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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):
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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



1.3: Thick discs 11

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.



12 chapter 1: Introduction

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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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
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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.
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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
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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.





Chapter 2
Simulations of minor mergers. I.
General properties of thick discs∗

Abstract

We present simulations of the formation of thick discs via the accretion of two-
component satellites onto a pre-existing thin disc. Our goal is to establish the

detailed characteristics of the thick discs obtained in this way, as well as their depen-
dence on the initial orbital and internal properties of the accreted objects. We find that
mergers with 10–20% of the mass of the host lead to the formation of thick discs whose
characteristics are similar, both in morphology as in kinematics, to those observed. De-
spite the relatively large mass ratios, the host discs are not fully destroyed by the infalling
satellites: a remaining kinematically cold and thin component containing ∼ 15− 25% of
the mass can be identified, which is embedded in a hotter and thicker disc. This may
for example, explain the existence of very old thin disc stars in the Milky Way. The
final scaleheights of the discs depend both on the initial inclination and properties of the
merger, but the fraction of satellite stellar particles at ∼ 4 scaleheights directly measures
the mass ratio between the satellite and host galaxy. Our thick discs typically show
boxy isophotes at very low surface brightness levels (> 6 magnitudes below their peak
value). Kinematically, the velocity ellipsoids of the simulated thick discs are similar to
that of the Galactic thick disc at the solar radius. The trend of σz/σR with radius is
found to be a very good discriminant of the initial inclination of the accreted satellite.
In the Milky Way, the possible existence of a vertical gradient in the rotational velocity
of the thick disc as well as the observed value of σz/σR at the solar vicinity appear to
favour the formation of the thick disc by a merger with either low or intermediate orbital
inclination.

∗ Based on Villalobos & Helmi 2009, MNRAS, 391, 1806
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2.1 Introduction

The different components of disc galaxies contain key information about various stages of
the formation history of these systems. In this sense, one of the most significant compo-
nents for studying signatures of galaxy formation are the thick discs because they contain
imprints of the state of early discs and their interaction with the galactic environment
(Freeman & Bland-Hawthorn 2002).

Until now thick discs have been detected in S0 galaxies (Burstein 1979; Tsikoudi
1979), in the Milky Way (Gilmore & Reid 1983) and in many other spirals (van der
Kruit & Searle 1981a,b; Jensen & Thuan 1982; van Dokkum et al. 1994; Morrison et al.
1997; Pohlen et al. 2000; Dalcanton & Bernstein 2002; Yoachim & Dalcanton 2006, and
references therein). As such, thick discs appear to be a rather ubiquitous structural
component of galaxies.

Historically, there have been two types of scenarii proposed to explain the formation
of thick discs: (i) “dissipational”, and (ii) “predominantly dissipationless” models. In the
first case, thick disc stars are formed during the dissipational collapse of gas with a large
scaleheight, after the halo has formed and before the thin disc has completely developed.
A variant of this model, more in line with modern cosmology, is given by Brook et al.
(2004, 2005) and consists of the formation of the thick disc in an epoch of multiple
mergers of gas-rich building blocks. In this class of models, one may expect a smooth
transition between properties of the thin and thick discs (Eggen et al. 1962; Gilmore &
Wyse 1986; Norris & Ryan 1991; Burkert et al. 1992; Pardi et al. 1995; Fuhrmann 2004).
Evidence of such a process at work may be the chain and clumpy galaxies observed
at high-redshift by Elmegreen & Elmegreen (2006), which have also been suggested to
be the progenitors of thick discs (e.g. Bournaud et al. 2007a). In the “predominantly
dissipationless” models the thick disc stars were either: (1) vertically “heated” from a
pre-existent thin disc during a (significant) minor merger (Quinn et al. 1993; Mihos et al.
1995; Walker et al. 1996; Robin et al. 1996; Velázquez & White 1999; Aguerri et al. 2001;
Chen & the SDSS Collaboration 2001); (2) directly deposited at large scaleheights as
tidally stripped debris during the accretion of smaller satellite galaxies (Bekki & Chiba
2001; Gilmore et al. 2002a; Abadi et al. 2003; Martin et al. 2004; Navarro et al. 2004;
Helmi et al. 2006); or (3) the product of the dissolution of massive thin-disc clusters with
small radii and large velocity dispersions (Kroupa 2002). The first and third models have
in common the presence of a pre-existing disc component. In this second class of models,
the thick disc may be characterised as a completely foreign component.

Models involving either one or more minor mergers –including the case of gas-rich
accretion proposed by Brook et al.– are natural in the context of current theories of
hierarchical structure formation (e.g., Kazantzidis et al. 2007). Such models are also
supported by modern studies of both kinematical and chemical properties of the thick
discs in the Milky Way and in external galaxies (Yoachim & Dalcanton 2005, 2006; Seth
et al. 2005; Mould 2005). The observed lack of vertical colour and chemical gradients, as
well as the presence of counter-rotating discs, favours scenarios in which thin and thick
discs formed as separate entities. However, it is unclear to what extent such models repro-
duce the detailed properties of observed thick discs. For example, in the dissipationless
minor merger scenario, the thick disc should contain stars from both the heated thin
disc and the accreted satellite. What fraction of the stars come from each constituent?
If they are mostly satellite debris, one may expect a significantly metal-poor thick disc,
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which appears to be inconsistent with the observations reported in, e.g., Mould (2005).
It is the lack of very detailed predictions that motivates us to revisit the problem

of thick disc formation. In this Chapter, we explore the hypothesis of the heating of a
pre-existing thin disc by a single minor merger. In the scenario we envisage a new thin
disc component would form from the accretion of cold gas after the merger has taken
place. However, here we only study the global properties of the final merger product. In
Chapter 3 we will focus on its phase-space structure with the aim of making a detailed
comparison to the thick disc in the Solar neighbourhood, and eventually to uncover the
debris from the object that may have triggered its formation (Villalobos & Helmi, in
prep). It is important to note that we shall neglect the effect of gas on the properties of
the remnant thick disc for the moment. This simplification should be borne in mind, in
particular since the structure of minor merger remnants may be different, as suggested
by Naab et al. (2006) and Younger et al. (2008).

Significant work has been carried out in the past to model the disc heating process
by a minor merger from the numerical point of view, starting from Quinn & Goodman
(1986) (QG86); Quinn, Hernquist, & Fullagar (1993) (QHF93); Mihos et al. (1995);
Walker, Mihos, & Hernquist (1996) (WMH96); Huang & Carlberg (1997) (HC97); Sell-
wood et al. (1998); Velázquez & White (1999) (VW99), and more recently Kazantzidis
et al. (2007), and simultaneously with this work Read et al. (2008). These papers have
essentially shown that it is relatively easy to produce thick discs whose general properties
are consistent with those observed. However, we believe there is still room for improve-
ment, both in the initial conditions used to model this process, as well as in the degree
of detail necessary for comparisons to the latest observations of thick discs.

Besides the work mentioned above, in recent years several authors have studied minor
mergers with a number of different goals (other than the formation of thick discs). These
include for example, studies of the merger remnants produced by encounters between
disc galaxies (as a way of producing a bulge dominated system, e.g. Naab & Burkert
2003; Jesseit et al. 2005; Naab & Trujillo 2006). More recently, also the effects of gas,
star formation and feedback have been taken into account (Bournaud et al. 2005; Naab
et al. 2006; di Matteo et al. 2007; Cox et al. 2008). The effects of repeated minor mergers
have been considered in, e.g. Bournaud et al. (2007b); Kazantzidis et al. (2007).

The space of initial conditions to tackle the formation of the thick disc via minor
mergers is very large, and it is not desirable to probe it randomly. We have therefore made
the following physically motivated choices. (i) We model the formation of thick discs at
two different redshifts, by scaling the properties of the host galaxy and accreted satellite
according to cosmological models, as in Mo, Mao, & White (1998) (ii) We consider the
accretion of relatively massive satellites (10% or 20% mass ratios), embedded in dark-
matter halos, and with stellar distributions that are initially either spherical (and on
the fundamental plane of dE+dSphs galaxies) or discy. (iii) The satellites are released
much farther away from the host disc compared to previous studies, and their orbits are
consistent with those of infalling substructures in cosmological simulations (e.g., Benson
2005).

The outline of this Chapter is the following: In Section 2 we describe in detail the
numerical procedure used to build self-consistently the different components of both the
host galaxy and satellites including our choices for the numerical parameters and the
orbital parameters of the satellites. Section 3 describes the outcome of the simulations,
focusing on the final properties of thick discs and the evolution of satellites. In Section 4
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we present a discussion and limitations of our approach. In Section 5 we summarise the
main results.

2.2 Setting up the simulations

In this section, we describe in broad terms the procedure adopted to model the host
disc galaxy and the (to be accreted) satellite. We refer the interested reader to the
Appendix for more details. We consider two configurations: a merger with a host whose
properties resemble the Milky Way today (our “z=0” experiment), and a merger with a
smaller host disc galaxy (this is our “z=1” experiment). The “z=0” configuration has
been often used in the past in the same context (QG86; QHF93; WMH96; HC97; VW99;
Aguerri et al. 2001; Font et al. 2001; Ardi et al. 2003; Hayashi & Chiba 2006). In the
“z=1” configuration both the host system and the satellite’s properties are scaled to
those expected at z=1 according to the model of Mo et al. (1998). In this case, the aim
is to simulate the merger event that might have given rise to the Milky Way thick disc.
In this configuration the mass of the present-day thick disc of the Milky Way is roughly
equal to the combined mass of the host disc galaxy and the stellar component of the
satellite.

In this section we also describe the orbital parameters of the various experiments.
Furthermore, we explain the choices made for the numerical parameters employed in our
simulations, and describe the global stability of the system.

2.2.1 Main disc galaxy

We model the main disc galaxy as a self-consistent two-component system, containing
a NFW dark matter halo (Navarro et al. 1997) and a stellar disc. The dark halo is
adiabatically contracted in response to the formation of a stellar disc in its central part
(Blumenthal et al. 1986; Mo et al. 1998). The disc component is constructed following
the procedure outlined by QHF93 and Hernquist (1993), and follows a density profile of
the form:

ρd(R, z) =
Md

8πR2
Dz0

exp
(
− R

RD

)
sech2

(
z

2z0

)
(2.1)

where Md is the disc mass, RD is the exponential scalelength, and z0 is the exponential∗
scaleheight.

Following Mo et al. (1998), the ratios Mhalo/Mdisc and Rvir/RD have been kept nearly
constant for all redshifts. The scaleheight z0 has been kept as 0.1RD according to ob-
servations of external galaxies (Kregel et al. 2002). This has also been assumed in our
“z=1” experiments. By keeping these ratios constant, the way in which the mass and
dimensions of the disc component scale with redshift is simplified, since it follows the
same scaling with redshift as the halo within which it is embedded. The chosen values for
the parameters of the main disc galaxy are listed in Table 2.1 for our “z=0” and “z=1”
experiments.

∗ Note that sech2(z/2z0) ≈ exp(−|z|/z0) for |z| � z0.
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Table 2.1: Properties of host disc galaxies.
“z=0” “z=1”

NFW Halo
Virial mass, Mvir 1012 5.07× 1011 [M�]
Virial radius, Rvir 258.91 122.22 [kpc]
Concentration, c 13.12 6.56
Circular velocity, Vc(Rvir) 129.17 133.87 [km s−1]
NH 500000 500000
Softening, εhalo 0.35 0.41 [kpc]
Disc
Disc mass, Mdisc 2.8× 1010 1.2× 1010 [M�]
Scalelength, RD 3.5 1.65 [kpc]
Scaleheight, z0 0.35 0.165 [kpc]
Toomre Q(R = 2.4RD) 2.0 2.0
ND 100000 100000
Softening, εdisc 0.05 0.012 [kpc]

Table 2.2: Properties of satellite galaxies.
“z=0” “z=1”

NFW Halo
Virial mass, Mvir 2× 1011 1.01× 1011 [M�]
Virial radius, Rvir 151.40 71.35 [kpc]
Concentration, c 16.18 8.09
Circular velocity, Vc(Rvir) 75.50 78.10 [km s−1]
NH 100000 100000
Softening, εhalo 0.14 0.07/0.141 [kpc]
Disc
Disc mass, Mdisc 5.6× 109 2.4× 109 [M�]
Scalelength, RD 1.69 0.96 [kpc]
Scaleheight, z0 0.17 0.095 [kpc]
Toomre Q(R = 2.4RD) 2.0 2.0
ND 100000 100000
Softening, εdisc 0.024 0.007 [kpc]
Bulge
Bulge mass, Mbulge 5.6× 109 2.4× 109 [M�]
Scale radius, ab 0.9 0.709 [kpc]
Velocity dispersion, σ0 96.29 69.06 [km s−1]
NB 100000 100000
Softening, εbulge 0.07 0.07 [kpc]

1: Softenings used in discy and spherical satellites respectively.
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2.2.2 Satellite galaxies

The satellite galaxies are designed self-consistently with both dark matter and stellar
components. The dark halo follows a NFW density profile, and the initialisation proce-
dure is identical to that for the host system.

