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Chapter 1
Introduction

Thick discs were first discovered in galaxies approximately thirty years ago and in
particular in our own Milky Way in 1983. Since then several studies have estab-

lished that thick discs are ubiquitous as they have been found in many external galaxies.
Observations have revealed that in general thick discs are composed by old stars, which
leads to the idea that they preserve information about how their host galaxies formed
and evolved. Hence, by understanding the formation of thick discs we could improve
enormously our general knowledge of galaxy evolution. And in particular that of our
own Milky Way. However, the dominant mechanism leading to the formation of thick
discs remains unclear to this day.

In this Thesis I use numerical simulations to study the formation process of thick
discs in galaxies. In particular I explore the formation scenario in which they are the
final product of a merger between a pre-existing disc and a satellite galaxy. In this study
I characterise in detail this process and make specific predictions of this model that may
be compared to (future) observations of thick discs.

1.1 Galaxy formation in a cosmological context

The “Big Bang” marked the birth of the Universe some 13.7 Gyr ago. The Universe
was initially hot, dense and pristine and as it expanded it began to cool. At this stage
the Universe was highly homogeneous but small perturbations in the density field seeded
the formation of the very first structures. At a certain point these first structures ac-
cumulated enough mass to decouple from the expansion of the Universe and started to
collapse, forming virialised structures known as halos (Blumenthal et al. 1984). These
halos are believed to be dominated by dark matter (DM), and to contain gas that was
presumably shock-heated to high temperature during the virialisation process. Due to its
dissipative nature, this hot gas radiated away its energy and began to collapse, condens-
ing at the centre of the halos (White & Rees 1978). It is also likely that some fraction
of the gas could have reached the central regions of halos via steady, narrow and cold
streams (see Kereš et al. 2005; Dekel et al. 2009). As gas condensed within the DM halos,
star formation proceeded in regions where the density was high enough. This moment
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Figure 1.1: Numerical simulation of a galaxy being formed by subsequent mergers of
smaller systems in a ΛCDM universe (Credit: J.P. Gardner).

essentially marks the birth of the large variety of galaxies we observe today, including
our own Milky Way (MW).

Currently we have a fairly mature understanding of how the Universe was born and
how large structures (on scales of tens of Mpc) were formed. However this is not the
case for structures on the scales of galaxies (including the MW) whose formation and
evolution remain as one of the most important problems in modern astrophysics.

The influential work of Eggen, Lynden-Bell, & Sandage (1962) suggested that galaxies
like the MW were formed after the uniform collapse of a spherical (proto-)cloud of gas,
initially metal-poor and with some amount of net rotation. As the cloud started to
collapse its rotation increased in order to conserve angular momentum and it was metal-
enriched by the effect of supernovae. Then by the time the cloud was one-tenth of its
original size, the system flattened by rotation became a metal-rich disc. Eggen, Lynden-
Bell & Sandage concluded that the collapse of the cloud had to be rather fast, based on
the fact that metal-poor stars in the Solar neighbourhood had high orbital eccentricities.
According to this scenario (most of) the mass of a galaxy had to be already in place
at the time of collapse, implying that few if any stars in the Galaxy could have been
originated in external systems.

A more chaotic picture was proposed by Searle & Zinn (1978) in which galaxies were
formed via the amalgamation of a number of separate systems over an extended period
of time. Their claim was based on observations of globular clusters located in the outer
halo of the MW. They found that these clusters presented a wide range of metallicities
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Figure 1.2: This image shows the different components of our Galaxy observed in the
infrared (Credit: E. L. Wright & The COBE-DIRBE project).

which were independent of their distance from the Galactic centre. Both observations
(the spread and the lack of a gradient) were found to be inconsistent with a model in
which the MW is the result of the collapse of a proto-cloud in an homogeneous and
uniform fashion.

Since the scenarios envisaged by Eggen, Lynden-Bell, & Sandage and Searle & Zinn,
the formation of galaxies is currently situated in the context of hierarchical growth of
structure in a Cold DM (CDM) framework (White & Rees 1978; Peebles 1982) which is
characterised by the continuous mergers of smaller systems to build ever larger structures.
Such mergers are believed to have had a fundamental role in both the formation and
evolution of galaxies, since in a young and dense Universe the proto-galaxies were much
closer to each other (Fig. 1.1). An important assumption of this model is that most of
the matter in the Universe is in the form of DM which is thought to be made of weakly
interacting and massive particles that had non-relativistic (cold) velocities when they
decoupled from the expansion of the Universe. This scenario is in remarkable agreement
with the measurements of the cosmic microwave background (Spergel et al. 2007), and is
also largely supported by the observed distribution of galaxies on large scales (Springel
et al. 2005).

