-to-noise ratios in Wy, of below one are plotted as empty
symbols, of which there are no feature galaxies. The following regions are defined:
SF (star forming), SAGN (strong AGN), wAGN (weak AGN), RG (retired galaxies) and
PG/Line-less (Passive galaxies/Line-less galaxes). The dashed lines denote areas that
have one requirement for being a PG (Wny < 0.5 or Wiy < 0.5). Feature galaxies are
over-represented in the AGN regions, and under-represented in the PG region (see Table
3.3.

galaxy regions (17.6t§"_73 %o vs 33.43’_2 % overall). We also note that there are only 2 galaxies
in the SF region, as expected given our ETG selection.

Herpich et al. (2018) suggests that it is possible that the difference in emission between
liny RGs (those with emission lines) and line-less RGs (PGs in this work) is due to
warm gas content. They suggest RGs experienced a recent wet merger, providing gas and
possibly inducing a period of star formation. This agrees broadly with our work, where
we find feature galaxies under-represented in the PGs population. This is consistent with
a scenario where ETGs that have recently experienced a merger (RGs) have increased
their gas fraction, and thus show stronger emission lines from this gas than ETGs which
have not experienced a recent merger (PGs). We also note that if mergers lead to rapid
star formation, they should result in a population of post-starburst galaxies. Such galaxies



Table 3.3: The number of galaxies within each region of Figure 3.8, separated into feature
and regular galaxies. Percentages represent what fraction of each region comprises of

regular and feature galaxies.

60

Regular Galaxies Feature Galaxies Total
] ; :
S¥ 50.0754 4% 50.0 34 8¢%
6 6 12
AN s00a 50.0133%
5 10 15
WAGN 335t 66.7"155%
122 72 194
RG 62973 5% 37.1535%
75 16 91
PG 824334, 17.6"53%
509 105 314
Al 66.6% 5% 33.4% 5%

have been shown to display specific line features (e.g. Dressler & Gunn, 1983; Wild et al.,
2007; Pawlik et al., 2019) which could be examined further in future work.

3.5.3 The Role of Galaxy Mergers in Kinematic Evolution and the
Formation of Slow Rotators

Although slow rotators are an important subset of galaxy populations, their formation
pathway remains unclear. Simulations have suggested that galaxy mergers are capable of
providing the required (spin-down) morphological transformation (e.g., Di Matteo et al.,
2009; Jesseit et al., 2009; Bois et al., 2011; Naab et al., 2014; Choi & Yi, 2017; Lagos
etal., 2017; Lagos, 2020b; Lagos et al., 2018b; Penoyre et al., 2017; Schulze et al., 2020),
but conclusive observational evidence linking tidal features to slow rotators is yet to be
found. Indeed, recent studies (e.g., Lagos et al., 2022; Bilek et al., 2023) suggest that there
is a diverse number of formation pathways for slow rotator galaxies.

We find that for early type galaxies with relatively young stellar ages of < 10Gyr, the
presence of a shell is correlated with lower Ag,. We further show this relationship in
Figure 3.9, with mean values in Table 3.4. In this figure, we show SAMI and MATLAS
galaxies above log,q(M./Mz) > 10 in Ag -Light Weighted Age space. Galaxies are
coloured by stellar mass, and galaxies with identified shells are circled in black. Further,
each sample is divided into three equally spaced age bins. The average spin in each bin
for both galaxies with no features, and galaxies with shells, is plotted for each bin. Panel
(a) contains SAMI galaxies, panel (b) is the same as panel (a) but with the adjustment that
only strong shells are considered (classified strength of at least 3/5), and panel (c) contains
MATLAS galaxies.

The age values shown in Figure 3.9 have different physical interpretations for SAMI and
MATLAS. Stellar ages for SAMI are derived from full spectral fitting to SSP models, with



61

700 F 1C°0 80°0 F6£°0 90'0 F LTO €00 F¥+°0 urg 93V 1s9ySIH
90°0FLI0 70°0 F9¢°0 S0'0+6C0 200 F8€0 urg a3y 9[ppIA (9) SVILVIA
60°0 F8¢€°0 LOOF IS0 80°0 ¥ 00 €00+ 8v0 urg A3y JSamo']
100 F60°0 100+ 1C0 €00FSI°0 100+ 6C0 urg 93y 1Sy3SIH
60°0F¥1°0 00 F6C0 YO0+ €10 0'0+F¢€0 urg A3y 9[ppIA  (q) S[[PYS SuongS JINVS
60°0 ¥ CCT0 CO0FI€0 80°0 ¥ 6€°0 €0'0 F8¢€0 urg a3V 1Somo']
¥0'0F €20 00+ IT0 €00+ vC0 100+ 6C0 urg a3V ISoySIH
€00+ 1T0 €00+ 1€°0 €00+ SCT0 00F¥E0 urg a3V pPPIA (®) IINVS
900 F¥C0 LOOFSE0 SO0 F9¢0 70°'0 ¥ 6£°0 urg 93V 1Somo']
sonep ¥y sonep Ay sonep ¥y sonep ¥y
SOIXR[RO) [[OYS SAISSBJA]  SIIXEB[RD) IB[NSY SAISSBJA]  SIIXB[RD) [[US  SOIXR[RD) IR[NSoYy

SL°01 (P /* ) O1So1 ynm sorxered Surroprsuod A[uo Inq ‘g ¢ 231 03 jod Juseanbe ue 10j sanfeAa

oy apnpout os[e Ip\ “(9) pue (q) ‘(e) sjeued 10 ‘g¢ 231 ur suiq a5e pAaYS1om-1y3I[ 991y} Y JO Yyord urgnm (“¥y) urds ueow 9y, :p°€ IqEL



62

0.8

SAMI 6] Bkl
0.6
o4 ° 11.25
o
0.2
U8 TSAMI (D) 1100
0.61 Strong Shells ~
=
s <
£041 10.75 5
o
0.2 i)
08 IMATLAS @l [0
0.64
[ ]
£0.4] - ; = L1025
0.21 No Features L e (970 - o, o v ° L
— Shells o b °® . 00® o ° e o ° °
0.0 T T T T T T - T T T T T T T T T T T 10.00
0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18
Age/Gy

Figure 3.9: The distribution of SAMI and MATLAS galaxies in Ag,-mean light-weighted
stellar age space. Galaxies are coloured by log;,(M./Ms), and galaxies with shells are
circled in black. The average Ag, value in 3 age bins is drawn for regular galaxies in
blue, and for shell galaxies in red. Panel (a) shows SAMI galaxies, panel (b) shows
SAMI galaxies with only strong shells considered (strength classified as 3/5 or higher),
and panel (c) shows MATLAS galaxies. The age bins are taken to be equally spaced
between the minimum and maximum stellar ages. As MATLAS stellar ages are derived
differently to SAMI’s and have significant differences (such as different maximum ages),
we don’t compare them numerically, and thus using the same age bins is not necessary.
We see that in the central age bin, SAMI galaxies have a correlation between shells and
lower Ag,. This correlation grows stronger when only considering strong shells.

a maximum stellar age of 14 Gyr. The age measurement is derived as a light-weighted
mean within 1R,. Age measurements for MATLAS are derived in McDermid et al.
(2015), from SSP models which used HB, Fe5015, Mgb and Fe5270 line indices. These
SSP ages also differ from SAMTI’s in that they go to ages above the currently accepted age
of the universe (Planck Collaboration et al., 2016). As a result, we treat them as relative
ages, which we will not compare numerically to the SAMI ages. We choose to focus on
light-weighted ages here as they may be a better proxy for the time since the last major
merger than mass-weighted ages.

We first see the overall trend in Figure 3.9 that spin decreases towards higher ages in
SAMI galaxies (van de Sande et al. (2018), Croom et. al in prep). However, we also see
a separation in the mean spin of shell and regular galaxies in the central age bin for all
panels.

The results in Figure 3.9, panel (a), suggest that for SAMI galaxies in the lowest age bin,
there is no difference in Ag, for galaxies that have a shell and those that do not. There
is an indirect link between stellar age and time since merger, as mergers can induce star
formation and a light-weighted mean stellar age approximately measures the time since
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Figure 3.10: The distribution of SAMI, MATLAS and Magneticum galaxies in Ag,-mean
mass-weighted stellar age space. Galaxies are coloured by log;,(M./Ms), and galaxies
with shells are circled in black. The average Ag, value in 3 age bins is drawn for regular
galaxies in blue, and for shell galaxies in red. Panel (a) shows SAMI galaxies, panel
(b) shows SAMI galaxies with only strong shells considered (strength classified as 3/5 or
higher), panel (c) shows MATLAS galaxies, and panel (d) shows Magneticum galaxies.
Mass-weighted stellar ages show a typical lack of ages below ~ 6 Gyr as compared to the
light-weighted ages (seen in Figure 3.9), due to light-weighted averages favouring young,
bright stars.

the last period of star formation. This is not a direct correlation however, as dry mergers
for example may not induce star formation, and may result in a galaxy with a mean stellar
age older than the time since the dry merger. We suggest that feature galaxies in the lowest
stellar age bin may have only recently merged. At this stage, the galaxy is still disk-like
and has not yet undergone the spin-down morphological transformation. Alternatively,
galaxies in the lowest age bin may also have merged longer ago, but experienced a wet
merger which re-built a star-forming disc. These two possible scenarios both result in
shell galaxies with no difference in Ag, to regular galaxies. A further possibility is simply
that a combination of low number statistics and noise results in no significant difference
between shell galaxies and regular galaxies in the low age bin.

For the central age bin, we see significantly lower spin for galaxies with shells than galaxies
with no features. This is an expected relationship between merger features and kinematics
from simulations (e.g., Di Matteo et al., 2009; Jesseit et al., 2009; Bois et al., 2011; Naab
et al., 2014; Choi & Yi, 2017; Penoyre et al., 2017; Lagos et al., 2017, 2018a; Schulze
et al., 2020; Lagos, 2020b), which suggest that galaxy mergers spin down galaxies.

Finally, in the oldest age bin, we see no difference in the spin of galaxies with shells and
those without. This could be due to several reasons. Firstly, some of the oldest galaxies
may have simply been born hot, with any mergers having no effect on spin. Additionally,
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it could plausibly be because the spin-down merger occurred long enough ago (> 4 Gyr)
that the shell features are no longer identifiable. In these cases, the correlation between
shells and spin disappears.

The scenario of fading tidal features is further supported by the transition of shell and
regular galaxies from the central to the oldest age bin in panel (a) in Figure 3.9. While the
shell galaxies do not change their spin, the regular galaxies have lower spin at older ages.
This would be consistent with a contamination of regular galaxies with merger galaxies
that no longer have identifiable shells. Further, Figures 3.6 and 3.7 show that when only
considering younger galaxies, feature galaxies are preferentially located in the slow rotator
region of a Ag, -& diagram. This is not the case when considering all galaxies, regardless
of age. The difference between this younger galaxy result and the result when considering
all galaxies is driven not by fewer shell galaxy slow rotators at older ages, but more regular
galaxy slow rotators at older ages. This is again consistent with merger-induced slow
rotators no longer having identifiable shells at long enough times post-merger.

We address the possibility of weak shells in actuality being rings or weak spiral arms in
panel (b) of Figure 3.9. By selecting only shells identified with an average strength of
at least 3/5, we have much higher confidence that we are not selecting any fast rotating
discs without any real features. The strength measurement both correlates with higher
confidence in a feature being real, and the visual strength of the feature. We see, that in
comparison to panel (a), the difference in mean spins in the middle age bin is much more
significant, and a significant difference arises in the highest age bin. This is likely due to
almost all of the high spin shell galaxies in the central and highest age bin only having low
strengths, reducing the impact of fading shells on this metric.

An alternative to the shell features fading in the oldest galaxies is that the mergers that
generate features add mass with a lower mean stellar age. Given the median ages and
masses for our shell and regular samples, we can estimate the mass ratio of mergers
required to form a shell galaxy from a regular galaxy.

If we assume that a galaxy from the regular population undergoes a merger event(s), it
needs enough mass added to match the median shell galaxy stellar mass. In order to match
the lower stellar age of shell galaxies, we need a mass-weighted stellar age estimate for a
galaxy of a given mass. We fit a linear relation between stellar mass and mass-weighted
stellar age for all SAMI ETGs, shown in Equation 3.2:

Age/Gyr = 2.10 x log,o(M./Ms) — 10.86 (3.2)

We note here that there is considerable scatter in this relation, and this approach only
provides a simplified assessment of the types of mergers required. We can calculate the
mass-weighted stellar age for a galaxy after it has experienced a series of mergers. We find
that, given our results, a galaxy needs to undergo several ~ 1 : 4 — 6 mergers to transform
from a regular galaxy to a shell galaxy. Two equal mass mergers will not work, as the
galaxies will typically have similar age. However, it’s worth bearing in mind that we do
expect features to fade over time, and this may be the main reason for not seeing shells
in the oldest galaxies. If this is the case, high-redshift 1:1 mergers could form the oldest
galaxies without features.
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3.5.4 Comparison of SAMI, MATLAS and Magneticum

Due to MATLAS light-weighted ages being derived signficantly differently to SAMI light-
weighted ages, we do not make direct numerical comparisons between these ages. Rather,
we use mass-weighted SAMI ages from full spectral fitting, as mass-weighted ages derived
in a similar way are available for MATLAS. This gives the additional advantage that we can
compare to the simulated Magneticum galaxies which were also analysed by Valenzuela
& Remus (2022), as they have mass-weighted age measurements available. We show this
comparison in Figure 3.10, with a similar layout to Figure 3.9. The Magneticum galaxies
used in this work come from Box4 (uhr), a (48Mpc/h)? box, initially containing 2 x 5763
particles of DM (dark matter) and gas. The particles have masses of mpy = 3.6x107 My /h
and mgys = 7.3 X 10°M¢/ h, with a gravitational softening length of 1.4 kpc/h for DM and
gas, and 0.7 kpc/h for star particles. More detail on the Magneticum simulations can be
found in Teklu et al. (2015).

MATLAS shows no difference in spin in the lowest age bin, and a lower spin for shell
galaxies in the central and oldest age bin in panel (c), Figure 3.10, consistent with our
SAMI results in the central bin. The main disagreement between SAMI and MATLAS is
in the oldest age bin, where SAMI does not show a difference in spin. There are several
possible reasons for this. Firstly, linear age measurements for galaxies, particularly at
old ages, have an inherently large scatter. The oldest age bin may not be particularly
meaningful physically as an age measurement. Secondly, LSB features in SAMI are more
affected by cosmological redshift surface brightness dimming than MATLAS (see Section
3.5.1). We expect that galaxies in the oldest age bin are more likely to have experienced
the longest time since their latest merger, and thus their features are expected to be fainter,
and more susceptible to becoming undetectable through redshift dimming.

Magneticum galaxies ages are represented by mass-weighted mean stellar lookback time
within 1R}¢, and shown in panel (d) of Figure 3.10. Whilst SAMI and MATLAS galaxies
are sorted by visual morphology to exclusively examine early types, Magneticum defines
morphology in terms of their kinematics, and as such correlating to their kinematics after
a kinematics based cut is not appropriate. We attempt to account for this by performing
a cut between ETGs and LTGs on the star forming main sequence of Magneticum, in
comparison to SAMI (see Figure A.4). We find that Magneticum shell galaxies have
exclusively low spin values compared to regular galaxies in both the central and oldest age
bins, with no detected shell galaxies in the lowest age bin. While Magneticum galaxies
do trend towards lower spin with age as SAMI does, the lack of any scatter in the spin
of shell galaxies is clearly different from our SAMI and MATLAS results. Whilst it is
possible that this is caused by low number statistics, it is also possible that Magneticum
is not fully capturing the possibility of a galaxy rebuilding a star-forming disc post radial
infall merger.

3.5.5 Radial Infall Galaxy Mergers

Our results show that there is an excess of shells around younger slow rotator galaxies. We
suggest that radial path mergers play an important role in the formation of the slow rotator
population. Given the diverse formation pathways of slow rotators (Lagos et al., 2022), the
existence of shells around a slow rotator is a potential method to distinguish this formation
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scenario from others. However, galaxies which had these mergers early have shells which
are very difficult to detect with current methods and surveys. These features are likely to
be undetectable after ~ 4 Gyr even with improved surveys (Mancillas et al., 2019; Martin
et al., 2022). A more significant result can be found by only considering "strong" shells,
but the number of detections drops significantly (71 total shells vs 19 strong shells in this
work).

These merger scenarios would also result in an excess of shells around galaxies with a
higher B/T ratio, as mergers are known to impact the growth of the bulge component of
galaxies (e.g., Sales et al., 2012; Wilman et al., 2013; Barsanti et al., 2022). However,
we do not see a correlation of B/T with shell galaxies. In Figure 3.3, we examined this
by showing the distributions of our galaxies in all relevant parameter spaces, using the
parameters Ag_, log,,(M./Mgy), Age and B/T.

In panel (e), although all shell galaxies are spread throughout the Ag -B/T distribution,
strong shell galaxies are much more tightly clustered in a high B/T, low Ag, region. Simi-
larly in panel (d), strong shell galaxies are mostly clustered in a high log, (M. /Mg )region.
Low Ag,, high B/T and high stellar mass define a slow rotator. Indeed, 52.9%11:% (9/17) of
strong shell galaxies are slow rotators (cf. 32.8%3% (21/64) for all shell galaxies).

There is a possible correlation between B/T, Ag, and shells, but it is complex, and the
strength of the shells as well as stellar age plays an important role. Although the strength
represents the classifiers’ confidence of a shell, it also correlates with the surface brightness
of the feature, and thus likely increases with the mass of the most recent merger.

3.6 Conclusions

We investigated the role of mergers in the formation of slow rotator galaxies through
the identification of low surface brightness tidal features in deep HSC imaging. We
performed a visual inspection of HSC images, with surface brightness model subtracted
residuals and galaxy cutouts with an interactive dynamic range to classify SAMI ETGs
with log,o(M./Mg) > 10 as either galaxies with shells, galaxies with streams, or galaxies
with no tidal features. We further connected these features to stellar kinematics and
morphology to investigate a link between galaxy mergers and the removal of angular
momentum in galaxies.

We find that shell features are correlated with lower Ag, in early-type galaxies with stellar
ages below the median (Age/Gyr = 10.8), with a p-value of p = 3.82 x 1072, Further,
the signal is strongest at intermediate ages (7.39 < Age/Gyr < 12.55), with the average
AR, for galaxies with shell features being significantly lower than for galaxies with no
features. Additionally, although our results show that feature fraction depends on both
age and stellar mass, this result is not driven by stellar mass. At high stellar masses, our
relation between Ag_, age and shells remains, and the fraction of galaxies with shells has
a strong dependence on age (34.8"37% for low age, high mass galaxies; 10.7:33% for high
age, high mass galaxies).

Galaxies with obvious, high surface brightness shells are correlated with lower Ag, in all
but the youngest mean stellar age galaxies. These galaxies generally have low Ag,, high
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B/T, high stellar mass, and are more likely to be slow rotators (52.9%11:% (9/17) for strong
shells vs 31.1:35% (101/325) for our full sample).

Radial galaxy merger events (i.e. those with small impact parameter) likely play an
important role in the formation of the slow rotator population. These radial mergers
additionally produces shell-like tidal features, which can further be used to distinguish
this formation pathway for slow rotators from others. The relation between radial mergers
and angular momentum is complex, with our results showing that shell features, shell
feature strength, Ag,, stellar age, stellar mass and B/T ratio all play a role.

We find that lower mean stellar age (p = 1.98X 107%) and higher Hx EW (p = 3.32% 107%)
are correlated with tidal features in early-type galaxies. The emission line properties
of feature galaxies are consistent with a scenario in which ETGs experience a merger,
increasing both their gas content and emission line strength.