We consider two possible stellar distributions: an exponential disc and a spherical
Hernquist bulge. In this case, the density is given by (Hernquist 1990):

ρb(r) =
Mb

2π
ab

r(r + ab)3
(2.2)

where Mb is the bulge mass and ab is the scale radius.
Both types of satellites satisfy Mtotal,sat = 0.2Mtotal,host for the “z=0” and “z=1”

experiments. In particular, the mass ratio between dark matter and luminous matter in
the satellites is set to be the same as in the host galaxy. This implies that the mass of
the stellar components of our satellites is 20% of Mdisc,host, similar to those adopted in
previous work on disc heating by satellite accretion (QHF93; WMH96; HC97; VW99).
Note however that the initial total mass of the satellite is comparable to that of the host
disc. For completeness, we also include the case of a satellite with a stellar mass of 10%
of Mdisc,host. In this case the total mass of the satellite is also 10% of that of the host
galaxy.

The spherical satellites lie on the observed fundamental plane of dE+dSphs galaxies
(de Rĳcke et al. 2005):

logLB ∼ 4.39 + 2.55 log σ0 (2.3)

logLB ∼ 8.65 + 3.55 logRe (2.4)

where LB is the blue-band luminosity, and σ0 is the central velocity dispersion. The
effective radius is related to the scale radius by Re ≈ 1.82ab for a Hernquist density
profile. Finally, we fix the mass-to-light ratio ΥB = 2ΥB� to derive the stellar mass of
our spherical satellites.

The structural parameters of the discy satellites, RD and z0 are set in the same way
as for the host.

The above relations fully specify the properties of our satellites, both for the “z=0”
and “z=1” experiments. Note that the variation with redshift is always linked to that
of the host halo. Table 2.2 lists the properties of both spherical and discy satellites for
“z=0” and “z=1”.

2.2.3 Orbital parameters

We release our satellites from significantly larger distances than previous works (e.g.,
QG86; VW99; Kazantzidis et al. 2007). For the “z=0” case, the satellite is launched
from the virial radius of the host galaxy computed at z=1 (Rvir = 122.22 kpc ≈ 35RD).
For the “z=1” experiment, it is launched from a distance of 83.9 kpc (≈ 50RD) which
corresponds to the virial radius of the host galaxy computed at z=1.6.

To initialise the orbital velocities of the satellites, we follow Benson (2005). Benson
determined the orbital parameters of DM substructures at the time they crossed the
virial radius of their host halos (see also Tormen 1997; Khochfar & Burkert 2006). We
choose for the velocities of our satellites the most probable values of the distributions as
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Table 2.3: Initial orbital parameters of satellite galaxies.
i x z vx vz Lz

“z=0”
0o 122.2 0.0 -137.7 0.0 11219.8
30o 105.8 61.1 -119.2 -68.8 9716.6
60o 61.1 105.8 -68.8 -119.2 5609.9

“z=1”
0o 83.9 0.0 -118.2 0.0 6615.9
30o 72.7 42.0 -102.4 -59.1 5729.5
60o 42.0 72.7 -59.1 -102.4 3307.9

NOTES:
- Distances in kpc, velocities in km s−1, angular momentum in kpc×km s−1.
- In all cases, y = 0 kpc, and vy = 91.8 km s−1 for “z=0” and vy = 78.8 km s−1 for
“z=1”.
- Listed vy and Lz are for prograde orbits. Retrograde orbits have the opposite sign.
- Initially rapo = 77 kpc and 49 kpc, rperi ∼ 10 kpc and 5 kpc, respectively for the
“z=0” and “z=1” configurations (as measured from the first apocentre and the
subsequent pericentre). The corresponding eccentricities e = (rapo − rperi)/(rapo + rperi)
are 0.77 and 0.82.

given for z=0 (since little variation is visible as a function of redshift). The radial and
tangential velocity distributions peak, respectively, at 0.9 and 0.6 in units of Vc(Rvir).

We consider for our satellites initial orbital inclinations of 0o, 30o and 60o (with
respect to the plane of the host disc), in both prograde and retrograde directions with
respect the rotation of the host disc. In the case of discy satellites, their midplanes are
parallel to that of the primary disc, implying that they are, respectively, inclined by
0o, 60o and 30o with respect to their orbital planes. Table 2.3 summarises the orbital
parameters adopted for both spherical and discy satellites, for the configurations at
“z=0”, and “z=1”.

Note that within each configuration, all the satellites are initially released from the
same distance with the same velocity modulus, i.e., they all have the same total energy
and modulus of the angular momentum, but the latter varying its orientation. This
implies that the initial apocentre, pericentre (and hence orbital eccentricity) are the
same for all experiments. However, as we shall see in Section 2.3.1 the orbits evolve due
to dynamical friction, with some dependence on the internal properties of the satellite.
Therefore, at the time the satellite merges with the disc, the orbits of all our experiments
are different.

With these initial conditions, we find that our satellites have completely merged with
the host discs by z≈0.4 and by z≈1, respectively for the “z=0” and “z=1” cases.

2.2.4 Numerical parameters
The N -body systems are evolved using Gadget-2.0 (Springel 2005) a well documented
massively parallel TreeSPH code. Our choices of the numerical parameters (number of
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particles N in each component in the system; softening ε and timestep ∆t) are described
in detail in Section 2.A.2. Tables 2.1 and 2.2 list the values used for each component in our
simulations. The maximum timestep (not listed in the Tables) is 0.25 Myr. Typically the
energy and angular momentum are conserved to better than 0.1% over 9 Gyr of evolution
for our main disc galaxy configured at “z=0”.

2.2.5 Evolution of the isolated host galaxy

Before including the satellite, the host galaxy is simulated in isolation to test its stability
in the absence of any external perturbation. As we show in Section 2.A.3 our host galaxies
are very stable in their properties (cf., VW99; Gauthier et al. 2006) for the amount of
time needed to complete the experiments. Therefore, we are now ready to focus on how
these systems evolve when they suffer a minor merger.

2.3 Results
In total, 25 simulations have been carried out to study the formation and global prop-
erties of thick discs as a result of the merger between a host disc galaxy and a satellite.
The simulations explore combinations of the following elements: two configurations for
the progenitors (“z=0” and “z=1”); two morphologies for the stellar component of the
satellite (spherical and discy); two total mass ratios between the satellite and the host
galaxy (10% and 20%); and three initial orbital inclinations for the satellite with respect
to the midplane of the host disc (0o, 30o and 60o), in both prograde and retrograde
directions.

2.3.1 Orbital evolution of the satellites

To study the evolution of the orbits in our experiments we follow the location of the
centre of mass of the satellite (CM) with respect to the host galaxy. The CM is defined
as the mean position of bound stellar and DM particles of the satellite. Fig. 2.1 shows
the trajectories of the CMs for the experiments configured at “z=0” and “z=1” with a
spherical satellite on a prograde orbit with initial inclination i = 30o. The XY projections
clearly illustrate how radial the orbits are and how rapidly they decrease in amplitude due
to dynamical friction between the satellite and the host system. Note that these orbits
are quite different from the circular ones usually used in earlier studies (e.g., QG86;
QHF93; WMH96). The XY and XZ projections show that the satellites stay on their
original orbital planes as they decay, until they enter into the zone dominated by the
host disc, when they are drawn onto the disc plane and spiral in towards its centre. This
is particularly clear for the lighter satellite in our “z=1” experiment that spends ∼1 Gyr
on the disc plane before sinking in further.

Note that most of the angular momentum of the “satellite + host system” is in the
orbital motion of the satellites. This is because the satellites are relatively massive and
have a very large initial distance from the host. As a result, when the satellite decays
in an inclined orbit the disc is strongly tilted in both the prograde and retrograde cases
(see Section 3.3).

As expected, the trajectory of the lighter satellite is more extended because dynamical
friction is less efficient in this case (Binney & Tremaine 1987). Our 20% satellites decay
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Figure 2.1: XY and XZ projections of the trajectory of the centre of mass of a spherical
satellite as it decays towards the centre of the host galaxy in our “z=0” and “z=1”
experiments with initial inclination 30o. The coordinate system is centred on the centre
of mass of the host disc. The inset panels show in more detail the trajectory of the
satellite at late times before it is fully disrupted.

completely after ∼3 Gyr in the case of “z=0” experiments, and after ∼2 Gyr for “z=1”
experiments. In comparison, the satellite with half of the mass takes the double of time
to sink starting from the same initial orbital parameters.

Initially, the orbital decay is due to the dynamical friction against the host halo. This
implies that the decay rate does not depend on inclination, orbital direction or stellar
mass distribution (see Fig. 2.2). On the other hand, when the satellites approach the
centre of the system (where the disc is a significant contributor to the global force field),
the orbit decays by dynamical friction also against the host disc. Thus at later times,
prograde low inclination orbits decay faster than retrograde or high inclination orbits
(QG86; WMH96; see also HC97).

2.3.2 Satellite mass loss

Fig. 2.3 shows the mass loss evolution of both DM and stellar components of spherical
and discy satellites in the “z=0” and “z=1” experiments.

In order to calculate how much mass remains bound to the satellite at a given time
we implemented in Gadget-2.0 the following procedure (Benson et al. 2004):

1. Start by considering all the satellite particles that were bound to the satellite at
the previous timestep (or simply all satellite particles for the first timestep).



34 chapter 2: Simulations of minor mergers. I.

Figure 2.2: Evolution of the
radial separation between the
centres of mass of the host disc
and the satellite, and of the z-
distance of the satellite’s centre
of mass with respect to the host
disc plane, for spherical satel-
lites on prograde (top panels)
and retrograde (bottom panels)
encounters. The various curves
correspond to different orbital
inclinations for the “z=1” con-
figuration, and the 10% experi-
ment is shown for the inclina-
tion of 30o. The insets show
in more detail the trajectory of
the satellites at late times. The
lack of a clear trend in the am-
plitude of the vertical oscilla-
tions is likely due to the diffi-
culty in determining the exact
orientation of the disc plane at
the ∼ 1 kpc level. Similar be-
haviours are observable for the
“z=0” case.

2. Compute the mass of the satellite from these particles along with the position and
velocity of the CM.

3. For each particle in this set, determine whether it is gravitationally bound to the
other particles in the set.

4. Retain only those particles that are bound and go back to step (ii). Repeat until
the mass of the satellite has converged.

Since the satellites were initialised in the absence of an external potential, as soon as
they are placed within the host potential a large fraction (70%) of the more extended DM
component rapidly becomes unbound before the first pericentric passage. After that, the
mass loss rate of the DM component mostly depends on its initial mass.