1.2 Galactic structure and the structure of galaxies
In order to simplify their description, galaxies are often decomposed into several struc-
tures, generally on basis of their morphology. It is hoped that such a description results
also in stellar populations that are distinct in each component in terms of kinematics, ages
and chemical properties. In this way it is believed that each of these components should
hold important and independent information about different episodes in the history of a
galaxy (Freeman & Bland-Hawthorn 2002).

In the case of our MW (and other similar galaxies), we can roughly divide its structure
into the following components (Fig. 1.2):



10 chapter 1: Introduction

The bulge is the central protuberance of the Galaxy with a total mass estimated as
1.6 × 1010M� (Gerhard 2006). Its shape is observed to be elongated and barred
(Dwek et al. 1995) with axis ratios 1:0.35:0.26, pointing about 25o away from the
line of sight (e.g. Rattenbury et al. 2007). The bulge dominates the central region of
the Galaxy out to ∼3 kpc (Bissantz & Gerhard 2002), distance comparable to the
estimated scalelength of the Galactic disc. The stars in the bulge show a significant
central velocity dispersion (Ibata & Gilmore 1995), similar to that of the stellar
halo, of ∼ 120 km s−1, decreasing as a function of Galactocentric distance. However
the bulge also shows signs of rotation at a relatively high peak of ∼75 km s−1 (Rich
et al. 2007). Most of the stars in the bulge are found to be old, &10 Gyr, with
metallicities ranging from −1.5 to 0.5 and peaking at [Fe/H]∼ −0.2 (Zoccali et al.
2003, 2008). The high α-element enrichment of its stars suggests that the bulge
could have been formed on a relatively short timescale (∼1 Gyr), particularly in
comparison to the Galactic disc. For a recent review of the Galactic bulge, the
reader is referred to Minniti & Zoccali (2008).

The disc is the component that contains most of the stars of the Galaxy and has a total
mass ∼ 6× 1010M�. Most of the cold gas in the Galaxy is also located in the disc
which makes it the most active component in terms of star formation. The disc of
the Galaxy can be further decomposed into a thin- and a thick disc as found by
Gilmore & Reid (1983) after they were unable to fit their stellar counts towards
the South Pole of the MW with a single exponential profile. Modern values for
the exponential scaleheights of both the thin and the thick discs of the Galaxy are
∼ 300 pc and ∼ 900 pc, respectively (Cabrera-Lavers et al. 2005; Jurić et al. 2008).
By means of infrared star counts the radial scalelength of the thin disc is found to
be ∼ 2.8 kpc (Robin et al. 2003), while the outer edge of the thin disc is estimated
to be at ∼ 15 kpc (Ruphy et al. 1996). The thin disc rotates about the Galactic
centre at ∼ 220 km s−1 measured at the Solar radius and its velocity ellipsoid in
the Solar neighbourhood is found to be (σR, σφ, σz)∼ (35, 25, 18) km s−1 (Alcobé
& Cubarsi 2005; Vallenari et al. 2006; Veltz et al. 2008). Thin disc stars cover a
wide range of ages but in general they are younger than ∼ 8 Gyr, with metallicities
within −1 and 0.5 dex (Bensby et al. 2005; Seabroke & Gilmore 2007; Ivezić et al.
2008). We summarise the properties of the thick disc of the MW in Section 1.3.1.

The halo conforms the spheroid of the Galaxy along with the central bulge and it can
be subdivided into a stellar and a dark halo.

The spatial distribution of the stellar halo is quite concentrated, with a half-mass
radius ∼ 3 kpc (Frenk & White 1982). Its shape is found to be flattened in the
inner regions of the Galaxy (Preston et al. 1991) but more spherical at outer radii
(Carollo et al. 2007). The total mass of the stellar halo is roughly one-tenth of that
of the bulge, i.e. ∼ 109M� (Morrison 1993). Unlike the central bulge and the disc,
it is supported against gravity purely by random motions, with a velocity dispersion
∼ 100 km s−1. The stars in the halo are among the oldest in the Galaxy with ages of
∼ 12−15 Gyr and metallicities [Fe/H]∼ −1.5. The stellar halo is considered as one
of the most important components in terms of galaxy formation since it is certainly
possible to detect stellar groups originated in common progenitor satellites, given
by its very long mixing timescales (Eggen 1977; Helmi & White 1999a; Majewski
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et al. 2000; Harding et al. 2001). See Helmi (2008) for a recent review on the stellar
halo.