Future surveys (such as the LSST, Ivezic et al., 2019; Brough et al., 2020; Martin et al.,
2022) which reach even fainter surface brightness limits, as well as more advanced feature
identification through potential methods such as machine learning, will allow for higher
completeness in feature identification, and the possibility of orders of magnitude more
galaxies inspected. A more detailed and quantitative analysis of the impact of mergers
on slow rotator evolution will then be possible. Additionally, methods such as dynamical
modelling of orbital populations in slow rotators will provide an alternate method to
identify merger histories via the modelled orbital populations. Finally, the in-progress
Hector Survey will be able to explore the environmental effects on mergers (Bryant et al.,
2016), enabling a similar analysis as performed here in diverse environments such as the
outskirts of clusters.
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The SAMI Galaxy Survey: Linking
Tidal Features and Orbit Populations
Using Schwarzschild Modelling

There’s no point in being grown up if you can’t be childish sometimes.

—The Fourth Doctor
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This chapter presents an investigation linking the orbital populations derived from Schwarzschild models of SAMI galaxies to
their merger histories. I wrote all the text, produced all the figures, and ran all the models. The DYNAMITE code was used to
create the models. Jesse van de Sande and Scott Croom supervised the work and assisted in revising the text. This chapter is being
prepared for publication.

Abstract

The evolution of angular momentum in galaxies is shaped by a combination of internal
secular processes and external mechanisms such as mergers. Orbit-superposition based
dynamical modelling provides a powerful means of linking the intrinsic orbital structures
of galaxies to their global properties and merger histories. We construct Schwarzschild
orbit-superposition models of massive (log,,(M./Ms)>10) SAMI galaxies using the DY-
NAMITE code, utilising deep KiDS photometry to accurately reproduce each galaxy’s
mass distribution. We find that the fractions of hot, cold, warm, and counter-rotating orbits
all show significant correlations with the spin parameter proxy Ag,, with the strongest cor-
relation arising from the combined hot + counter-rotating fraction. When controlling for
stellar mass and environment, we find that hot and cold orbits show significant correlations
with stellar age, whereas warm orbits do not. We further find that the reduction in Ag, for
young galaxies with shell merger features in our sample is driven by an excess of hot orbits
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and a deficit of cold orbits, with no dependence on warm orbits. We suggest that the kine-
matic transformation in this SAMI sample proceeds through stars transitioning directly
from cold to hot orbits. Together, these findings indicate that merger-driven heating is the
dominant mechanism governing the loss of angular momentum in massive galaxies.



72

4.1 Introduction

The mass assembly of galaxies in the Universe is the result of hierarchical processes
(White & Rees, 1978), where many systems merge together over cosmic time. The merger
history of galaxies can impact both the internal stellar dynamics (e.g. White, 1979; Fall
& Efstathiou, 1980; Naab et al., 2014), and the external morphology, where tidal features
formed from stellar debris serve as long-lived evidence of interactions (e.g. Toomre &
Toomre, 1972; van Dokkum, 2005; Hood et al., 2018; Mancillas et al., 2019; Huang &
Fan, 2022). These features are often classified into two broad categories: shells and
streams. Streams form when material can be tidally stripped either from the disc of a
massive, gas-rich system or from a low-mass satellite, giving rise to extended features
(Byrd & Howard, 1992; Oh et al., 2008; Hood et al., 2018). Simulations suggest that
shells form from nearly radial accretion events, in contrast to streams, which require a
much more circular infall (Karademir et al., 2019). These classifications of tidal debris
provide a method for interpreting the kinematic signatures observed in merger remnants,
linking visible features to the intrinsic stellar dynamics.

Simulations have shown that mergers can reduce the rotational support of galaxies, as
quantified by the spin parameter proxy Ag, (e.g., Di Matteo et al., 2009; Jesseit et al.,
2009; Bois et al., 2011; Naab et al., 2014; Lagos et al., 2017, 2018a; Penoyre et al., 2017;
Lagos, 2020b). However, the evolution of stellar dynamics is not solely governed by major
mergers. Secular evolution, harassment, fly-by encounters, dynamical friction (Choi & Yi,
2017), minor mergers (Schulze et al., 2020), and cold accretion (Lofthouse et al., 2017)
have also been shown in simulations to drive spin evolution. Simulations also display a
trend for slow rotator galaxies to be preferentially created in dry rather than wet mergers
(e.g. Lagos et al., 2018a). Observational studies have confirmed a link between mergers
and kinematic spin-down (e.g. Bilek et al., 2023; Yoon et al., 2024), but the relation
shows a large amount of scatter (e.g. Oh et al., 2016) and depends on parameters such as
stellar age and environmental density (e.g. Rutherford et al., 2024; Croom et al., 2024).
While simulations and observations both point to merger-driven spin evolution, the large
variability in the relation suggests that the integrated dynamical support measured by Ag,
cannot fully capture the variety of dynamical responses to mergers. Indeed, although Ag,
has become the standard for distinguishing between fast and slow rotators (e.g. Emsellem
et al., 2011; Cappellari, 2016; van de Sande et al., 2021a), it is sensitive to effects such
as inclination, kinematic twists, decoupled components, and seeing (e.g. Emsellem et al.,
2011; van de Sande et al., 2017a; Harborne et al., 2020). Furthermore, galaxies with
different orbital structures can have the same value of Ag, (e.g. Jesseit et al., 2009),
and while merger remnants change the orbital distribution of galaxies, Ag, is not always
strongly affected (Bois et al., 2011; Naab et al., 2014). Therefore, a full understanding of
how merger processes impact stellar dynamics requires an understanding of the detailed
orbital structures within a galaxy, beyond what is captured by an average value of Ag
within one effective radius.

Stellar motions in galaxies can be separated into various orbital families, determined by
the underlying gravitational potential, their angular momentum, and the axis around which
they rotate. In practice, the gravitational potential of most galaxies is well represented by
a Stéckel potential (Stickel, 1891), for which the Hamilton—Jacobi equation is separable
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and all orbits conserve the three integrals of motion E, I, I3 (de Zeeuw, 1985). In such
a triaxial system, there are four families of orbits: box orbits, inner long-axis tube orbits,
outer long-axis tube orbits, and short-axis tube orbits. Box orbits have zero net angular
momentum and oscillate along all three spatial axes. Because the frequencies of motions
of a box orbit around any two axes are generally not commensurable, this orbit will
pass through every point inside a rectangular box (Binney & Tremaine, 2008). Tube
orbits conserve angular momentum around a particular axis, with short-axis tubes looping
around the z-axis, and long-axis tubes looping around the x-axis (Binney & Tremaine,
2008). Tube orbits around the y-axis do exist, but they are unstable and therefore don’t
contribute much to orbital distributions. An alternate method of classifying orbits is by
using their circularity parameter A, = J./J.(E), which is the ratio of the specific angular
momentum to that of a circular orbit with the same energy (Abadi et al., 2003). Zhu
et al. (2018b) classified orbits with 4, > 0.8 as cold (near circular orbits), orbits with
—-0.25 < 1, < 0.25 as hot (mostly radial orbits), orbits with 0.25 < 1, < 0.8 as warm (a
mixture) and orbits with 1, < —0.25 as counter-rotating. Galaxies with a large proportion
of cold and warm orbits over hot orbits will display Az, 2 0.5, whereas galaxies with a large
proportion of hot orbits will show Az, < 0.3 (Santucci et al., 2022). However, such orbital
classifications cannot be derived from velocity moment maps, as Ag, is. Measuring orbital
distributions from observations requires dynamical modelling techniques that recover the
intrinsic dynamical structure (e.g. Zhu et al., 2018b; Jin et al., 2019).

The Schwarzschild orbit-superposition method (Schwarzschild, 1979, 1982) can be used to
create dynamical models of galaxies that gives insight into their intrinsic orbital structures.
By populating a triaxial gravitational potential with a comprehensive library of stellar orbits
and fitting to the observed velocity maps, a representation of the galaxy’s internal dynamics
can be obtained. There have been many implementations of Schwarzschild models over
time, both axisymmetric and triaxial (e.g. Cretton et al., 1999; Gebhardt et al., 2003;
Valluri et al., 2004; van den Bosch et al., 2008; Vasiliev & Athanassoula, 2015; Vasiliev
& Valluri, 2020; Neureiter et al., 2021). In this work, we employ DYNAMITE! (Jethwa
et al., 2020; Thater et al., 2022) due to its ability to model triaxial potentials and its
flexible, documented” python wrapper. By reconstructing the three-dimensional orbital
distribution, these Schwarzschild models provide the means to quantify the variety of
internal dynamics within a galaxy.

In this paper, we take advantage of the recent wealth of deep imaging from the Hyper-
Suprime-Cam (HSC) (Aihara et al., 2018b) and Kilo-Degree Survey (KiDS) (Kuijken
et al., 2019) optical galaxy surveys, complemented by kinematic data from the SAMI
Galaxy Survey (Croom et al., 2012; van de Sande et al., 2021a; Croom et al., 2021) to
construct orbit-superposition Schwarzschild models of a sample of massive, early-type
galaxies. We base our sample on the sample in Rutherford et al. (2024), who use deep
HSC imaging to investigate merger features around ETGs with M, > 10'°M,. We re-
create and expand the sample of models of SAMI galaxies created by Santucci et al.
(2022), by modelling our luminosity density with KiDS imaging rather than Sloan Digital
Sky Survey (SDSS) imaging (Abazajian et al., 2009). As KiDS goes to deeper surface
brightness limits than SDSS with better seeing, we expect the outer isophotes of each

'DYnamics, Age and Metallicity Indicators Tracing Evolution
2https ://dynamics.univie.ac.at/dynamite_docs/index.html
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galaxy’s luminosity density, and thus mass distribution, to be more accurately modelled.
We aim to investigate the impact of mergers on a galaxy’s internal dynamics by combining
the merger feature classifications with orbital distributions derived from these dynamical
models.

This paper is structured as follows. Section 4.2 describes the data used in this paper and
sample selection. Section 4.3 discusses our method. Section 4.4 presents the results.
Section 4.5 discusses the results in the context of previous work. Section 4.6 presents
a conclusion to this work. Throughout this paper, we adopt a flat ACDM cosmology,
with Hy = 70km s~! Mpc_l, Q, = 0.3, Qy = 0.7. We further assume a Chabrier
(Chabrier, 2003) initial mass function (IMF), and the AB magnitude system (Oke &
Gunn, 1983).

4.2 Data

4.2.1 The SAMI Galaxy Survey

The SAMI instrument (Croom et al., 2012) was installed on the Anglo-Australian Telescope
and offered a 1 degree diameter field of view. SAMI utilised 13 fibre bundles (Hexabundles;
Bland-Hawthorn et al., 2011; Bryant et al., 2014), each with a 75% fill factor. Within
each bundle, there were 61 fibres, each with a diameter of 1.6”, resulting in a 15”diameter
for each IFU. These IFUs, along with 26 sky fibres, were connected to the AAOmega
spectrograph (Sharp et al., 2006). The spectrograph employed the 580V grating covering
the wavelength range of ~3700-5750A, providing a resolution of R=1808 (c=70.4 kms™1).
The 1000R grating was additionally used, covering 6300-7400A, offering a resolution of
R=4304 (0=29.6 kms™') (van de Sande et al., 2017b).

The SAMI Galaxy Survey (Croom et al., 2012; Bryant et al., 2015) targeted galaxies
selected from the GAMA survey (Driver et al., 2011) and eight low-redshift clusters
(Owers et al., 2017). Reduced data cubes (Sharp et al., 2015) are accessible through
SAMI Galaxy Survey data releases (Allen et al., 2015; Green et al., 2018; Scott et al.,
2018; Croom et al., 2021), including stellar kinematic maps. The Ag, values used in our
sample are derived from spatially resolved kinematic measurements (van de Sande et al.,
2017b), incorporating corrections for aperture (van de Sande et al., 2017a) and seeing
(Harborne et al., 2020; van de Sande et al., 2021a).

Light-weighted stellar ages are derived from full spectrum fitting of SAMI data, as de-
scribed in Vaughan et al. (2022). The average light-weighted stellar age for a galaxy
was calculated by summing all pixels within one effective radius (R¢), and fitting to
this aperture spectrum. The environmental metric used in this work is the fifth nearest
neighbour surface density, Xs. This density is defined as £5 = 5/nd?, where d is the
projected comoving distance to fifth nearest neighbour galaxy, as described in Brough
et al. (2017). We adopt stellar mass estimates from Bryant et al. (2015), calculated from
Milky Way—extinction—corrected apparent g and i magnitudes, following the technique of
Taylor et al. (2011).
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Figure 4.1: SAMI ETGs with M, > 10'°M, plotted in log Npin(< 1R,) versus Rmax/Re.
log Npin(< 1R,) is the log of the number of Voronoi bins within 1R, and Ryax/ R, is the
maximum radius reached by a galaxy’s kinematic maps, divided by R,. We expand the
selection criteria from Santucci et al. (2022) from log Npin (< 1R.) > 85 and Riyax/Re > 1
(black dashed lines), to log Npin(< 1R.) > 75 and Rpnax/R. = 0.9 (grey dotted lines).
Galaxies plotted as black and grey dots are not within our selection criteria, and do and
do not show tidal features, respectively. Galaxies plotted as red and blue dots are within
our selection criteria, and do and do not show tidal features, respectively. There are two
galaxies that lie within our selection criteria, but the model fitting failed to converge, and
they were thus excluded from our sample.

4.2.2 The Kilo-Degree Survey (KiDS)

In this paper we use the Kilo-Degree Survey (KiDS) r-band data from KiDS data release
4, which achieves a limiting surface brightness of 25.02 + 0.13 mag arcsec™ (50 in a
2" aperture, Kuijken et al., 2019). KiDS is an optical imaging survey covering 1500
degrees? (de Jong et al., 2013), and utilises the OmegaCAM instrument (Kuijken, 2011)
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Figure 4.2: SAMI ETGs with M, > 10'°Mg, plotted in log,,(M./Mg)versus
log(Re/kpc). log(Re/kpe) is the circular radius of the galaxy in kpc. Galaxies plot-
ted as black and grey dots are not within our selection criteria, and do and do not show
tidal features, respectively. Galaxies plotted as red and blue dots are within our selection
criteria, and do and do not show tidal features, respectively. The fractions of galaxies as
a function of log,,(M./My)and log(R./kpc) are also shown as marginalised histograms
for galaxies modelled and galaxies not modelled in orange and grey respectively. We
observe that the galaxies that fall into our selection criteria are larger and more massive
on average than the full sample. This is due to the selection requirement of at least 75
Voronoi bins within 1R.. However, the galaxies with the largest log(R./kpc) values are
not modelled, as the stellar kinematics do not meet the required value of Ryx/R. > 0.9.

on the VLT Survey Telescope (VST), which has a 2.6m diameter and is located at the
Paranal Observatory in Chile. OmegaCAM has a 268 Megapixel camera, providing a
1°x 1° field of view. A focal plane array of 32 CCDs, each with 2048 x 4096 pixels, gives
a total of 16,000 x 16, 000 pixels, and a scale of 0.214 arcseconds/pixel.

The motivation for using KiDS imaging over SDSS imaging to model the luminosity
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density of the galaxies in our sample is improved imaging depth and seeing. A direct
comparison of surface brightness limits derived under the same assumptions is not readily
available, however, KiDS r-band observations were obtained with an exposure time of
1800 seconds on a 2.6m telescope under a mean seeing of 0.70" (Kuijken et al., 2019).
In comparison, SDSS DR7 achieved an effective exposure time of 54.1 seconds on a
2.5m telescope, with a median seeing of 1.40" (Abazajian et al., 2009). KiDS is thus
significantly deeper than SDSS, and the advantage of deep imaging is that reaching the
outermost isophotes of a galaxy provides the most accurate model of its light, and hence
mass distribution.

However, imaging surveys that achieve the most extreme depths often suffer from saturation
in the bright centres of massive galaxies. The HSC-SSP survey (Aihara et al., 2018a;
Miyazaki et al., 2015) achieves a high surface brightness limit of 27.8 + 0.5 mag arcsec™>
in the r-band (1o noise in 1" apertures, Rutherford et al., 2024), but experiences point
source saturation at u < 17.5. Given our sample of massive early-types, this results in a
significant proportion of galaxies displaying saturation in the centre.

In Figure 4.3 we show an example of this saturation, and compare the HSC light profile to
the KiDS and SDSS light profile for a galaxy in our sample with CATID =70802. In panels
(a), (b), and (c) we show this galaxy in HSC, KiDS, and SDSS imaging, respectively, with
a horizontal dashed line across the centre. In panel (d), we show the surface brightness
profile along this horizontal cut for HSC in black, KiDS in red, and SDSS in blue. A
clear non-physical decrease in peak surface brightness is seen for HSC, absent in KiDS
or SDSS, which is a result of saturation in the HSC imaging. The surface brightness of
SDSS peaks lower than KiDS, because of the poorer seeing conditions of SDSS (1.4" vs
0.7"). Outside of the centre, the profiles agree well, with HSC going deeper than KiDS,
which itself goes deeper than SDSS. Finally, HSC imaging has been shown to have issues
with over sky-subtraction around bright, extended sources such as galaxies (e.g. Huang &
Fan, 2022; Li et al., 2022). This is visible when comparing panels (a) and (b), with the
HSC flux decreasing with radius faster than KiDS. As a result of the over sky-subtraction
and clear saturation in HSC, we choose to use KiDS imaging, as it remains a substantial
improvement in depth and seeing over SDSS.

4.2.3 Sample Selection

To investigate the relations between stellar age, stellar kinematics, and tidal features, we
adopt the galaxy sample of Rutherford et al. (2024). This sample comprises early-type
galaxies from the GAMA fields, taken from SAMI DR3 (Croom et al., 2021), with a
mass cut of log;,(M./My) >= 10. Galaxy morphologies were taken from Cortese et al.
(2016), obtained using the classification approach of Kelvin et al. (2014) on SDSS DR9
data (Ahn et al., 2012). The mass cut was performed as the primary focus of Rutherford
et al. (2024) was slow rotators, whose fraction increases strongly with stellar mass (e.g.
van de Sande et al., 2017a). Additionally, the stellar kinematic completeness in the SAMI
Galaxy Survey falls below 50% for log;,(M./My) < 9.5, necessitating a mass cut for
robust dynamical modelling. This sample contains 411 galaxies.

We adopt the spaxel quality criteria from van de Sande et al. (2017b) to ensure reliability
in the kinematic measurements, but increase the minimum signal to noise per Voronoi
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Figure 4.3: A comparison of imaging and surface brightness profiles for HSC DR2,
KiDS DR4, and SDSS DR12 imaging for the SAMI galaxy with CATID = 70802. In
panels (a), (b), and (c) we show a cutout for the galaxy in HSC, KiDS, and SDSS imaging,
respectively. We also show a dashed horizontal white line through the centre, which we
take a one-dimensional surface brightness profile from. In panel (d), we show this surface
brightness profile in mag arcsec ™2 for HSC (black), KiDS (red), and SDSS (blue). We
also show the effective radius of the galaxy in vertical dashed lines. A clear non-physical
decrease in peak surface brightness in the centre is clear in HSC that is not present in
KiDS or SDSS, a result of saturation in HSC. SDSS peaks at a lower surface brightness
than KiDS due to the poorer seeing conditions of SDSS (1.4" vs 0.7").

bin from S/N > 3 A~! to §/N > 10 A~'. This higher threshold provides more robust
measurements while allowing us to work with a reduced minimum number of spaxels
within one effective radius. These criteria are therefore:

01) S/N>10A"" & o > 35km/s 4.1
02) Verror < 30 km/s & Gerror < 0 X 0.1 + 25 km/s 4.2)

The final step of the sample definition is to select from our sample based on the radial
coverage of SAMI. In Figure 4.1, we show our initial sample, displayed as the number
of Voronoi bins within 1R.vs radial coverage. We also show our sample in Figure 4.2,
displayed in the mass-size plane. We extend the selection criteria from Santucci et al.
(2022), and require each galaxy to have a minimum number of bins within 1Rcof 75, and
the minimum radius reached in the kinematic maps to be 0.9R.. These cuts in sampling
and radial coverage are displayed as the black dashed lines in Figure 4.1, with the selection
criteria of Santucci et al. (2022) displayed as grey dotted lines. Galaxies shown as black
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(with tidal features) and grey (without tidal features) dots do not fall within our selection
criteria. Galaxies shown as red (with tidal features) and blue (without tidal features) dots
are within our selection criteria. Finally, two galaxies that satisfy our selection criteria
failed to converge during model fitting, and they were consequently excluded from our
sample. The final sample thus consists of 102 galaxies.

