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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
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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

progradem = 1 bending waves are coupled with them = 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 Lz � hvzi 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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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 completeisland 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 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, E0, 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

1
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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 E0 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,Re, 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; Gonz�alez-Garc��a 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 S0

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 S0 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

3
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