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Abstract

Since their discovery in disc galaxies, including the Milky Way, warps have been
the subject of extensive debate regarding their origin and role in galactic evolution.
Cosmological simulations have shown that galactic warps represent the misaligned
inflow of gas onto the disc. In this thesis, I study the consequences of misaligned
gas inflow on the vertical structure of discs in a suite of Milky Way N-body-+SPH
simulations.

As the misaligned cold gas accretes onto the disc, there is ample opportunity
for star formation to occur in the warp, which has been shown previously in N-
body+SPH simulations. The relatively recent discovery of young stellar populations
(Cepheids) in the Galactic warp supports this hypothesis as it indicates ongoing
star formation. I demonstrate that star formation does occur in the misaligned
gas inflows and that the formed warp populations settle and populate the thick
disc. These warp populations have near-circular orbits and are, therefore, capable
of reaching the Solar neighbourhood via radial migration. Additionally, I am able
to show that warp stars have unique chemical and dynamical properties that make
them stand out above in-situ stars in chemical and action spaces. After defining the
regions in these spaces where the warp star purity is above 80%, I apply them to
an observational sample in the Solar annulus and produce the first sample of warp
star candidates in the Milky Way.

I demonstrate that misaligned cold gas can excite well defined prograde and

retrograde bending waves with higher amplitudes than those excited in an unwarped

111



model. One of the key results of my analysis is the persistence of prograde m =1
bending waves in the warped model, which according to the WKB approximation,
are located in the forbidden region and are expected to dissipate. The same prograde
bending waves appear to be less coherent in the unwarped model. I find that the
prograde m = 1 bending waves are coupled with the m = 2 density waves, most likely
brought on by the coincidence between the forbidden WKB bending and allowed
WKB density regions. The results of this analysis demonstrate that the accretion
of misaligned gas is capable of exciting and injecting significant power into both
prograde and retrograde m = 1 bending waves. The lack of such a perturbing force
in the unwarped model leads to the natural decay and weaker amplitudes of the
prograde and retrograde bending waves, respectively.

I find positive slopes in the L,  hv,i relation of simulated Solar neighbourhood
samples in both warped and unwarped models. However, only the slope in the
warped model reaches values as large as observed in the Solar neighbourhood. The
cause of the positive slope is seen as the result of bending waves passing through
the Solar neighbourhood which can explain the difference in slopes between the two
models. I determine that warps are a vital component in the study of the disc’s

vertical structure and evolution and can provide tools to uncover the evolutionary

history of the Milky Way.
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4.1

4.2

4.3

Top row: edge-on views of the stellar and cold gas (T50; 000 K)
distributions at four times in the evolution of the warped model. The
colour represents the stellar surface density, while the red contours
represent the cold gas column density. The times are labelled at the
top-right in each panel. A warp is present throughout the evolution
of the warped model. The simulation is rotated so that the major
axis of the warp is along thex-axis. The warp reaches heightfgzj

15 kpc over this evolution. Bottom row: Briggs gures for the warped
model showing the evolution of the stellar (black) and cool gas (red)
warps at the same times. Markers represent annuli with R = 1 kpc,
equally spaced from 5 to 20 kpc, with the square and triangle markers
indicating annuli at 10 kpc and 20 kpc, respectively. The stellar disc
is somewhat warped at = 3 Gyr but becomes atter throughout its
evolution. . . . . . .. 92
Similar to Fig. 4.1 but for the unwarped model. In contrast to the
warped model, there are no warps in either the gaseous or stellar
components in the edge-on distributions. The Briggs gures have a
reduced scale with max = 2:5 set as the upper limit, so even though
we see some changes at di erent radii, both gas and stellar discs are
quite at throughout the model's evolution. . . . .. ... ... ... 93
Pro les of the surface density, , (top) and . 4as (bottom) in the
warped (solid lines) and unwarped (dashed lines) models &t =