4.3 Orbit-Superposition Modelling

We use the Schwarzschild’s method (Schwarzschild, 1979, 1982) to create orbit-superposition
models for our galaxies, using the DYNAMITE (Jethwa et al., 2020; Thater et al., 2022)
implementation and code. We use DYNAMITE, as it accommodates triaxial models,
provides multiple grid-search algorithms for efficient convergence of our free parameters,
and offers a well-documented python wrapper.

The derivation of a Schwarzschild model can be summarised in three steps: 1) create
a model for the gravitational potential, 2) derive a library of stellar orbits allowed by
this potential, and 3) calculate which combination of orbits best reproduces the observed
kinematic maps. These steps are described in detail in van den Bosch et al. (2008), and
we summarise them in Sections 4.3.1-4.3.3.

4.3.1 Gravitational Potential

We model the gravitational potential as consisting of a stellar mass, dark halo, and super-
massive black hole component.

Stellar Potential

The stellar mass distribution is modelled with the Multi-Gaussian Expansion (MGE) for-
malism (Monnet et al., 1992; Emsellem et al., 1994a; Cappellari, 2002). This method is
adopted by the DYNAMITE code that we use in this paper to construct our Schwarzschild
models. MGE assumes that a galaxy’s projected luminosity on the sky, /, can be repre-
sented by a sum of N two-dimensional Gaussians:

’ u Lk 1 ” y12
I(x,y):z:—2 5 €Xp —20_,2)6 + —

7”2
k=1 “M0 4y k dx

4.3)

where x” and y’ are the projected coordinates on the sky, and each Gaussian component has
total luminosity Ly, observed axial ratio ¢/, and dispersion o along the major axis.

We create MGE models of KiDS r-band images for each galaxy in our sample. The
galaxy mask and PSF for each image are derived using the source-extraction and star-
fitting procedures of PROFOUND and PROFUSE respectively (Robotham et al., 2018, 2022).
The PSF, provided by prOFUSE as a MofTat profile image (Moffat, 1969), is then modelled
with MGE so it may be analytically convolved with the MGE model of the relevant galaxy
during fitting.

Although DYNAMITE is capable of allowing small isophote twists in the MGE model, we
fix the position angles of each Gaussian to be constant. We do this as these twists greatly
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reduce the available viewing angle parameter space for deprojection into three-dimensional
luminosity densities. We show an example MGE fit in Figure 4.4.
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Figure 4.4: MGE fit to the galaxy with CATAID = 39057. KiDS r-band imaging
contours are shown in black, the MGE model contours are shown in red, and masked
regions (other sources) are shown in yellow. The effective radius of the galaxy (R.=5.05")
is shown in blue. The contours are spaced by 0.5 mag arcsec 2. The right side panel is a
zoomed-in version of the left side panel, with the scale shown by a box around the central
region in the left side panel.

The MGE model of the projected luminosity is then deprojected into a three-dimensional
luminosity density, given some set of viewing angles (¢, ¢, ). These viewing angles are
fitted for by first converting them into the intrinsic shape parameters (py, gk, ux = 0 /0%),
using the relation for ellipsoidal bodies from de Zeeuw & Franx (1989), as described in
Cappellari (2002):

L= 2= 0'[2 cos 2y + sin 2y (sec ¥ cot ¢ — cos ¥ tan ¢) | 4.4)
1 2 sin® 98 cos ¥ (cos ¥ + cot ¢ sec ¥ sinyy) — 1] '
2> 2 0'[2cos2y + sin 2y (cos ¥ cot ¢ — sec ¥ tan @) |

- 2 sin® 98" cos ¢ (cos ¥ + cot ¢ sec ¥ sinyy) — 1]

(4.5)

where &' = 1 — q’z, pr = Bix/Ag, and g = Cy/Ag, with Ay, By, and Cy being the major,
medium, and minor axes of the k™ 3D Gaussian component. The luminosity density p is
then given by:

e st e e | IS
o(x,y,z) = exp| - —|[x"+=+—= )
k=1 (U'km)3(Ikpk 20—13 Pi C]%

where (x,y,z) is a set of coordinates centred on the Gaussians and aligned with the
principal axes. Further, the deprojection requires that g < px < 1, g} < gqx and
max(qr/qy> Pk) < ux < min(p;/q;,1). In DYNAMITE, the deprojection is fit for by

taking ( Pmin, gmin> Umin) as the free parameters. Finally, a globally constant mass-to-light
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ratio Y, multiplies the luminosity density to obtain the stellar mass distribution, with Y,
the 4" free parameter included in our fit. One advantage of using 7-band KiDS photometry
for our MGE model is that it traces the older stellar population that makes up the majority
of the stellar mass. It is possible to derive a spatially varying mass-to-light ratio for a
Schwarzschild mass model (e.g. for an edge-on disc, Poci et al., 2019), but keeping Y.
constant has been shown for CALIFA galaxies to not impact the internal dynamics of a
Schwarzschild model (Zhu et al., 2018b), and hence we use a constant value here.

Dark Matter Halo and Supermassive Black Hole

The dark matter halo is taken to be a spherical NFW halo (Navarro et al., 1996), with an
enclosed mass profile given by:

M(<r) = Myp[In(1 +c)—c/(1+ c)]_1 In(1+ cr/r0) — % “4.7)

where c is the dark matter halo concentration, and M»( is the mass within the virial radius
ry00. The virial mass and virial radius are related via the relation Mgy = %ﬂZOOpCrSOO,
with the critical density p. = 1.37 x 1077 Mgpc~>. However, the concentration ¢ has been
shown to be poorly constrained by kinematics only extending to ~ 2R,, such as SAMI
(e.g. Zhu et al., 2014). We therefore fix ¢ according to M»yo and the relation of Dutton
& Maccio (2014). Finally, we define the dark matter fraction as f = Moo/ M., and take
log f as the sole free parameter to characterise the dark matter halo, and thus dark matter

contribution to the gravitational potential.

The black hole contribution is modelled as a Plummer potential (Plummer, 1911), which
is parametrised by its total mass Mgy, and scale radius a. As the spatial resolution of
SAMI kinematic maps is lower than the region where the black hole’s mass dominates the
potential, we fix @ = 0.001" and the potential becomes essentially point-like. The black
hole is therefore represented solely by Mgy, which we choose to parametrise as log(Mpy).
Combining all components of the potential, we have six free parameters characterising it:
Pmin> min> Umin» Y+, 10g f, and log(Mpp).

4.3.2 Orbit Library

The construction of a Schwarzschild model requires a library of all allowable stellar
orbits within the gravitational potential, a linear combination of which will reconstruct the
observed kinematics. As our potential is triaxial and separable (i.e. the Hamilton-Jacobi
equation is separable), all orbits are regular and conserve three integrals of motion: Energy
E, I, and I5 (e.g. de Zeeuw, 1985; Binney & Tremaine, 2008). There are four families of
orbits that exist in this potential: three types of tube orbits (inner long axis, outer long axis,
short axis), and box orbits. We initiate our orbits by sampling from the three integrals of
motion.

The number of points sampled across the three integrals is ng X ng X ng, where ng, ng, ng
denote the number of intervals taken across the energy E, azimuthal angle 8 and radius R
on the (x, z) plane. The E values are sampled logarithmically in radius, with E calculated

as the potential at x = r. This grid spans 0.507 . to 50,,,., where o, . and o, are the

in max? min max
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minimum and maximum observed dispersions of the MGE model. R and 6 are sampled in
a linear open polar grid. Each initial condition sampled is then used to seed three orbits:
a box orbit, a tube orbit, and a counter-rotating tube orbit. Finally, DYNAMITE allows
each orbit to be dithered ngjmer times (as done in e.g. van den Bosch et al., 2008; Zhu
et al., 2018b; Santucci et al., 2022), where there are nfmher orbits seeded in a grid around
each set of initial conditions. This is done to smooth the model, and results in a "bundle"
of orbits for each integral value. Overall, the total number of orbits generated in an orbit

. . 3
library is 3 X ng X ng X ng X Mither

We calculate two libraries of orbits for each galaxy. For the first library, we add 3 X
ng Xng Xng =3xX21x18x9 = 10206 orbits. This library is used to coarsely sample
the parameter space to get initial estimates for the free parameters of the model, and we
refer to it as our coarse library. The second library contains 3 X ng X ng X ng x 33 =
3%x30x20x 10 x 33 = 486000 orbits, where we have dithered each orbit 3 times for each
integral value. We use this library to fit for and build our final, best-fit model, and refer to
it as our "fine" library.

4.3.3 Orbit Weighting

To find the best-fit model, we define a goodness-of-fit, Xz’ and find values for our free
parameters (Pmins ¢min> Ymin> Y, 10g f, Mpp) such that /\(2 is minimised. In DYNAMITE,
the best-fit model is taken to be that with the minimum kinematic y*:

Nkin no _yn \2 no _ n \2 n _ pn 2
2 Vmod Vobs Omod ~ Zobs h3, mod h3, obs
X = + + +
n n h
n=1 obserr obserr 3, obserr

n
4, obserr

(hz mod hz, obs )2]

where V* o . h" , h" are the model velocities for bin n in the velocity maps,
mod mod’ "3, mod’> "4, mod

n n n n 141 n n n n
Vobs’ o-obs’ h;%, obs’ h4, obs are the O‘bSCI‘VCd VCIOCI'[ICS‘, Vobserr’ O-Obserr’ h3, obs‘err’.h4, obserr are
the observational errors and Ny, is the number of bins. Each model velocity is convolved

with the same PSF as the observations prior to calculating y2. The reduced y?, x2, is

5 red
2 _ X
defined as x; ; = pyT———

this work. We expect sze 4 to approach 1 for the best-fit model. For each model fitting step,
we use DYNAMITE’s "LegacyWeightSolver" implementation of Lawson and Hanson’s
non-negative least-squares algorithm (Lawson & Hanson, 1974).

, where Np,, is the number of free parameters, with Np,; = 6 in

We begin with our coarse library of orbits. Similarly to Derkenne et al. (2024), we use this
library to first run a coarse grid search over the structural parameters pmin, ¢min> Ymin, With
minimum steps of 0.03, 0.03, and 0.01 respectively. We use DYNAMITE’s "FullGrid"
parameter search setting, which creates a Cartesian grid for all free parameters, and
searches through it with the minimum step size. We then use the coarse library of orbits
again, to run another coarse grid search over the parameters log f, Y., with minimum steps
of 0.01 each. We again run this search with the "FullGrid" parameter search setting.

For the final step, we use our fine library of orbits. We run a grid search over the
full parameter space of pPmin, Gmin> Ymin» X+, 10g f,log(Mpg), with minimum step sizes of
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0.01,0.01,0.01,0.01,0.01, and 0.1 respectively. We limited Y, between 0.1 and 10, log f
between -3 and 3, and log(Mppy) between 1 and 10. We use the best-fit values from the
first two coarse grid searches as the starting values for each parameter, and the relation
from Reines & Volonteri (2015) for black hole masses from stellar mass for the starting
value of Mpy. We use the "LegacyGridSearch" search setting, which takes smaller and
smaller steps towards the best fit solution.

4.4 Results

4.4.1 Schwarzschild Models
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Figure 4.5: The best-fitting Schwarzschild model for SAMI galaxy with CATID =
220394, and sze 4 = 0.94. This galaxy displays a good fit at high spatial sampling, with
a stellar mass of log,((M./My) = 10.3, Ag, = 0.39, Rmax/Re = 1.28, and Npjns =
227. From top to bottom, we show the input data, the model, and the relative residual
respectively. Some spaxels approach relative residual values of ~ 10, or 1000%, but due
to the large number of well-fit spaxels, sze 4 remains close to unity and indicates a good fit
to the data. From left to right, we show the flux, velocity, velocity dispersion o, /3, and
h4 respectively. The model reconstructs all velocity moments accurately, as the residual
panels show low values and no structure.

We fit Schwarzschild orbit-superposition models to the 102 galaxies in our sample. For
each galaxy, we explored up to 2000 models in the coarse parameter searches, and 2000
models in the final grid search. This is comparable to previous works with large sample
sizes (e.g. 1000-2000 models for Jin et al. 2019, 2020, 1250 for Santucci et al. 2022),
and slightly lower than previous works with smaller sample sizes (e.g. up to 8000 models
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Figure 4.6: The best-fitting Schwarzschild model for SAMI galaxy with CATID =
511892, and sze 4 = 1.13. This galaxy displays a good fit at low spatial sampling, with
a stellar mass of log,y(M./Mg) = 10.86, Ag, = 0.33, Rmax/Re = 1.36, and Npjns = 78.
Panels are arranged as in Figure 4.5. The model reconstructs all velocity moments
accurately, as the residual panels show low values and no structure.

for Derkenne et al. 2024). From each model we extract the velocity moment maps V, o,
hs, and hy. Additionally, from the best-fit parameters and derived orbit library, we extract
fractions of A, and triaxiality, both as a function of radius.

We present the velocity moment maps of four galaxies representative of our sample,
labelled here with their CATID:

e 220394: A galaxy with many spatial bins, 227 bins within R,, sze 4 = 0.94. Shown
in Figure 4.5.
. 51 1892: A galaxy close to the minimum number of spatial bins, 78 bins within R,,
red = 1.13. Shown in Figure 4.6.
* 79733: A triaxial galaxy, 164 bins within R, x;, d = 0.86. Shown in Figure 4.7.
* 289102: An oblate galaxy, 120 bins within R,, )(re 4 = 1.07. Shown in Figure 4.8.

For Figures 4.5-4.8, the first row shows the observed flux, V, o, hsz, and h4 from left to
right. The middle row shows the same, but for the model. The bottom row shows the
relative residual, where we subtract the model from the data and divide by the observational
uncertainties. Some spaxels approach 1000% relative residual even for well fit galaxies,
but due to the large number of spaxels, these galaxies display a sze 4 Vvalue close to unity,
indicative of a good fit to the data.
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Figure 4.7: The best-fitting Schwarzschild model for SAMI galaxy with CATID =79733,
and sze 4 = 0.86. This galaxy displays a good fit with a triaxial shape, with a stellar mass
of log,o(M./My) = 10.23, Ag, = 0.20, Rpnax/Re = 1.23, and Npipns = 164. Panels are
arranged as in Figure 4.5. The model reconstructs all velocity moments accurately, as the
residual panels show low values and no structure.

4.4.2 Orbit Fractions

The Schwarzschild model of a galaxy additionally gives information about its intrin-
sic angular momentum, rather than the projected quantities derived from observations.
One useful quantity that we calculate for each orbit in a galaxy model is the circularity
parameter, A, (Abadi et al., 2003; Zhu et al., 2018b):

A, = LZ_ (4.8)
7V,
where:
F=Ax2+y2+ 22

Ve = V2 + VZ+V242VV, +2V,V, + 2V, V.

The bar notation denotes that these values (x,y, z, Vs, Vy, V;) are averaged over time for
the entire orbit’s path. V, is equivalent to the angular momentum of a purely circular
orbit at 7, which is the maximum possible value of L., and hence A, varies between -1
and 1. A; can be considered an intrinsic equivalent of Ag_, as it separates rotation and
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Figure 4.8: The best-fitting Schwarzschild model for SAMI galaxy with CATID =
289102, and sze 4 = 1.07. This galaxy displays a good fit with an oblate shape, with a
stellar mass of log,y(M./Mg) = 10.14, Ag, = 0.46, Ryax/Re. = 1.56, and Npips = 120.
Panels are arranged as in Figure 4.5. The model reconstructs all velocity moments
accurately, as the residual panels show low values and no structure.

dispersion supported orbits, with hot/box orbits having 4, £ 0.3, and cold/circular orbits
having 4; £ 0.5. We show the A, — r distribution for 289102 in Figure 4.9. Zhu et al.
(2018b) defined four classes of orbits within this distribution according to an orbit’s A,:
hot orbits (—0.25 < A, < 0.25), warm orbits (0.25 < A, < 0.8), cold orbits (1, > 0.8),
and counter-rotating orbits (4, < —0.25). We show these classes in Figure 4.9, as well as
the maximum radial extent of the SAMI kinematics, and the effective radius.

We show the orbital distribution within 1R, for our full sample, ordered by stellar age,
in Figure 4.10. All stellar orbits are integrated over radii within 1R, and their relative
weights are plotted in bins of 4,. The x-axis then orders the galaxies by average light-
weighted stellar age within 1R, as this has been shown to be the parameter that correlates
best with Ag_, and hence the angular momentum traced by A,. We divide A into the broad
categories defined by Zhu et al. (2018b): cold, warm, hot, and counter-rotating, and show
and label these groups accordingly. The overall trend is that younger galaxies contain
higher fractions of cold orbits, whereas older galaxies are dominated by hot orbits.

We derive orbit fractions (cold, warm, hot, counter-rotating) within 1R, for each galaxy
in our sample. We show the correlations between these fractions and other global galaxy
properties in Figure 4.11. This figure presents the hot, warm, cold, and counter-rotating
fractions within 1R, labelled as Hotg,, Warmg_, Coldg,, and CRg, respectively. We
additionally show the stellar mass, log;,(M./My), the mean light-weighted stellar age
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Figure 4.9: The 1, — r phase space distribution of the best fit Schwarzschild model for
the galaxy with CATID = 289102. This plot shows the probability density of the orbits
used to reconstruct the velocity maps (see Figure 4.8). A, is defined in Equation 4.8. The
divisions between cold, warm, hot, and counter-rotating orbits are shown in horizontal
dashed lines, and labelled. R., 2R, and 3R, are shown as vertical dashed black lines, and
the maximum radius reached by the SAMI kinematics, Ry« is shown in a vertical dotted
red line. Within 1R, the model predicts a cold orbit fraction of 0.04, warm orbit fraction
of 0.22, hot orbit fraction of 0.68, and counter-rotating orbit fraction of 0.06.

within 1R., Age;/Gyr, the spin parameter proxy, Ag,, and the sum of hot and counter-
rotating orbit fractions, Hotg, + CRR,. Galaxies with tidal shells, as identified in Rutherford
et al. (2024), are circled in black. A best-fitting linear relation is shown for each panel in
red, with 68% and 95% confidence intervals, derived using bootstrap resampling, shown
in lighter red shading. The p-value for the Pearson correlation coefficient is given for
each panel and highlighted in bold when p < 0.05, indicating a statistically significant
correlation.

There are strong correlations between the orbit fractions, and we note that these are
partially driven by the fact that all orbit fractions must sum to one for each galaxy. Ag,
shows a significant correlation with each orbit fraction, as expected since it traces the
balance between rotation and dispersion set by the stellar orbits. Among these relations,
AR, shows the strongest and tightest correlation with the combined hot plus counter-rotating
fraction, Hotr, + CRg_, followed by the warm fraction, Warmg_, and then the hot fraction,
Hotg,. The quantity Hotg, + CRg, is mathematically equivalent to 1 — (Coldg, + Warmg,),
reflecting the requirement for all fractions to sum to unity. The light-weighted stellar
age, Age; . correlates most strongly with log,,(M./Ms), followed by, at roughly equal
significance, Hotgr, + CRR,, Hotgr,, Ag,and Coldg,. While Warmg, and Hotr, both show
a strong positive and negative correlation with Ag respectively, only Hotg, shows a strong
correlation with Age;yw. The Age;w-logo(M./My) and Age;yw/Gyr-Ag, trends have
previously been shown for the full SAMI sample by Croom et al. (2024).
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Figure 4.10: Orbit circularity (4) distribution within one effective radius for each galaxy
in our sample, ordered by average light-weighted stellar age within one effective radius.
The definitions of cold (4, > 0.8), warm (0.25 < 4, < 0.8), hot (—0.25 < 1, < 0.25), and
counter-rotating (1, < —0.25) orbits are labelled and shown in dotted black lines. Darker
colours indicate a higher density of orbits, and lighter colours show a lower density.
Overall, a trend of more cold orbits is seen in the youngest galaxies, and more hot orbits
in the oldest galaxies.

