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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, — (v,) 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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Gaussian filter with a mask size of w = 0.5 Gyr and standard devia-
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evolution of the 7 rate of change, 7, for the same mono-age warp
populations. The rates of change are calculated from the smoothed
evolution curves. The solid black line represents the median rate of
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7 < 0kpc Gyr~! is observed (dashed horizontal line), with the excep-
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regardless of their tgum. . . . . . . . Lo
Distribution of spherical formation radius, 7¢m, versus the spherical
radius at the end of the simulation, 7,4, for warp stars coloured by
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Eccentricities of warp stars versus t¢,.,. The lines indicate the median
(red solid), mean (red dashed), and the 16" and 84" percentiles
(black annotated) of the eccentricity for each ¢, bin. The younger
warp stars having slightly more circular orbits. In general most orbits
are fairly close to circular. . . . . . .. .. ... oo
Edge-on views of the simulation at 12 Gyr. Left column: number den-
sity contour plots of the warp (red contours) and main disc (black con-
tours) populations. Warp stars occupy higher |z| than stars formed
in the disc and outnumber disc stars by a factor of 10 starting from
at |z| ~ 4kpc. Right column: distribution of the mean formation
time, (tgorm) for all stars formed throughout the simulation. There is
a vertical gradient in (fgm) and a young warp population that traces
the gas warp starting from |z| > 5kpe. . . . . ...
Left: radial density profiles for old (tfprm < 5 Gyr) mono-age popu-
lations (rows), with formation times indicated. Black (blue) curves
show the profiles at t = 12 Gyr (¢t = 8 Gyr), which are well described
by skew-normal distributions (dashed lines). Due to inward migra-
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vertical profiles for different radii (colours) at t = 12 Gyr. The pro-
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Same as Figure 3.16 younger populations (¢fo;m > 5 Gyr). Younger

populations have approximately Gaussian profiles peaking at Rpeax =~
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Derived quantities from the best fit models of the radial density pro-
files for different mono-age populations, evaluated at ¢ = 12 Gyr
(black) and ¢ = 8 Gyr (blue). The skewness (left panel) is ap-
proximately zero for young populations (large tgm) and gets pro-
gressively more negatively-skewed for older populations (small t5oy,).
The central panel shows that the profiles peak at Rpeax ~ 14 Gyr for
tiorm 2 D kpc, and drops quickly to Rpeax = 4 kpc at tiom ~ 2 Gyr.
The dispersion (right panel) is og ~ 5kpc for timm = 5 Gyr and
increases rapidly for term SHOGyr. . . Lo Lo
Best fit parameters of the vertical density profiles using Eq. 3.9 for
different mono-age populations, colour-coded by the formation time.
All quantities have complex radial dependencies, but are simpler if
we consider the restricted interval 8 < R/ kpe < 20, where, broadly
speaking, all quantities increase monotonically with radius for most
populations. The [ parameter (left panel) of no population is com-
patible with a Gaussian (horizontal dashed line) for all radii, while
young populations (yellow) are highly non-Gaussian. The central
panel shows the peak location, which seems to split into two groups:
old populations (trm < 5 Gyr) peak near the plane (0 S Zpeak S 1),
while for younger populations zpe.x increases rapidly with radius,
achieving zpeak = 4 kpc. The right panel shows that, broadly speak-

ing, the scale parameter h, increases with radius (flaring profiles),

with younger populations flaring more than the older ones. . . . . . .
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4.1

4.2

4.3

Top row: edge-on views of the stellar and cold gas (T< 50,000 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 the z-axis. The warp reaches heights |z| ~
15 kpc over this evolution. Bottom row: Briggs figures for the warped
model showing the evolution of the stellar (black) and cool gas (red)
warps at the same times. Markers represent annuli with AR = 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 flatter throughout its
evolution. . . . . . . .. L
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 figures have a
reduced scale with max 6 = 2.5° set as the upper limit, so even though
we see some changes at different radii, both gas and stellar discs are
quite flat throughout the model’s evolution. . . . . . ... .. .. ..
Profiles of the surface density, X, (top) and € zs (bottom) in the
warped (solid lines) and unwarped (dashed lines) models at ¢ =
12 Gyr. The profiles are shown for both the cold gas (red) and stellar
(black) discs, where R’ is defined as the cylindrical radius in the cold
gas and stellar planes at each annulus. Only bins with ¥ > 7x 10°M,,

are shOwn. . . . . . . . s
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4.4  Face-on distributions of the stellar mean height, (z) (top), and mean