The mass loss rate of the stellar components depends strongly on initial mass, and
orbital parameters (WMH96; HC97; VW99) but also on the stellar mass distribution. As
satellites decay, prograde orbits with lower inclinations lose mass faster than retrograde
orbits with higher inclinations, due to the stronger tidal interaction with the host galaxy.
This trend is more notorious for discy satellites. Spherical satellites are also characterised
by a more extended “knee” in the mass loss in comparison to discy satellites. The lighter
satellite experiences a slower mass loss compared to heavier satellites, because it suffers
less dynamical friction and hence is on a less bound orbit.
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Figure 2.3: Mass that remains bound for both the dark matter and stellar components
of the satellites in our experiments at “z=0” (upper panels) and at “z=1” (bottom
panels). The bound mass is in units of the initial mass of the corresponding component.

Once a satellite has sunk onto the plane of the host disc, its fate will depend on
its instantaneous mean density compared to the mean density of the host at a given
location. If the mean density of the satellite is larger than that of the host system then
the most bound particles of the satellite will reach the galactic centre as a distinctive
core causing more damage to the host disc. Otherwise, the satellite will receive most of
the damage, being heated and torn apart by the host disc. In our simulations only the
mergers with spherical satellites in the “z=0” experiments deposit in the galactic centre
final cores of up to 20% the initial stellar mass. These final cores are on the lighter side
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Figure 2.4: Evolution of the host disc (initially shown edge-on) during the merger
with a spherical satellite with inclination of 30o for prograde and retrograde orbits in
the “z=1” experiment. Only host disc particles are shown for clarity. Note that the disc
appears over thickened or distorted because of projection effects, especially in the case
of the retrograde orbit. The bottom panels show edge-on views of the final system.

in comparison with previous studies using high density satellites (QHF93, 20%; WMH96,
45%). It is interesting to note that spherical satellites with higher inclinations give rise
to the formation of less massive cores. This can be explained by the fact that satellites
on higher inclinations experience more disc crossings through the host disc as they decay,
compared to ones on lower inclinations. In this case disc shocks perturb the structure of
the satellite and cause additional mass loss (see Binney & Tremaine 1987; QHF93).

Fig. 2.3 shows that in general most of the dark matter is stripped off early, and
deposited at very large radii (see Fig. 2.2). Therefore the fraction of dark matter accreted
from the satellite and deposited in a disc-like structure is very small in our simulations,
in comparison to what Read et al. (2008) find. This may be explained by the fact that
our satellites, although of comparable mass, are launched from much larger distances.

2.3.3 Description of the mergers

Fig. 2.4 illustrates the morphological changes in the host disc during merger events
configured at “z=1”. The initial inclination of the satellite is 30o for both prograde and
retrograde orbits.



2.3: Results 37

Figure 2.5: Evolution of the spherical satellite with inclination 30o during the prograde
merger with the host galaxy in the “z=1” experiment. In each snapshot the reference
frame has been centred on the centre of mass of the host disc and has also been rotated
to eliminate the tilting of the whole system with respect to the original frame. The labels
face-on and edge-on are relative to the host disc (not shown here for clarity).

Figure 2.6: Same as Fig. 2.5, for the case of the discy satellite.



38 chapter 2: Simulations of minor mergers. I.

As the satellite decays in its orbit, it induces the formation of noticeable spiral arms
in the host disc, which transport angular momentum from the central parts towards the
outskirts. Once the satellite sinks onto the plane of the host disc it transfers kinetic energy
from its orbit to the particles in the disc, increasing their vertical motions and causing a
visible thickening. At the same time the disc responds to the decaying satellite, by tilting
its plane in order to conserve the total angular momentum of the system (although a
significant amount of the satellite’s initial angular momentum has by this time, already
been transferred to the host halo).

Figs. 2.5 and 2.6 show the distribution of stellar particles for both spherical and
discy satellites on prograde orbits with initial inclination 30o. In the early stages of the
orbital decay, the satellite is stripped leaving trails of particles on orbits with inclinations
similar to that of the satellite initially. Since the stars are initially deeply embedded in
the satellite’s dark matter halo, only a small fraction of the stellar debris is deposited
at large radii. Most of the stars from the satellite end up in a disc-like configuration,
with the same orientation as the final disc, but one that is somewhat thicker and more
extended (see Section 3.4). Noticeable shells of debris material are formed as time goes
by. These structures are a consequence of the interaction of a dynamically cold system
with a larger one (Hernquist & Quinn 1988). In general the survival of these shells
will depend on the mean phase-space density of the infalling satellite and also on its
orbit. In the case of spherical satellites shells are visible typically since t ∼ 1.7 Gyr,
lasting ∼2 Gyr; and for discy satellites much sharper shells are seen starting at t ∼ 1.5
Gyr, being still noticeable by the end of the simulation, i.e., ∼2.5 Gyr later. Shells are
rather common features related to merger events, being observed in many elliptical and
spiral galaxies. An important characteristic of shells is that they usually survive for a
long time in physical space, as previous numerical studies have shown (e.g. Hernquist &
Quinn 1988, 1989). Note that such features have already been proposed to explain the
Monoceros ring (see e.g. Helmi et al. 2003).

2.3.4 Properties of the merger products
By the end of the simulations the morphological, structural and kinematical properties
of the heated discs and satellite debris have settled down and do not evolve further. This
occurs ∼2 Gyr after either the satellite has been disrupted or its core has reached the
centre of the host disc. This means that the properties of the final thick discs do not
change after t=5 Gyr and t=4 Gyr for the systems configured at “z=0” and at “z=1”
respectively, in the case of heavy satellites. This timescale is ∼ 6 Gyr for the lighter
satellite in our “z=1” experiment.

We now study in more detail the characteristics of the final discs. To this end we use
a reference frame centred on the centre of mass of the final product, and aligned with its
principal axes in such a way that the rotation axis defines the z-direction.

Morphological properties

The left panels in Fig. 2.7 show the morphologies of the heated host discs at the final time
of the “z=1” experiments (t=4 Gyr), for the case of the spherical satellites. Prograde
orbits and lower inclinations induce on the host moderate arms and more radial expansion
in comparison with retrograde orbits and higher inclinations. On the other hand, higher
prograde inclinations are more efficient at thickening the disc, especially in the outskirts.
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Figure 2.7: Face-on and edge-on views of the final morphologies of heated discs (left)
and thick discs (right) at the end of the simulations in “z=1” experiments, 4 Gyr after
the infall of the spherical satellite. In each case the tilting induced by the satellites has
been eliminated to facilitate the comparison with the coeval control disc. The contours
correspond to 4.5, 6.2, 8 and 9.7 magnitudes below the central surface brightness of
the remnant system. For the experiments shown here, and assuming a mass-to-light
ratio ΥV = 2Υ�,V, these would be located at 22.5 mag arcsec−2 (innermost), 24.2 mag
arcsec−2, 26 mag arcsec−2 and 27.7 mag arcsec−2 (outermost) in the V-band.

For instance, a prograde satellite with inclination of 60o only causes a slight increment
of the radial extension compared to the coeval control disc, but induces a noticeable
thickening compared to the same control disc and to the other inclinations. Satellites on
retrograde orbits have a similar thickening effect on the disc but a considerably milder
influence on the formation of tidal arms and radial expansion compared to satellites on
low inclination prograde orbits. Notice also that the satellites during their decay can
induce the formation of weak bars (see also Berentzen et al. 2004). Some warping in the
discs is also visible in the case of mergers with inclinations of 60o for both prograde and
retrograde orbits (see also QHF93; VW99).

The panels on the right side of Fig. 2.7 show the thick discs obtained, now including
the contribution of the satellite’s stellar particles. Their final structure is dominated
by the heated disc (compare to the left panels), except in the outer regions, where the
contribution of satellite debris is important. The outskirts are clearly thicker for satel-
lites on higher inclination orbits, although their debris does not show the warp feature
characteristic of the heated discs. Also noticeable is the difference in the distribution of
satellite debris between prograde and retrograde orbits for the case of coplanar infall (in
edge-on views).

The contour levels shown in this Figure have been drawn 4.5, 6.2, 8 and 9.7 mag-
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nitudes below the central surface brightness of the remnant system. If we assume a
mass-to-light ratio ΥV = 2Υ�,V for the host as well as for the satellite stars, these
contours correspond to 22.5, 24.2, 26 and 27.7 mag arcsec−2 in the V-band, respectively.

It is useful to compare this to the sample of late-type edge-on galaxies observed by
Dalcanton & Bernstein (2000) (their Fig. 3) and Dalcanton & Bernstein (2002) (DB02,
their Fig. 1), who typically probe up to ∼ 5 mag below the central surface brightness
of their (thin + thick) discs in the R-band. Their faintest contour would be located in
between the first and second brightest contours shown in the right panels of Fig. 2.7. At
least qualitatively, the surface brightness distribution of the remnants in our simulations
resemble those observed by these authors.

We further quantify the shapes of the isophotal contours of the remnants by obtaining
their photometry with the task ELLIPSE (Jedrzejewski 1987) of the data reduction
package IRAF∗. This task draws an ellipse to approximately match an isophote and
then expands the intensity along the ellipse as a Fourier series. According to Bender
et al. (1988), the most significant non-zero component of this Fourier analysis is the
a4 parameter (corresponding to the cos(4θ) term). Isophotes are then characterised as
either discy (a4 > 0) or boxy (a4 < 0).

To mimic the observations, we have created artificial images out of the simulated thick
discs from an edge-on point of view, by binning a central area (∼15×15 scalelengths of the
initial primary disc) into 1024×1024 pixels. When running ELLIPSE on these images, we
have allowed the geometric centre, ellipticity and position angle of the isophotes to vary
freely, taking linear steps of 5 pixels along the semi-major axis. We have also made sure
that our results are robust to the initial guesses for the values of the various parameters
required by ELLIPSE.

The left panel of Fig. 2.8 shows the a4 parameter as a function of isophotal surface
brightness in the V-band for our “z=1” experiments. To avoid cluttering only experi-
ments with spherical satellites on prograde orbits are explicitly shown. The rest fall in
the region delimited by the dashed envelopes. This Figure shows that the isophotes go
from more discy at higher surface brightness (i.e. in the central regions) to more boxy at
lower surface brightness, presenting a mild trend with initial inclination of the satellite.

DB02 performed a similar analysis on their sample (see their Fig. 11). They find that
inner isophotes with a surface brightness level of ∼3 mag below the typical peak level for
their sample (21 mag arcsec−2) are discy, while outer isophotes (defined as those ∼5 mag
below the peak) are as likely to be boxy as discy†. Similarly to DB02, in the right panel
of Fig. 2.8 we plot the distribution of a4 (weighted by both errors and luminosity) for
both inner and outer regions including all the “z=1” experiments. The inner region is
defined to be within 3 mag from the peak surface brightness, as done by DB02. The outer
region extends down to 8 mag below the central surface brightness value. This Figure
confirms that inner isophotes are discy while outer ones appear clearly boxy. This may
suggest that deeper photometry, beyond the limit reached by DB02 would be needed to
detect the predominantly boxy shape of the contours in the outskirts of our remnants.

The boxy nature of the outer isophotes, which is present in all our experiments,
could in principle be used as a discriminant for the formation of thick discs via mergers
∗ IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the

Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.

† It is important to keep in mind that DB02 use a different procedure to quantify the isophotal shape,
meaning that the values of their shape parameters are not directly comparable to ours.
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Figure 2.8: Left: a4 vs surface brightness in the V-band for our “z=1” experiments
of a spherical satellite on a prograde orbit. The dashed curves delimit the region where
all experiments fall into. Note that the central surface brightness of our remnant discs
are µV,0 ∼ 18 − 19 mag arcsec−2. Right: Luminosity weighted distribution of the a4

parameter for all our “z=1” experiments. The dashed histogram corresponds to the a4

obtained by considering the region enclosed within an isophote with µ < µ0 + 3, while
the solid one to µ0 + 8 > µ > µ0 + 3. The arrows show the values of 〈a4〉 for the coeval
control simulation.

such as those studied here. However, it should be borne in mind that the degree of
boxiness in the remnants also depends on the initial structure of the host system. For
example, studies which have a spherical centrally concentrated core component (bulge or
cored dark matter profile), produce a remnant which is less boxy (Naab & Burkert 2003;
Bournaud et al. 2005). This is because such spherical components act in a stabilising
sense for the disc (VW99; Kazantzidis et al. 2007), which therefore retains more closely
its original morphology. This would imply that boxy isophotes are not necessarily direct
evidence in support of the scenario proposed in this Chapter, but that they should be
more prominent in the thick discs present in bulgeless galaxies.