4.4.3 Correlation Analysis

In Figure 4.12, we present correlations between Hotg, and average light-weighted stellar
age (Age;yw), environment (log(Zs5/Mpc~2)), and stellar mass (log,o(M./Mg)). We
choose to begin this analysis with Hotr, as it shows a strong correlation with Age;y, in
Figure 4.11. We perform this analysis for several samples: the full sample, the full sample
without slow rotators (as defined for SAMI in van de Sande et al. 2021a), galaxies with
shells, galaxies with streams, and galaxies with shells or streams. However, for each
correlation, we account for the linear correlation of the other variables. For example,
the correlation between Hotr, and Age;wis shown after controlling for the correlations
with log(Zs5/Mpc~2) and log,o(M./Mg). This is known as a partial correlation (e.g.
Kendall & Stuart, 1979). Galaxies are coloured by Ag,, with tidal shells (black circles)
and streams (white crosses) indicated too. For each panel, the best-fitting linear relation is
shown in red, with 68% and 95% confidence intervals, derived using bootstrap resampling,
shaded in lighter red. The Pearson correlation coefficient p-value is given for each partial
correlation, and highlighted in bold when p < 0.05, indicating statistical significance.
We note that the Pearson p-value is not derived from the bootstrap resampled confidence
intervals for each linear fit. These two measures generally agree, as when p < 0.05, the
95% confidence interval typically excludes a zero correlation, but they are not strictly
equivalent.

The choice of parameters for this partial correlation analysis is inspired by Croom et al.
(2024), who used partial correlations between Age; v, log,o(M./ M), log(Zs/Mpc™2),
and Ag, for the full SAMI sample to determine which parameter Ag, is most strongly



e

log(M../Mo)  Hotp + CRp, CRy, Coldy, Warmg,

Agerw/Gyr

/\RC

89

p =2.17e-19

= 6.35e- = 7.79e-01
0.47, [ °
4 ° L e
0.2 ° 4 oo .
S Pe o |@ [}
0.0
0.31 p=5.70e-04 [ p=4.40e-01 [ p=3.24e-01
[ ]
0.21 °»
]
" e
(-]
p = 1.52e-39 p = 8.73e-01

1.0+
0.84 * 4
0.64

pP= 3 74e 03 | p= 1.93e-02

11.54 o r r r
°
11.04 ) h [ )
(]
105157 ¢ %% I 3%
e o o o
S A T A
1 p = 3.53e-05 | p = 1.14e-02 p = 1.56e-06
5 L L L
(AL ..‘. p)
101 o | S d
™8 °V Lo °
F ’ ° F e ®e
o0 ©

p=1. 34e 06 | p = 8.95e-05

°
® (<]
[ o
04 06 08 00010203 0001020300 01 02 06 08 5 10
Hotp, Warmpg, Coldg, CRpg, Hotg, + CRg, Agerw/Gyr

Figure 4.11: Correlations between orbital fractions and global galaxy properties for
our sample. Hotr,, Warmg_, Coldg,, and CRg, are the hot orbit fraction, warm orbit
fraction, cold orbit fraction, and counter-rotating orbit fraction respectively, all within
IR.. logo(M./My), Age;w/Gyr, and Ag, are stellar mass, average light-weighted stellar
age within 1R, and the spin proxy within 1R, respectively. Hotg_ +CRg, is the combined
fraction of hot and counter-rotating orbits. Galaxies classified as having a tidal shell by
Rutherford et al. (2024) are circled in black. The best-fitting linear relationship for
each correlation is shown in red, with the 68% and 95% confidence intervals, derived
using bootstrap resampling, shown in lighter red shading. The p-value for the Pearson
correlation coeflicient is given for each panel, and highlighted in bold when p < 0.05,
indicating a statistically significant correlation.
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Figure 4.12:

O Shells

+ Streams

Correlations between the hot orbital fraction Hotg,, and Age;w,

log(Xs5/Mpc~?), and log,o(M./Mg). For each correlation, the linear correlations of
the other variables is controlled for. The top row displays the full sample, and the second
row shows the full sample excluding slow rotators (as defined for the SAMI sample in
van de Sande et al. 2021a). Subsequent rows display galaxies with shells, galaxies with

streams, and galaxies with streams or shells. Galaxies are coloured by Ag,. Galaxies

with tidal shells are circled in black, and galaxies with tidal streams display a white
cross. The best-fitting linear relation for each correlation is shown in red, with 68% and
95% confidence intervals shaded. The Pearson correlation coefficient p-value is given for
each panel, and highlighted in bold when p < 0.05, indicating a statistically significant
correlation.
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correlated with. They found that Ar, only showed a significant partial correlation with
Age;w. We aim to determine which orbits are driving this relationship. We note here
that we are not examining the full SAMI sample, and our sample is biased, only consid-
ering massive (log,o(M./Mg) > 10) early-type galaxies with sufficient radial kinematic
coverage to build an orbit-superposition dynamical model. Figure 4.12 shows that Age;
and Hotg, are positively correlated even once mass and environment are accounted for,
i.e. galaxies with a large proportion of hot orbits within 1R, have older mean stellar
ages within 1R.. This correlation remains when slow rotators are removed, and when
only galaxies with tidal streams are considered. Galaxies with tidal shells do not show
this correlation, however. Additionally, there is no partial correlation between Hotg, and
log,o(M./Mg) or log(Zs /Mpc~2) in any sample. Given that hot orbits are dispersion
supported and drive low Ag, values, and we see that Hotg, is more correlated with Age;w
than log,,(M./Ms) or log(XZ5/ Mpc~2) in our full sample, this result is in agreement with
the findings of Croom et al. (2024).

In Figure 4.13, we extend the analysis to show how Age;y, correlates with the or-
bital components Hotg,, Warmg_, and Coldg,, again controlling for log,,(M./My) and
log(X5/Mpc~2) as in Figure 4.12. We choose to ignore the partial correlations between
orbit fractions and log,o(M./My) or log(Zs /Mpc2) in this figure, as Age;y seems to
be the primary driver of kinematics. The left, middle and right columns show the partial
correlations of Ageyy with Hotg,, Warmg,, and Coldg, respectively. The rows follow the
same layout as in Figure 4.12, showing the full sample, the full sample excluding slow
rotators, galaxies with shells, galaxies with streams, and galaxies with shells or streams.
This figure shows that hot and cold orbits are correlated with Age;yy, but warm orbits
are not. Given that the relative orbital fractions set the observed V, o, and thus Ag, (e.g.
Binney & Tremaine, 2008; van den Bosch et al., 2008; Cappellari, 2016), the Age; w—Ar,
relation can, in principle, be re-stated as correlations between Age;y, and the orbital
fractions. Figure 4.13 shows that the Age;-Ar, relationship is driven by hot and cold
orbits, with warm orbits not playing a significant role. Additionally, given the correlations
remain when we remove slow rotators, this result is not solely a result of the slow/fast
rotator dichotomy. The lack of significant correlation between galaxies with shells and
hot orbits is likely due to both low number statistics, and the effect of radial mergers: such
events lower Ag,, leave tidal shells, funnel gas to the centre of the galaxy that drives star
formation (e.g. Scott & Kaviraj, 2014; Knapen et al., 2015; Thorp et al., 2019; Bickley
et al., 2022), and result in lower stellar ages (e.g. Rutherford et al., 2024; Croom et al.,
2024). Although high gas fractions in mergers can lead to the reformation of a stellar
disc (e.g. Lagos, 2020a) and increased Ag,, shell galaxies are likely recent mergers (as
the shells have not yet faded) and therefore have not had sufficient time for this process
to occur. Overall, these mergers result in a population of galaxies with relatively young
stellar ages and reduced rotational support, a trend that goes against the overall SAMI
Ar.-Age;y result.
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highlighted in bold when p < 0.05, indicating a statistically significant correlation.
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4.4.4 Mergers and Orbit Fractions

To analyse the impact of mergers on orbital distributions and galaxy shapes, we begin by
calculating the triaxiality at 1R, TR,, defined as:

1- p2Re
Tr, 3 4.9)
1- g,

where pr, and gg, are the intrinsic shape parameters at 1R..

In panel (a) of Figure 4.14, we show the distribution of galaxies in Age;y versus Ag,,
coloured by log,,(M./My). Galaxies with shells identified are circled in black. The
panel is further divided into three equally spaced age bins, denoted by black vertical
lines. In each age bin, the average Ag, value for galaxies without shells is shown in blue,
and for galaxies with shells in red. Panels (b)-(f) are constructed analogously to panel
(a), but they show our sample in Age;y versus Coldr,, Warmg_, Hotg,, CRg,, and Tg_,
respectively.

We find that, consistent with Rutherford et al. (2024), young and intermediate-age galaxies
(the lower two age bins) show significantly lower Ag, values when they have a shell feature,
at 3.60 and 1.60 significance for the young and intermediate bins, respectively. We do
note, however, that there are only eight galaxies in the lowest age bin. Although Rutherford
etal. (2024) didn’t show this trend in the lowest age bin, the sample in this work is different,
and the broad trend remains. We find that this relationship is primarily driven by changes
in the hot and cold orbital fractions (panels (b) and (d)), where the youngest galaxies with
shells exhibit moderately higher hot orbit fractions and lower cold orbit fractions, with
significances of 1.90 and 1.90, respectively. We find that this relationship is driven by
hot and cold orbits, as seen in panels (b) and (d). The youngest galaxies have significantly
higher hot orbit fractions and lower cold orbit fractions if they have a shell. Warm and
counter-rotating orbits, shown in panels (c) and (e), do not have any significant difference
in their distributions for galaxies with and without shells, regardless of age. There is a
weak trend towards the youngest galaxies with shells being more triaxial, but the difference
is not statistically significant. Finally, the result seen in Figure 4.13 that galaxies without
shells increase their hot orbits with age and galaxies with shells do not, can be clearly seen
in panel (d) of Figure 4.14.

4.5 Discussion

4.5.1 Spin Transformation is Driven by Hot and Cold Orbits

We have constructed orbit-superposition dynamical models of a subsample of the SAMI
galaxy survey to investigate the transformation of galaxy kinematics in massive galaxies
as a function of both age and merger history. By deriving the circularity parameter A, for
the orbits in our models, we find that cold (1, > 0.8) and warm (0.25 < 4, < 0.8) orbit
fractions correlate positively with Ag_, while hot (-0.25 < A, < 0.25) and counter-rotating
(1; < —=0.25) orbit fractions correlate negatively with Ag,. Correlations between orbital
fractions and Ag, are expected, as Ag, traces the dynamical contribution of different orbits.
While Santucci et al. (2022) demonstrated the same trends for SAMI passive galaxies,
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Figure 4.14: The distribution of our sample in Age;y, versus various orbital and shape
parameters. Galaxies are coloured by log;,(M./Ms), and circled in black if they have a
tidal shell. Each panel is divided into three equally spaced age bins, denoted by vertical
black lines. In panel (a), galaxies are represented by their mean light-weighted stellar age
within 1R, Age;w, against the spin parameter proxy Ag,. Panels (b)-(f) are displayed by
Age;y versus Coldg,, Warmg_, Hotg, , CRR,, and Tg,, respectively. In each age bin, the
average value of the y-axis parameter for galaxies without shells is shown in blue, and for
galaxies with shells in red.

warm orbits are intermediate by definition, and could trace Ag, differently in rotation-
dominated late-type discs. A major advantage of an orbit fraction driven analysis is that
it provides a means to disentangle the orbital structure of galaxies, where mergers and
secular evolution are expected to leave different imprints in the spin transformation of

galaxies (e.g. Debattista et al., 2006; Saha et al., 2010; Martel & Richard, 2020).

The question of what drives spin in galaxies has been investigated in many previous
studies. Motivated by the morphology-density relation of Dressler (1980), the role of
environment was first identified as a key factor correlated with Ag, by Cappellari et al.
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(2011b), with further studies supporting this trend (e.g. D’Eugenio et al., 2013; Houghton
etal., 2013; Scott et al., 2014; Fogarty et al., 2014). Stellar mass has also been proposed as
a primary driver of galaxy spin (e.g. Brough et al., 2017; Veale et al., 2017; Greene et al.,
2017), although there is evidence from more recent works that mass and environment are
independent influences on Ag, (e.g. Lagos et al., 2017; Graham et al., 2019; Rutherford
et al., 2021; van de Sande et al., 2021b). Further complicating the picture, stellar age has
been shown to strongly correlate with stellar kinematics (van de Sande et al., 2018), with
Croom et al. (2024) finding that stellar age is more strongly correlated with Ag, than either
mass or environment within the SAMI sample.

We take advantage of our derived orbit fractions to further investigate the relationships
between Ag_, Age;w. log(Zs/Mpc~2), and log,o(M./Ms). Using partial correlations, we
find that the fraction of hot orbits increases with stellar age (p = 8.87 x 107%), and the
fraction of cold orbits decreases with stellar age (p = 1.67 x 1073), independent of mass
and environment. In contrast, the warm orbit fraction shows no significant correlation
with age (p = 7.55 x 1072) once mass and environment are controlled for. These results
are broadly consistent with the Ag,-stellar age relation reported by Croom et al. (2024),
as the relative fractions of orbits determine the observed V, o, and Ag, (e.g. Binney &
Tremaine, 2008; van den Bosch et al., 2008; Cappellari, 2016). However, the lack of
any significant trend between warm orbits and age suggests that the transformation of
Ar, with age occurs with stars transitioning directly from cold to hot orbits. Secular
processes such as bar-driven instabilities (e.g. Athanassoula, 2005b; Aumer et al., 2016)
and disc/spiral arm torques (e.g. Sellwood, 2014; Agertz et al., 2021; Yi et al., 2024), as
well as environmental/group effects (e.g. Bekki & Couch, 2011; Choi & Yi, 2017) are
capable of redistributing angular momentum in galaxies, however in these scenarios the
orbital transformation is expected to happen smoothly, with stars heated progressively
from cold, to warm, and finally to hot orbits (Debattista et al., 2006; Saha et al., 2010).
The absence of any significant warm orbit correlation with age implies that these pathways
do not dominate the spin evolution of SAMI galaxies in our sample. Rather, the transition
from cold to hot orbits appears to happen in more stochastic events.

4.5.2 Mergers as the Driver of Orbit Transformations

The fact that warm orbits do not correlate with age gives valuable insight into the processes
that drive the reduction of Ag, with stellar age. Stochastic events such as major mergers are
well known to strongly reduce Ag, (e.g. Naab etal., 2014; Lagos et al., 2018a), but this also
strongly depends on the gas content of the merging galaxies (e.g. Lagos, 2020b), as high
gas fractions may result in the re-formation of a spinning disc post-merger. Numerical
simulations further demonstrate that mergers generate hot and counter-rotating orbits (e.g.
Martel & Richard, 2020), with radial major mergers in particular producing a substantial
population of box orbits (Barnes, 1990; Naab & Burkert, 2003; Jesseit et al., 2005).
Our initial results support this scenario, as the combined fraction of hot and counter-
rotating orbital components provides the strongest correlation with A, (p = 1.33x10719),
consistent with a merger-driven origin for the reduction of galaxy spin.

Galaxy mergers leave behind distinct stellar debris structures in the form of tidal streams
and shells. As shown by Rutherford et al. (2024), however, the connection between
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merger history, identifiable features, and kinematic transformation is not straightforward.
They concluded that i) tidal shells trace radial mergers which impact the inner stellar
kinematics more significantly than the circularly infalling mergers that form streams, and
i1) tidal features can only reliably trace mergers in galaxies with young stellar ages, as such
features fade after ~ 2 — 4 Gyr (e.g. Lotz et al., 2008, 2010a,b; Lofthouse et al., 2017;
Mancillas et al., 2019; Nevin et al., 2021). A high gas fraction in mergers can increase
the detectability timescale of tidal features (e.g. Hood et al., 2018; Lotz et al., 2010a),
however this also suppresses the generation of box orbits in central regions (Barnes &
Hernquist, 1996; Naab et al., 2006; Hoffman et al., 2010). Consequently, any correlation
between tidal features and orbital structure is not perfectly analogous to tracing merger
history.

Mergers are expected to influence both stellar ages and kinematics. While any merger
can funnel cold gas to the centre of the galaxy, driving star formation and reducing mean
stellar age (e.g., Scott & Kaviraj, 2014; Knapen et al., 2015; Thorp et al., 2019; Bickley
et al., 2022), the impact on stellar kinematics depends on the merger geometry. Galaxies
with shells are produced as the result of radial, typically major mergers (e.g. Quinn, 1984;
Hernquist & Quinn, 1989; Karademir et al., 2019) that strongly heat the inner stellar
regions and affect the observed stellar kinematics (e.g. Naab & Burkert, 2003; Jesseit
et al., 2005; Rottgers et al., 2014). In contrast, circular or tangential mergers that form
streams tend to only affect the outer regions (Karademir et al., 2019), and preserve the inner
rotational support (Valenzuela & Remus, 2022; Rutherford et al., 2024). However, major
mergers will likely impact all regions of a galaxy, independent of impact factor. Even
if the merger begins as tangential, it is typically radial just prior to the final coalescence
(Vasiliev et al., 2022). This radial behaviour will have a large impact on the inner regions
without necessarily leaving behind a shell feature. This framework predicts that while all
merger galaxies should show young mean stellar ages, galaxies with shells should show
signatures of dynamically hot inner regions, and galaxies with streams should tend to
maintain their pre-merger stellar kinematics.

We divide our sample into three equally spaced age bins, and find that for the youngest
galaxies (Age;w < 6 Gyr), the galaxies that have shells (as identified by Rutherford et al.
2024) show moderately higher hot orbit fractions (1.90°) and lower cold orbit fractions
(1.90) than galaxies without shells. No significant difference is found for warm orbits,
however. For the intermediate and oldest galaxies, we find no difference in any orbital
fraction for galaxies with shells. As discussed by Rutherford et al. (2024) and Croom et al.
(2024), this does not necessarily imply that these galaxies did not build their hot orbits
through mergers, but rather that the relevant mergers may have occurred sufficiently long
ago that any identifiable features have since faded with time.

While these results support the scenario that mergers transform cold orbits to hot orbits,
the galaxies that currently display shells differ systematically from the overall population.
Although partial correlations show that the fraction of hot orbits increases with age
across the full sample (p = 8.87 x 10™%), galaxies with shells do not show this trend
(p = 2.14 x 1071). Conversely, galaxies with streams maintain a significant increase of
hot orbits with age (p = 7.68 x 10~3). This again may reflect the short visibility lifetime of
shells. In Figure 4.14, the average Ag,, orbit fraction and triaxiality for galaxies with shells
is consistent between the intermediate age bin and the oldest age bin, suggesting that older



97

galaxies may have experienced the same mergers that leave shells, but their shells have
already faded. Alternatively, we note that repeated minor mergers from various different
directions have been shown to contribute to galaxy mass growth and dynamical heating
(e.g. Bournaud et al., 2007; Khochfar et al., 2011; Moody et al., 2014), thus producing a
population of galaxies with hot orbital populations but no apparent merger features.

4.5.3 Disentangling the Role of Slow Rotators and Warm Orbits in
Angular Momentum Evolution

The discussion thus far has supported the scenario in which massive SAMI early-type
galaxies lose angular momentum through stochastic, merger-driven heating, transform-
ing cold orbits directly into hot ones, and resulting in no significant correlations of the
transitionary warm orbits with stellar age. Here we discuss several aspects of the data
and methods that warrant further consideration. Firstly, slow rotators are very low spin
galaxies (e.g. Emsellem et al., 2011) that increase in fraction in the high-mass regime (van
de Sande et al., 2017a) and are primarily formed through mergers (Lagos et al., 2018a).
A large proportion of slow rotators in our sample could bias results, particularly if fast
rotators lose their angular momentum through different physical processes. Secondly, the
behaviour of warm orbits remains ambiguous. They correlate more strongly with A, than
hot orbits (p = 1.10 x 107'% versus p = 9.66 x 1071?), but unlike hot orbits, show no
residual correlation with stellar age once mass and environment are controlled for.