12 Gyr. The pro les are shown for both the cold gas (red) and stellar
(black) discs, whereR%is de ned as the cylindrical radius in the cold
gas and stellar planes at each annulus. Only binswith 7 1M

are ShOWN. . . . . . . . . e 96
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4.4 Face-on distributions of the stellar mean heightgi (top), and mean

4.5

vertical velocity, hv,i (bottom), for the warped (left) and unwarped
(right) simulations at t = 11:7 Gyr. A Gaussian lter has been applied
to the colour distribution in each panel with a standard deviation of
the Gaussian kernel set to = 1 pixel = 450 450 pc. The solid
black and cyan circles represent the Solar annuluR, = 8:18 kpc, and

R =10Kkpc, respectively. . . . . . ... .. ... .. ... ... ..., 97
Power spectra for perturbations in the unwarped simulation at several
time-intervals (rows). The rst two columns show the power spectra
for m = 1 and m = 2 density (bar+spiral) perturbations, with the
radius-integrated power shown to the right of the spectrograms. The
thick and thin white dashed lines show (R) and =m, respec-
tively, and the lightly shaded white areas represent the \forbidden"
regions for WKB density waves. The power concentrates alongR),
avoiding the forbidden region. The two right-hand columns show the
power spectra form = 1 and m = 2 bending perturbations. The
thick and thin white dashed lines show (R) and h=m, and the
white shaded areas represent the forbidden regions for WKB bending
waves. Form = 1, the expected long-lived slow retrograde motion is

clearly visible, while the fast prograde pattern is weak. . .. .. ... 103
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4.6

4.7

Pattern speeds identi ed in Fig. 4.5, for them =1 (top) and m =2
(bottom) density (left) and bending signals (right). Point areas are
proportional to the radially-integrated power, with scale in the right-
hand plots 8 larger than in the left-hand panels. Colours indi-
cate the ratio of the radius where the pattern speed peaks to the
co-rotation radius. For the m = 2 density signal, the high pat-
tern speeds (upper points) generally lie inside co-rotation and de-
crease with time, suggestive of a slowing bar. The other two dis-
cernible patterns are associated with spiral density waves, with the
strongest one at 20 25kms'kpc . The m = 1 bending
plot shows the ubiquitous presence of a slow retrograde pattern (at
15 =kms 'kpc * 10) and (at some times) a very weak fast
prograde signalat  50kmstkpc *.. ... .. ... ... ... .. 105
Similar to Fig. 4.5, showing the power spectra at di erent times
(rows) for the m = 1 and m = 2 density (left) and bending (right)
perturbations in the warped simulation. Them = 2 density panels
show the simultaneous presence of various pattern speeds in the region
allowed for WKB density waves. In them = 1 bending panels, the
most noticeable di erence with respect to Fig. 4.5 is the strong peak

at Okms tkpc *

, Which is a trivial manifestation of the warp.
As in the unwarped simulation, a slow retrograde motion is detected
in the m = 1 bending plot. Signicant m = 1 bending power is
present for large at large radii, i.e. a fast prograde motion avoiding
the forbidden region for WKB bending waves, and peaking at 25

=kms 'kpc ' 50. . ... ... 106
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4.8 Time evolution of the pattern speeds identi ed in Fig. 4.7, for the
warped simulation. Them = 2 density panel reveals a more tran-
sient evolution of the pattern speeds, in comparison to the unwarped
simulation. In the m = 1 bending panel, we suppress points with
power> 10 ! kpc?, which all lie at Okms *kpc ' and represent
a trivial manifestation of the warp (the large blue point has slightly
less power and evaded the cut). As in the unwarped simulation (Fig.
4.6), a persistent slow retrograden = 1 bending signal is detected.
Unlike the unwarped simulation, a fastm = 1 bending prograde mo-

tion (25  =kms 'kpc ?