Structural Properties

We now describe in detail the structural properties of the remnant systems produced in
our experiments. We first address their vertical structure and show explicitly the need
to include two components (thin and thick). We then use the information obtained from
the vertical decomposition to characterise the radial extension of both disc components.
Finally, the spatial distribution of stars from both the primary disc and the satellite are
compared.

Note that, as mentioned above, before measuring the discs, these have been properly
centred and aligned, so the rotation axis defines the z-direction. Furthermore, all the
properties have been computed taking into account star particles from both the host disc
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Figure 2.9: Vertical luminosity profiles (integrating over all radii at each height) for
each of our experiments. Fits using only one component (dotted lines) systematically
underestimate the luminosity far from the midplane. Two-component fits (solid lines) are
clearly a better representation of the vertical structure of the our remnant discs. Note
that, for clarity, profiles of inclinations of 30o and 60o include offsets of log(L) − 1 and
log(L)− 2, respectively.

and the satellite. Their relative contribution has been appropriately weighted according
to the initial Msat,stars/Mhost,disc ratio to account for the fact that the satellite particles
have smaller masses.

Vertical structure of the remnants Fig. 2.9 shows the vertical luminosity distri-
butions of the remnant systems for all our experiments. These have been obtained by
including all stars at all radii within |z| < 3 kpc for “z=1”, and within |z| < 5 kpc for
“z=0”. The dotted lines correspond to a single-component sech2 fit to the vertical pro-
file. This Figure shows that such a model clearly underestimates the luminosity at large
distances from the plane, highlighting the need for a two-component decomposition.

Therefore, we fit the surface brightness as:

L(R, z) =
2∑
i=1

L0,i(R) sech2

(
z

2z0,i

)
(2.5)

where z0,i is a (luminosity weighted) exponential scaleheight and L0,i is the central
luminosity (on the midplane) of each component (i = 1, 2). As usual, µ(R, z) = 26.4 −
2.5 log[L(R, z)]. To compute the luminosity-weighted scaleheights we proceed as follows.
First we fit independently the vertical brightness profiles in 1 kpc radial bins (within
projected radii R < 20 kpc for “z=0”, and R < 10 kpc for “z=1”) using two components.
For each radial bin we allow the algorithm to find the best central luminosities and
exponential scaleheights using a Levenberg-Marquardt least-squares minimisation. The
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Figure 2.10: Scaleheights of
the final systems decomposed
into a “thin” and a “thick”
disc. Solid/dashed lines
connect prograde/retrograde
satellites.

luminosity-weighted scaleheight of each component is then the mean scaleheight averaged
over all radii and weighted by luminosity.

The fits obtained in this way are shown in Fig. 2.9 as solid curves. Clearly the
vertical structure of our remnants is considerably better modelled by considering two
disc components with different scaleheights and central surface brightness. In all cases,
a thin disc is present after the merger with the satellite.

Fig. 2.10 shows the luminosity-weighted scaleheights of each component of the rem-
nant systems for all our experiments. Note that the thinner component has in all cases,
a very similar (and only slightly larger) scaleheight to that of the initial host disc. The
scaleheight of thicker component is clearly larger for encounters with higher orbital incli-
nations. This is because there is a significantly larger vertical kinetic energy associated
to the satellites’ orbital motion transferred to the disc. Spherical and discy satellite do
not induce very different vertical heating on the discs. Note that less massive satellites
produce final thick discs that are thinner.

Fig. 2.11 shows surface brightness profiles as a function of height at several projected
radii for one of the experiments. Two-component fits using the luminosity-weighted
scaleheights described above are also included. This Figure shows that the remnant thin
disc dominates the surface brightness at small radii. Note that at large radii (R = 9 kpc,
or µ ∼ µ0 + 6) there is an indication that the thick disc is flared, and no longer follows
an exponential distribution with a constant scaleheight at all radii. Such flared discs
have already been observed in previous studies (e.g. QG86), suggesting that flaring is a
rather generic characteristic of discs heated by mergers (see Kazantzidis et al. 2007, for
a derivation of how the scaleheight varies with radius due to minor mergers).
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Figure 2.11: Surface bright-
ness profiles as a function of
height at several projected radii
for one of the “z=1” exper-
iments. The thin remnant
dominates the surface bright-
ness in the central regions,
while the thicker component
is more dominant at the out-
skirts. Solid lines show the two-
component fits at each radius.

Radial structure of the remnants Figs. 2.12 and 2.13 show the mass surface den-
sities of the simulated thick discs as a function of radius, for the “z=0” and “z=1”
configurations, respectively. Each panel is for a different inclination or different type of
satellite (spherical, discy or half-mass) on prograde and retrograde orbits (grey). The
control disc galaxies are also shown at the initial (dotted curves) and final times (dashed
curves) to calibrate the effect of the mergers against the intrinsic evolution of the host
(which in all cases is negligible). In order to estimate the contribution of the satellite
stars, the mass surface densities of only host discs are plotted separately (dash-dotted
curves).

For both “z=0” and “z=1” experiments, the surface density profiles show a mild
dependence on orbital inclination (upper panels), having slightly higher surface brightness
in the outskirts for lower inclinations. This tendency is mostly due to the host disc
material that is transported radially outwards during the merger by transfer of energy
and angular momentum.

As expected, the lighter spherical satellite (in the “z=1” experiment) produces a
smaller variation in the surface density at larger radius. In general the contribution of
satellite particles to the spatial structure of final thick discs is very small. This is true
at all radii except at the centre where the very dense spherical satellites accreted in the
“z=0” experiment are not completely disrupted, retaining a core and giving rise to a
small “bulge-like” component (see also Fig. 2.3). The surface density profile does not
show any strong dependence on orbit direction.

The lower panels of Figs. 2.12 and 2.13 show the surface density profiles of regions
dominated either by the thin or thick remnants (for prograde experiments only) according
to the decomposition performed in Section 2.3.4. These regions are defined as |z| <



2.3: Results 45

Figure 2.12: Upper panels: surface density profiles of final thick discs as a function of
cylindrical radius for “z=0”, including stars within |z| < 5 kpc. Grey lines correspond to
prograde and retrograde orbits. The measurements include stars of both disc and satellite
(solid) or only stars from the disc (dashed-dot). As reference, both initial (dotted) and
final states (dashed) of the disc in the control model are also shown. Lower panels:
Surface density profiles of regions dominated by thin (dashed; defined by |z| < 0.5z0,thin)
and thick (solid; 1z0,thin < |z| < 5 kpc) remnants, including the section used to compute
the scalelengths (heavy solid).

0.5z0,thin for the thinner component, and for the thicker one from 1z0,thin upto 5 kpc
for the “z=0” case (and upto 3 kpc for “z=1”). The scalelengths of each component
are computed by applying a linear fit to lnΣ(R), avoiding non-axisymmetries associated
to both the central regions and the very outskirts. Note that the linear fits consider a
more extended region for thick remnants. This is to account for the dominance of thick
remnants at larger radii (see Fig. 2.11).

Fig. 2.14 shows the final scalelengths of the thick discs as a function of the initial
orbital inclinations of the satellites. In all cases, the remnant thin discs have smaller
scalelengths than their thicker counterparts, and comparable to the initial values. Low
inclination encounters induce larger thick disc scalelengths in comparison to higher incli-
nations. This is because in the former cases, the orbital energy of the satellite is deposited
mostly into radial motions of the stars in the disc. Similar trends are observed for the
galaxies in Yoachim & Dalcanton (2006). However, this should be taken with great care
because our comparison is to the remnant thin disc and not to the present-day thin disc
of those galaxies (because we do not model this). Furthermore we have not modelled the
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Figure 2.13: Same as Fig. 2.12 but now for the “z=1” experiments, including stars
within |z| < 3 kpc in the upper panels. In this case the region dominated by thick
remnants is defined as 1z0,thin < |z| < 3 kpc. The column “hm” corresponds to the
lighter satellite (with half the mass).

Figure 2.14: Scalelengths
of the remnant system for
all experiments. They are
obtained by decomposing
the final discs into thin
and thick components.
Solid/dashed lines con-
nect prograde/retrograde
satellites.
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Figure 2.15: Relative number of satellite particles in the final systems as a function of
cylindrical radius for the “z=0” (left) and “z=1” (right) experiments.

response of the remnant thin or thick discs to the formation of the new thin disc.
We compute the total mass associated to each of disc component using the fits just

derived. We find that the total mass associated to the remnant thin disc is ∼15%–25%
of the total stellar mass of the system for both “z=0” and “z=1” experiments.

In general, the presence of a thin remnant after the merger is in agreement with
results by Kazantzidis et al. (2007), although the total mass associated to this component
is significantly smaller in our case (< 25% versus ∼ 80%). This is maybe due to the fact
that Kazantzidis et al. (2007) do not follow the full merger event, but only let their
satellites have one passage around their host disc, hence perhaps increasing its chances
of remaining relatively cold. Note however, that in their work this bombardment is
repeated in a sequence using six different satellites.

Distribution of satellite vs host disc stars Fig. 2.15 shows the final relative number
Ns/(Ns +Nd) of stellar satellite particles as a function of radius in the resulting thick
discs for mergers configured at “z=0” and “z=1”. Recall that the number of satellite
particles has been renormalised according to Ns = Nsat,stars ×Msat,stars/Mdisc.

As mentioned before, in the “z=0” experiments, spherical satellites have a higher
mean density that the host disc. This causes the core to reach the host disc centre
almost intact, representing ∼50% of the total number of particles near the centre of
the final thick disc. In comparison, this ratio drops to 5% for the discy satellites. At
both intermediate and larger radii the fraction of particles from the spherical satellites is
roughly constant, independently of either orbital inclination or sense of rotation. On the
other hand discy satellites are disrupted at large radii, where their debris is deposited.
Furthermore, the lower the inclination, the higher the fraction at a given radius, as
naturally expected.

For “z=1” both spherical and discy satellites are completely destroyed. The relative
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Figure 2.16: Relative number of satellite particles for our “z=1” experiments, as a
function of distance from the disc plane. Distances from the plane are normalised by the
respective scaleheight at a distance of R = 4.5 kpc (i.e. 2.4 scalelengths of the original
disc). Note that the scaleheight here is obtained by fitting locally a single sech2 law to
the vertical density distribution, and hence it is close to a luminosity weighted average
of the scaleheights of the thin and thick disc shown in Fig. 2.10.

fraction of satellite stars increases with radius and, as expected, at the centre the relative
number of satellite particles is smaller for the lighter satellite. The observed trend with
orbital inclination in spherical and discy satellites at “z=0” is confirmed for the “z=1”
configuration.

Fig. 2.16 shows the fraction of satellite particles plotted now as a function of the
vertical direction at a radius R=4.5 kpc, for spherical and discy satellites in the “z=1”
experiments. The radius corresponds to 2.4 initial scalelengths in this experiment. In
this Figure the distances from the plane are normalised by the scaleheight obtained by
fitting locally a single sech2 law to the vertical density distribution. Therefore Z0 it is
close to a luminosity weighted average of the scaleheights of the thin and thick discs given
in Fig. 2.10. This Figure shows that the fraction of accreted particles as a function of
distance from the plane, when normalised by this scaleheight, only depends on the mass
ratio between the satellite and host. E.g., at z = 4Z0 the fraction of particles reflects the
mass ratio of the merger. The same behaviour is observed in the “z=0” experiments.