Slow rotators present a distinct kinematic class of galaxy (e.g. van de Sande et al., 2021a;
Fraser-McKelvie & Cortese, 2022), characterised by low Ag_, high stellar mass and old
stellar age (Emsellem et al., 2011), typically attributed to the remnants of major, gas-poor
mergers (e.g. Bois et al., 2011; Naab et al., 2014; Cappellari, 2016; Lagos et al., 2018a).
Given their prevalence in the high-mass regime, which we sample from, it is possible that
the correlations observed in our full sample are simply reflecting the increasing fraction
of slow rotators at high stellar mass and age. To test this, we remove all slow rotator
galaxies from our sample (i.e. all galaxies with & < 0.428 and Ag, < 0.12 + 0.25¢, as
defined for SAMI by van de Sande et al. 2021a). After this cut, the broad trends remain
the same: controlling for mass and environment, the fraction of hot orbits increases
with stellar age (p = 1.83 x 1073), the fraction of cold orbits decreases with stellar age
(p = 1.08 x 1072), and the fraction of warm orbit shows no significant correlation with
stellar age (p = 1.50 x 10~!). Moreover, mass and environment show no significant
correlation with any orbit fraction once the other variables are controlled for. These
results indicate that stellar age remains the dominant predictor of internal dynamics across
the slow and fast rotator dichotomy, and the observed correlations of hot and cold orbits
with age are not driven solely by the slow rotator population. Rather, merger-driven
kinematic heating appears to operate across the full galaxy population, including the fast
rotators.

The correlation of warm orbits with Ag, is complicated by the absence of a corresponding
correlation between warm orbits and stellar age once stellar mass and environment are
controlled for. This is unexpected, as Ag, is known to correlate most strongly with age
in the SAMI sample (Croom et al., 2024), and we find that older galaxies in our sample
have significantly more hot orbits and fewer cold orbits than younger systems. The lack
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statistically significant correlation.
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of an age trend for warm orbits therefore suggests that they do not represent a distinct
stage in the transformation from high to low spin. One plausible explanation is that
"warm" classification traces too large a range in 4, (0.25 < 4, < 0.8), encompassing both
near-circular and moderately radial orbits. Such a wide range may mix multiple physical
regimes and wash out any underlying age dependence. We tested this by dividing the
warm orbit A, range in half, creating "cold warm" and "hot warm" fractions. Both subsets
independently correlate positively with Az, however, and continue to show no trend with
age. This reinforces the idea that warm orbits do not represent a distinct stage in spin
evolution.

A further possibility is that warm orbits simply represent the largest residual fraction of
orbits that are not created by mergers (i.e hot and counter-rotating). Given that the total
orbit fraction must sum to unity, the correlation of warm orbits with Ag, could be partially
or entirely driven by the correlation of hot and counter-rotating orbits with Ag,. We test
this in Figure 4.15, by plotting the partial correlation of Warmg_, Hotg, + CRg,, and Ag,.
Presented similarly to Figure 4.12 but with points coloured by stellar age, we show in each
panel the partial correlation of two variables with one another, once the linear correlation
of the third variable has been accounted for. We see that when Warmg, is accounted for,
there is still a strong negative correlation between Hotg_ +CRg, and Ag_ (p = 1.92x107°).
Further, there exists a strong correlation between Hotg, + CRg, and Warmg, independently
of Ag,(p = 5.26 X 10~'7). However, once correlations with Hotgr, + CRg, are removed,
there is no residual trend between Warmg_ and Az (p = 4.68 x 10~"). This suggests
that the relationship between warm orbits and Az, may be an indirect consequence of the
correlation between merger-driven orbits and Ag,, but further work is needed to establish
this.

4.6 Conclusions

In this chapter, we investigated the evolution of angular momentum in massive SAMI
early-type galaxies through detailed dynamical modelling. Each galaxy’s light distribution
was modelled with a Multi-Gaussian Expansion (MGE) model, based on KiDS r-band
imaging. This MGE was then converted to a total mass model by applying a global mass-
to-light ratio and the inclusion of an NFW dark matter halo. We then used these mass
models to construct orbit-superposition Schwarzschild models, and derived the fractions
of cold, warm, hot, and counter-rotating orbits within one effective radius (R.) for each
galaxy.

We find that the Ag_-age relation reported by Croom et al. (2024) is driven in our sample
primarily by a transition from cold to hot orbits as galaxies age. Partial correlation
analysis shows that the fraction of hot orbits increases significantly with stellar age (p =
8.87 x 107%), while the cold orbit fraction decreases (p = 1.67 x 1073). Warm orbits
show no significant correlation with stellar age, and neither stellar mass nor environment
show any residual trend with Ag,. The absence of a strong warm orbit correlation with
age suggests that secular heating processes do not dominate spin evolution in massive
early-type galaxies.

Mergers are likely the dominant mechanism driving the transformation from cold to hot
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orbits. Using the tidal feature classifications from Rutherford et al. (2024), we find that
the youngest galaxies (Age;w < 6 Gyr) with shell features exhibit moderately higher hot
orbit fractions (1.90°) and lower cold orbit fractions (1.90°) compared to galaxies without
shells. However, shell galaxies do not show an increase in hot orbits with age as the
larger sample does, which is consistent with the short visibility timescale of tidal shells.
The similarity in average orbit fractions and triaxialities between intermediate-age shell
systems and old-age systems with or without shells suggests that older galaxies may have
experienced the same mergers, but their shells have simply faded with time.

We find that merger-driven heating of orbits operates across the full galaxy population, and
is not driven solely by slow rotators. After removing slow rotators from our sample, partial
correlation analysis again shows that the fraction of hot orbits increases with stellar age
(p = 1.83x1073), the fraction of cold orbits decreases (p = 1.08 x 1072), and warm orbits
show no significant trend. Furthermore, the apparent correlation between warm orbits
and Ag, is fully explained by the combined fraction of hot and counter-rotating orbits,
which are produced by merger-driven kinematic transformation. Stellar age remains the
dominant predictor of stellar kinematics across both slow and fast rotators, while warm
orbits play little role in the spin-down of massive early-type galaxies.

Future studies incorporating late-type star-forming discs into the sample would allow for an
understanding of kinematic transformation across the full local galaxy population, rather
than just early-types. Further, more detailed Schwarzschild implementations that explicitly
include bar modelling and orbits would help to disentangle the contributions of different
orbital families beyond the broad cold, warm, hot and counter-rotating classifications used
in this work. Upcoming instruments such as HARMONI on the ELT (Thatte et al., 2010)
will deliver high spatial and spectral resolution observations at cosmic noon (z ~ 2 — 3),
allowing for the study of galaxies at the peak of the star-formation epoch. HARMONI
will also enable analyses of both local galaxies and those at cosmic noon that moves
beyond Gauss-Hermite velocity decompositions to direct comparisons of LOSVDs (e.g.
Falcon-Barroso & Martig, 2021; Reiter et al., 2025). Finally, similar analyses have
been performed for simulated galaxies (e.g. Santucci et al., 2024), demonstrating that
Schwarzschild models can recover the dynamical imprints of mergers. Extending this
work to higher-resolution simulations would allow finer orbital structures to be resolved
and compared, offering a test for how reliably the Schwarzschild technique can reconstruct
the true dynamical evolution of galaxies.
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Abstract

The central regions of disc galaxies host a rich variety of stellar structures: nuclear
discs, bars, bulges, and boxy-peanut bulges. These components are often difficult to
disentangle, both photometrically and kinematically, particularly in star-forming galaxies
where dust obscuration and complex stellar motions complicate interpretation. In this
work, we used data from the GECKOS-MUSE survey to investigate the impact of dust
on axisymmetric Jeans Anisotropic Multi-Gaussian Expansion (JAM) models and assess
their ability to recover kinematic structures in edge-on disc galaxies. We constructed JAM
models for a sample of seven edge-on (i Z 85°) galaxies that span a range of star formation
rates, dust content, and kinematic complexity. We find that when dust is appropriately
masked, the disc regions of each galaxy are fit to szeduced < 5. We analysed 2D residual
velocity fields to identify signatures of non-axisymmetric structure. We find that derived
dynamical masses are constant within 10% for each galaxy across all dust masking levels.
In NGC 3957, a barred boxy galaxy in our sample, we identified velocity residuals that
persist even under aggressive dust masking, aligned with bar orbits and supported by
photometric bar signatures. We extended this analysis to reveal a bar in IC1711 and a
possible side-on bar in NGC 0522. Our results highlight both the capabilities and limita-
tions of JAM in dusty, edge-on systems and attempt to link residual velocities to known
non-axisymmetric kinematic structure.

5.1 Introduction

The evolution of massive disc galaxies in the local Universe, from their formation to
the present day, is a significantly complex picture. The ACDM (Lambda Cold Dark
Matter) paradigm asserts that gas collapse within a dark matter halo and hierarchical
structure formation are the processes through which galaxies build up their mass (White
& Rees, 1978; Steinmetz & Navarro, 2002; Abadi et al., 2003; Hopkins et al., 2010), with
simulations showing that galaxies experience minor and major mergers over their lifetimes
(e.g. Naab et al., 2009; Di Matteo et al., 2009; Lagos et al., 2017; Nevin et al., 2023). Minor
mergers (e.g. Choi & Yi, 2017; Schulze et al., 2020), major mergers (e.g. Lagos et al.,
2022; Rutherford et al., 2024), gas accretion (e.g. Ho, 2007; Fraternali & Binney, 2008; Ho
etal., 2019; Bacchini et al., 2024), stellar feedback (e.g. Ubleretal., 2014; Bik et al., 2022),
AGN (Active Galactic Nuclei) feedback (e.g. Davies et al., 2020; D’Eugenio et al., 2024),
and environmental processes (e.g. Cappellari et al., 2011c; Rutherford et al., 2021) are
additionally capable of transforming the stellar motions within a galaxy, primarily through
the growth of dispersion-supported bulge-like structures, as well as through scattering
into thick-disc orbits and halo orbits (e.g. MW; Bournaud et al., 2011; Sales et al., 2012;
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Wilman et al., 2013; Schulze et al., 2020; Barsanti et al., 2022). With the advent of
integral-field spectroscopy (IFS; e.g. SAURON, Bacon et al. 2001, MUSE, Bacon et al.
2010, and SAMI, Croom et al. 2012), it is now feasible to examine the spatially resolved
stellar kinematic maps of massive disc galaxies and link them to other physical properties
and merger history.

Photometric studies have revealed the existence of many morphological substructures in
galaxies. The largest diversity (and greatest potential for photometric superposition) is
found in the central regions of discs as a result of bars, nuclear discs, and boxy-peanut
(BP) bulges (e.g. Sheth et al., 2005b; Coelho & Gadotti, 2011; Athanassoula et al., 2015;
Neumann et al., 2017; Seo et al., 2019; Donohoe-Keyes et al., 2019). Stellar bars can form
either in the centre of spiral galaxies in isolation (e.g. Hohl, 1971; Ostriker & Peebles,
1973) or be induced through tidal forces arising from galaxy-galaxy interactions and
mergers (e.g. Noguchi, 1987; Salo, 1991). Bars can further funnel gas to the centre of
galaxies, forming nuclear discs (e.g. Binney et al., 1991; Athanassoula, 1992; Piner et al.,
1995; Falcén-Barroso et al., 2006; Wozniak, 2015; Du et al., 2015; Méndez-Abreu et al.,
2019; Gadotti et al., 2020; Bittner et al., 2020; Verwilghen et al., 2024) and evolve to
buckle vertically out of the disc plane (e.g. Combes & Sanders, 1981; Bureau & Freeman,
1999; Erwin & Debattista, 2017; Kruk et al., 2019), giving rise to BP bulges. Evidently,
the study of bulges, bars, nuclear discs, and BP bulges can assist in tracing the evolutionary
history of a galaxy. However, while each component manifests itself photometrically, the
integrated 2D projection of light we observe on the sky represents all of them together,
leading to a highly degenerate problem. Although some work has been carried out
using major axis surface brightness profiles to identify bars at certain position angles (e.g.
Freeman, 1970; Liitticke et al., 2000a,b; Bureau et al., 2006), one key way to disentangling
these components lies in the stellar kinematics, where a line-of-sight velocity distribution
(LOSVD) can be determined for each spaxel of a galaxy.

Building on previous work (e.g. Athanassoula, 1992; Bureau & Athanassoula, 2005;
lannuzzi & Athanassoula, 2015; Li et al., 2018), Fraser-McKelvie et al. (2025) employed
a Gauss-Hermite parametrisation of stellar kinematics (V, o, h3, and h4) (van der Marel
& Franx, 1993; Gerhard, 1993) to qualitatively classify central kinematic structure (e.g.
bars and nuclear discs) in 12 edge-on disc galaxies from the GECKOS ! (van de Sande
et al., 2024) sample. However, the physical interpretation of stellar kinematics can be
challenging. While Gauss-Hermite parameters quantify the shape of the LOSVD and
are sensitive to underlying kinematic structures (e.g. Chung & Bureau, 2004; Bureau &
Athanassoula, 2005; Fragkoudi et al., 2020), these quantities are shaped by a combination
of intrinsic galaxy properties, such as mass distribution and velocity anisotropy, as well
as projection effects, such as inclination and line-of-sight (LoS) integration. This is
where dynamical modelling becomes essential, as it can turn observed velocity maps into
physically interpretable quantities.

In particular, axisymmetric Jeans anisotropic models (JAMs, Cappellari, 2008, 2020) have
been widely applied to early-type and passive disc galaxies (e.g. Cappellari et al., 2013; Li
et al., 2017; Ene et al., 2019), which are typically well suited to axisymmetric modelling

!Generalising edge-on galaxies and their chemical bimodalities, kinematics, and outflows out to Solar
environments
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due to their lack of strong internal kinematic structure (e.g. bars) and low levels of dust
obscuration. To separate the velocities of JAM models into ordered and random motions,
it is necessary to make assumptions about velocity anisotropy. However, enclosed mass
profiles and stellar mass-to-light ratios can be recovered from just the V;ny field, and JAM
models can still reliably recover these for galaxies with modest velocity non-axisymmetries
(e.g. Lablanche et al., 2012; Li et al., 2016).

A complete picture of galaxy evolution requires kinematic models not only of passive
galaxies, but also of a full sample across all star formation rates. In particular, the GECKOS
(van de Sande et al., 2024, van de Sande et al. in prep) sample provides a particularly
difficult opportunity, as they were selected with a >2 dex range in star formation rates. In
this context, JAM typically struggles with strongly star-forming galaxies, particularly those
with complex kinematic structures (e.g. Mitzkus et al., 2017). Dust further complicates
modelling, particularly in the edge-on case, where it attenuates light from the far side of
the disc, preferentially obscures dynamically cold components, and effectively alters the
stellar populations probed. Moreover, the stellar orbits of bars and multiple kinematically
decoupled discs (e.g. nuclear discs) are complex and non-axisymmetric (e.g. Skokos et al.,
2002a,b; Binney & Tremaine, 2008; Valluri et al., 2016; Tikhonenko et al., 2021). The
x1 orbits in stellar bars (Contopoulos & Papayannopoulos, 1980), for example, generate
excess non-axisymmetric LoS velocities at the bar ends (e.g. Athanassoula, 1992; Sellwood
& Wilkinson, 1993; Fragkoudi et al., 2017; Kim et al., 2024) that are fundamentally
inconsistent with an axisymmetric model. Despite these challenges, modelling GECKOS
galaxies comprehensively across a range of star formation rates and dust obscuration levels
provides an opportunity to understand how dust affects derived dynamical parameters for
edge-on discs, and further enables us to probe how the combination of structures, such as
bars and dynamically cold discs, affects kinematic measurements.

Orbit-superposition techniques such as Schwarzschild modelling (Schwarzschild, 1979;
Jethwa et al., 2020) offer a more general approach, capable of handling orbits arising from
within a non-axisymmetric potential (e.g. Krajnovi¢ et al., 2005; van den Bosch et al.,
2008; Vasiliev, 2013; Krajnovi¢ et al., 2015; Vasiliev & Valluri, 2020; Jethwa et al., 2020;
Tahmasebzadeh et al., 2022), and have recently shown success in reproducing barred
and multi-component structures (Tahmasebzadeh et al., 2024). Other techniques such as
asymmetric drift correction (Leung et al., 2018) have also been applied; however, these
techniques are very computationally demanding and suffer from the same dust obscuration
issues as JAM.

To improve our understanding of how dust and kinematic structure affect dynamical
modelling of edge-on galaxies, we have two goals in this paper: the first, to examine
and quantify the effect of dust on the goodness-of-fit criterion and returned dynamical
parameters of JAM models applied to edge-on discs; and the second, to explore the
diversity of kinematic structures at the centre of GECKOS galaxies. To this end, we
propose a simple experiment to understand what would happen if we attempt to model
an edge-on galaxy with only simple, axisymmetric disc components. The outer regions
of unflared disc galaxies are well modelled (i.e. stellar mass and circular velocity can
be well recovered) in most cases with a dynamically cold ‘thin’ disc, with or without the
addition of a dynamically warmer ‘thick’ disc (Kalinova et al., 2017; Leung et al., 2018).
We wish to understand how the velocity residuals obtained after subtracting a JAM model
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from the data are affected by dust, and if we can link any coherent residual structure to
non-axisymmetric kinematic components present. Edge-on galaxies are the perfect test
bed for such an experiment, as the greatest component of LoS velocity is available to us,
dust effects are maximised, and central structure light (i.e. structures that bulge’ out of
the disc) is not superimposed with disc light.

In this paper, we construct axisymmetric JAM models of seven galaxies from the GECKOS
survey, representative of a range of star formation rates (SFRs), dust levels, and kinematic
structures. In Sect. 2.2 we describe the GECKOS data, our sample selection, and surface
brightness modelling. In Sect. 5.3 we briefly describe the JAM method and how we
applied it to our work. In Sect. 2.4 we describe how different dust masks affect the
goodness of fit of our models and describe coherent structures visible in the velocity
residuals of our least dusty galaxy, NGC3957. In Sect. 3.5 we quantify the impact of
dust on the dynamical parameters derived from JAM models and extend the analysis of
kinematic structures to the remaining galaxies in our sample. Throughout this paper, we
use ACDM cosmology, with Q,, = 0.30, Q = 0.70, and Hy = 70 km 571 Mpc‘l, and a
Chabrier (2003) stellar initial mass function.

5.2 Data

The GECKOS survey is a European Organisation for Astronomical Research in the South-
ern Hemisphere (ESO) Very Large Telescope (VLT)/Multi-Unit Spectroscopic Explorer
(MUSE) large programme. The GECKOS survey targets 36 edge-on disc galaxies, aiming
for a S/N of 40 A~! per Voronoi bin (Cappellari & Copin, 2003), extending to a surface
brightness isophote of y, = 23.5 mag arcsec”>—comparable to the Sun’s location in the
Galactic disc (Melchior et al., 2007). Targets were selected within a heliocentric distance
range of 15 to 70 Mpc from the S4G survey (25/36; Sheth et al., 2010) and HyperLeda
(11/36; Makarov et al., 2014). Eight galaxies in the sample possess archival data, and we
build on these to reach the required surface brightness constraints.

5.2.1 Sample Selection

We selected galaxies for this study based on two criteria: (i) they were observed and
reduced prior to December 2023, and (ii) archival Spitzer IRAC 3.6um photometry is
available for use in Multi-Gaussian Expansion (MGE) modelling (see Sect. 5.2.3). We
attempted to avoid dust attenuation in our mass and luminosity models by deriving them
from Spitzer IRAC 3.6um imaging. These constraints resulted in a pilot sample of
seven galaxies: NGC 5775, UGC 00903, NGC 3279, NGC 0360, IC 1711, NGC 0522, and
NGC3957. NGC 5775 and UGC 00903 exhibit star formation rates exceeding that of the
Milky Way, NGC 3279 and NGC 0360 have rates comparable to the Milky Way, while
IC 1711, NGC 0522, and NGC 3957 show lower star formation activity. The Spitzer IRAC
3.6um imaging is presented in Fig. 5.1. Although this sample is limited in size, it covers
a range of star formation rates, dust content, and kinematic structures. The properties of
this sample are summarised in Table 5.1 and provide a useful test bed for exploring the
impact of dust and non-axisymmetric structures on dynamical modelling. We note here
that the MUSE spatial coverage varies from galaxy to galaxy, impacting the distribution
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Table 5.1: The properties in this table are as follows: Galaxy ID, global star formation
rate (WISE W4 band, Cluver et al., 2014), dust proxy (median E(B-V)) (NGIST, Fraser-
McKelvie et al., 2025), previously classified kinematic structure (Fraser-McKelvie et al.,
2025), and assumed distance from Earth (CF4, Table 5, column 2, Tully et al., 2023).