50) is detected at large radii (red) with
substantial power. . . . . ... 108
4.9 Top: evolution of the mass ux of cold gas (T< 50; 000K) through
a spherical shell withR = 15kpc and R = 0:2kpc. Bottom: fre-
guencies derived from a discrete Fourier transform of the mass ux on
1 Gyr baselines. The marker size indicates the frequency amplitude
with the value of the maximum amplitude and respective marker size

showninthelegend. . ... ... ... ... . ... .......... 110

XXili



4.10 Top left: face-onhv,i distribution of stars in the warped model at
114 Gyr. The green circle indicates the SN sample with its,, dis-
played above the colour bar. The solid black and cyan circles repre-
sentR = 8:18 kpc andR = 10 kpc, respectively. A Gaussian lter
is applied to the colour distribution with a standard deviation =1
pixel = 260 260pc. Right: binned distributions in the SN sample of
hv,i as functions ofL, (top) and v (bottom). The solid lines indicate
di erent model ts: linear (black), sinusoidal (red), and wrapping
(green) (see Eqgn. 4.12 - 4.14). Bottom left: binned distributions of
hv,i as functions of cylindrical radius,R (blue) and guiding radius,
Ry, (red) in the SN sample. Each distribution has a linear t (dashed
lines). The slopes of all linear ts are shown in the top left corners of

the respective panels. The shaded regions show the standard devia-

tionofv,ineachbin.. ... ... ..... ... ... .. ..., 112

4.11 Variation of the slope of théw,i-L , relation with azimuth for samples
at R = 8:18 kpc in the warped model. The value,, = 0 is de ned
as the azimuth on the warp's major axis withz < 0. Therefore the
LON, indicated by the vertical dashed lines, is at 90 and 90. The
sense of rotation is indicated above the gure. In the Milky Way, the
Sun is located 15 before the ascending node (Chen et al. 2019a),
ie.at = 725. The black and green dots represent the slope
as measured by Schenrich & Dehnen (2018a) (S18) and Huang et al.
(2018a) (H18), respectively (horizontally o set by 2 for clarity).
The panel shows 5 snapshots separated by 20 Myr. A wave appears

to propagate in the direction of rotation as a trough moves from 50

to 50 inthespanof 80Myr. ... ... ... ... ........ 114

4.12 Same as Fig. 4.10 but for the unwarped model at 12Gyr. . . . . . . .

XXV



4.13 Variation of the slope of thehv,i-L, relation with azimuth for SN
samples in the unwarped model. Top panel: 5 times separated by
20 Myr (colours). Bottom panel: slope variation, for the unwarped
model at di erent arti cial tilts about the x-axis (red lines), about the
y-axis (blue lines), and without any arti cial tilt (black line). Note
that the range of the y-axis for both panels is almost a third of that
in Fig. 4.11. This shows that small unaccounted tilts do not produce
the large slopes measured in the Milky Way or in the warped model. . 117

4.14 Evolution of the slope of thew,i-L, relation for all Solar Neighbour-
hoods (SN) samples in the unwarped model (open circles) and SN
samples in the warped model at,, = 72:5 (red) and ,, = 252:5
(blue). The samples are spheres centred ¢t = 8:18 kpc and with
r = 2kpc. The green dotted line shows the SN slope value (Schenrich
& Dehnen 2018a), while the orange dotted line is the negative of that
value. In the unwarped model the mean and overall slope values do
not generally exceed 2 1C° kpc in the span of 2 Gyr and at any SN
sample. In the warped model the slope regularly matches, or exceeds,
the MW value. . . . . . . . . .. . .. 119

4.15 Evolution of the stellar surface density contrast€(left) and mean
height above the mid-plane,izi (right) in the warped simulation.
The horizontal solid black line represents the Solar azimuth relative
to the warp's major axis (Chen et al. 2019a). The diagonal black
lines correspond to the most prominent prograde density and bending
(dotted) and retrograde bending (dashed) pattern speeds present in

the 10 12 Gyrinterval (see Fig.4.8). . .. ... .. ... ...... 121

XXV



4.16 Similar to Fig 4.15 but for the unwarped model. The diagonal black
lines correspond to the most prominent density (dotted) and bending
(dashed) pattern speeds present in the 1012 Gyr interval (see Fig. 4.6).123