Kinematical Properties

The structural decomposition made in Section 2.3.4 should also be reflected in the kine-
matics of the stars in our systems in order to be physically meaningful. Fig. 2.17 shows
this is indeed the case. Here we plot the z-velocity distribution within a spherical volume
of 1 kpc radius centred at R ∼ 4 kpc on the midplane for one of our experiments (“z=1”,
spherical satellite, prograde, 30o). The dashed curve shows that a single Gaussian (cor-
responding to a one-component system) misses the peak of the distribution highlighting
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Figure 2.17: Example of de-
composition of the vertical veloc-
ity distribution into a cold com-
ponent (associated to the remnant
thin disc) and a hot one (the thick
disc). The normalisation of each
component has been fixed accord-
ing to the photometric decompo-
sition of Section 2.3.4 (see text).
The contribution of the two com-
ponents is separately shown.

the need for a second (colder) component. We therefore proceed to fit all velocity distri-
butions (also the radial and azimuthal) with two Gaussians. We constrain the relative
normalisation of these by using the photometric decomposition from Section 2.3.4, which
determines the relative number of stars from each component within a given volume.
The solid curve in Fig. 2.17 is an example of the quality of the fit obtained in this way,
whose reduced-χ2 (= 0.47) is lower than that obtained for a single Gaussian (= 0.68).

The transformation of orbital energy into thermal energy (random motions) in the
disc is evident in Figs. 2.18 and 2.19. Here we show the radial, azimuthal and vertical
velocity dispersions along with the mean rotational velocities of the thick discs present
in our systems as a function of cylindrical radius. These quantities have been computed
at each cylindrical radius in concentric rings of 1 kpc width, including stars between
|z| < 3 kpc, for “z=0”, and |z| < 1.5 kpc, for “z=1” experiments.

In all our experiments, the vertical and azimuthal velocity dispersions of the remnant
thin discs are very similar to those of the initial host disc, and hence are not plotted
for clarity. On the other hand, the radial velocity dispersions are generally larger by
5− 10 km s−1 at all radii.

Figs. 2.18 and 2.19 show that the radial σR and azimuthal σφ velocity dispersions of
the thicker component are larger for lower inclination orbits moving in the prograde sense.
The opposite trend is observed for the vertical velocity dispersion σz. This is as expected
given our previous discussion on the evolution of the scaleheights and scalelengths and
their dependence on orbital inclination. Spherical and discy satellites give rise to similar
velocity distributions.

The resulting velocity dispersions σR and σz for retrograde orbits are similar to the
prograde cases. On the other hand, the azimuthal velocity distributions of the heated
disc stars generally require an additional component to account for the contribution of
the (accreted) counter-rotating stars (Villalobos & Helmi, in prep). The global velocity
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Figure 2.18: Final dynamical properties of the thick disc components for our prograde
“z=0” experiments. These properties have been computed at t = 5 Gyr for stars within
|z| < 3 kpc in concentric rings of 1 kpc width, using the decomposition described in
Section 2.3.4. As reference, the final state of the disc in the control model is also shown
(dashed).

dispersion (that would be obtained by imposing a single Gaussian for the thick compo-
nent) would be in this case significantly larger at large radii for retrograde orbits, except
for those with high inclination.

In general, the mean rotational velocities vφ of the thick discs differ noticeably from
the coeval control simulation in all cases, by dropping ∼60 km s−1 although with a
mild dependence on the orbital inclination. Low inclination encounters produce thick
discs that rotate slower, implying larger asymmetric drifts. This is also evidenced by
their larger radial and azimuthal velocity dispersions, as discussed above. The mean
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Figure 2.19: Final dynamical properties of thick disc components for our prograde
“z=1” experiments. The column “hm” show the satellite with half the mass. As in the
previous Figure, the properties have been computed within concentric rings of 1 kpc
width, now for particles with |z| < 1.5 kpc at t = 4 Gyr (except for the “hm” satellite,
where t = 6 Gyr). The final state of the disc in the control model is shown by the dashed
curves.

rotational velocity of thick discs which are the result of encounters with satellites on
counter-rotating orbits is lower due to the contribution of the accreted stars, particularly
at large radii.

The mean rotational velocity also shows noticeable differences with inclination when
it is measured away from the midplane of the thick disc. In Fig. 2.20 we plot vφ for
the prograde experiments at different heights above the plane, without making a dis-
tinction between the thin and thick disc components. Note that for |z| > 1 kpc we are
really measuring the kinematics of the thick disc component since the contribution of the
remnant thin disc is negligible. Satellites with lower initial orbital inclinations induce a
rotational lag, whose magnitude increases with height above the plane. This is because
such satellites are more efficient in heating the disc radially at every height, leading to a
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Figure 2.20: Mean azimuthal velocities of the “stars” in our experiments at several
heights above the plane as a function of radius for our “z=1” experiments in prograde
orbits. Thick lines include particles from both the heated disc and satellite, while the
thin lines correspond to the disc in the control model (the highest z-range is not shown
in this case because there are too few disc particles at that distance from the midplane).
The same behaviour is observed in our “z=0” experiments (not shown).

Figure 2.21: Final σz/σR of thick remnants as a function of distance on the plane for
different initial stellar distributions and orbital inclinations of the satellites. The control
discs have a steady σz/σR ∼ 0.7. Only prograde orbits are shown.
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larger asymmetric drift.
In Fig. 2.21 we plot the ratio σz/σR of the thick disc component as a function of

radius for different prograde experiments. Recall that the initial (and the control) disc
has a (nearly) constant σz/σR ∼ 0.7. This Figure clearly shows that σz/σR can be used
as a discriminant of the initial inclination of the satellite. The reason for this strong
dependence on inclination is essentially due the fact that a satellite on a highly inclined
orbit will induce a much larger change in σz at large radii than one on a co-planar orbit.

2.4 Discussion
Previous works investigating the response of a host disc galaxy to one or more infalling
satellites provide us with a valuable description of the dynamical effects involved in the
process (QG86; Tóth & Ostriker 1992; QHF93; WMH96; HC97; VW99; Benson et al.
2004). HC97 find that a massive satellite (30% of Mdisc), as it decays due to dynamical
friction, can tilt the orientation of the disc up to 10o and cause warping. These effects
illustrate the strong transfer of angular momentum from the infalling satellite to the
host disc. VW99 note that satellites in prograde orbits mostly increase the disc heating.
On the other hand retrograde orbits are more efficient in tilting the disc orientation.
Benson et al. (2004) show that more massive and more concentrated satellites increase the
difference between the amount of disc heating caused by prograde and retrograde orbits.
QG86 indicate that most of the kinetic energy of the infalling satellite is deposited on
the plane of the disc and a small quantity heats up the vertical motions of disc particles.
This shows that velocity dispersions in the host disc are not increased isotropically by
the satellite. QHF93 note that most of the heating on the plane of the disc is caused
by spiral arms stimulated by the decaying satellite. These arms also transfer angular
momentum radially outwards, expanding the disc. QG86 and QHF93 also show that
the vertical structure of the disc is not uniform across the disc. Instead, the scaleheight
of the host discs increases at larger radii. Our simulations are able to confirm most of
the aforementioned dynamical effects but also show a significantly larger tilting than
previously found, both for the prograde and retrograde cases. This can be traced back
to the fact that in our experiments, the accreted satellite is initially much more massive
and is launched from a significantly larger distance (see Section 2.3.3).

2.4.1 Choice of massive satellites to heat discs up

Cosmological simulations show that massive mergers like those in our “z=1” experiments
are likely to have happened during the life-time of a Milky Way-sized host system. For
instance, Kazantzidis et al. (2007) estimate the number of massive subhalos accreted
since z ∼ 1 as at least one object with a mass ∼Mdisc and five objects more massive
than 20% Mdisc. This is consistent with simulations by other groups (e.g. Stoehr 2006;
De Lucia & Helmi 2008), and supported by the detailed study by Stewart et al. (2007).
Even though massive mergers may be less frequent they are able to reach the centre of
the host system thanks to dynamical friction, causing important changes in the structure
and kinematics of the host disc. In principle, this could imply that a Milky Way-like
disc would experience only one severe change of orientation since z ∼ 1 and also that
only one massive satellite would be needed to heat up a pre-existing disc to give rise to
a thick disc.
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2.4.2 Observations of thick discs

Pohlen et al. (2004) have carried out photometric thick/thin disc decompositions and
characterised properties such as scalelength and scaleheight for a sample of eight S0
edge-on galaxies by fitting 3D disc models. The authors find that the mean scaleheight
of the thick disc is between 2.4 and 5.3 times larger than that of the thin disc; while
the mean scalelength is about twice, ranging from 1.6 to 2.6. In general these values are
consistent the results obtained by other authors for S0, Sab, Sb, Sbc, Scd and Sd galaxies
(e.g., van der Kruit 1984; de Grĳs & van der Kruit 1996; de Grĳs & Peletier 1997; Pohlen
et al. 2004; Yoachim & Dalcanton 2006), including the Milky Way (Ojha 2001; Larsen &
Humphreys 2003). If we assume that the structure of our simulated discs are not strongly
affected by the formation of a new thin disc, and that these new thin discs will follow
the same distribution as the remnant thin discs in our models, we can take the ratio
of scaleheights obtained for our experiments at the final time at face value. Typically
there is an increase in the scaleheight by a factor 3 – 6, while the scalelengths are only
slightly larger (with final-to-initial ratios between 1 and 1.4). These values appear to be
in agreement with the range of ratios observed in general in spiral galaxies. However,
this should be taken with great care because of the strong assumptions just made.

Most of our thick discs are significantly flared in the outer regions. This has also
been found in other studies (e.g. Kazantzidis et al. 2007; Read et al. 2008), with varying
strengths, depending on the initial configuration of the system. For example, galaxies
with a bulge or embedded in a cored dark-matter halo are more stable, and suffer from
less flaring (Naab & Burkert 2003; Bournaud et al. 2005; Kazantzidis et al. 2007). This
implies that we might expect to find in nature thick discs with varying degrees of flar-
ing. However, quantifying this requires reaching extremely low surface brightness levels,
approximately 6 − 7 magnitudes below the peak brightness of the thick disc. This is
very challenging and has not yet been achieved in studies of surface photometry, which
typically reach about 5 magnitudes below the peak value of the thin + thick discs. For
example, Neeser et al (2002) detected a thick disc in a low-surface brightness galaxy.
They reach a surface brightness level in the R-band of 29 mag arcsec−2. This is almost
7 magnitudes below the central thin + thick disc value, and a very marginal indication
of a flare is apparent on the east side of the thick disc at a distance of ∼ 3 scalelengths.
Morrison et al. (1997) in their study of NGC891 (a late type disc with a small bulge) do
not find evidence for flaring in the thick disc, but “only” reach down to 26 mag arcsec−2

in R, which is about 6 magnitudes below the central surface brightness of the dominant
disc component.

Dalcanton & Bernstein (2002) have found a vertical colour-gradient in their sample of
galaxies, in the sense that the thick discs are redder, and consistent with a relatively old
(> 6 Gyr) stellar population. In the scenario we envisage for the formation of thick discs
we would expect two sources of color-gradients. The first would be due to the transition
from the population of young thin disc stars to the thick disc stars formed in situ,
i.e. originating from a pre-existing thin disc. Unfortunately, because we do not model
the formation of a new disc from freshly accreted gas, we cannot make a quantitative
comparison. The second source of a change in stellar populations would be due to the
difference between accreted satellite stars and those formed in situ in the (heated) disc.
Our Figs. 2.15 and 2.16 show that the fraction of satellite particles is generally quite low.
Only at distances above the plane of approximately 6 thick disc scaleheights, the number
of accreted stars is comparable to that of the heated disc. This implies that this second
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gradient should be weaker, and is unlikely to be detected in current observations because
at these heights, the typical surface brightness levels are exceedingly low (see Fig. 2.11).

Kinematically, the values of the velocity ellipsoids of our thick discs, measured at
R ≈ 2.4RD, are in good agreement with the one observed at the solar radius in the Milky
Way (σR,σφ,σz)∼(65,54,38) km s−1 (e.g., see Layden et al. 1996; Chiba & Beers 2001;
Soubiran et al. 2003; Alcobé & Cubarsi 2005; Vallenari et al. 2006; Veltz et al. 2008).
The values of σz/σR measured by most of these authors are typically ∼ 0.6∗, suggesting
that the thick disc of the Galaxy could have been produced by a merger of intermediate
inclination (see Fig. 2.21). The differences between the mean rotational velocity of the
final thick disc and that of the remnant thin disc are ∆vφ∼40-50 km s−1. Note that
these values cannot be interpreted directly as the observed rotational lag between the
thin and thick discs in the Milky Way since we do not include gas in our simulations that
later on can collapse and actually form a new thin disc (see Section 2.4.4).