4.5

vertical velocity, (v,) (bottom), for the warped (left) and unwarped
(right) simulations at t = 11.7 Gyr. A Gaussian filter has been applied
to the colour distribution in each panel with a standard deviation of
the Gaussian kernel set to 0 = 1 pixel = 450 x 450 pc. The solid
black and cyan circles represent the Solar annulus, R = 8.18 kpc, and
R =10kpc, respectively. . . . . . . ...
Power spectra for perturbations in the unwarped simulation at several
time-intervals (rows). The first 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 Q(R) and Q £ x/m, respec-
tively, and the lightly shaded white areas represent the “forbidden”
regions for WKB density waves. The power concentrates along Q(R),
avoiding the forbidden region. The two right-hand columns show the
power spectra for m = 1 and m = 2 bending perturbations. The
thick and thin white dashed lines show Q(R) and Q %+ v, /m, and the
white shaded areas represent the forbidden regions for WKB bending
waves. For m = 1, the expected long-lived slow retrograde motion is

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

4.7

Pattern speeds identified in Fig. 4.5, for the m = 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 8x 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 Q ~ 20 — 25kms ' kpc™!. The m = 1 bending
plot shows the ubiquitous presence of a slow retrograde pattern (at
—15 < Q/kms ' kpc™' < —10) and (at some times) a very weak fast
prograde signal at Q@ ~ 50kms ' kpe™'.. ...
Similar to Fig. 4.5, showing the power spectra at different times
(rows) for the m = 1 and m = 2 density (left) and bending (right)
perturbations in the warped simulation. The m = 2 density panels
show the simultaneous presence of various pattern speeds in the region
allowed for WKB density waves. In the m = 1 bending panels, the
most noticeable difference with respect to Fig. 4.5 is the strong peak
at Q ~ 0kms ! kpc™!, 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. Significant m = 1 bending power is
present for large €2 at large radii, i.e. a fast prograde motion avoiding
the forbidden region for WKB bending waves, and peaking at 25 <
Q/kmstkpe h <500 L
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4.8

4.9

Time evolution of the pattern speeds identified in Fig. 4.7, for the
warped simulation. The m = 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 Q ~ 0 kms~! 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 retrograde m = 1 bending signal is detected.
Unlike the unwarped simulation, a fast m = 1 bending prograde mo-
tion (25 < ©/ kms~! kpc™! < 50) is detected at large radii (red) with
substantial power. . . . . . .. ...
Top: evolution of the mass flux of cold gas (T < 50,000K) through
a spherical shell with R = 15kpc and AR = 0.2 kpc. Bottom: fre-
quencies derived from a discrete Fourier transform of the mass flux on
1 Gyr baselines. The marker size indicates the frequency amplitude
with the value of the maximum amplitude and respective marker size

shown in the legend. . . . . . . . . . .. .. ... ... ... ..
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4.10 Top left: face-on (v,) distribution of stars in the warped model at