4.17 Face-on distributions ofrzi (top), and of hv,i (bottom) for di erent
age populations (annotation at top right of each panel) in the warped
model at 12 Gyr. A bending wave is visible in all populations but is
strongest, and most clearly de ned, in the youngest population. The
solid black and cyan lines represent the Solar annuluR, = 8:18 kpc,
and R = 10 kpc, respectively. A Gaussian lter has been applied to
the colour distribution in each panel with a standard deviation of the
Gaussian kernel setto =1 pixel =570 570pc. . . ... .. .. .. 125

4.18 Face-on distributions offzi (top), and of hv,i (bottom) for popula-
tions with di erent radial action, Jgr, ranges (annotation at top right
of each panel) in warped model at 12 Gyr. A bending wave is visi-
ble in all populations. The solid black and cyan lines represent the
Solar annulus,R = 8:18 kpc, andR = 10 kpc, respectively. A Gaus-
sian lIter has been applied to the colour distribution in each panel
with a standard deviation of the Gaussian kernel set to = 1 pixel

=570 5T0PC. v v o e 127

XXVI



5.1

5.2
5.3
5.4

5.5

Top row: edge-on densities of the stellar and cold gaé ( 50, 000K)
distributions at four times in the evolution of the WM2 model. The
colour represents the stellar surface density, while the red contours
represent the cold gas column density. Time is labelled in the top
right of each panel. A warp is present throughout the evolution of
the warped model. Bottom row: Briggs gures for the warped model
showing the evolution of the stellar (black) and cool gas (red) warps
at the time referenced above. Markers represent annuli withR =

1 kpc, equally spaced from 5 to 20 kpc, with the square and triangle
markers indicating annuli centred at 10 kpc and 20 kpc, respectively. . 134
Same as Figure 5.1 but in th&YM3 model. . . . . . . ... ... .. 135
Same as Figure 5.1 but in th&VYM4 model. . . . . .. ... ... .. 135
Time evolution of the stellar disc (squares) and surrounding gas (tri-
angles) Briggs gures in the three models. The tilt of each compo-
nent's angular momentum is computed within the inertial frame of
each model. The stellar disc is de ned as stars within 10 kpc,

while the surrounding gas is de ned by gas of all temperatures within

r 20Kpc. . .. e 137
Time evolution of the mass ux of in owing gas (black, lefty-axis)

and the angle between the angular momenta of the stellar disc and
surrounding gas (blue, righty-axis) in the three models, indicated in

the top left corner. The stellar disc and surrounding gas are de ned

in Figure 5.4. The inowing gas is de ned as the inward moving

(v, < OkpcGyr 1) gas of all temperatures located within 19

r=kpc 152. . .. 139

XXVil



5.6 The number density distribution of all stars in theR¢m{ tm Space
(formation space) of three models, indicated in the top right corner.
Stars that formed in the \tail-like" regions outlined by the red rectan-
gles are de ned as the main warp population. The populations of stars
that formed in an early, transient warp at low radii (Riorm 5 kpcC)
and high inclinations relative to the disc (orm 10 ) are not included
in our warp star populations. . . . ... .. ... ... ... ..... 141

5.7 Distributions in [Fe/H]-[ /Fe] space (chemical space) for all the stars
in the three models. The model is indicated in the top right corner
of each column. Top: Number density distribution. Bottom: Dis-
tribution of the warp star purity, Nyap=Nai. The red dashed poly-
gon outlines the area of chemical space whelgyap=Nai  0:8 and
[Fe=H] 1. o o 143

5.8 Same as Figure 5.7, but with arti cial errors applied to the [Fe/H] and
[ /Fe] values of each stellar particle. The dashed polygon indicates
the chemical cut de ned in Figure 5.7 (red) and the updated chemical
cut that accounts for the abundance errors (black). . . .. ... ... 145