The dark halo, unlike its stellar counterpart is much more extended, having a half-
mass radius ∼ 50 times larger, i.e. ∼ 150 kpc (Klypin et al. 2002; Battaglia et al.
2005, 2006). It is also much more massive (∼ 1012M�) accounting for most of the
mass of the Galaxy (Battaglia et al. 2005, 2006; Smith et al. 2007; Xue et al. 2008).
The dark halo is believed to be made of DM and its properties are derived from
the gravitational pull it exerts on luminous matter.

1.3 Thick discs

Based on observations of many external galaxies (Section 1.3.2) and also of our MW
(Section 1.3.1), thick discs are typified in general as faint, red galactic components that
envelop the thin discs. In the case of the thick disc of the MW, a number of studies
have been dedicated to characterise its spatial distribution, kinematics and chemical
composition. In general such studies conclude that the thick disc of the MW might
be considered as a separated component respect to the thin disc. However, this is still
matter of debate (e.g. see Ivezić et al. 2008). The key importance of thick discs relies on
the fact that they are mainly composed by old stars which makes them ancient records
of the early history of galaxies.

1.3.1 The Galactic thick disc

In a star counts study towards the South Galactic Pole, Gilmore & Reid (1983) realised
that the vertical distribution of stars up to ∼5 kpc could not be well represented by a
single exponential profile. Instead a much better representation of the observations was
reached by modelling the density profile with two exponential functions (Fig. 1.3, where
exponential fits are seen as straight lines due to the log-linear scale). Gilmore & Reid
found that the scaleheights of each component were 300 pc and 1350 pc with a transition
between the two at about ∼1 kpc from the plane. They also estimated that the number
of thick disc stars in the Solar neighbourhood was ∼2% of those belonging to the thin
disc (i.e. 10 times larger than for halo stars). Gilmore & Reid then concluded that the
thick disc found in their observations was consistent with metal-poor spheroids flattened
by the disc potential, as observed in external edge-on galaxies by van der Kruit & Searle
(1981b).

It is important to note that the fact that the vertical distribution of stars cannot
be represented by only one exponential function does not mean necessarily that the
Galactic disc is made of two components. Instead further observations were required to
characterise this possible separation also in terms of stellar kinematics and chemistry.

Since the discovery of the thick disc of the MW several large surveys have been
carried out to understand its properties (see reviews by Reid & Majewski 1993; Norris
1999; Buser et al. 1999). The Galactic thick disc has a scalelength that is comparable to
that of the thin disc ranging from 2.8 to 4.5 kpc; an exponential scaleheight between 700–
1500 pc that is around 2–3 times larger than that of the thin disc; and a normalisation
in the Solar neighbourhood of 2–11% relative to the thin disc (Robin et al. 1996; Ojha
2001; Chen & the SDSS Collaboration 2001; Larsen & Humphreys 2003; Jurić et al.
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Figure 1.3: Density profile derived by Gilmore & Reid (1983) for stars with absolute
magnitudes in the range 4 < MV < 5 mag towards the South Galactic Pole. The profile
is clearly not well fit by a single exponential function but can be much better represented
by a sum of two components with different scaleheights, namely a thin (solid) and a thick
disc (dashed).
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Fig. 8. Elemental abundances relative to Fe. Dotted lines indicate solar values. Thin disk and thick disk stars are marked by empty and filled
circles, respectively. Stars from Bensby et al. (2003, 2004a) are marked by circles and stars from the new northern sample by triangles.
Transition objects are marked by asterisks.

Fig. 8i). The now larger number of stars at [Fe/H]< 0 also
indicates that it is possible that the [Ni/Fe] trend at these metal-
licities actually is not flat. We see a slight overall decrease in
[Ni/Fe] when going to higher [Fe/H], and at [Fe/H]= 0 there is
an underabundance of Ni relative Fe of about 0.05 dex. There
is also a weak tendency that the thick disk stars are more abun-
dant in Ni than the thin disk stars.

Zn: The [Zn/Fe] trend is tight and in accordance with Bensby
et al. (2003) (see Fig. 8j). This is somewhat surprising since the
trend for the new stars is based on one Zn ! line only. Further,
this is also the line that we rejected from further analysis in
Bensby et al. (2003) since it was suspected to have a hidden
blend that was growing with metallicity. For metallicities below
[Fe/H]! 0 we, however, found that the blend should have less
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Figure 1.4: Oxygen abundance relative to iron for thin- (empty circles) and thick disc
(filled circles) stars derived by Bensby and collaborators. Stars from Bensby et al. (2003,
2004) are marked by circles and stars from Bensby et al. (2005) by triangles. Transition
objects are marked by asterisks. Dotted lines indicate Solar values.