4.11

11.4 Gyr. The green circle indicates the SN sample with its ¢,, dis-
played above the colour bar. The solid black and cyan circles repre-
sent R = 8.18 kpc and R = 10 kpc, respectively. A Gaussian filter
is applied to the colour distribution with a standard deviation o =1
pixel = 260 x 260 pc. Right: binned distributions in the SN sample of
(v,) as functions of L, (top) and v, (bottom). The solid lines indicate
different model fits: linear (black), sinusoidal (red), and wrapping
(green) (see Eqn. 4.12 - 4.14). Bottom left: binned distributions of
(v,) as functions of cylindrical radius, R (blue) and guiding radius,
R, (red) in the SN sample. Each distribution has a linear fit (dashed
lines). The slopes of all linear fits are shown in the top left corners of
the respective panels. The shaded regions show the standard devia-
tionof v,ineach bin. . . . . . . . . . ...
Variation of the slope of the (v,)-L, relation with azimuth for samples
at R = 8.18 kpc in the warped model. The value ¢, = 0 is defined
as the azimuth on the warp’s major axis with z < 0. Therefore the
LON, indicated by the vertical dashed lines, is at —90° and 90°. The
sense of rotation is indicated above the figure. In the Milky Way, the
Sun is located 17.5° before the ascending node (Chen et al. 2019a),
t.e. at ¢, = —72.5°. The black and green dots represent the slope
as measured by Schonrich & Dehnen (2018a) (S18) and Huang et al.
(2018a) (H18), respectively (horizontally offset 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° in the span of ~ 80 Myr. . . . . . . .. ..o

4.12 Same as Fig. 4.10 but for the unwarped model at 12 Gyr. . . . . . . .
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4.13

4.14

4.15

Variation of the slope of the (v,)-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 different artificial tilts about the z-axis (red lines), about the
y-axis (blue lines), and without any artificial 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. .
Evolution of the slope of the (v,)-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 on R = 8.18 kpc and with
r = 2kpc. The green dotted line shows the SN slope value (Schonrich
& 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 x 10® 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. . . . .. .. .. .
Evolution of the stellar surface density contrast, 3 (left) and mean
height above the mid-plane, (z) (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 Gyr interval (see Fig. 4.8). . . . ... .. ... ... ...
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4.16

4.17

4.18

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 10— 12 Gyr interval (see Fig. 4.6).123

Face-on distributions of (z) (top), and of (v,) (bottom) for different
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 defined, in the youngest population. The
solid black and cyan lines represent the Solar annulus, R = 8.18 kpc,
and R = 10 kpc, respectively. A Gaussian filter has been applied to
the colour distribution in each panel with a standard deviation of the
Gaussian kernel set to 0 = 1 pixel =570 x 570pc. . . . . . . . . . ..
Face-on distributions of (z) (top), and of (v,) (bottom) for popula-
tions with different radial action, Jg, 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, and R = 10 kpc, respectively. A Gaus-
sian filter has been applied to the colour distribution in each panel
with a standard deviation of the Gaussian kernel set to 0 = 1 pixel

=570 X570 pec. . . . . .
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0.1

5.2
2.3
5.4

2.5

Top row: edge-on densities of the stellar and cold gas (7" < 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 figures for the warped model
showing the evolution of the stellar (black) and cool gas (red) warps
at the time referenced above. Markers represent annuli with AR =
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. .
Same as Figure 5.1 but in the WM3 model. . . . . . ... .. .. ..
Same as Figure 5.1 but in the WM4 model. . . . . ... .. .. ...
Time evolution of the stellar disc (squares) and surrounding gas (tri-
angles) Briggs figures 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 defined as stars within » < 10 kpc,
while the surrounding gas is defined by gas of all temperatures within
r<20kpc. ...
Time evolution of the mass flux of inflowing gas (black, left y-axis)
and the angle between the angular momenta of the stellar disc and
surrounding gas (blue, right y-axis) in the three models, indicated in
the top left corner. The stellar disc and surrounding gas are defined
in Figure 5.4. The inflowing gas is defined as the inward moving
(v, < 0kpcGyr™!) gas of all temperatures located within 15.0 <
r/kpe <1520 Lo
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2.6