ID SFR [My/yr] Median Kinematic Structures Distance
E(B-V) [Mpc]
NGC5775 6.84 0.293 - 18.9
UGCO00903 4.17 0.207 Counter-rotating disc 37.7
NGC3279 1.99 0.117 Close to pure disc 29.9
NGCO0360 1.46 0.189 - 31.2
IC1711 1.08 0.107 Boxy-peanut bulge and 44.9
nuclear disc
NGCO0522 0.64 0.076 bulge 36.2
NGC3957 0.27 0.048 Boxy-peanut bulge and 24.8

nuclear disc
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Figure 5.1: Spitzer IRAC 3.6um imaging of our sample of seven GECKOS galaxies.
The images are scaled with an inverse hyperbolic sine (arcsinh) scaling, and masked
regions (bright stars, imaging artefacts) are shown in white. There are clear star-forming
spiral arms in NGC 5775 and NGC 0360.

of E(B—V) values observed in each system.

5.2.2 Data Reduction and Analysis

Data reduction was performed using the PyTHoN package pymusepipE> (Emsellem et al.,
2022) and is described in Fraser-McKelvie et al. (2025). pyMUSEPIPE was used to create
mosaicked data cubes from MUSE science exposures. PYMUSEPIPE was built around the
MUSE Data Reduction Pipeline (Weilbacher et al., 2020) and behaves as a data organiser
and wrapper for the ESO Recipe Execution Tool (Esorex, ESO CPL Development Team,

Zhttps://github.com/emsellem/pymusepipe
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2015).

To extract stellar kinematics from our data, we applied the NGIST® pipeline (Fraser-
McKelvie et al., 2025) on the fully reduced and mosaicked data cubes. NGIST is an
upgraded version of the GIST pipeline (Bittner et al., 2019), which is a wrapper for
existing spectral fitting routines for the analysis of IFS galaxy data. NGIST is a publicly
available, modular, and documented* code applicable to any galaxy IFS data.

In this study, we utilised NGIST version 7.2.1 to generate 2D maps of two-moment stellar
kinematics, applying Voronoi binning to achieve an S/N of 100 per pixel (equivalent to
80 A~!, calculated over the wavelength range of 4800-7000 A). This wavelength range
was chosen to minimise the inclusion of skylines in the S/N estimate. We chose a binning
with S/N = 100 because we focus on the central regions of our galaxies, where S/N is very
high and spaxels typically exceed this requirement. The kinematics were derived from a
wavelength range of 4800-8700 A. The Jeans equations, as implemented in JAM, are a
function of the true moments V and o. As a result, we approximate these true moments
by enforcing a Gaussian LOSVD (fixing all high-order Gauss-Hermite coefficients to
Zero).

We utilised the penalised pixel fitting (pPXF) routine, as described by Cappellari &
Emsellem (2004) and Cappellari (2017) in the NGIST stellar kinematics (KIN) module, in
combination with the X-shooter stellar template library (Verro et al., 2022). We chose to
use the X-shooter stellar library for its broad wavelength coverage, high spectral resolution
near the Calcium II triplet (CaT), and agreement with prior studies suggesting that stellar
spectra are generally more reliable than simple stellar populations (SSPs) for determining
stellar kinematics (e.g. van de Sande et al., 2017b; Belfiore et al., 2019). Following
previous IFS studies including SAURON (Emsellem et al., 2004), ATLAS?P (Cappellari
et al., 2011a), SAMI (van de Sande et al., 2017b), MaNGA (Belfiore et al., 2019; Westfall
et al., 2019), and PHANGS (Emsellem et al., 2022), a Legendre polynomial was applied
to better match the data to the spectral templates. Motivated by the analysis of van de
Sande et al. (2017b) and its application to the GECKOS dataset in Fraser-McKelvie et al.
(2025), we chose a 23"-order additive Legendre polynomial. A first-order multiplicative
polynomial is also fitted to correct minor continuum variations caused by imperfect sky
subtraction and dust attenuation. Initial velocity guesses are sourced from the NASA
Extragalactic Database, with a starting stellar velocity dispersion guess of 100 km s~!. In
this work, we used the nGIST output mean LoS stellar velocity (V) and stellar velocity
dispersion (o) maps, along with the corresponding Voronoi bin positions. From the
NGIST stellar populations and star formation histories module (SFH), we used the stellar
dust absorption E(B—V) maps for our dust masking, calculated assuming a Calzetti et al.
(2000) extinction curve. Additionally, we note that PPXFhas been shown to underestimate
formal uncertainties (e.g. Bergamini et al., 2019; Granata et al., 2025), with Bergamini
et al. (2019) demonstrating that the true uncertainty in stellar velocity dispersion is 20%
higher than the value derived by PPXF. As a result, we increased our o uncertainty by
20% and conservatively increased our V uncertainty by 20% as well. As a final step, we
calculated the median velocity from the V map within a circular aperture of diameter 1 kpc,

3https://github.com/geckos-survey/ngist
“https://geckos-survey.github.io/gist-documentation/
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centred on the galaxy, and subtracted this systemic velocity from the velocity map.

5.2.3 Surface Brightness Modelling

Dynamical modelling with the JAM formalism requires a model for the gravitational
potential (which can also include, for example, a dark matter halo) and the tracer stellar
population. We thus required both a) imaging of our galaxy sample that accurately
represents the stellar distribution (i.e. unaffected by dust) and b) a method for modelling
this stellar distribution that is efficient and allows computationally efficient evaluation of
the Jeans equations.

Spitzer 3.6.m Imaging

As our sample contains highly inclined galaxies, the impact of dust absorption along the
dust lane and/or photometric major axis is strong and requires care with the selection of our
photometry. Any imaging in a wavelength band similar to the kinematic maps wavelength
range (e.g. SDSS r band) is strongly affected by dust. For this reason, we chose to use
3.6um mid-IR imaging from the Spitzer Space Telescope (Fazio et al., 2004). Cutouts
of each galaxy in our sample were downloaded from the NASA IPAC Infrared Science
Archive and are shown in Fig. 5.1.

Multi-Gaussian Expansion Profiles

The majority of previous work with JAM has utilised the MGE parametrisation of Mon-
net et al. (1992); Emsellem et al. (1994a), which can accurately reproduce the surface
brightness of real galaxies and has an efficient and widely used routine (Cappellari, 2002).
This approach assumes that the 2D projected luminosity, /, of a galaxy on the sky can
be represented by a sum of N Gaussians. Each Gaussian has total luminosity L, an
observed axial ratio ¢, and a dispersion oy along the major axis. This model may then be
convolved with a second sum of Gaussians representing the point-spread function (PSF),
which allows the model to stay within the MGE formalism.

We created MGE models of the Spitzer 3.6um imaging for each galaxy in our sample.
We used a Gaussian with a full width at half maximum (FWHM) of 1.66" (the average
PSF for IRAC 3.6um imaging; Khan, 2017) for our PSE. We fixed the position angle of
all Gaussians to be the same, as JAM cannot account for non-axisymmetric structures.
We show an example of an MGE fit to IC 1711 in Fig. 5.2. Similar fits were created for
all galaxies in the sample. These resulting Spitzer MGEs were used as the model for the
tracer stellar population, and its contribution to the total gravitational potential.

5.3 Methods

We used the solutions to the Jeans equations (Jeans, 1922) in cylindrical coordinates, using
the JAM code of Cappellari (2008). For a more detailed explanation of the formalism, see
Cappellari (2008).
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Figure 5.2: MGE fit to the galaxy IC 1711. Spitzer 3.6um imaging contours are in
black, the MGE model contours are in red, and masked regions (other sources) are in
yellow. The contours are spaced by 0.5 mag arcsec™2. The right-side panel is a zoomed-in
version of the left-side panel, with the scale shown by a box around the central region in
the left-side panel.

In this work, we assumed that the velocity ellipsoid is aligned with cylindrical coordinates,
which has been shown to be accurate near the equatorial plane and along the minor axis
of fast rotators (Cappellari et al., 2007). We used our MGE model as the luminous
density for JAM. We then multiplied by a global and constant mass-to-light ratio and
added a spherical Navarro—Frenk—White (NFW) (Navarro et al., 1997) dark matter profile
to obtain our gravitational potential. The NFW profile is defined by only one parameter
— the dark matter fraction within 1R,. The NFW slope was set to y = —1, as in Navarro
et al. (1997), and the halo break radius to » = 20 kpc. We made this choice as the halo
break radius is not well constrained by typical spectroscopic datasets, which are heavily
biased towards the central baryon-dominated regions (of MW-mass galaxies), and setting
r = 20 kpc provides models of equally good quality as letting it vary (Bellstedt et al.,
2018). Given that our GECKOS MUSE data do not extend beyond » = 20 kpc, the
precise choice of break radius should not significantly affect dynamical parameters, nor
the velocity residuals at even smaller radii.

We constructed JAM models for the seven galaxies in our sample. We used the EMCEE
package (Foreman-Mackey et al., 2013b) in PyTHoN to fit the free parameters of the
model for each galaxy, where the likelihood function is simply the JAM procedure of
Cappellari (2008) and its derived global Viyg sze duced- Ve used a uniform prior across
a reasonable estimation range for each free parameter. These free parameters are stellar
mass-to-light ratio, dark matter fraction, inclination, and S, the stellar orbital anisotropy
of the individual Gaussians that compose the stellar MGE. The JAM model then outputs a
Vims map, where V2, . = V2 + 02, V is the mean stellar velocity and o is the stellar velocity
dispersion. For each model, we applied a dust mask to the observed kinematic maps based
on the E(B-V) stellar dust absorption maps, masking any Voronoi bin with E(B—V) above
a given threshold. Our initial models adopt a cut-off value of E(B-V) = 0.7, but we also



110
E(B-V) > 0.7 Masked E(B-V) > 0.2 Masked
Ii - Kk

UGC00903

]
-

C
% 'c g
w .‘ 1 kpc [-166,166]

Figure 5.3: Illustration of masking for two E(B—V) thresholds across our sample, overlaid
on the V maps. Each row corresponds to a galaxy, ordered from top to bottom by
decreasing star formation rate. The left column shows masks where Voronoi bins with
E(B-V) > 0.7 are excluded (greyed out), while the right column shows masks for E(B-V)
> 0.2. Galaxies are also labelled with their star formation rates in Mg, yr~'. We show the
range in the velocity colour bar in the bottom right of the right-side panels. Aggressive
masking removes most mid-plane bins in highly star-forming galaxies.
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used several thresholds down to E(B—V) = 0.2 to test the robustness of our results against
the impact of dust. Figure 5.3 illustrates the difference between our highest and lowest
masking thresholds, with E(B—V) > 0.7 masked in the left column and E(B-V) > 0.2
masked in the right column. Finally, the first velocity moment, V, was found by defining a
k parameter for our luminous Gaussians. The k parameter defines the amount of rotation
in Viys. Derived dynamical parameters were not affected by our choice of «, as they are
only dependent on the V2 . map. In principle, allowing « to vary across the luminous
Gaussians could improve the recovery of the V map, as different components such as
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thin discs, thick discs, and nuclear discs have different rotational supports. However, to
maintain simplicity, we adopted a single constant «, scaled so that the model velocity field
matched the projected angular momentum of our observed galaxy.

5.4 Results

5.4.1 JAM Models

We fitted the JAM models to each galaxy in our sample, applying our E(B-V) < 0.7
requirement to each Voronoi bin in this first set of models. Maps of Vs and the derived
quantities V and o, are shown in Figs. 5.4-5.6 for NGC 3957, IC 1711, and NGC 0522.
The remaining galaxies do not exhibit clear non-axisymmetric structure, and their maps
are shown in Figs. B.1-B.4. The left column shows Vg, V, and o derived from NGIST
output for the seven GECKOS galaxies, the central column shows the same but from the
JAM model, and the right column shows the residuals, i.e. data minus model.

Data Model Residuals
Vims [km/s 161.79 161.79 33.7
o)
79.21 79.21 -33.7
V [km/s] 133.69 133.69 19.35
D A
N ) { .
-133.69 -133.69 -19.35
o [km/s] 102.57 102.57 30.42
)
g -
~ -
42.43 42.43 -30.42
4 2 0 2 3 5 7 4 2 0 2 3 5 7 4 2 0 2 3 5 7
R [kpcl] R [kpcl] R [kpcl]

Figure 5.4: JAM model for galaxy NGC 3957. The upper row shows the Vi, map, the
central row shows the V map, and the lower row shows the o map. The left column
shows NGIST mean light-weighted velocity V and o binned to S/N=100, as well as the
derived quantity Vims = VV2 + 2. The central column shows the dynamical model, and
the right column shows the residuals (data minus model). The model is fit to the Viyg
map, and a « value is fit to find the V map from V;n,s. Additionally, we circle structures
in the V residual map that we believe corresponds to kinematic components, which JAM
failed to successfully model.

Measuring the goodness of fit of our models was not straightforward, particularly given
that non-axisymmetric structures are expected to induce systematic discrepancies between
the observed and modelled kinematics, particularly in the bulge-dominated regions of our
galaxies. One of our aims was to use these discrepancies, where possible, to diagnose these
structures. As a result, instead of evaluating y?> 4 as a global statistic, we evaluated it

reduce
as a function of radius. We computed sze duced 88 @ moving average, within radial bins of
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Figure 5.5: Same as Fig. 5.4, but for IC 1711 and without the circling of structures.
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Figure 5.6: Same as Fig. 5.4, but for NGC 0522 and without the circling of structures.

0.5 X Ry, where R is the disc scale radius (Salo et al., 2015)°. This radial smoothing
allowed us to identify how well the different regions of our galaxy (e.g. bulge dominated
and disc dominated) were fit.

Figure 5.7 illustrates the goodness of fit for each galaxy in our sample as a function of
radius and dust masking level. In each panel, we show the moving average of sze duced® for
each mask threshold in E(B-V). The x-axis is shown as a function of disc scale radius,
and the y-axis range is kept the same for each galaxy to aid in comparison. We show
sze duced = | as a dotted line, and R; = 0.5 (the bulge-dominated region, e.g. Fisher &
Drory 2010) and R; = 2.2 (the disc-dominated region, e.g. Freeman 1970; Persic et al.
1996) as vertical dashed lines. Finally, we plot the sze duceq Measure for our E(B-V) < 0.7
model, but only applied to E(B-V) < 0.2 bins in grey. We first find that in the disc-
dominated region (0.5 < R/R; < 2.2), most galaxies approach sze duced < 9, Indicating a
reasonable fit for the disc component of the galaxy, in comparison to the bulge. In our most
actively star-forming galaxies (NGC 5775, UGC 00903, and NGC 3279), more aggressive

dust masking results in strong improvement. This is less apparent but remains true

>Disc scale-radii for Spitzer 3.6 um imaging were derived for multi-component Sérsic fits. We estimated
R4 for NGC 3957 from a second-component Sérsic fit to its photometry, as this was not calculated by Salo
et al. (2015).
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within the bulge-dominated region (R/R; < 0.5) of NGC 0360 and NGC 0522. However,
IC 1711 and NGC 3957 show little improvement with stronger masking. Interestingly,
these galaxies have previously been identified as hosting non-axisymmetric structures
(bars, Fraser-McKelvie et al., 2025). This may hence indicate that these non-improving
galaxies possess non-axisymmetric structures. However, as these galaxies also have the
lowest SFRs and thus presumably lower dust content, the smaller improvement from dust
masking might reflect fewer bins being masked. The sze duceq Measure for our E(B-V) <0.7
model applied to E(B—V) < 0.2 bins generally follows the E(B-V) < 0.2 model for most
galaxies, with the exception of NGC 5775. This is because for most galaxies, there are not
enough dusty bins with 0.2 < E(B-V) < 0.7 to affect the fit significantly, and sze duced 18
driven almost entirely by only measuring dust-free bins. In the case of NGC 5775, there
are enough dusty bins to affect the E(B—V) < 0.7 model. Overall, in the disc-dominated
region (0.5 < R/R; < 2.2), we find that most galaxies approach y> < 5, indicating a

reduced ~
reasonable fit for the disc component of the galaxy in comparison to the bulge.

5.4.2 Kinematic Residual Map Structure

We now examine the spatial distribution of kinematic residuals. These residual maps
contain valuable information about localised deviations from axisymmetry. Nonetheless,
we must be careful to take into consideration the effect of dust and masking. We note here
that JAM fits a symmetrised transformation of the input kinematics. Thus, some velocity
residual structures are introduced purely by this symmetrisation process and should not be
misinterpreted as non-axisymmetric velocity components. To illustrate this we show the
V maps for our sample as well as the symmetrised Vs, maps in Fig. 5.8. We also compare
the residuals V — Viym, V = Vinodel, and Vsym — Vinodel. The Viym — Vinodel residual should
be free of any structures due to symmetrisation, and thus we only classify structures that
are clearly visible in this and the V — V4] residual.

We begin our analysis with NGC 3957, which has the lowest SFR, the lowest median
E(B-V), and the best-fit model that exhibits only small variations with changes in our
masking threshold. We thus expect the JAM models of NGC 3957 to have the least
impact from dust obscuration, with any deviations from a good model fit due to non-
axisymmetric structure rather than dust. However, we take care to consider only structures
in the kinematic residuals that are not impacted by dust (i.e. visible even with E(B-V) < 0.2
masking applied; see Fig. 5.3). Finally, we obtain the kinematic structure classification
from Fraser-McKelvie et al. (2025), which suggests that NGC 3957 has a BP bulge and
nuclear disc. In Fig. 5.4 we highlight coherent structures in the V residual maps of
NGC 3957 by circling these structures in dashed ellipses.

A compact, symmetric (around R = 0) feature of residual velocity exceeding that of its
surroundings is apparent in the V residual map (R < 1 kpc), suggestive of a nuclear disc.
This residual feature peaks at approximately 0.25kpc along the major axis in agreement
with the size of the nuclear disc in NGC 3957 found by Fraser-McKelvie et al. (2025,
0.28kpc). Although nuclear discs are, to a good approximation, axisymmetric (although
some host nuclear bars) and could, in principle, be modelled with JAM, accurate recovery
would require finely tuned low-dispersion, highly flattened Gaussians in the MGE. We
acknowledge a larger structure below the mid-plane, with inverted signs at a similar scale,
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Figure 5.7: Moving-average sze duceq Value for each galaxy in our sample, plotted as a
function of R/R;, where Ry is the disc scale length. For each galaxy and each dust
maskmg cut-off, we measure )( educed 11 @ 0.5 X R, bin, spaced in radius along the major
axis. )(re duced = 1 18 represented by a dotted line, and Ry = 0.5 (bulge-dominated region,
e.g. Fisher & Drory, 2010) and R; = 2.2 (disc-dominated region, e.g. Freeman, 1970;
Persic et al., 1996) are represented by vertical dashed lines. We also plot in grey the
sze duceq Measure for our E(B-V) < 0.7 model, but applied to E(B-V) < 0.2 bins. Dotted
blue lines are plotted at 3.5 kpc for IC1711 and at 2.5 kpc for NGC 3957, the radius at
which their photometric shoulders end (see Sect. 5.5.2). We note that NGC 5775 and
NGC 0360 are not perfectly edge on and show clear spiral arms in their photometry. This
explains their strong peaks in y2 A general trend of decreasing y> 4 With mask

reduced”
level is shown, as well as discs fit better than bulges.

reduce

which we have not circled. However, as seen in Fig. 5.8, this is an artefact of the velocity
symmetrisation process of the JAM model. Thus, we do not consider it correlated with
any physical structure.