1.3: Thick discs 13

Figure 1.5: Radial velocity histograms for F/G stars in two lines of sight compared to
model predictions, derived by Gilmore et al. (2002a). Top panel: radial velocities of the
brighter stars, with apparent magnitude V < 18. Bottom panel: radial velocities of the
fainter stars. The solid histograms result from random sampling Gaussians with standard
Galactic kinematics, (see Gilmore et al. 2002a for details on this Figure). The bottom
panel shows that a clear discrepancy is found for fainter stars for which on average lag
behind the Sun by ∼ 100 km s−1 (short and long dashed) compared to the predictions
(solid).
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2008). From these structural parameters the total mass of the thick disc is estimated as
∼ 1010M� (6–30% that of the thin disc). The velocity ellipsoid of the thick disc near the
Sun is observed to be (σR, σφ, σz)∼(65, 54, 38) km s−1 which is roughly 2 times larger
than that of the thin disc, and thick disc stars are found to lag the rotation of the thin
disc by ∼40 km s−1 (with observations ranging from 30 to 90 km s−1) (Freeman 1987;
Edvardsson et al. 1993; Reid 1998; Chiba & Beers 2001; Nordström et al. 2004; Alcobé &
Cubarsi 2005; Vallenari et al. 2006; Veltz et al. 2008). The presence of a vertical gradient
in this lag is still matter of controversy, where some authors find the standard lag up to
3 kpc (Soubiran 1993; Ojha et al. 1994) while others measure a gradient between −18
and −30 km s−1 kpc−1 (Chiba & Beers 2000; Allende Prieto et al. 2006; Girard et al.
2006; Ivezić et al. 2008). Quillen & Garnett (2001) derived a velocity dispersion-age
relation from the sample compiled by Edvardsson et al. (1993) and showed that stars
with velocity dispersions consistent with thick disc’s kinematics are in general older than
10 Gyr. Modern studies agree that the thick disc is old (Bensby et al. 2005; Reddy et al.
2006; Fuhrmann 2008) around ∼10–12 Gyr (Feltzing & Bensby 2008). The metallicities
of thick disc stars are in the broad range −2.2 ≤[Fe/H]≤ −0.5, while most of them
have [Fe/H]∼ −0.6. The existence of a vertical gradient in the metallicity is not well
established (Gilmore & Wyse 1985; Carney et al. 1989; Reid & Majewski 1993; Gilmore
et al. 1995; Bell 1996; Robin et al. 1996; Ng et al. 1997; Chiba & Beers 2000 find no such
gradient but Buser et al. 1998; Ivezić et al. 2008 argue the contrary). On the other hand
thick disc stars show significantly higher α-element−to−iron abundances compared to
thin disc stars at a similar iron abundance (Fig. 1.4). In principle this suggests that the
formation of stars in the thick disc was faster than in the thin disc (Prochaska et al.
2000; Feltzing et al. 2003; Mishenina et al. 2004; Bensby et al. 2005).

Therefore and overall there seem to be systematic differences between the general
properties of the Galactic thin- and thick discs, suggesting that both could be considered
as separated components formed by different processes.

Recent discoveries of complex substructure in the distribution and kinematics of stars
in the MW, and in particular in the thick disc provide some evidence that accretion may
have played a role in the formation of this component, as it is expected in general within
the CDM paradigm. For instance Gilmore et al. (2002a) recently found that thick disc
stars located 0.5–5 kpc above the thin disc plane have peculiar kinematics. A significant
fraction of the sample analysed by Gilmore et al. shows a mean rotational lag of ∼ 100
km s−1 behind the Sun which is clearly different from the standard lag of the thick disc
∼ 40 km s−1, and that of the halo ∼ 220 km s−1 (Fig. 1.5). Gilmore et al. proposed that
the sample is dominated by stars from a disrupted satellite that merged with the disc of
the MW some 10–12 Gyr ago.