5.7

0.8

2.9

5.10

The number density distribution of all stars in the Rgym—orm 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 defined as the main warp population. The populations of stars
that formed in an early, transient warp at low radii (Rgom < 5 kpc)
and high inclinations relative to the disc (6 > 10°) are not included
in our warp star populations. . . . . .. ... ... L.
Distributions in [Fe/H]-[a/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, Nyarp/Nan. The red dashed poly-
gon outlines the area of chemical space where Nyarp/Nan > 0.8 and
[Fe/H] > —1. . . . .
Same as Figure 5.7, but with artificial errors applied to the [Fe/H] and
[a/Fe] values of each stellar particle. The dashed polygon indicates
the chemical cut defined in Figure 5.7 (red) and the updated chemical
cut that accounts for the abundance errors (black). . . . ... .. ..
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, Nyarp/Nan. The dashed red polygon outlines
the area of chemical space where Ny /Nan > 0.8 and [Fe/H] > —1.
Same as Figure 5.9, but with artificial errors applied to the [Fe/H] and
[/ Fe] values of each stellar particle. The dashed polygon indicates
the chemical cut defined in Figure 5.9 (red) and the updated chemical

cut that accounts for the abundance errors (black). . . . ... .. ..
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5.19

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, Nyarp/Nail- - -« « o o v o oo 150
Same as Figure 5.11 but for stars in the Solar annulus of the three

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

distribution (orange) and to the warp population (cyan). . . . .. . . 151
Same as Figure 5.12, but with artificial errors applied to the stellar
ages and [Fe/H] values of each stellar particle. . . . . ... ... ... 152
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 different 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 defined for each model in
Figure 5.14 with the red polygon. . . . . . . .. ... .. ... ... 153
Distributions in JT, — Jg action space for stars in the Solar annulus
(left) and in the chemical cut of the Solar annulus (right) of the WM?2
model. The chemical cut is defined 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
Same as Figure 5.15 but in the J_@—J_z action space of the WM2 model.158

Same as Figure 5.15 but in the J, — Ji action space of the WM2
model. . . .. 159
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model. . . .. 160
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Chapter 1

Introduction

1.1 Galactic structure

Galaxies were first accurately identified 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 complete island universes, similar 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 confirmed 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 classification 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 defined outer
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Figure 1.1: The Hubble sequence classification 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 profiles smoothly decrease with radius. The size
of ellipticals is commonly defined by the effective 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’ ellipticals, i.e. with ongoing
star formation (George 2017). The current understanding of how elliptical galaxies
form is through galaxy mergers (de Zeeuw & Franx 1991; Gonzélez-Garcia 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-defined 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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Figure 1.3: Top: NGC 1300, an SB(rs)bc barred spiral galaxy. Credit: NASA,
ESA, and The Hubble Heritage Team (STScI/AURA) Acknowledgment: P. Knezek
(WIYN). Bottom: M63, an SAbc unbarred spiral galaxy with flocculent spiral arms.
Credit: ESO.
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class galaxies are the MW and Andromeda galaxies (M31), both belonging to the
barred subclass, with the MW having a rotating bar that extends up to ~ 5 kpc
(Wegg et al. 2015). A further subdivision of the spiral galaxy class is based on the
tightness of the spiral arms. Unbarred (bared) galaxies are broken up into three
subclasses from tightly to loosely wound, SA(B)a and SA(B)c, respectively.

Spiral galaxies are observed to have a dense central component that is thicker
than the disc, referred to as the bulge. Bulges are not unique to the spiral galaxy
class, with the bulge decreasing in size and luminosity when moving from ellipticals
to loosely wound spirals in the Hubble sequence (Wyse et al. 1997). Bulges are
divided into classical and pseudobulges. Classical bulges are spherical in structure,
dynamically hot, and speculated to have formed via hierarchical merging (Renzini
1999; Martinez-Valpuesta & Athanassoula 2008). Pseudobulges are more box-like
in shape, have disc-like kinematics, and have been theorised to form via secular
processes (e.g. see Kormendy & Kennicutt 2004, for review on the formation of
pseudobulges). A type of pseudobulge that is commonly observed in spiral galaxies,
including our own (e.g. Weiland et al. 1994; Binney et al. 1997; Lopez-Corredoira
et al. 2005), is the boxy peanut-shaped (B/P) bulge (Erwin & Debattista 2017).
N-body simulations have demonstrated that violent vertical instabilities in newly
formed bars (buckling instability) produce B/P bulges (e.g. Raha et al. 1991a;
Merritt & Sellwood 1994; Debattista et al. 2004), which were later confirmed in two
external galaxies with ongoing buckling instabilities (Erwin & Debattista 2016).