5.9 Chemical space distributions for stars in the Solar annulus of the
three models. The model is indicated in the top right corner of each
column. Top: Number density distribution. Bottom: Distribution
of the warp star purity, Nyap=Nai. The dashed red polygon outlines
the area of chemical space whefg.,=Nai  0:8 and [Fe=H] 1. . 147

5.10 Same as Figure 5.9, but with arti cial errors applied to the [Fe/H] and
[ /Fe] values of each stellar particle. The dashed polygon indicates
the chemical cut de ned in Figure 5.9 (red) and the updated chemical

cut that accounts for the abundance errors (black). . ... ... ... 148

XXVili



5.11 Distributions in the the age-metallicity relation (AMR) of the three

models. The model is indicated in the top right corner of each column.

Top: Number density distribution. Bottom: distributions of the warp

star purity, Nwap=Nai. . . . . . . . . 150
5.12 Same as Figure 5.11 but for stars in the Solar annulus of the three

models. The dashed lines represents linear ts to the overall stellar

distribution (orange) and to the warp population (cyan). . . .. ... 151
5.13 Same as Figure 5.12, but with arti cial errors applied to the stellar

ages and [Fe/H] values of each stellar particle. . . ... ... ... .. 152
5.14 The age distribution for in-situ (disc, black) and warp (red) stars in

the three models. The model is indicated in the top left corner. The

line styles represent di erent cuts on the stellar populations that are:

entire sample (solid), Solar annulus (dashed), and a chemical cut in

the Solar annulus (dotted), the latter being de ned for each model in

Figure 5.14 with the red polygon. . . . . .. .. ... ... ..... 153
5.15 Distributions in J-  Jg action space for stars in the Solar annulus

(left) and in the chemical cut of the Solar annulus (right) of theWM2

model. The chemical cut is de ned in Figure 5.9 with the red polygon.

The distributions are of the warp star purity (top), the mean stellar

age (middle), and the standard deviation of the age (bottom). . . . . 157
5.16 Same as Figure 5.15 butin th@ J, action space of theVM2 model.158
5.17 Same as Figure 5.15 but in thd, Jr action space of theWM2

model. . . . . 159
5.18 Same as Figure 5.15 but in thd.  Jg action space of theWM3

model. . . . . . 160
5.19 Same as Figure 5.15 but in thg.  Jg action space of theWM3

model. . . . . . 161

XXIX



5.20 Same as Figure 5.15 but in thd, Jr action space of theWM3

model. . . . . . e, 162

5.21 Same as Figure 5.15 but in th§  Jg action space of theWM4

model. . . . . ., 163

5.22 Same as Figure 5.15 but in th& J, action space of theVM4 model.164

5.23 Same as Figure 5.15 but in thd, Jgr action space of theWwM4

model. . . . . . 165

5.24 Distributions of warp star candidates in thewM2-4 models. Top:

6.1

6.2

number density distribution of stars in the Solar annulus with overlaid
warp star candidates (green triangles) in chemical space. The solid
polygons represent the region of chemical space where the warp star
purity is greater than 80% (Figure 5.10). Middle: number density
distribution of stars in the Solar annulus with overlaid warp star
candidates (green triangles) in the AMR. The solid lines represent
the linear ts to the AMR of the warp star candidates (red) and
the de facto warp stars identi ed in the models (yellow). Bottom:

locations of the warp star candidates in the galactocentrie  z plane. 167

Spatial distributions of stars in our cross-match between the SD18
sample and spectroscopic surveys in Galactocentric coordinates in the

x y (leftyand R z (right) planes. The rows indicate di erent cuts
applied to the considered sample. Top: stars in the \+Solar annulus”
sample, referred to as the base sample. Middle: the base sample with

a cut on the age percent errors,e. stars with .4  20%. Bottom:

the base cut with a cut on the age errors,e. stars with 53¢ 2 Gyr. 172
Number density distribution in chemical space of stars in the base
sample (Figure 6.1). The solid polygons represent the chemical cuts