Additional evidence of substructure in the thick disc are also: the significant asym-
metry of thick disc stars in the first quadrant of the Galaxy with respect to the fourth
(Parker et al. 2003, 2004; Larsen et al. 2008); the Arcturus stream (Eggen 1996; Navarro
et al. 2004); the Monoceros ring in the outer disc with a nearly circular orbit that is
probably related to the Canis Majoris over-density (Martin et al. 2004); as well as a few
groups with thick disc kinematics in the Solar vicinity (Helmi et al. 2006).
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1.3.2 Thick discs in other galaxies

Before the detection of the MW’s thick disc by Gilmore & Reid (1983), similar structures
were discovered in external galaxies four years earlier by Burstein (1979) and Tsikoudi
(1979). Fig. 1.6 shows a modern imaging of NGC 4762, one of the galaxies originally
observed by Tsikoudi. In the Figure the central bulge and the thin disc can be clearly
seen (top-left) as well as the presence of a fainter and more extended thick disc when the
imaging is deeper (top right) (the arrows indicate the distance above the plane at which
the thick disc is brighter than the thin disc). Since the early observations of Burstein
and Tsikoudi, thick discs have been detected in a number of spiral galaxies (van der
Kruit & Searle 1981a,b; van der Kruit 1984; Shaw & Gilmore 1989; van Dokkum et al.
1994; de Grĳs & van der Kruit 1996; de Grĳs & Peletier 1997; Morrison et al. 1997;
Abe et al. 1999; Dalcanton & Bernstein 2002; Neeser et al. 2002; Wu et al. 2002; Pohlen
et al. 2004). Fig. 1.6 shows the R − Ks colour maps of FGC 2369 (middle-left) and
FGC 780 (middle-right), corresponding to 2 of the 47 edge-on galaxies of the sample
analysed by Dalcanton & Bernstein. In these images the thick superimposed contours
correspond to the R-band in intervals of 1 mag arcsec−2. In recent years, modern studies
have been able to analyse the resolved stellar populations of thick discs (Seth et al. 2005;
Tikhonov et al. 2005; Tikhonov & Galazutdinova 2005; Mould 2005), revealing that those
in external galaxies share similarities with the one of the MW in terms of both colour and
metallicity. Additionally, in an interesting study, Elmegreen & Elmegreen (2006) were
able to observe in the Ultra Deep Field probable thick discs forming at high redshift.
Fig. 1.6 shows two of such galaxies, an edge-on (UDF 3319) and a chain (UDF 7037)
from their sample of 112 galaxies.

1.3.3 Models of the formation of thick discs

There is a well established age-velocity dispersion correlation for stars in the Galactic
disc, in which older stars have larger velocity dispersions (e.g. Dehnen & Binney 1998;
Nordström et al. 2004). This correlation is believed to be a consequence of, at least par-
tially, spiral arms that increase the random motions on the plane via scattering (Carlberg
& Sellwood 1985; Sellwood & Binney 2002); and/or molecular clouds having close en-
counters with stars (Spitzer & Schwarzschild 1953; Lacey 1984; Jenkins & Binney 1990).
In this context, the simple observational fact that thick discs stars are old would explain
their higher vertical velocity dispersions and their more vertically extended spatial dis-
tribution. However, the scattering processes may not be enough to account for the high
velocity dispersion associated to the thick disc (∼ 60 km s−1) in stars older than ∼ 8
Gyr. Furthermore, this would imply that the thick disc would be a simple extension of
the thin disc and one would expect them to share similar chemical properties. This does
not seem to be the case according to observations (see Sections 1.2 and 1.3.1).

This scenario has been recently revised by Schoenrich & Binney (2008) (see also
Roškar et al. 2008). These authors propose a model where resonant scattering by spiral
structure induces a radial mixing of the stellar populations, such that some fraction of
the stars in the inner regions of the disc, and which have high σz, are moved to the Solar
neighbourhood and beyond. This provides a natural explanation of why measurements
yield a steeper increase of σz with age than predicted by theory. Interestingly, although
the star-formation rate in this model is (monotonic) declining with time, the disc would
naturally split into an α-enhanced thicker component and a standard thin disc at the
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Figure 1.6: Examples of observed thick discs in external galaxies. S0 galaxy NGC 4762
(from Freeman & Bland-Hawthorn 2002) showing its thin disc (top-left) and thick disc
(top-right). The base of the arrows in these images shows the height above the plane at
which the thick disc becomes brighter than the thin disc (Tsikoudi 1980). The R −Ks

colour maps of FGC 2369 (middle-left) and FGC 780 (middle-right) of part of the sample
of edge-on galaxies analysed by Dalcanton & Bernstein (2002). UDF 3319 and UDF 7037
(bottom) correspond to an edge-on and a chain galaxy respectively and show potential
thick discs in the Ultra Deep Field (Elmegreen & Elmegreen 2006).
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position of the Sun.
In the CDM paradigm of hierarchical formation of structure it is logical to consider

mergers/accretions as additional sources of dynamical heating. This is strongly supported
by the mounting evidence of substructures in the MW (see Section 1.3.1) and also in M31
(Ibata et al. 2007, and references therein).