At intermediate radii (~ 2.5 kpc), we identify and circle prominent residuals in the V
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Figure 5.8: Velocity maps for all seven galaxies in our sample, demonstrating the effect
of symmetrisation within the JAM model. The leftmost column shows the observed
velocity (V) maps. The Viyy, column presents the same velocity maps after applying
the symmetrisation procedure used by the JAM model. The V — Vi, column shows
the residuals between the observed and symmetrised velocities. The V — V041 column
shows the residuals between the observed velocity and the best-fitting JAM model (with
a mask of E(B—V)<0.7). Finally, The Vsym — Vinodel column shows the residuals between
the symmetrised velocity field and the JAM model. Our diagnosis of non-axisymmetric
velocity structures consider only features that are also clearly visible in the Vym — Vinodel
residuals, as these are unaffected by the symmetrisation process.

residual map along the major axis that stand out in magnitude and structure, exhibiting
opposite signs across the disc and exceeding the surrounding residual levels. These
structures suggest an excess of mean velocity, a few kiloparsecs along the major axis of the
disc, on both sides of the galaxy centre. This is consistent with the kinematic signatures
expected from a bar, where non-circular motions generate excess LoS velocities near the
bar ends (e.g. Athanassoula, 1992; Sellwood & Wilkinson, 1993; Fragkoudi et al., 2017;
Kim et al., 2024).

Finally, the V residual maps reveal an X-shaped structure. Such features are known
indicators of BP bulges when observed photometrically via unsharp masking (e.g. Bureau
et al., 2006; Fraser-McKelvie et al., 2025), tracing stars on vertically resonant orbits. The
detection of an X-shaped residual in the stellar kinematic V map supports the interpretation
of a BP bulge, as velocity moments can trace this structure off the plane of the disc (Iannuzzi
& Athanassoula, 2015; Fragkoudi et al., 2017) due to the bifurcated x; orbits that populate
BP bulges (e.g. Skokos et al., 2002a; Patsis & Xilouris, 2006).

We use NGC 3957 as an illustrative example, given its clear kinematic signatures and
known structures. The remaining galaxies with notable residuals are IC 1711 and NGC 0522,
and are discussed in Sect. 5.5.2. The remaining galaxies in our sample (NGC 0360,
NGC 3279, NGC 5775, and UGC 00903) do not show residuals consistent with known
structures, and hence we do not discuss their residuals in detail.
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5.5 Discussion

5.5.1 The Impact of Dust on JAM Models of Edge-on Disc Galax-
ies

Most previous applications of JAM modelling have been applied to passive, dust-free, and
unbarred galaxies, where the model assumption of axisymmetry is likely to hold. Early
work with the JAM formalism (e.g. Monnet et al., 1992; Emsellem et al., 1994a,b, 1999;
Cappellari, 2008; Cappellari et al., 2009, 2013) was primarily performed on early-type
galaxies from the SAURON and ATLAS?P surveys. These studies demonstrated that JAM
models could robustly recover the mass-to-light ratio (M/L), velocity anisotropy, and dark
matter fraction for elliptical and lenticular galaxies. There has been work done on barred
systems (e.g. Lablanche et al., 2012; Li et al., 2016), but these have mostly been simulation
studies.

In contrast, dusty, star-forming disc galaxies pose significant challenges to dynamical
modelling. These systems are affected by prominent dust lanes that distort both the
observed light distribution and the weighting of the stellar kinematics. As a result,
they violate JAM assumptions and are generally under-represented in the JAM literature.
While some work has been carried out on JAM’s reliability in more complex systems
(e.g. Lablanche et al., 2012; Li et al., 2016), observational applications to highly spatially
resolved, dusty, star-forming discs remain rare. Some work has been done on samples that
contain spiral galaxies (e.g. Scott et al., 2015; Zhu et al., 2023), but a thorough discussion
of the impact of dust was not included. This study therefore represents one of the first
applications of JAM to such galaxies with the intention of studying the effects of dust.
By focusing on a small but representative sample of edge-on discs with a range of dust
distributions and star formation rates, we explore whether JAM can still provide reliable
dynamical constraints under these more difficult conditions.

To test whether reliable dynamical parameters could be extracted from partially masked
data, we compared derived enclosed masses at 2.5kpc, 4.0kpc, and 10.0kpc, as well as
derived inclinations, across a range of dust masks from E(B-V) > 0.2 to E(B-V) > 1.0.
The enclosed mass values are a function of the derived M/L and dark matter fraction,
as the MGE light model for each galaxy remains consistent. All galaxies show stable
values within 10%, indicating that global dynamical properties remain robust even when
excluding the kinematics of the dust-dominated central regions. Interestingly, UGC 00903
has both a comparable Vi fit and reliably determined dynamical parameters relative to
the rest of the sample, despite hosting the most unusual kinematic structure, with a clearly
visible counter-rotating thick disc (see Fig. B.4). This is because dynamical parameters
are recovered solely from the Viy¢ field, which is independent of how the kinematics
separate into ordered and random motions, does not depend on the sign of V, and makes
no assumptions about the anisotropy. Indeed, JAM has been used previously to find the
mass distribution of galaxies with counter-rotating discs (Mitzkus et al., 2017).

Our results are consistent with previous simulation-based studies, demonstrating that
global M/L ratios in edge-on discs can be reliably recovered with JAM modelling, even
in the presence of non-axisymmetric structures (Lablanche et al., 2012), and that the
enclosed mass can be recovered to within 10% when the true mass distribution is known
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(Li et al., 2016). We extend these findings by showing that, although the true enclosed
mass is unknown for our galaxies, the recovered mass remains consistent within 10% and
is not biased across a wide range of dust masking thresholds.

5.5.2 Connecting Residuals to Physical Structure
NGC 3957 as a Benchmark System

NGC 3957 provides a particularly clean case for interpreting residuals, due to its combina-
tion of low dust content, low star formation rate, and clear photometric features suggestive
of non-axisymmetry. Most importantly, we are more confident that these features are due
to non-axisymmetries, because the dust content is low (Fig. 5.3), our model changes little
when we apply more aggressive masking (Fig. 5.7), and the features are not apparent in
the symmetrised velocity residuals (Fig. 5.8). As our best-fitting system, it provides an
ideal benchmark for interpreting residuals in terms of physical substructures.

Photometric evidence supports the presence of a bar in NGC 3957. As discussed by
Bureau & Athanassoula (2005), Freeman Type II surface brightness profiles (Freeman,
1970) are suggestive evidence of bar structure (e.g. Gadotti & de Souza, 2003; Erwin
et al., 2008; Kim et al., 2016), due to resonances and instabilities in the bar leading to
a redistribution of disc material. A Freeman Type II profile occurs when the major-axis
surface brightness exhibits a local depression beyond the central component, followed
by a flat or slightly rising plateau (depending on the bar orientation) before transitioning
into an outer exponential decline. Of the seven GECKOS galaxies in our sample, only
NGC 3957 and IC 1711 clearly display this shoulder in their major-axis 3.6um surface
brightness profiles, which we show in Fig. 5.9. We also note that NGC 0522 shows
possible kinematic evidence for a bar (see Sect. 5.5.2), and its surface brightness profile
shows noticeable flattening but less pronounced shoulders than NGC 3957 and IC 1711.
We caution that this signature is only visible when the bar is not oriented end-on, as
projection effects can obscure the shoulder (e.g. Liitticke et al., 2000b; Athanassoula,
2005a).

In Sect. 5.4.2, we highlighted the different structures visible in the V map residuals
for NGC 3957. Here, we attempt to correlate these velocity residuals with photometric
evidence for a bar. If a bar is present, we expect non-axisymmetric stellar motions,
particularly those from elongated x; orbits in the disc plane, to manifest as velocity
excesses along the disc major axis. For this, we extract velocities from the data, model,
and residual maps along three slices, each 1.5" thick: one along the mid-plane (0 kpc
offset), one just above it (0.1 kpc), and one further off-plane (0.75 kpc). All slices were
taken on one side of the mid-plane, on the opposite side of the dust lane. This allows us
to probe both in-plane structures and off-plane structures away from the dust lane.

In Fig. 5.9, we show the velocity profiles along these slits for NGC 3957 and IC 1711, with
the data represented by the orange line, the model by the purple line, and the residual by the
black line. We also show the photometric shoulders from Spitzer IRAC 3.6 um imaging.
The vertical dashed lines are drawn to approximately where the photometric shoulders
end. For NGC 3957, this corresponds to a radius of ~ 2.5kpc, almost exactly where the
peak is in the residual velocities, seen most strongly in the 0.1 kpc offset slit.
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Figure 5.9: Stellar velocities and surface brightness profiles for NGC 3957 and IC 1711.
For NGC 3957, panels (a), (c), and (e) show velocities extracted from horizontal slits
parallel to the major axis, with the data in orange and the model in purple. Panel (a)
shows a slit offset from the major axis by 0.75 kpc,

panel (c) by 0.1 kpc, and panel (e) by 0 kpc. Panels (b), (d), and (f) show the residual
velocity from the slits in the panels above, (a), (c), and (e) respectively. Panel (g) shows
the surface brightness profiles from Spitzer IRAC 3.6 ym imaging. The total flux summed
along the minor axis for each point along the major axis is shown in blue, and the flux
along the major axis is shown in red. The dashed black vertical lines at £2.5 kpc indicate
where the photometric shoulders in the major axis profile end. The same is shown for
IC 1711 with panels (h), (j), and (1) indicating corresponding velocities; (i), (k), and (m)
indicating residuals; and panel (n) indicating surface brightness profiles. Dashed black
vertical lines shown at 3.5 kpc indicate where the photometric shoulders end.




119

We include IC 1711 in the same figure for comparison. Although this galaxy has more dust,
it also exhibits a Freeman Type II profile and strong velocity residuals. The photometric
shoulders for IC 1711 are at aradius of ~ 3.5kpc, corresponding almost exactly to where the
excess velocities drop to zero after a peak, seen most strongly in the O kpc and 0.1 kpc offset
slits. While this is different from NGC 3957, where the shoulders spatially corresponded
to a peak in velocity residuals, the resemblance to NGC 3957 still lends further support
to the interpretation that such kinematic structures can trace bar-like components, even in
dustier systems. Further to this, we see strong peaks in sze duced &t 2.5 kpe for NGC 3957
and 3.5 kpc for IC1711 in Fig. 5.7. As modelled Vs requires fewer assumptions than
modelled V, this lends greater weight to the correlation between these kinematic residuals
and the presence of a bar. We emphasise here that we are simply showing that there is a
spatial correlation between the kinematic residuals and photometric major-axis shoulders
in both NGC 3957 and IC 1711. We do not make predictions on what orbital structures
cause this, nor any implied bar size or position angle.

Extending Lessons from NGC 3957 to Our Remaining Sample

Building on the lessons from NGC 3957, we explore whether similar interpretations of
residuals can be extended to dustier, more star-forming galaxies in our sample. We note
here that NGC 3957 has been identified as hosting a BP bulge in previous studies (Bureau
& Freeman, 1999; Liitticke et al., 2000b; Fraser-McKelvie et al., 2025), as well as IC 1711
(Buta et al., 2015; Fraser-McKelvie et al., 2025) and NGC 0522 (Liitticke et al., 2000b;
Buta et al., 2015; Fraser-McKelvie et al., 2025). While increased dust complicates the
analysis, we suggest several possible structures due to non-axisymmetric orbits in the
residual maps of galaxies IC 1711 and NGC 0522.

IC1711 (Fig. 5.5) was shown to share several key properties with NGC 3957 in Sect.
5.5.2: both exhibit clear Freeman Type II surface brightness profiles (Fig. 5.9) and
coherent residual structures in their velocity maps. Here, we note that the major axis
residuals in IC 1711 are indeed still somewhat visible even with our most aggressive
mask (E(B-V) > 0.2). This supports the interpretation that, despite IC 1711’s higher
dust content (median E(B-V) of 0.107, c.f. 0.048 for NGC 3957), its kinematic residuals
are still spatially correlated with photometric evidence for a bar and could trace bar
orbits.

NGC 0522 presents a more ambiguous case. Unlike NGC 3957 and IC 1711, it does not
exhibit a clear Freeman Type II profile, though it does show noticeable flattening in its
major-axis surface brightness distribution. The velocity residuals in NGC 0522 (Fig. 5.6)
also lack the distinct major-axis excess seen in NGC 3957 and IC 1711. Nevertheless,
the residuals in NGC 0522 show a notable X-shaped pattern in the off-plane regions of
the residual map, qualitatively similar to the pattern we previously noted for NGC 3957
in Sect. 5.4.2. Importantly for this analysis, this pattern is still visible regardless of our
dust mask. This structure is morphologically similar to the residuals produced by BP
bulges: vertically thickened inner bar structures that arise from dynamical instabilities
(Combes & Sanders, 1981; Bureau & Athanassoula, 2005). Indeed, Laurikainen et al.
(2014) and Fraser-McKelvie et al. (2025) found that NGC 0522 shows this structure in
unsharp-masked 3.6 ym imaging. Buckled BP bulges have been shown to induce complex
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non-circular motions, especially in edge-on projections. lannuzzi & Athanassoula (2015)
found that higher-order A3 and /4 maps trace BP off the plane of the disc, and Fragkoudi
et al. (2017) found the same for mean velocities. While we cannot conclusively identify
a bar in NGC 0522, the presence of this X-shaped kinematic signature, as well as the
flattened major-axis surface brightness distribution, provides evidence for a BP bulge.
Given that previous work has established the presence of a BP bulge in imaging, the lack
of strong kinematic evidence for a bar implies a side-on bar orientation, which is the same
conclusion reached by Fraser-McKelvie et al. (2025) for this galaxy.

General Trends Across the Sample and Practical Guidelines

While we focus on a detailed residual interpretation for the three systems, Fig. 5.7 shows
that all galaxies in our sample achieve acceptable JAM disc fits, with dust masking being
important for our most star-forming galaxies (NGC 5775, UGC 00903, and NGC 3279),
consistent with the expected correlation between dust content and SFR in star-forming
discs (e.g. Calzetti, 2001; Martis et al., 2019; Pappalardo et al., 2021; Tacchella et al.,
2022). Despite this, derived enclosed mass remains consistent across mask levels, with
variations below 10%, in line with earlier JAM analyses (Lablanche et al., 2012; Li et al.,
2016).

Crucially, velocity residuals still reveal coherent kinematic signatures of non-axisymmetric
structures in NGC 3957, IC 1711, and NGC 0522 even when an aggressive E(B-V) > 0.2
mask is applied and masked bins are not considered. These detections are supported, in
the case of NGC 3957 and IC 1711, by photometric evidence for a bar. We suggest that
residual-based identification of internal structure remains viable under substantial dust
masking, provided the features persist.

We therefore acknowledge that applying a dust mask of at least E(B-V) > 0.7 is sufficient
to recover reliable dynamical parameters in edge-on systems. However, given that these
derived dynamical parameters are consistent across dust maskings and residual-based
identification of non-axisymmetric structure is most reliable when a strong dust mask is
applied, we recommend applying a dust mask of E(B-V) > 0.2 for general application of
JAM models to edge-on disc galaxies.

5.6 Summary & Conclusions

In this paper, we investigated the limitations of axisymmetric dynamical modelling of
edge-on disc galaxies, focusing on the combined effects of dust attenuation and non-
axisymmetric structure on stellar kinematic residuals. We constructed Jeans Anisotropic
MGE (JAM) models for seven galaxies in the GECKOS VLT/MUSE survey, using 3.6um
Spitzer IRAC photometry for the light and mass model, with an additional NFW dark
matter profile included in the mass model.

One of the goals of this work was to assess what information about non-axisymmetric
kinematic structures could be recovered from edge-on galaxies by subtracting a simple,
axisymmetric dynamical model. By creating JAM models of a sample of GECKOS
galaxies with varying dust content and structural complexity, we tested whether coherent
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features in the velocity residuals could reveal underlying non-axisymmetric structure. The
velocity residuals between data and model in NGC 3957, our least dusty target, revealed
coherent patterns aligned with expected bar orbits and photometry, suggesting a clear link
between residual structure and underlying non-axisymmetric kinematics. We extended
this analysis to dustier galaxies, which showed velocity residuals similar to NGC 3957.
IC 1711 showed similar coherent patterns aligned with photometry, despite the impact of
dust. NGC 0522 also had residuals strongly impacted by dust, but off-plane structures
showed promise of a diagnostic of vertical bar instabilities. Our results therefore suggest
that residual maps from JAM can be a powerful diagnostic for barred structure, provided
that regions with dust extinctions of E(B-V) > (.2 are masked.

We found that JAM fits discs well in all galaxies, and applying stricter E(B—V) masks (e.g.
> (0.2 or > 0.4) resulted in sze duced < 3 In the disc region. Additionally, all galaxies showed
consistent (within 10%) values of enclosed mass and inclination across a range of dust
masks. Notably, galaxies previously classified as containing central non-axisymmetric
structure by Fraser-McKelvie et al. (2025) showed the smallest changes with increased
masking. This is likely due to a combination of factors: these galaxies having low dust
content and hence fewer masked bins in general, along with non-axisymmetric structures

imposing an upper bound on how well-fit these galaxies can be.

Future studies incorporating radiative transfer modelling or higher-resolution multi-band
imaging could help disentangle the effects of dust and stellar populations on observed
kinematics in regions where the dust is optically thin. Extending this analysis to the full
GECKOS sample of edge-on galaxies, with arange of structural properties and inclinations,
will provide stronger statistical constraints on when and where JAM residuals can be
reliably used to detect kinematic structure. For example, the three galaxies in our sample
with previously identified bars (NGC 3957, IC 1711, and NGC 0522) are the three least
dusty galaxies, so a sample of galaxies with higher dust content and kinematic structure
would provide new insights into the upper limit on dust extinction where kinematic
components can still be identified. Additionally, a comparison of our work to simulations
will allow a more confident determination of whether residual structure truly corresponds
to non-axisymmetric orbits. Finally, this work provides a starting point for the GECKOS
dynamical modelling effort, and the lessons learned on dust masking and MGE fitting will
inform future papers. Future GECKOS studies will employ more complex techniques such
as orbit-superposition modelling to explicitly model stellar bars (Tahmasebzadeh et al.,
2022, 2024) and derive parameters such as bar pattern speed. Alternative approaches are
also possible, such as the method of Fridman et al. (2005), who derived bar pattern speeds
from Ha residual velocity maps with appropriate dust masking.

We emphasise caution when applying axisymmetric models to edge-on galaxies. Dust
along the line of sight affects the observed kinematics, especially in the mid-plane, tracing
only a subset of stars. While using near-infrared imaging helps reduce this bias in the mass
model, this imaging introduces a mismatch in our stellar tracer model when compared
to optical kinematics, which appears, for example, in poor modelling of nuclear discs.
However, the impact of this mismatch between tracer wavelengths could be improved in
the future by allowing M/L to vary with each luminous Gaussian, for example. Despite
these limitations, global parameters such as enclosed mass and inclination are robustly
recovered, even under aggressive masking. A mask of E(B-V) > 0.7 is sufficient for stable
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global results, whereas the stricter mask of E(B—V) > 0.2 should be applied when using
residual maps for diagnosing non-axisymmetric structures. This suggests that, independent
of their kinematic complexity, dusty star-forming edge-on discs can be reliably modelled
axisymmetrically at a global level, while residual maps can serve as a window into their
more complex kinematic substructure, shedding light on the internal dynamics that trace
their evolution.
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Chapter 6

Thesis Conclusions

You want weapons? We’re in a library. Books are the best weapon in the world. This
room’s the greatest arsenal we could have. Arm yourself!

—The Tenth Doctor

The aim of this thesis was to investigate the physical drivers of galaxy spin evolution.
This was achieved by combining the statistical power of the SAMI Galaxy Survey with
the exquisite spatial detail of the GECKOS survey, enabling a multi-scale view of how
environment, mergers, age, and internal structure shape stellar kinematics. In this chapter,
I will summarise the results of this thesis and show their connection to advancing the field
of galaxy evolution. Then, I will highlight and discuss the prospects for future studies
enabled by my work.