2.4.3 Our simulations in the context of M31
It is important to notice that in our experiments configured at “z=0” the initial properties
of the host disc, before the merger with the satellite, resemble the properties of the
current thin disc of the Galaxy. This implies that the final thick discs generated in our
experiments are too massive and do not represent direct analogues of the thick disc of
the Milky Way. However this set of simulations may be useful for understanding the
evolution of M31, which is likely to have experienced recent merger events as may be
inferred from the rich and complex structures present in its outskirts (Ibata et al. 2007,
and references therein).

For example, Ibata et al. (2005) discovered an extended and clumpy disc-like struc-
ture around M31 with a scalelength similar to that of the main disc, rotating ∼40 km s−1

slower and with a rather low velocity dispersion of ∼30 km s−1. Its stellar population
has homogeneous kinematics and abundances over the entire region where it is observed,
which suggests that it was formed in a single global event. However, it is not straightfor-
ward to link the extended disc of M31 to the thick disc modelled here, mainly because
of the much higher velocity dispersions of the final thick discs in our simulations.

The giant stream of M31, thought to originate in the disruption of a satellite with
mass ∼109M�, and the so-called eastern and western “shelfs” (Ibata et al. 2007), may
be related given the similarities of their stellar populations. In the context of our simu-
lations, this would be quite natural. Analogous structures are observed as the satellite is
disrupted as shown in Figs. 2.5 and 2.6 for prograde orbits in face-on view at 1.5 Gyr (see
also Fardal et al. 2007; Mori & Rich 2008). It is interesting to note that much sharper
and longer lasting shells are generated by discy satellites compared to spherical ones.

2.4.4 Caveats
Lack of gas physics in our simulations

In this Chapter we have focused on the collisionless interactions between a disc galaxy
and a satellite, with both dark matter and stellar components, without including gas
physics nor star formation which may affect the interactions and the final thick disc’s
∗ Although Veltz et al find σz/σR ∼ 0.9, which could be due to the fact that the assumption of

isothermality for the velocity distribution is not valid.
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properties. This is potentially the most crucial simplifying assumption in this study
since disc galaxies were presumably much more gas rich at high redshift (Robertson
et al. 2006).

The lack of gas physics implies that the modelled discs do not grow in stellar mass
or in size during the timespan of the merger (except of course through the dynamical
heating processes described above). Furthermore, it is likely that such mergers would
trigger a (strong) burst of star formation. These new stars would be relatively old at the
present day and located in a thinner structure. On the other hand, some orbital energy
deposited by the infalling satellite into the gas could be radiated away from the system,
reducing the dynamical damage done to the disc (QHF93). For example, in recent work
Hopkins et al. (2008) based on Younger et al. (2008) suggested that the change in the
structural parameters depends on the fraction of gas fg available as δH ∼ (1− fg)δH∗,
where δH∗ corresponds to the scale change in the purely dissipationless case.

Any remaining (and presumably heated) gas would eventually cool and settle down
to form a new thin disc. This slow accumulation of gas on the midplane should induce a
contraction of the thick disc. For example, Elmegreen & Elmegreen (2006) estimate that
this contraction leads to a decrease in the scaleheight of the contracted thick by ∼40%
and an increase of the velocity dispersion by ∼50%. Furthermore, the accretion of fresh
gas from the inter-galactic medium is likely to also be important, and will lead to further
changes to the properties of the merger products studied here.

Time-dependence of gravitational potential

In general, the structure of a dark matter halo evolves with time through mergers and
slow accretion. However, in our simulations we have neglected any cosmological evolution
of the structure of the host halo during and after the merger with the satellite. This
simplification may be justified by recent studies (e.g., Wechsler et al. 2002; Romano-Diaz
et al. 2006), which have shown that the structure of dark halos is very stable within
the scale radius rs after the phase of active mergers, which for a disc galaxy must have
ended at redshifts ∼ 0.5− 1. This is indeed the region that we follow dynamically in our
simulations, after the initial decay of the satellite due to dynamical friction, which lasts
typically less than 1 Gyr. Therefore, the final thick discs are well within this scale radius,
being rs ∼ 6 and ∼ 11 times the final scalelengths in the “z=0” and “z=1” experiments,
respectively.

2.5 Summary and Conclusions

We have performed numerical simulations of the heating of a disc galaxy by a single
relatively massive merger. These mergers lead to the formation of thick discs whose
characteristics are similar, both in morphology as in kinematics, to those observed in the
Milky Way and other spiral galaxies.

The simulations explore several configurations of the progenitor systems whose prop-
erties have been scaled at two different redshifts in order to study the formation of thick
discs at different epochs. The satellites have total masses of 10% and 20% that of the
host galaxy and have been modelled self-consistently as a stellar component immersed in
a dark matter halo. The stellar components have either a spherical or discy distribution.
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The satellites have been released far away from the host disc, with initial orbital param-
eters that are consistent with cosmological studies. Additionally, three different initial
orbital inclinations of the satellites have been studied in both prograde and retrograde
directions with respect to the rotation of the host disc.

We find that as the satellite galaxies spiral in through dynamical friction, significant
asymmetries are visible, both in the host disc and in the satellite debris. Particularly
interesting are the low surface brightness shells, especially visible in the outskirts of the
final thick discs, that last for about 1.5 to 2 Gyr after the merger has been completed.
These shells acquire relevance in the case of Andromeda where according to recent studies
a couple of these features are likely associated to the event that also gave rise to the giant
stream (Ibata et al. 2007, and references therein).

Despite the relatively large mass ratios, the infalling satellites do not fully destroy
the host disc, but merely heat it and tilt it. The host discs are found to change their
orientation both for the prograde and retrograde encounters. Furthermore, a remnant
thin component containing between 15 and 25 per cent of the total stellar mass of the
system is present at the final time in all our experiments. This prediction of the minor
merger model might be potentially relevant to understand the presence of a very old thin
disc in the Milky Way.

The scalelengths of the final thick discs are slightly more extended than those of
the original host disc while the scaleheights are between three and six times larger,
depending on the initial inclination of the satellite. The scaleheights have also increased
in proportion to the inclination of the encounter, and the outer discs are noticeably flared.
If this is the case for the thick disc of the Milky Way, part of the flared material could
be (confused with) the Monoceros ring.

In our simulations, the outer isophotes of the final thick discs (measured at surface
brightness levels >6 mag below the central value) are consistently more boxy than the
inner ones. The eventual detection of such degree of boxiness, especially for bulgeless
galaxies, would provide support for a formation process as that modelled here.

Interestingly, the fraction of satellite particles at a given galactic radius as a function
of height above the plane, when normalised by the (luminosity-weighted) scaleheight, only
depends on the mass ratio between the satellite and host and not on stellar morphology
of the satellite or type of orbit. For instance, at a distance of 4 scaleheights the fraction
of satellite particles reflects the mass ratio of the merger.

We find that satellite stars do not dominate the luminosity of the thick disc until
rather far above the midplane. In this sense, the existence of a counter-rotating thick
disc, detected by Yoachim & Dalcanton (2005) only ∼2 thick disc scaleheights above
the midplane, can only be explained in the context of our models if the (young) thin
disc formed from freshly accreted counter-rotating gas. The remaining possibility is,
of course, that the thick disc formed exclusively by direct accretion of stars from an
infalling satellite. Relatively fast rotating thick discs (like the one of the Milky Way)
may be more easily explained by disc heating formation, since a random distribution of
accreted satellites would seem to have less chance of producing thick discs with strong
coherent rotation.

If taken at face value the velocity ellipsoids of the simulated thick discs are in good
agreement with observations of the Galactic thick disc at the solar radius. The rotational
lag may also be consistent with observations. These statements are however only valid
if we neglect further significant evolution due to the formation of a thin disc component
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from freshly accreted gas. The observed trend of the ratio σz/σR with radius in the
final thick discs is found to be a very good discriminant of the initial inclination of the
decaying satellite. In the case of the Milky Way, the observed σz/σR at the position
of the Sun is ∼ 0.6 (e.g., Chiba & Beers 2001; Vallenari et al. 2006), suggesting that
the thick disc of the Galaxy could have been produced by a merger of intermediate
inclination. Measurements of the mean rotational velocity in the final thick discs, at
several heights from the midplane, indicate that satellites with lower initial inclinations
are more efficient in introducing asymmetric drifts dependent on height. This implies
that the possible existence of vertical gradients in the mean rotational velocity in the
thick disc of the Galaxy (Girard et al. 2006) would also favour mergers with either low or
intermediate orbital inclination. We defer to Chapter 3 a more detailed analysis of the
phase-space structure of the merger product. We expect this will lead to new constrains
on the mechanism described here for the formation of the Galactic thick disc.
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Appendix 2.A Setting up the initial conditions for the
host and the satellite

2.A.1 Main disc galaxy

The main disc galaxy is a self-consistent two-component system, containing a dark matter
halo and a stellar disc.

Dark Matter Halo

The dark matter (DM) halos in our simulations follow a NFW mass density profile
(Navarro, Frenk, & White 1997, hereafter NFW):

ρNFW(r) =
ρs

(r/rs)(1 + r/rs)2
(2.6)

where ρs is a characteristic scale density and rs a scale radius. The advantage of using
this density profile is that it is consistent with cosmological simulations, and its evolution
with redshift (or time) is relatively well-known (e.g., Wechsler et al. 2002). This implies
that it is easy to re-scale its properties to study the formation of thick discs at redshifts
greater than zero.

In this Chapter we adopt a flat cosmology defined by Ωm(z = 0) = 0.3 and ΩΛ = 0.7
with a Hubble constant of H(z = 0) = 70 km s−1 Mpc−1.

The virial radius of the halo Rvir(z) is defined as the radius within which the mean
density is ∆vir(z) times the critical density ρc(z) of the universe at a given redshift:

Mvir(z) =
4π
3

∆vir(z)ρc(z)R3
vir (2.7)

where the virial overdensity ∆vir(z) is taken from the solution to the dissipationless
collapse in the spherical top-hat model. Its value is 18π2 for a critical universe but has a
dependency on cosmology. In the case of flat cosmologies, ∆vir(z) ≈ (18π2 +82x+39x2),
where x = Ω(z) − 1, and Ω(z) is defined as the ratio between mean matter density and
critical density at redshift z. Another important related quantity is the concentration c
defined as c = Rvir/rs. From Wechsler et al. (2002) we take the relation linking Mvir to
the concentration parameter c at redshift z=0 as:

c ' 20
(

Mvir

1011M�

)−0.13

. (2.8)

We follow Wechsler et al. (2002) to scale both the virial mass of the halo and its
concentration as a function of redshift:

Mvir(z) = Mvir(z = 0) exp(−2acz), (2.9)

c(z) =
c(z = 0)
1 + z

(2.10)

where ac is a constant defined as the formation epoch of the halo, taken as ac = 0.34. In
practice this means that the structure of the halo of the main galaxy at any redshift is
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fully determined by imposing only a value for the virial mass at redshift z=0. The values
of the halo parameters used in our simulations are included in the Table 2.1.

Since the mass of a NFW profile formally diverges with radius, we introduce an
exponential truncation starting at Rvir and decaying on a scale rdec (Springel & White
1999):

ρ(r) =
ρs

c(1 + c)2

(
r

Rvir

)ε
exp

(
−r −Rvir

rdec

)
(r > Rvir) (2.11)

where rdec is a free parameter. By requiring continuity at Rvir between Eqs. 2.6 and
2.11, and also between their logarithmic slopes, the exponent ε is computed as:

ε = −1− 3c
1 + c

+
Rvir

rdec
. (2.12)

Note that for rdec = 0.1Rvir the total mass of the halo becomes ∼ 10% larger than Mvir.
We define the maximum extension of the halo as Rmax = Rvir + 3rdec.