Following this reasoning, a model in which the thick disc forms from a pre-existing
disc galaxy that is heated-up during a merger with one (or several) satellite(s) (Carney
et al. 1989) seems natural. And indeed it has been frequently explored using numerical
simulations (e.g. Quinn et al. 1993, see more references below) which in general can
reproduce the general properties observed in thick discs. In the case of the MW, this
scenario is further supported by observations of disc stars that present a somewhat sharp
increase in their velocity dispersions for ages &9 Gyr (Quillen & Garnett 2001; but see
Holmberg et al. 2007), which could imply that a merger (that formed the thick disc) may
have taken place around redshift z ∼ 1.

A related scenario is one in which accreted satellites deposit their debris in a roughly
planar (though thick) configuration. In this case the thick disc is mainly composed by
extragalactic stars from the shredded satellites (Abadi et al. 2003) and not by a mixture of
accreted stars + heated stars as in the heating scenario discussed above. In this scenario
the presence of substructure in the thick disc with diverse properties (associated to the
independent accreted satellites) would be expected. This model could find support in
observations of external galaxies where thick discs appear to counter-rotate with respect
to their thin discs (Yoachim & Dalcanton 2005), and which could be the result of the
accretion of satellites on retrograde orbits.

Formation scenarios of thick discs involving the effect of gas have been explored by
e.g. Brook et al. (2005) and Bournaud et al. (2007a). In the numerical simulations carried
out by Brook et al. gas rich mergers produce thick discs that are in general sound in
comparison to observed thick discs. In the model proposed by Bournaud et al. the early
discs are gas rich and far from smooth. Large gaseous clumps collapse with high star
formation efficiencies and stars are thus assembled in a thicker component. This last
model seem to be supported by recent observations by Elmegreen & Elmegreen (2006)
showing clumpy relatively thick discs in galaxies at high redshift in the Hubble Ultra
Deep Field (see Fig. 1.6, bottom). This scenario is perhaps similar to that proposed
by Kroupa (2002) in which thick discs are formed when massive star clusters expand
outwards once residual gas is expelled by the action of massive stars. In such way these
massive clusters dissolve to add kinematically hot stars to the galactic field.

Formation scenario explored in this Thesis

Among all the possible formation models of thick discs we have chosen to concentrate
our efforts on the scenario of disc-heating via a merger with a relatively massive satellite.
The reason for this is that such a process is practically unavoidable in the context of the
currently favoured hierarchical paradigm of structure formation and as such it needs to
be studied exhaustively. A second but very important reason is that this model would
naturally explain the high mean rotational velocity of the thick disc of the MW as a
characteristic retained from its pre-existing disc progenitor.

Fig. 1.7 shows a sequence of snapshots for one of the experiments carried out in this
Thesis to form a thick disc. This experiment corresponds to a merger of mass ratio 5:1
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Figure 1.7: Face-on (right) and edge-on (left) snapshots of a disc (white) heated by a
prograde spherical satellite (grey) with initial orbital inclination 30o (Chapter 2).
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(disc-to-satellite) with a spherical satellite on a prograde orbit with initial inclination 30o

(see Chapter 2 for details).
Several previous (and contemporaneous) studies have been carried out in order to

explore the dynamical heating of discs via mergers with one or more satellites (e.g. Quinn
& Goodman 1986; Quinn et al. 1993; Mihos et al. 1995; Walker et al. 1996; Velázquez &
White 1999; Font et al. 2001; Gauthier et al. 2006; Read et al. 2008; Kazantzidis et al.
2008). Even though they have been successful in explaining the basic characteristics of
the problem, it is unclear to what extent their results could be affected by potentially
problematic simplifications in their implementations. For instance, by using satellite
galaxies with internal structures that are not consistent with observations; or satellites
with only one component, either stellar or DM; or by giving to the satellites initial orbital
parameters that are not consistent with CDM models (including the usage of truncated
orbits).

Another important reason to tackle this problem again is that previous studies mostly
focused on the dynamical effects on the pre-existing disc with very little attention, for
instance, to the final distribution of the satellite debris. Moreover, in general these
studies do not make clear predictions of the disc-heating model that may be compared
to detailed observations available, especially for the MW, and which would allow us to
distinguish this particular model from the others.