6.1 Summary

We began at the largest scales in Chapter 2, by investigating the connection between
large-scale structure and stellar kinematics in the SAMI Galaxy Survey. It has been
known since at least the work of Dressler (1980) that there exists a relationship between
galaxy morphology and environment, such that early-type galaxies tend to cluster in
dense environments. This was extended by Cappellari et al. (2011c), who proposed a
kinematic morphology-density relation where the proportion of galaxies with low spin
parameter proxy Ag, increases with local galaxy density. However, it was not clear
whether this relationship was independent of the clustering of galaxies by stellar mass
through dynamical friction (e.g. Scott et al., 2014; Brough et al., 2017; Graham et al.,
2019). By utilising galaxies from the GAMA survey (Driver et al., 2011) as a background
galaxy distribution, we marked SAMI galaxies by their ranked stellar mass and ranked Ag,
to calculate marked correlation functions.

Our marked correlation functions confirmed that stellar mass is positively correlated with
environment to a 2.40 level, and Ag, is negatively correlated with environment to a 3.20
level. By defining mass bins of 0.1 dex, we randomised Ag, values within each bin and
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further showed that this cannot maintain the negative correlation of Ag, with environment,
and hence the relation is not purely driven by stellar mass. We also removed slow rotators
from the sample, and showed that the negative correlation of Ag, with environment exists
within the fast rotator population as well.

Finally, we applied the same technique to a mass-matched sample of galaxies from the
EAGLE hydrodynamical cosmological simulations. EAGLE displayed the same broad
trend as SAMI, with a positive mass and negative Ag, correlation with environment. These
results demonstrate that in both observations and simulations, environmental effects play
an important role in shaping a galaxy’s angular momentum. Further, this relationship is
not as straightforward as a restatement of the mass-environment correlation, nor a result
of the dichotomy of fast and slow rotators. To understand the physical processes that drive
this environmental trend, we then turned to the scale of individual galaxies and investigated
how galaxy mergers drive kinematic transformations.

In Chapter 3, we examined the role of galaxy mergers in the spin-down of galaxies and
formation of slow rotators. Simulations suggest that mergers can reduce Ag, in galaxies
(e.g. Bois et al., 2011; Naab et al., 2014; Choi & Yi, 2017; Lagos, 2020b); however, the
timing of these mergers, the importance of gas, and the impact of the geometry of the
collision have not been conclusively examined in observational studies. We performed an
inspection of deep Hyper-Suprime Cam images of SAMI ETGS with log,o(M./Mg)>10,
utilising interactive dynamic ranges and surface-brightness model subtracted residuals.
We identified low surface brightness tidal features around these galaxies, classifying
features as either shells, which exist at constant radii around a galaxy, or streams, which
spiral inwards towards a galaxy.

We found that tidal features are associated with lower values of Ag .in SAMI galaxies,
although the relationship is complex and not strictly one-to-one. Across the full sample,
there is no significant difference in the spin of galaxies with and without features. However,
when only considering the younger half of the sample (Age/Gyr < 10.8), galaxies with
shell features show a significant negative correlation with Az (p = 3.82 X 1072), whereas
no such trend is observed for galaxies with streams. We further find that for this younger
half of our sample, slow rotators have a significantly higher fraction of shells than fast
rotators. The strongest result is for intermediate age galaxies (7.39 < Age/Gyr < 12.55),
where galaxies with shells display significantly lower values of Ag, than those without.
Both streams and shells are also strongly correlated with higher stellar masses, but we
found the Ag, correlation for younger galaxies is not driven by stellar mass.

Radial galaxy mergers have been shown to produce shells in post-merger remnants (Ka-
rademir et al., 2019), and are therefore the most plausible drivers of the spin-down observed
in younger SAMI galaxies with shells. The older, low-spin galaxies that lack visible shells
have multiple possible formation pathways. One possibility is that they may were born
hot in the early Universe, with any subsequent mergers having no effect on their spin.
Alternatively, the absence of shells may simply reflect the fading timescales of shells and
streams. Although dependent on factors such as gas fraction and morphology, most studies
agree that features remain detectable in deep imaging for about 2 — 4 Gyr post-merger
(e.g. Lotz et al., 2010b; Pop et al., 2018; Hood et al., 2018; Mancillas et al., 2019). Thus,
galaxies that experienced early mergers could have lost their visible tidal features, erasing
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any present day correlation between shells and spin.

Taken together, these results present observational evidence for the merger-driven for-
mation pathway of slow rotator galaxies, as well as the general spin-down of galaxies
over cosmic time, as observed for example in simulations (e.g. Zavala et al., 2016; Choi
& Yi, 2017). This is consistent with an environmental effect, as central galaxies are a
preferred location for merging in simulations (e.g. Fakhouri & Ma, 2009; Oser et al., 2010;
Davison et al., 2020). However, the strong observed dependence on stellar age, as well as
recent results that suggest that stellar age is more strongly correlated with Ag_ than either
stellar mass or environment (Croom et al., 2024), suggests that the imprint of kinematic
evolution in galaxies extends beyond averaged Ar values within an effective radius. To
further investigate the relationship between internal stellar dynamics and age, as well as
the exact kinematic structural changes driven by mergers, we required an understanding
of the detailed orbital structures within each galaxy.

In Chapter 4, we constructed orbit-superposition Schwarzschild dynamical models of a
subset of our sample of galaxies from Chapter 3, dependent on a large enough radial
coverage in the stellar kinematics. We modelled each galaxy’s light distribution with
detailed Multi-Gaussian Expansion fits to KiDS r-band imaging, before multiplying by a
mass-to-light ratio and adding an NFW halo to create a full mass distribution. We then
populated the gravitational potential defined by our mass distribution with a representative
library of stellar orbits, and fit to the observed 4-moment velocity maps for each galaxy.
From the best-fitting model, we further derived the fraction of hot, warm, cold, and
counter-rotating orbits within 1R in each galaxy, defined by the circularity parameter
A;.

We found that hot and counter-rotating orbits show a strong negative correlation with Ag,
(p =9.66 x 10719 and p = 1.17 x 1072 respectively), and cold and warm orbits show a
strong positive correlation with Ag_ (p = 8.78 x 10™* and p = 1.10 x 10~'? respectively).
Given that Ag, traces the dynamical contribution of different orbits and their angular
momentum, this is an expected result (e.g. van den Bosch et al., 2008; Cappellari, 2016).
By calculating partial correlations where stellar mass and environment are controlled for,
we found that while hot and cold orbits show correlations with stellar age, there is no
such result for warm orbits. This suggests that the transformation of Az, with age that has
been shown for SAMI galaxies occurs with stars transitioning directly from cold to hot
orbits.

Stochastic events such as major mergers are known to reduce Ag,, as shown in Chapter
3, as well as in simulations (e.g. Naab et al., 2014; Lagos et al., 2018a; Lagos, 2020b).
Numerical simulations also suggest that mergers generate a substantial fraction of hot
and counter-rotating orbits (e.g. Martel & Richard, 2020), which is supported by our
results, as the combined fraction of hot and counter-rotating orbits provides the strongest
correlation with Az, (p = 1.13 x 1071%). This is consistent with a merger-driven origin
for the reduction of galaxy spin. We further investigated this, by examining the younger
galaxies in our sample that are likely to display tidal shells as evidence of recent mergers.
The result from Chapter 3 that young shell galaxies have significantly lower spin remains,
while a higher proportion of hot orbits and a lower proportion of cold orbits is observed in
shell galaxies. Interestingly, warm orbits do not show any correlation with shells.
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The results from Chapter 4 collectively support a picture where in massive early-type
galaxies, mergers drive a transition from cold to hot orbits, which is the primary pathway
for the reduction of Ag, with stellar age. Secular processes are also capable of redistributing
angular momentum, but the orbital transformation in these scenarios is expected to happen
smoothly, with stars heated from cold, to warm, and finally hot orbits (e.g. Debattista et al.,
2006; Saha et al., 2010). The absence of any correlation of warm orbits and stellar age
in this sample implies that these processes do not dominate the spin evolution of massive
early-type SAMI galaxies.

While the results presented thus far paint a clear picture of the merger driven spin-down of
early-type SAMI galaxies, the A, -environment relationship presented in Chapter 2 did not
discriminate between early and late-type morphologies. This raises the natural question,
how do disc-dominated galaxies respond to galaxy-galaxy interactions? In such systems,
external perturbations may trigger instabilities rather than destroy ordered rotation. One
of the most prominent of these is the formation or enhancement of stellar bars, which
can be triggered by tidal interactions (e.g. Noguchi, 1987; Salo, 1991). Bars are known
to redistribute angular momentum within a galaxy (e.g. Fraser-McKelvie et al., 2020),
providing a secular process to potentially spin down late-types. Understanding the stellar
kinematics of bars within disc galaxies is therefore key to developing a complete picture
of how angular momentum evolves across all morphological types.

In Chapter 5, we built axisymmetric Jeans Anisotropic MGE (JAM) models for seven
edge-on (I ¢ 85°) disc galaxies from the GECKOS-MUSE survey. Our goal was to assess
what information about non-axisymmetric kinematic structures could be recovered from
edge-on galaxies by subtracting an axisymmetric dynamical model. By modelling the
luminosity and mass distribution of each galaxy with Multi-Gaussian Expansion models
of Spitzer 3.6um imaging, we attempted to mitigate the effect of dust in the model input.
We compared the output velocity field of JAM to the exquisitely spatially resolved stellar
kinematics from MUSE for each galaxy, and used this as a goodness of fit. We additionally
masked spaxels in the MUSE data above threshold E(B-V) values, in a further attempt to
try and mitigate the effect of dust.

We investigated the three barred galaxies in our sample (previously identified by Fraser-
McKelvie et al., 2024). As bars are non-axisymmetric and JAM models are axisymmetric,
we expect that strong residual velocities along the major axis should indicate stellar
velocities that were unable to be modelled, and hence the presence of a bar. Residual
maps from these comparisons revealed clear, spatially coherent velocity excesses along
the major axes of two barred galaxies, consistent with the orbital structure expected for
bars. These signatures persisted even under conservative dust masking, demonstrating that
bar-driven deviations from axisymmetry can be identified kinematically even in edge-on
galaxies. The third barred galaxy was more strongly impacted by dust along the major
axis, but showed off-plane residual velocity structures typical of barred galaxies. These
results show that residual maps from JAM models can be a powerful diagnostic for barred
structure, provided that regions with dust extinction are appropriately masked.

Taken in its totality, this thesis establishes a coherent, multi-scale view of the evolution
of angular momentum in galaxies. Starting from the environmental dependence of spin
measured across thousands of galaxies, we further examined the physical mechanisms of
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spin-down through mergers and extended this to their imprints in stellar orbital structure.
Finally, we detailed the effect of bars on non-axisymmetric stellar kinematics in disc
galaxies, with a future possibility to determine how this impacts the measured Ag,. The
combination of large-scale statistical studies (SAMI) with spatially detailed dynamical
modelling (GECKOS) has revealed how angular momentum connects galaxy environment,
morphology, and stellar age across multiple evolutionary pathways.

6.2 Future Work

We have measured the evolution of galaxy spin in this thesis, from the large-scale cor-
relations of Ag, with galaxy density, to the impact of individual mergers on dynamical
support, and the non-axisymmetric bar orbits in individual massive edge-on discs, thought
to result from past interactions. There are many future studies that are motivated by the
work presented in this thesis, and I will summarise them here.

While this thesis provides valuable insight into the spin-evolution of early-type galaxies,
there is a missing equivalent study for late-type discs. Morphology is inherently connected
to galaxy evolution, with the major merging of discs expected to be the primary formation
pathway for elliptical galaxies (e.g. Toomre & Toomre, 1972; Barnes, 1992). Galaxy
surveys such as the Hector Survey (Bryant et al., 2016), along with deep imaging surveys
such as the LSST (Ivezi¢ et al., 2019; Brough et al., 2020; Martin et al., 2022) will provide
the detailed data needed to extend the analysis of merger features and orbital fractions
across the full galaxy population. The Euclid mission (Euclid Collaboration et al., 2025)
has recently demonstrated the capability of a sky survey with high spatial resolution, depth,
and wide coverage to derive merger histories. Using data from Euclid’s Early Release
Observations, Urbano et al. (2025) identified tidal features and deduced a recent merger
history for several galaxies in the Dorado group (Huchra & Geller, 1982).

Additionally, Hector will probe stellar kinematics to a larger effective radius than SAMI. As
the inner effective radius is often dominated by bulge structure and stellar bars, extending
the radius coverage will allow for a more thorough characterisation of a galaxy’s internal
dynamics, as well as placing better constraints on the orbital fractions in orbit-superposition
modelling. Hector will also help to examine the lack of correlation between shell tidal
features and stellar kinematics in old galaxies we found in this thesis. We speculated that
mean light-weighted stellar age is a proxy for the time since the last merger, as mergers
are expected to drive a starburst period, and old galaxies simply merged long ago and their
visible tidal features have since faded. Detailed SED models of Hector galaxies will allow
for the derivation of star formation histories across a variety of ages and environments, to
examine if the young galaxies we observe with tidal features and low A, have a young age
driven by a major starburst, or a more constant star-formation rate over cosmic time. Finally,
this thesis didn’t examine galaxy mergers in cluster environments due to a lack of available
deep imaging for SAMI clusters. Hector will provide even more diverse environments
such as the outskirts of clusters, which when combined with the comprehensive imaging
of the LSST, will allow the opportunity to examine the spin-evolution of galaxies in detail
across a wide variety of environments.

An alternate pathway to examining the evolution of disc galaxies is through the detailed
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study of a small number of very highly-spatially resolved galaxies. In a survey such as
GECKOS (van de Sande et al., 2024), the exquisite spatial resolution and visible off-plane
structure allows for individual kinematic and morphological components such as bars,
nuclear discs, pseudo-bulges and classical bulges to be identified and measured, as was
done in Chapter 5 of this thesis. However, while this thesis has focused on the growth of
dispersion dominated structure from mergers, the Milky Way’s thin/thick disc for example
is thought to be the result of either mergers (e.g. Renaud et al., 2021) or a combination of
secular processes (e.g. Minchev et al., 2015; Clarke et al., 2019). A full chemo-dynamical
model of GECKOS galaxies, as well as deep imaging to reveal existing tidal features will
provide an opportunity to connect the merger history of disc galaxies with the dynamics,
age, and metallicity of its stellar orbits. Moreover, orbit-superposition models may be
used to reconstruct merger histories directly, constraining both the mass and timing of past
major mergers (e.g. Zhu et al., 2022).

The examination of the impact of mergers on stellar dynamics in this thesis was limited
to the local Universe, as SAMI only covers galaxies out to z ~ 0.1. Recent and upcoming
instruments such as JWST (Gardner et al., 2006) and ELT’s HARMONI (Thatte et al.,
2010) provide integral field spectroscopy at infrared wavelengths, enabling the possibility
of measuring stellar kinematics at high redshifts (e.g. fast rotators at cosmic noon, Slob
et al., 2025). This will allow for the direct measurement of how Ag, evolves with time
in the Universe, rather than using light-weighted stellar age as a proxy. Additionally,
measuring stellar kinematics at cosmic noon (z ~ 2 — 3) provides valuable insight into the
time period where many galaxies assembled their angular momentum. It will be possible
to test galaxy evolution models during the time of disk settling and bulge growth, and the
transition from turbulent to ordered rotation.



Appendix A

Appendix to Chapter 3

A.1 Stellar Mass, Age, 1z .and Tidal Features

In this section we show that although stellar mass is strongly correlated with tidal features,
it does not drive the relationship between Ag,, mean stellar age and shells seen in Figure
3.9.

In Figure A.1, we see that when we restrict to galaxies with a stellar mass above the
median (log;,(M./My) = 10.75), stellar mass is no longer correlated with tidal features.
As discussed in Section 3.5.5, we still see a significant split in feature fraction with age
at this mass. Additionally, the same qualitative results from Figure 3.9 are found for this
mass group.

We further show in Figure A.1 that the correlation between shells and age becomes stronger
when we restrict to higher stellar masses, as also seen in panel (b) of Figure 3.3. Although
there are a high number of shells at all ages at high mass, the fraction of shells is clearly
much higher at low stellar ages.

A.2 Example Shells

Here we present examples of shell galaxy cutouts with colour images as well. In Figure
A.2, we show galaxies which despite being classified as having a shell, display relatively
high Ag, or low light-weighted mean stellar age. These are examples of galaxies in which
it is possible that a ring or weak spiral arm was mis-characterised as a shell.

In Figure A.3, we show examples galaxies which were classified as having a strong shell,
i.e. a shell strength of at least 3/5.

A.3 Magneticum ETG Definition

Here we show the cut in the star forming main sequence of Magneticum galaxies, used
to classify them as either ETGs or LTGs. In Figure A.4, we show all SAMI galaxies,
and our ETG sample on the SAMI star forming main sequence. We then make a cut on
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Figure A.1: The cumulative distribution for all relevant parameters and tidal feature
samples, for galaxies with stellar masses above the median stellar mass (log;(M./My)=
10.75). All cumulative distributions and labels are the same as Figure 3.4. We find that
for these galaxies with high stellar mass, there is no correlation between stellar mass and
tidal features.

Magneticum galaxies, based on a fit to our star forming main sequence, shifted down
in SFR by 1 dex. The functional form (shown in Equations A.1 and A.2) was used by
Fraser-McKelvie et al. (2021) and Leslie et al. (2020), inspired by Lee et al. (2015).

10M:
log(SFR) = S¢g —at —1 1+ Al
0g(SFR) = So — ai og( (IOM)) (A.1)
M; = My — art (A.2)

where 7 is the age of the universe (taken to be 13.5 Gyr for SAMI data by Fraser-McKelvie
et al. (2021)) and M is log,,(M./Mg). So, a1, a2 and My are parameters which are fit!.

'Parameters are fit using a linear least squares method (Virtanen et al., 2020)
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Figure A.2: Galaxies which were both classified as containing a shell, and have relatively
high Ag, or low mean light-weighted stellar age. Each black and white cutout corresponds
to the colour image to its left. We include values for the galaxy’s Agr_, age (7, measured in
Gyr), CATAID (id), B/T (or Sérsic index if B/T is not available), and its classified feature

strength.
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Figure A.3: Galaxies which were both classified as containing a shell, and have a
classified strength of at least 3/5. The image layout is similar to Figure A.2.
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Figure A.4: The star forming main sequence for SAMI galaxies, with Magneticum
overplotted. We make a cut based on the SAMI ETGs in order to defne Magneticum
ETGs, with all Magneticum galaxies below the line being classified as ETGs. The
cut is based on a parametrised form taken from Leslie et al. (2020). The majority of
Magneticum ETGs can be seen to have log(SFR) = —6, essentially entirely passive
galaxies.

Our best fit can be seen in Equations A.3 and A 4.

1oM:
log(SFR) =2.91 —0.209 x 13.5 — log (1 + ( 1(())M )) (A.3)

M; =13.201 — 0.200 x 13.5 (A4)

This was then shifted down by 1 dex, and can be seen in Figure A.4.
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Appendix to Chapter 5

B.1 JAM Models

In this section we present JAM model maps for galaxies NGC 3279, NGC 5775, NGC 0360,
and UGC 00903, in Figs. B.1-B.4. The left column shows V,n, V and o derived from
NGIST output for the seven GECKOS galaxies, the central column shows the same but
from the JAM model, and the right column shows the residuals, i.e. data minus model. The
velocity residuals for these galaxies do not show clear non-axisymmetric structure.

Data Model Residuals
Vims [km/s] 141.85 141.85 14.47

'U . 7 W L By
N & [ 4 l‘
52.15 52.15 -14.47

V [km/s] 118.44 118.44 14.58

z [kpc]

z [kpc]

1 0 2 4 6 -10 -7 -5

10 7 5 3 - 3 - ‘ 7 5 3 -
R [kpcl] R [kpcl] R [kpc]

Figure B.1: Same as Fig. 5.4, but for NGC 3279 and without the circling of structure.
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Figure B.2: Same as Fig. 5.4, but for NGC 5775 and without the circling of structure.
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Figure B.3: Same as Fig. 5.4, but for NGC 0360 and without the circling of structure.
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Figure B.4: Same as Fig. 5.4, but for UGC 00903 and without the circling of structure.



We’re all stories in the end. Just make it a good one, eh?

—The Eleventh Doctor
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