from the WM2 (red), WM3 (blue), and WM4 (orange) models. . . 174

XXX



6.3 DistributionsinJ. Jg action space for stars in the \+Solar annulus"
sample (left) and in the chemical cut of the \+Solar annulus" sample
(right). The chemical cut is based on theWM2 model which we
de ne in Figure 6.2 (solid red polygon). The distributions are of the

stellar number density (top), the mean stellar age (middle), and the

standard deviation of the age (bottom). . . . ... ... ... .... 175
6.4 Same as Figure 6.3 but in thd  J, action space. . ... ...... 176
6.5 Same as Figure 6.3 but in thd, Jg action space. . . .. ...... 177

6.6 DistributionsinJ. Jg action space for stars in the \+Solar annulus"
sample (left) and in the chemical cut of the \+Solar annulus"” sample
(right). The chemical cut is based on theWM3 model which we
de ne in Figure 6.2 (solid blue polygon). The distributions are of the

stellar number density (top), the mean stellar age (middle), and the

standard deviation of the age (bottom). . . . . . .. ... ... .. .. 178
6.7 Same as Figure 6.6 but in thd.  J, action space. . .. ... .. .. 179
6.8 Same as Figure 6.6 but in thd, Jg actionspace. . ... ...... 180

6.9 DistributionsinJ. Jg action space for stars in the \+Solar annulus"
sample (left) and in the chemical cut of the \+Solar annulus" sample
(right). The chemical cut is based on thewWM4 model which we
de ne in Figure 6.2 (solid orange polygon). The distributions are of

the stellar number density (top), the mean stellar age (middle), and

the standard deviation of the age (bottom). . . . ... ... .. ... 181
6.10 Same as Figure 6.9 but inthd  J, action space. . ... ...... 182
6.11 Same as Figure 6.9 but in thd, Jg action space. . . . ... .... 183

XXXI



6.12 Distributions of warp star candidates in the base sample and subse-
qguent quality cuts indicated in the top left corner (see Figure 6.1).
Top: chemical space number density distribution (colour) with over-
laid warp star candidates (green triangles). The cyan circles repre-
sent retrograde stars on near-circular orbits to account for possible
contamination by halo stars. The solid polygon (red) represents the
region of chemical space in th&VM2 model where the warp star pu-
rity is greater than 80% (see Figures 5.10 and 6.2). Middle: number
density distribution of stars in the Solar annulus in the age-metallicity
distribution (AMR) with overlaid warp star candidates (green trian-

gles). Bottom: locations of the warp star candidates in Galactocentric

coordinates intheR zplane. ... ... ... .. ... ....... 185

6.13 Same as Figure 6.12 but using the chemical cut from tdéM3 model
(blue solid polygon in Figure 6.2). . . ... .. ... ... ......
6.14 Same as Figure 6.12 but using the chemical cut from tidéM4 model

(orange solid polygon in Figure 6.2). . . .. ... ... ... .....

XXXii



Acknowledgements

First and foremost, | would like to thank my supervisor, Professor Victor P. Debat-
tista, for his immeasurable patience, wisdom, and guidance as | progressed through
my PhD at the University of Central Lancashire. | would also like to thank Dr Mark
Norris, Dr Joseph Caruana, Dr Eugene Vasiliev, Dr Payel Das, and Alcione Mora
for their feedback and advice.

| am also grateful to my colleagues and collaborators Dr Leandro Beraldo e Silva,
Dr Joao Amarante, and Steven Gough-Kelly for their feedback, advice, and lengthy
conversations on galactic dynamics and the di culties of programming. To Joao
and Steven especially, thank you for your useful comments regarding this thesis on
such short notice.

Finally, 1 would like to thank Professor Anatoly Zasov and Professor Irina As-

tashova for their guidance and support throughout the years.