De Vaucouleurs further extended the Hubble sequence to include barred (S0B)
and unbarred (SOA) lenticular galaxies along with weakly barred spiral galaxies
(SAB). De Vaucoulerus also added more characterisation to the spiral structure to
include diffuse spirals and further subdivisions in the tightness of the spiral arms.

Surveys of galactic structure in the local universe have found that spiral galaxies
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make up more than half of the observed galaxies while elliptical and lenticular galax-
ies make up a third of the extragalactic surveys (Loveday 1996; Cappellari et al. 2011;
Willett et al. 2013). Irregular and merging galaxies cumulatively make up around
10% of the observed extragalactic sources (Loveday 1996). Galactic structure has
been shown to be influenced by the environment (e.g. Dressler 1980), with early and
late-type galaxies being more dominant in high-density (cluster) and low-density

regions, respectively.

1.2 Spiral galaxies

The differences between spiral and elliptical galaxies are very apparent, with early-
types having a spheroidal and diffuse structure and late-types having a main disc
with diverse substructure. The formation of elliptical galaxies is assumed to be
solely via major mergers of two or more disc galaxies, but this raises the question on
how disc galaxies themselves form. In the ACDM cosmological paradigm, the halos
of disc galaxies like our own (e.g. see Helmi 2020, for review) and M31 (Ibata et al.
2005; Escala et al. 2020) form through hierarchical assembly, i.e. through mergers.
It is assumed that the mergers involved are primarily minor in nature.

The ACDM model can also describe the fundamental building blocks of galactic
formation. Initially, the hot gas in the dark matter halo can radiatively cool and
pool in the potential well. This protogalaxy is formed by a fraction of the total gas
mass in the halo, but it contains most of the available angular momentum (van den
Bosch et al. 2001). The gas cools and settles onto near-circular orbits, forming a
rapidly rotating disc. The resulting surface density of the disc will increase, which
will trigger star formation (Kennicutt 1998). With dense gas being located closer to
the centre, due to its lower angular momentum, star formation is initially centrally
concentrated. Star formation then proceeds in gas with higher angular momentum,

which leads to a larger stellar disc at later times, a process that is referred to as
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inside-out formation (Kepner 1999; Nelson et al. 2012; Patel et al. 2013). The inside-
out process can produce a radial age gradient as stars in the centre are the first to
form; such a radial decrease in the average stellar age has been observed in external
galaxies (Bell & de Jong 2000; MacArthur et al. 2004; Williams et al. 2009; Dale
et al. 2016; Frankel et al. 2019). However, other mechanisms can affect the resulting
age profiles, such as radial migration, discussed later in this section.

Most of the stellar mass in spiral galaxies is concentrated in the galactic disc.
The surface density profile, ¥(R), of the stellar disc can be described using an

exponential profile,

Y(R) = Sge R/hn (1.1)

where ¥ is the central surface density and hpg is the scale length, defined as the
radius at which the density decreases by a factor of e. The vertical structure of
disc galaxies is usually broken into two separate components referred to as the thin
and thick discs. The thin disc is characterised by stellar populations that are on
average younger and, consequently, more metal-rich than those found in the thick
disc. These disc components are commonly referred to as geometrically thin and
thick, as the disc can also be separated into components by chemistry alone (Hayden
et al. 2017). The vertical density profile of the disc similarly follows an exponential

law,

p(R, 2) = p(R, 0)e /1= (1.2)

where z is the height from the midplane, p(R,0) and h,(R) are the midplane density
and the vertical scale height at radius R, respectively. The scale height also depends
on the stellar population, with younger stars having smaller scale heights (Binney
& Tremaine 2008a). Studies of the MW’s radial and vertical density profiles have
produced a scale length of hg = 2.5 + 0.4kpc for the thin disc (Bland-Hawthorn &
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rotation

s

trailing arms leading arms

Figure 1.4: Visualisation of trailing (left) and leading (right) spiral arms, classified

by their orientation relative to the direction of rotation of the galaxy (top middle).