We also allow the contraction of the halo in response to the formation of a stellar disc
in its central part (Blumenthal et al. 1986; Mo et al. 1998) The adiabatic contraction
first assumes that the gas (that later forms the disc/bulge) is distributed in the same way
as the dark matter. Then both the spherical symmetry of the halo and also the angular
momentum of each dark matter orbit are conserved during the contraction, i.e.,:

riMi(ri) = rfMf(rf) (2.13)

where ri and rf are the initial and final radius of a shell of dark matter, Mi is the initial
total mass (distributed according to an NFW profile) and Mf is the mass distribution
after the disc has been formed, and also includes the contribution of the disc. Therefore,

Mf(rf) = Md(rf) + (1−md)Mi(ri) (2.14)

where md = Mdisc/Mhalo. The final dark matter distribution of the adiabatically con-
centrated halo will be:

Mhalo(r) = Mf(r)−Mdisc(r). (2.15)

Now that the mass distribution of the halo component has been defined, it is straight-
forward to initialise the positions of the particles in our halos. As the next step, the
velocity of each particle is computed from the distribution function (DF) associated to
the adiabatically contracted mass density profile ρhalo(r). We follow Kazantzidis et al.
(2004) and compute numerically the DF that, in general, is given by∗:

f(Q) =
1√
8π2

[∫ Q

0

d2ρhalo

dψ2

dψ√
Q− ψ

+
1√
Q

(
dρhalo

dψ

)
ψ=0

]
(2.16)

(Binney & Tremaine 1987) where Q = ψ− v2/2; ψ = −Φ(r) is the effective gravitational
potential (including the disc); and v is the velocity of each particle. Finally, we use the
rejection method (Press et al. 1992) to generate the velocities for our particles.

∗ For a spherical non-rotating system.
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Stellar Disc

The disc component is constructed following the procedure outlined by QHF93 and Hern-
quist (1993) which consists, briefly, in initialising particle positions according to a density
profile of the form:

ρd(R, z) =
Md

8πR2
Dz0

exp
(
− R

RD

)
sech2

(
z

2z0

)
(2.17)

where Md is the disc mass, RD is the exponential scalelength, and z0 is the exponential
scaleheight.

The velocity components vR, vφ and vz of the disc particles are calculated from
moment equations of the collisionless Boltzmann equation (CBE) supplemented by ob-
servational constraints (Binney & Tremaine 1987). We assume that locally (at each
point in the disc) the velocity distribution can be approximated by a Maxwellian, whose
parameters are set up as follows:

• The radial velocity dispersion v2
R(R) ∝ exp(−R/RD). This is motivated by ob-

servations of external galaxies (van der Kruit & Searle 1981a; Lewis & Freeman
1989). The normalisation constant is set by adopting a certain value of the stability
Q-parameter (Toomre 1964) at a particular location in the disc. In this Chapter
Q = 2 at R = 2.4RD, which for a Milky Way-like disc corresponds to the solar
radius.

• The vertical velocity dispersion v2
z (R) = 2πGΣ(R)z0, following the isothermal sheet

model.

• The dispersion in the azimuthal direction is obtained by using the epicyclic approx-
imation (Binney & Tremaine 1987) σ2

φ(R) = v2
R(R)κ2(R)/4Ω2(R), where κ and Ω

are the epicyclic and angular frequencies, respectively. The mean values of the
azimuthal Gaussian distributions are calculated from the second moment of the
CBE,

vφ
2(R) = v2

R(R)
[
1− κ2(R)

4Ω2(R)
− 2

R

RD

]
+ v2

c (R),

where vc(R) = R Ω(R) is the circular velocity considering all the components of
the system.

Note that velocities derived from the CBE are close but not identical to the ones
derived from the DF of the disc. Unfortunately, the DF is unknown for the disc in
Eq. 2.17. Therefore, we can expect some initial evolution in the disc properties. As
shown in Section 2.A.3, this evolution is indeed minimal.

2.A.2 Numerical parameters

The N -body systems are evolved using Gadget-2.0 (Springel 2005) a well documented
massively parallel TreeSPH code. Depending on the system under study, this code has to
be provided with suitable values for the so-called numerical parameters, being these: the
number of particles N to represent a given component in the system; the softening ε of
gravitational forces to avoid strong artificial accelerations between particles passing close
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to each other; and finally the timestep ∆t, that controls the frequency at which positions
and velocities are computed for each particle. In general, these three parameters set the
mass, spatial and time resolution in a numerical simulation. At the moment of defining
N , ε and ∆t the usual problem is that they are interrelated in a complicated way. For
instance, N will depend on the available CPU power to run the simulations; ε will depend
on both N and the mass distribution of the system to be simulated; and ∆t will depend
on the smallest spatial resolution that is possible to resolve, ε, and again on the available
CPU power. The optimal choice of these parameters will establish a compromise between
quality and efficiency in a numerical simulation.

Number of particles

Tables 2.1 and 2.2 list the numbers of particles used for each component in our simu-
lations. As shown by WMH96, using self-consistent simulations of an isolated halo-disc
system, large numbers of particles in the halo are needed to suppress the formation of
bar perturbations in the disc. This is because large Nhalo decreases the graininess of the
potential, which bars are seeded from. WMH96 suggest the use of ∼ 500000 particles in
the halo in order to smooth out the potential for time scales comparable to the orbital
decay of satellites in our simulations.

For our purposes, bars are an unwanted effect because they represent an additional
source of disc heating, besides the one of interest here. Although the complete elimination
of bar formation in a self-consistent simulation is difficult, its effect on the disc can be
constrained by evolving the main disc galaxy in isolation, for the same timescale as the
merger simulation.

The number of particles in the host disc Nhost,disc = 105, and is similar to previous
studies on disc heating by mergers with satellites. The satellites are modelled with a
relatively large number of particles (particularly in comparison to previous works) to
study the distribution of the debris, which is the focus of Chapter 3. In all cases we can
follow accurately the structure and evolution of each component during the simulations.

Softening

Many studies have been carried out on how to choose the optimal gravitational force
softening ε in order to faithfully represent the system (see Sellwood 1987, for an excellent
review). We use here the prescription by Athanassoula et al. (2000). These authors
present a simple method to estimate ε for arbitrary mass distributions as a function of
the number of particles. The optimal softening εopt is the one that minimises the error
in the forces between particles in a system with a given mass distribution. They find a
correlation between εopt and the distance r6,mean from every particle to its sixth closest
neighbour, which is defined as:

r6,mean =

(
N−1

N∑
i=1

r−1
6,i

)−1

(2.18)

where r6,mean depends on both the number of particles and the mass distribution. Fig. 2.A1
shows εopt as a function of r6,mean for three mass distributions discussed by Athanassoula
et al. (2000) in order of increasing density: homogeneous sphere, Plummer profile and
Dehnen model (with γ = 0). To estimate the εopt for the systems of our simulations the
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Figure 2.A1: Numerical softening as a function of the mean distance from each particle
to the 6th closest neighbour in units of the half-mass radius r1/2. Straight lines are
extrapolations towards smaller r6 taken from the results of Athanassoula et al. (2000)
[see Fig. 11 in that work]. Dashed, solid and dot-dashed lines show the values for a
homogeneous, Plummer and Dehnen sphere (with γ = 0), respectively. The symbols
indicate the values of softenings explored in this Chapter for each component. Darker
symbols show the optimal softenings that produced the best stability in each case.

procedure followed is: 1) compute r6,mean for each of our components; 2) compare the
central density of our components to the ones of the homogeneous, Plummer and Dehnen
spheres. By doing so the optimal softening for each component can be constrained within
a range on the plane r6 − εopt; and 3) εopt is found by running a few simulations with a
set of ε within this range and choosing the one that offers the best stability. Specifically,
a softening is considered optimal when each component of both the host and satellite
systems present the least evolution in their structure and kinematics (in the case of the
host minimising the effect of non-axisymmetries) during the amount of time required for
the satellite to sink and become fully disrupted.

In Fig. 2.A1 darker symbols show the adopted values of εopt for each component at
every redshift. Note that for each component the values of εopt are well constrained
on the r6 − εopt plane, facilitating the extrapolation of these optimal values to similar
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systems with a different number of particles. For each component, the adopted values of
εopt are listed in Table 2.1 and Table 2.2.

The distinctive location of the optimal softenings on the r6 − εopt diagram basically
depends on both the central concentration of the systems and on the number of particles
used to model them. For instance, halos of hosts and satellites at “z=0” and “z=1”
always lie below the Dehnen model because they are more centrally concentrated (even
more so when the adiabatic contraction is taken into account). On the other hand, the
separation along the r6-coordinate between the optimal softening of the halos of hosts
and satellites reflects the difference in the number of particles used to model them. In
this sense it is easy to associate systems with a larger number of particles to smaller
mean distances between particles and viceversa, given that the systems are compared in
a normalised scale.

Also note that the discy satellite requires a halo that is better resolved at “z=1” than
for a spherical satellite in order to reach the best stability. This can be explained by the
fact that a better resolved centrally concentrated region of the halo is able to inhibit the
formation of non-axisymmetries (e.g.,see Athanassoula et al. 2005).

In order to check the robustness of our choices of both number of particles and
softenings, we have followed the suggestion by the referee and also simulated one of the
“z=1” experiments adopting a the same mass and softening for the stars in the satellite
and in the host disc stars. Reassuringly we found practically no difference in the global
properties of the final thick disc in comparison to our “standard” choice of numerical
parameters.

Timestep

The timestep ∆t has been defined for our simulations according to the standard cri-
terion of Gadget-2.0. This means that the timestep for each particle is calculated as
∆t =

√
2ηε/|a|, where η is a dimensionless parameter controlling the accuracy of the

timestep criterion, ε is the softening associated to each particle, and a is the gravita-
tional acceleration suffered by each particle. ∆t is also limited by a maximum value in
order to prevent particles having too large timesteps. The maximum timestep is defined
as a few percent of the timescale tc = 2πε/Vc(ε) calculated for the component that has
the smallest ε in the system, where Vc is the circular velocity. This ensures us that we
follow the evolution of even the smallest components in the system with enough time
resolution. We have set η = 0.025 and the maximum timestep to 0.25 Myr, which give us
typical conservations of energy and angular momentum that are better than 0.1% over
9 Gyr of evolution for our main disc galaxy configured at “z=0”.

2.A.3 Evolution of the isolated host galaxy
To test the stability of the host galaxy, this is simulated in isolation, i.e. in the absence
of any external perturbation.

We first relax the disc component within a “rigid version” of the halo potential (which
mimics the N-body halo described in Section 2.A.1) for a few rotational periods (normally
1 Gyr). Once the disc component is relaxed (i.e., there are no further changes in either its
morphological or kinematical properties) the “rigid” halo is simply replaced by itsN -body
(“live”) counterpart, and evolved for additional 5 Gyr in isolation for the configuration
at “z=0”, and during 4 Gyr for that at “z=1”. As described in Section 2.3.1, these time
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Figure 2.A2: Evolution of the structural and kinematic properties of the isolated host
disc, for the “z=0” configuration. The solid lines show the initial conditions. The dotted
lines show the disc after 1 Gyr of evolution within the fixed halo potential. The dashed
lines show the disc’s evolution after 5 Gyr within the N -body halo. The latter model is
used as the control case in the comparison to the minor merger simulations. A similar
behaviour is obtained for the disc in the “z=1” configuration.

windows are enough to study the merger events that are of interest to us. Strong bar
instabilities appear in the host galaxies evolved in isolation only after 9 Gyr and 7 Gyr
for the configurations at “z=0” and “z=1”, respectively.