1.4 Overview of this Thesis
In this Thesis I have used collisionless N -body simulations to understand the formation
process of thick discs in galaxies within the context of the disc-heating scenario. I have
first explored the general properties of thick discs and their relation with general prop-
erties of the progenitor systems to make testable predictions of this scenario (Chapter
2). Then I have focused on establishing the imprints of this model on the phase-space
structure of stars in the remnant thick discs (Chapter 3). Finally, I have studied the
evolution of the general properties of the simulated thick discs as induced by the slow
formation of a new (more massive) thin disc (Chapter 4).
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Key questions addressed in this Thesis
1. What is the final distribution of the satellite debris? What is its dependence on

the initial orbital parameters? (Chapter 2)

2. Is the pre-existing disc fully heated during the merger? (Chapter 2)

3. What general structural and kinematical observations can be explained by the disc-
heating scenario? (Chapter 2)

4. What kind of evidence of the disc-heating scenario is imprinted in the phase-space
structure of stars located in small spatial volumes resembling the “Solar neighbour-
hood”? (Chapter 3)

5. How does a thick disc evolve due to the slow growth of a new (embedded) thin
disc? What are the most relevant aspects of the growth that affect this evolution?
(Chapter 4)

6. Are the global and local observables and diagnostics discussed in Chapters 2 and
3 still in place after the slow growth of a new thin disc? (Chapter 4)

7. If the thick disc of the MW was formed by a disc-heating process, what were the
general properties of its progenitor (pre-existing) disc? (Chapter 4) What would
have been the orbital parameters of the infalling satellite favoured by this model?
(Chapters 2 and 4)

1.4.1 Outline
In Chapter 2 we present the design, evolution and analysis of a number of collisionless
N -body simulations of a merger between a disc galaxy and a satellite, resulting in the
formation of a (stable) thick disc. In these simulations we explore several properties of
the progenitors that are likely to shape the characteristics of the final products, namely,
different epochs (redshifts) and mass-ratios of the merger, as well as different morpholo-
gies and orbital parameters for the satellite. We study the orbital decay of the satellites
and their mass loss as well as its dependence on the initial orbital parameters. We ex-
plore the final spatial distribution of stars from the heated disc and from the satellite and
establish which characteristics may possibly be uniquely attributed to the disc-heating
scenario. Finally we analyse in detail both structural and kinematical properties of the
simulated thick discs.

In Chapter 3 we re-analyse the simulations of Chapter 2 and focus on the phase-space
properties of thick disc stars sampled within small volumes to find robust indicators of the
merger-driven origin of thick discs. We explore the non-axisymmetries found in the final
spatial distribution of the thick discs, their relation with the initial orbital parameters
of the satellite and also their effect on the kinematics of the stars. We also study the
different distribution of stars from the progenitor disc and satellite in velocity space
with special emphasis on the predicted distributions of heliocentric (radial) line-of-sight
velocities.

In Chapter 4 we extend the simulations of Chapter 2 and include the growth of an
embedded, more massive and thin new disc. We explore the impact of various properties
of the new thin disc and of its growth on the morphology and kinematics of the thick
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discs. We also probe the robustness of the most important results obtained in Chapters
2 and 3 to the growth of the new disc.

1.5 Conclusions
From our study of the general properties of simulated thick discs in Chapter 2 we find
that the progenitor disc galaxy is not completely destroyed during the merger, in spite
of the rather radial encounter with a massive satellite. Instead it is heated and tilted,
and a thin remnant with 15–25% the total mass of the thick disc survives. We also find
that the radial extension of the final thick discs is moderately larger than that of the
progenitor disc while the vertical one has a strong dependency on the initial inclination
of the satellite, becoming up to six times larger. Our simulations show that the disc-
heating scenario predicts very boxy surface brightness contours in the outskirts of the
thick discs, i.e. at very low surface brightness levels (> 6 mag below the central value).
Kinematically, we find that the ratio of velocity dispersions σz/σR in the final thick
discs is a very good indicator of the initial orbital inclination of the satellite. Assuming
the disc-heating scenario for the MW’s thick disc, our simulations favour a merger with
either low or intermediate initial inclination based on measurements of σz/σR in the
Solar neighbourhood. Additionally, our simulations also show a clear connection between
mergers on low/intermediate inclinations and the presence of strong vertical gradients in
the rotational velocity of the thick disc. Such gradients have been measured in the thick
disc of the MW (e.g. Girard et al. 2006; Ivezić et al. 2008).