Gerhard 2016) and scale heights of h, ~ 300pc and h, ~ 900pc for the thin and
thick discs (Bland-Hawthorn & Gerhard 2016; Jurié¢ et al. 2008), respectively.

1.2.1 Spiral formation

Observations have shown that the majority of spiral arms are trailing, i.e. pointed
in a counterrotating direction relative to the disc (Fig 1.4, left), while leading spirals
(Fig 1.4, right) only make up a fraction of spirals (Buta et al. 2003). In galactic
dynamics, the formation of spirals remains a challenging area of research with many
outstanding questions on their evolution and transient nature.

Similar to the initial classification of galaxies, spirals are separated into different
groups based on their direct observations. The most abundant spiral type is the two-
arm spiral which is characterised by two symmetric arms. In surveys of external
galaxies, such as the Sloan Digital Sky Survey (SDSS, York et al. 2000) and the
Galaxy Zoo 2 project (Willett et al. 2013), two-arm spirals were found in ~ 60%

and ~ 80% of galaxies, respectively. Two-arm spirals are often present only at
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the inner radii and then split into multiple spirals on the outskirts of the disc,
but there are galaxies where the two-arm spiral spans the entire disc (Elmegreen
& Elmegreen 1982; Grosbgl et al. 2004). Early classifications were focused on the
visible spectrum, but two-arm spirals are also observed in near-infrared light, while
in the optical band, the disc presents multiple, short, and discontinuous spiral arms
(flocculent) (Block & Wainscoat 1991; Thornley & Mundy 1997). This implies that
the spiral affects the entire disc, not just the young populations (visible spectrum).
The current spiral arm classification is completed with flocculent and multi-armed
spirals, which are less frequent than two-arm spirals (Elmegreen 1990). There are
rare cases of single-armed spirals in the universe (de Vaucouleurs et al. 1991), but
any successful spiral formation theory must be able to explain and recreate the
observed spiral phenomena.

The rotation curves observed in disc galaxies have shown that stars in the inner
regions of the disc have shorter orbital periods than those in the outer regions.
Therefore, if spiral arms were material structures, they would naturally wind up
in a few galactic rotations (Wilczynski 1896). However, the abundance of spirals
in disc galaxies implies that spiral arms must be long-lived or transient in nature.
The first breakthrough came from Lin & Shu (1964, 1966) who proposed that the
observed spirals were actually density waves propagating through the galactic disc
and rigidly rotating at a set frequency, referred to as the pattern speed (€2,). Density
waves would not be affected by differential rotation as they move through the matter
in the disc. The density wave theory also addressed the increased star formation
in the spirals as the gas would be compressed with the approach of the density
wave, thereby inducing star formation. Later work by Schweizer (1976) supported
the density wave theory as red (old) and star-forming (young) spiral arms were
observed to be at similar locations. Red spirals were observed to be more diffuse,

which Schweizer (1976) suggested was caused by the eventual smoothing of newly
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formed stars in the spiral, while the star forming edge of the spiral would be bright
and well defined.

Further advancement in the field of spiral formation came from the discovery of
the swing amplification mechanism (Toomre 1981), a process in which perturbations
in the disc are amplified and then sheared into spiral patterns via differential rota-
tion. The amplification happens when the epicyclic motion of a star matches that of
the spiral pattern. To measure how susceptible a disc is to perturbations, Toomre
(1964) defined the @ parameter, which acts as a critical threshold, beyond which
the disc is stable against axisymmetric perturbations. The Toomre QQ parameter is

defined as
ORK

@=3350%

(1.3)

where oy is the radial velocity dispersion, k is the epicyclic frequency, and ¥ is the
surface mass density. For ) > 1, the disc is stable to axisymmetric perturbations,
while for () < 1, the disc becomes vastly unstable against gravitational collapse and
is generally not realised in galaxies. Swing amplification is significant up to @ < 2
(Binney & Tremaine 2008a). Galaxies with large radial velocity dispersions are
considered radially ‘hot’ and will not be susceptible to axisymmetric perturbations,
while the opposite is true for radially ‘cold’ galaxies. Initially, it can seem that
spiral density waves are bound to dissipate with time as they will inevitably heat
the disc and prevent any further excitation, but that is not always the case. With
the presence of any cooling mechanism in the disc, density waves have the capacity
to continuously reappear as new spirals (Sellwood & Carlberg 1984). Sellwood &
Lin (1989) observed in their N-body simulations that spiral patterns change the
particle distribution in such a way that a new dynamical instability can arise. This
change manifests as a “groove” in the phase space density distribution at a particular
angular momentum, and it, in turn, drives a new instability, referred to as a groove