XXXili



Dedication

To my loving family, without whom | would have avoided the vastness of space.
Your patience and boundless support is the fuel for my passion and without them,

| can't imagine getting this far. To my younger brothers, without whom | would
have probably nished this thesis sooner, although interrupting my studies to play
games was invaluable respite that | truly cherished. To my dearest friends, Leni,
Pratyush, Sarah, Chase, Shaun, and Rachel you provided endless moral support in
spite of my prolonged absence and lack of communication, and | am truly thankful

for that. Your patience is a virtue and | plan to return it tenfold.

XXXIV



Chapter 1

Introduction

1.1 Galactic structure

Galaxies were rst accurately identi ed and catalogued in the eighteenth century
by Charles Messier. However, their origin was not well understood, and they were
assumed to be part of the Milky Way (MW). Immanuel Kant suggested that some
of the nebulae might be separate and completsiand universessimilar to the MW.

The evidence to support Kant's ideas was beyond the capabilities of the telescopes of
that time, but as the technology improved, a more coherent picture began to form.
In the 1920's, Edwin Hubble was able to measure the distances to these "nebulae’
and con rmed that they were, in fact, galaxies, distant gravitationally bound stellar
structures, separate from the MW. Hubble suggested four broad classes which the
observed galaxies could be placed into based on their optical appearance (Hubble
1926). This classi cation is known as the Hubble sequence and is presented in Fig-
ure 1.1. The left half of the Hubble sequence contains the elliptical class of galaxies,
which are characterised by their elliptical isophotes. Ellipticals are further divided
into subgroups based on the shape of their isophotes: from circular, EO, to elliptical,
E7. Figure 1.2 shows an example of two elliptical galaxies with minimum (left) and

maximum (right) ellipticity values. Elliptical galaxies do not have well de ned outer
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Figure 1.1: The Hubble sequence classi cation of galaxies (Graham 2019).

Figure 1.2: Optical images of NGC 1379 (left) and NGC 4623 (right) elliptical
galaxies (Sandage & Bedke 1994). These galaxies are examples of the minimum and

maximum ellipticity values which make up the EO and E7 subgroups.
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edges, so their surface brightness pro les smoothly decrease with radius. The size
of ellipticals is commonly de ned by the e ective radius,R., which is the isophote
radius that contains half of the galaxy's total luminosity. Most elliptical galaxies are
deprived of recent star formation, commonly referred to as ‘red and dead' (Faber &
Gallagher 1976). However, there are instances of "blue' ellipticalg. with ongoing
star formation (George 2017). The current understanding of how elliptical galaxies
form is through galaxy mergers (de Zeeuw & Franx 1991; Gonalez-Garca et al.
2009), though historically they were mistakenly assumed to be the early stage of
galactic evolution, hence their “early-type' denomination.

Galaxies with an ellipticity greater than that of E7 galaxies but lack any spiral
features are referred to as lenticulars (S0). Lenticular galaxies are located in the
centre of the Hubble sequence and, similar to ellipticals, were referred to as "early-
type' in the past. This label was attributed due to the incorrect assumption that SO
galaxies were a transition state between elliptical and spiral galaxies. Lenticulars are
usually observed in clusters (Dressler 1980) and become less frequent at increasing
redshifts (Dressler et al. 1997; Couch et al. 1998; Postman et al. 2005), implying
that the environment plays a role in the formation of SO galaxies. A class that is
not present in the Hubble sequence are the irregular galaxies (Im), which do not
have a well-de ned shape. Irregular galaxies are characterised as small and faint
systems (see Gallagher & Hunter 1984, for a review on irregular galaxies), with
notable examples being the Large and Small Magellanic Clouds.

On the right side of the Hubble sequence is the spiral class of galaxies, charac-
terised by their disc-shaped structure and the presence of spiral arms. This class is
subdivided based on the presence (SB) or absence (SA) of a central bar component;
an example of both barred (top) and unbarred (bottom) galaxies is presented in
Figure 1.3. Barred galaxies are more common in the local universe with two out of

three spiral galaxies being barred (Buta et al. 2015). The nearest examples of spiral
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