From our analysis of the phase-space structure of the simulated thick discs presented
in Chapter 3, we find that the final spatial distribution of the thick disc stars is generally
asymmetric with respect to the rotation axis. The asymmetries of stars from the progen-
itor disc seem to be caused by torques induced by the infalling satellite, while those of
the satellite stars appear more related to radial orbital instabilities. Such asymmetries
are important since they have been observed in modern surveys of the Galactic thick disc
(Larsen & Humphreys 2003). We also find that the vertical component of the angular
momentum of thick disc stars, Lz, is a good observable to distinguish between stars from
the progenitor disc and those from the satellite. Specifically, the linear behaviour of
Lz as function of galactocentric radius predicted for thick disc stars appears as a clean
imprint of the presence of a progenitor disc. On the other hand, simulated thick disc
stars located in small volumes in the “Solar neighbourhood”, show a characteristic si-
nusoidal dependence in the heliocentric (line-of-sight) radial velocities, vlos, as function
of longitude, which reflects that fact that stars from the progenitor disc have retained
their nearly circular orbits. The wings of the vlos distributions are found to be composed
mainly by stars from the satellite. Our analysis reveals that this contribution could be
statistically measurable in the kinematics of thick disc stars near the Sun.

From our study in Chapter 4 on the evolution of thick discs caused by the slow
growth of an embedded thin disc we find that, structurally, thick discs respond with
significant radial and vertical contraction to the new disc. Similarly, the kinematical
response of thick discs is strong and results in an increase in the mean rotational velocity
and velocity dispersions. We find that the final properties of the thick disc depend most
strongly on the total mass and scalelength of the new disc. We also find that most of the
observational predictions made in Chapter 2 and 3 regarding the disc-heating scenario
remain very robust after the growth of the new thin disc. Most notably the boxiness of
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outer isophotes at low surface brightness, and the statistical distinction between disc and
satellite stars in the final distributions of vlos. If the thick disc of the MW was formed as
discussed in this Thesis, our simulations would suggest that the progenitor pre-existing
disc had scalelength 2.9–3.5 kpc and an exponential scaleheight ∼ 340 pc, i.e. not too
dissimilar from the present-day Galactic thin disc (although a factor 5 less massive),
while its velocity ellipsoid would be somewhat colder with (σR, σφ, σz) ∼ (18, 16, 12)
km s−1. These conclusions are mostly dependent on the mass ratio between thick and
thin disc (considered here to be 0.2).

If thick discs formed according to the scenario studied in this Thesis then their pro-
genitor discs will have experienced an expansion because of the merger (both in the radial
and vertical direction), followed by a contraction due to the subsequent formation of a
new thin disc component. This results in the radial structure of the final thick discs
being similar to the initial one, while the scaleheight is approximately twice as large. On
the other hand, the velocity dispersions are always significantly larger, as both processes
contribute “coherently” to increase the internal motions of the stars in the remnant.
This shows that we may be able to put constraints on the structural properties of discs
at high redshift simply by studying local galaxies like the MW. The very simple (and
hence presumably quite idealised) experiments performed here would suggest that the
primordial discs were more extended and thicker than the Mo et al. (1998) scalings would
predict.

1.6 Future perspectives
This theoretical study on the formation of galactic thick discs in a disc heating scenario
can be extended in at least three fundamental ways.

First, the theoretical models should be compared to observations. The ultimate goal
of this work is to broaden our understanding on the formation process of the thick disc of
the MW by confronting the predictions from the numerical simulations to observations
collected by current and future surveys of stars in the Solar vicinity, such as RAVE,
SEGUE and Gaia. One of the next steps of this study is to apply the statistical tests
described in our phase-space analysis (Chapter 3) to distributions of nearby stars for
which very accurate radial velocity measurements are available, for example from the
RAVE survey. This will allow us to look for the remains of a significant merger event in
the MW, which will be essential to support the disc-heating scenario as the formation
mechanism of the Galactic thick disc.

Secondly, a homogeneous set of predictions of the various formation scenarios of
galactic thick discs needs to be put in place. In this Thesis we have focused on one
particular formation model. However, it is likely that few of the observable properties
of thick discs can be univocally linked to the disc-heating scenario. For instance, it is
not clear how many of the formation models of thick discs discussed in Section 1.3.3
could give rise to boxy outer contours at very low surface brightness levels (Chapter
2). Nevertheless, progress is being made in this direction. The numerical simulations
presented in this Thesis are already being used in a collaborative effort to compare the
orbital eccentricity distributions of thick disc stars predicted by several formation models
of thick discs (Sales et al., in prep).

Thirdly, gas physics (and star formation) should be added to the simulations of the
formation of thick discs. This would allow full modelling of both the decay of the satellite



1.6: Future perspectives 23

and the transformation of orbital energy into internal degrees of freedom of the disc, as
well as of the evolution of the progenitor disc until and during the formation of a young
thin disc from freshly accreted gas. This would then permit comparisons of the modelled
young thick discs to those observed at high redshift by Elmegreen & Elmegreen (2006)
in the Hubble Ultra Deep Field.