mode. With all these mechanisms in play, a picture of transient spiral formation
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begins to form in which spirals can be long-lived, affect the disc structure, naturally
dissipate, and then give rise to new spiral waves.

The transient nature of spirals plays a significant role in the galactic disc; Sell-
wood & Binney (2002a) described a mechanism that can redistribute stars from
different parts of the disc, named radial migration. Transient spirals can have a
wide range of €, throughout the disc (Sellwood & Carlberg 1984; Roskar et al.
2012), and where 2, matches the circular frequency of the disc is referred to as the
corotation radius. Stars trapped at the corotation radius can experience changes to
their galactocentric radius while the eccentricity of their orbit remains mostly un-
affected, i.e. a star can remain on a near-circular orbit while experiencing changes
in its angular momentum. If spirals were long-lived, then the star would experi-
ence these changes in perpetuity, but the transient nature of spirals means stars can
escape the corotation radius with a net change to their angular momentum. As a
result, radial migration can lead to a large redistribution of stars without changes
to their radial actions and, therefore, orbital eccentricity, which means the disc will
not experience any radial heating.

To explain how the scattering occurs without affecting the orbital eccentricity,
we obtain the relationship between the angular momentum changes induced by the
spiral and the associated changes in the random velocities of stars. In a rotating
frame of a steady spiral perturbation, neither the specific energy, E, or vertical
angular momentum, L, are conserved. However, the following combination, known

as Jacobi’s integral, E; (Sellwood & Binney 2002a), is conserved:
Ey=E—Q,L (1.4)

where €2, is the pattern speed of the spiral perturbation. From this, we see that the

relation between the changes in angular momentum and energy is

AE = Q,AL (1.5)
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A fraction of the energy increment, AFE, represents the changes in circular motion
while the remainder represents changes in random motion. By defining Jr as any

parameter that quantifies radial kinetic energy, we obtain

OE OE
E=— —dL 1.
dE = 57 dJn + 5 (1.6)

Sellwood & Binney (2002a) showed that if Jg is chosen to be the “radial action”,
then the partial derivatives in Equation 1.6 become the angular frequencies of a
star’s radial and azimuthal motions, wgr and €2, respectively. Substituting these

frequencies into Equation 1.6 and then combining the result with Equation 1.5 gives

Q,—Q

WR

AJp = AL (1.7)

We observe that for stars at corotation, i.e. {2 = €2, changes in L do not cause
changes in Jg, while for stars outside this resonance they do. The classical Lindblad
diagram in Figure 1.5 illustrates the physical origin of this relation. The solid line
is indicative of circular orbits in a disk galaxy model with a flat rotation curve. The
white region in the upper left half of the diagram is occupied by eccentric orbits,
while the grey shaded region shows inaccessible orbits. The distance from the curve
of circular orbits is a measure of Jg, so a higher radial action indicates a more ec-
centric orbit. Equation 1.5 shows that stars are scattered along the lines of constant
slope, €, which at corotation (annotated) is also the tangent to the curve of circular
orbits. We observe that stars that are corotating with the wave do not experience
any changes in Jg to first order when they are scattered. However, scattering that
occurs at near or non-circular orbits results in energy being exchanged.

Radial migration complicates our understanding of the evolutionary history of
galaxies, including the picture of inside-out formation, since every annulus is now
assumed not to be evolving in isolation. The scale of this effect was measured in
a MW-like simulation (Roskar et al. 2008a) and shown to cause an upturn in the

age profile as older stars radially migrated to the outer disc. In essence, radial
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Eccentric orbits
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