Fig. 2.A2 shows how the initial properties of the host disc at “z=0” change after being
relaxed within a fixed halo for 1 Gyr, and after 5 Gyr in the live halo. Its properties
are measured in concentric rings of 1 kpc of width, including particles out to ∼15 initial
scaleheights. The surface density profiles Σ(R) (top left panel) indicate that the scale-
lengths of the discs (given by the inverse of the slope in log-linear scale) stay practically
unchanged. Similarly, the vertical structure of the disc does not show significant evolu-
tion (top middle panel), except a moderate amount of flaring in the outer disc, which
are due to spiral instabilities induced by swing-amplified Poisson noise in the disc. The
scaleheights, measured at R = 2.4RD, change from z0= 0.35 kpc to 0.41 kpc in the “z=0”
configuration and from 0.17 kpc to 0.24 kpc in the “z=1” one. The discs are also slightly
slowed down (top right panel) , while the velocity dispersions show an increase of ∼ 5 km
s−1 in the first Gyr in the fixed halo, and a total of < 10 km s−1 after 5 Gyr of evolution
in the live potential (bottom panels). The velocity ellipsoid of the disc (also measured at
R = 2.4RD) increases from (σR,σφ,σz)=(28,20,17.5) km s−1 to (35,28,24) km s−1 in the
“z=0” configuration and from (25,18,14) km s−1 to (32,28,22) km s−1 in the “z=1” one.





Chapter 3
Simulations of minor mergers. II. The
phase-space structure of thick discs∗

Abstract

We analyse the phase-space structure of simulated thick discs that are the result of
a significant merger between a disc galaxy and a satellite. Our main goal is to

establish what would be the characteristic imprints of a merger origin for the Galactic
thick disc. We find that the spatial distribution predicted for thick disc stars is asymmet-
ric, seemingly in agreement with recent observations of the Milky Way thick disc. Near
the Sun, the accreted stars are expected to rotate more slowly, to have broad velocity
distributions, and to occupy preferentially the wings of the line-of-sight velocity distri-
butions. The majority of the stars in our model thick discs have low eccentricity orbits
(in clear reference to the pre-existing heated disc) which gives rise to a characteristic
(sinusoidal) pattern for their line of sight velocities as function of galactic longitude. The
z-component of the angular momentum of thick disc stars provides a clear discriminant
between stars from the pre-existing disc and those from the satellite, particularly at large
radii. These results are robust against the particular choices of initial conditions made
in our simulations, and thus provide clean tests of the disc heating via a minor merger
scenario for the formation of thick discs.

∗ Based on Villalobos & Helmi 2009, submitted to MNRAS on February 8th, 2009
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3.1 Introduction

Thick discs appear to be a common feature of disc galaxies (Yoachim & Dalcanton
2006, and references therein). They are believed to be snap-frozen relics of disc galaxy
formation that took place at high-redshift (Freeman & Bland-Hawthorn 2002). This is
because their dominant stellar populations appear to be old, as indicated for example
by the colours of the envelopes of edge-on disc galaxies (see, e.g. Dalcanton & Bernstein
2002, and follow-up papers). More direct evidence comes from local studies of the Milky
Way’s thick disc, whose stars are mostly older than 10–12 Gyr (e.g. Edvardsson et al.
1993).

In the case of the Milky Way, the thick disc has structural, kinematic and chemi-
cal properties that in general are significantly different compared to the other Galactic
components (Bensby et al. 2005; Jurić et al. 2008; Veltz et al. 2008). This implies that
it is quite likely it has followed its independent evolutionary path, as discussed in Wyse
(2004) and references therein (but see also Ivezić et al. 2008).

As stated above, the Galactic thick disc provides us with a window into the high-
redshift Universe. However unlike the Galactic stellar halo, which is also ancient, the
thick disc contains a non-negligible fraction of the total stellar mass of the Galaxy (be-
tween 6 and 15 per cent, e.g. Robin et al. 2003; Jurić et al. 2008), what enhances its
importance as a tracer of the events that took place at early epochs. On the other hand,
and like for the stellar halo, imprints of that early history may be present in the form of
dynamical or chemical substructure. This information could, in principle, be retrieved
relatively easily from large surveys of nearby stars implying that we can hope to directly
test the various scenarios proposed for its formation.

These various scenarios may be classified according to the relative importance of
dissipative processes. The collapse of a gas cloud with a large scale-height (Eggen et al.
1962; Burkert et al. 1992), or intense star formation (Kroupa 2002), perhaps triggered by
gas rich mergers (Brook et al. 2004; Bournaud et al. 2007a) are two dissipationally driven
models. On the other hand, the vertical heating of a thin disc during a merger event
(e.g. Kazantzidis et al. 2008, and references therein); or the direct accretion of satellites
proposed by Abadi et al. (2003) are examples of (mostly) dissipationless processes.

In the case of a merger origin of the Galactic thick disc, one may expect significant
substructure to be present, particularly in the phase-space distribution of its stars. In
fact, evidence of such merger debris in our Galaxy has been mounting over the past
decade. Examples are the substantial group of stars located a few kpc from the Galactic
plane with kinematics intermediate between the canonical thick disc and the canonical
stellar halo (Gilmore et al. 2002b); or the significant asymmetry in the distribution of
thick disc stars in the first Galactic quadrant with respect to the fourth (Parker et al.
2003, 2004; Larsen et al. 2008). In addition to substructure of the thin/thick disc such
as the Arcturus stream (Eggen 1996; Navarro et al. 2004), the Monoceros ring (Yanny
et al. 2003), the Canis Major dwarf (Martin et al. 2004), distinctive stellar groups in the
solar vicinity with peculiar ages, metallicities and kinematics have also been discovered
(Helmi et al. 2006). All these observations thus appear to support models in which the
thick disc was formed by accretion and/or merger events.

In Villalobos & Helmi (2008, hereafter, Chapter 2) we presented a series of simulations
of minor mergers between a disc galaxy and a relatively massive satellite, with the aim
of modelling the formation of a thick disc (a scenario first explored thoroughly by Quinn
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et al. 1993, and which has received much attention since then). The present work is
intended as a follow-up study where we particularly focus on characterising the phase-
space properties of these simulated thick discs. Our ultimate goal is to find sets of
observables that would allow us to recover traces of the merger that may have lead
to the formation of the Galactic thick disc. In principle, it should also be possible to
distinguish stars from the intruder satellite from those of the heated disc in the final
aftermath.

We are also motivated to pursue such a study at this point in time by the surveys
that are currently mapping the Milky Way galaxy and its components in great detail. In
particular, the spectroscopic RAVE and SEGUE/SDSS surveys are both providing large
samples of stars with accurate kinematics (Zwitter et al. 2008; Adelman-McCarthy et al.
2008; Lee et al. 2008). Such surveys will enable a more precise characterisation of the
Galactic thick disc, and should allow us to test the various formation scenarios discussed
above. On a slightly longer timescale, the space astrometric mission Gaia will provide
full phase-space coordinates for hundreds of millions of stars (Perryman et al. 2001), from
which we should be able to establish how the Galactic thick disc was assembled.

The outline of this Chapter is the following. In Section 2 we briefly describe the
numerical simulations that are used in this study. In Section 3 we characterise the velocity
distribution in local volumes resembling the Solar neighbourhood. In this section we put
special emphasis on understanding the predicted distributions of heliocentric line-of-sight
velocities since, in practice, these can be obtained with high accuracy for large samples
of stars, and are available even at the present time. Finally Section 4 summarises our
conclusions.

3.2 Simulations

3.2.1 Description

In Chapter 2 we have performed a series of dissipationless N -body simulations of a single
merger between a pre-existing disc galaxy and a satellite, in order to study the formation
of thick discs in a context of disc heating. Among the main results presented in Chapter
2, we find that such mergers are able to produce thick discs that are both structurally and
kinematically similar to those observed in the Milky Way and in external galaxies (see
also Velázquez & White 1999, and references therein). Structurally, the simulated thick
discs have larger scale-lengths compared to the initial disc and their scaleheights are 3–6
times larger with a clear dependence on the initial inclination of the decaying satellite.
When compared to observations of the Galactic thick disc, the simulations seem to favour
mergers with low/intermediate initial inclinations for the formation of this component,
as suggested by the measured σz/σR ratio (as determined by, e.g., Soubiran et al. 2003;
Vallenari et al. 2006) and from the presence and amplitude of vertical gradients in the
mean rotation (Girard et al. 2006; Ivezić et al. 2008).

These simulations are therefore a good starting point to study the detailed phase-
space structure of the remnant system, and to establish if it is possible to dynamically
distinguish stars from the pre-existing disc from those of the accreted satellite. Further-
more, they may also be used to develop indicators to test the validity of this particular
formation scenario for the Galactic thick disc.
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Below we summarise our suite of numerical simulations, but refer the interested reader
to Chapter 2 for more details.

We have explored the following initial configurations for the merger: (i) the structure
and kinematics of the primary disc resemble those of a) the present Milky Way (“z=0”
experiments); or b) a disc at redshift one (“z=1”) according to the model of Mo et al.
(1998). The latter represents a likely formation epoch of the Galactic thick disc as
suggested by the age of its stars (Edvardsson et al. 1993); (ii) two stellar morphologies
for the satellite: spherical or discy; (iii) two total (and stellar) mass ratios between
the infalling satellite and the host galaxy (10% and 20%); and (iv) three initial orbital
inclinations of the satellites, in both prograde and retrograde directions with respect to
the rotation of the host disc.

Both the host galaxy and the satellite are modelled self-consistently with both star
and dark matter (DM) particles. The stellar component of the satellite has structure
and kinematics that are consistent with the observed fundamental plane of dE+dSphs
galaxies. The satellite is launched far away from the host disc (35–50 times the host
disc scale-length, depending on the experiment) and has orbital parameters that are
consistent with cosmological studies of infalling substructure (Benson 2005). We will use
here the simulations of 20% mass ratio between the satellite and the host galaxy. This
results in a sample of 24 simulated thick discs. The stellar components of the satellite
and of the host disc are modelled with 105 particles, implying that the satellite’s stars
are over-represented in number (by a factor of five) in the merger remnant.

As a reference, Table 3.1 summarises both the structural and the kinematical prop-
erties of the final thick discs of Chapter 2. The kinematical properties listed here were
measured at R=2.4RD for both “z=0” and “z=1” experiments, corresponding to ∼11
kpc and ∼5 kpc, respectively. Between brackets we also quote these values for the “z=1”
case at R=3.6RD, i.e. ∼8 kpc. In the rest of this Chapter we focus mainly on the
“z=1” experiments, since the final stellar mass of the remnant system, ∼ 1.4× 1010M�,
is comparable to that estimated for the Galactic thick disc (e.g. Robin et al. 2007).

For completeness, here we briefly remind the reader of the properties of the Milky Way
thick disc. The measured scalelength of the Galactic thick disc is comparable to that of
the thin disc, i.e. in the range 2.8–4.5 kpc; and its exponential scale-height z0=700–2000
pc (Larsen & Humphreys 2003; Jurić et al. 2008). Kinematically, the velocity ellipsoid
of the thick disc in the solar neighbourhood is observed to be (σR,σφ,σz) ∼(65,54,38) km
s−1 (Chiba & Beers 2001; Vallenari et al. 2006; Veltz et al. 2008). Thick disc stars have
a rotational lag of ∼30–50 km s−1 (Chiba & Beers 2000; Veltz et al. 2008).

A close look at Table 3.1 shows that none of our simulated thick discs reproduce
exactly the properties of the thick disc of the Milky Way. An additional point to bear in
mind is that the structure of the merger remnants is likely to change if a new thin disc
is formed from freshly accreted gas, as generally envisioned in the models explored here
(e.g. Freeman & Bland-Hawthorn 2002). However, even if the detailed properties differ,
we believe that studies of the dynamical phase-space structure of our remnants should
give us insight into what observables can be used for example, to distinguish in-situ stars
from those that have been accreted.
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Table 3.1: Properties of final thick discs produced in Chapter 2.
“z=0” 0o 30o 60o

RD 4.47 4.59 3.96
z0 1.25 1.63 1.78
σR 94.7 84.5 69.5
σφ 74.3 62.8 55.4
σz 46.3 53.4 54.6
vφ 119.6 122.1 150.3

“z=1” 0o 30o 60o

RD 2.26 2.28 2.04
z0 0.64 0.82 0.85
σR 85.7(64.8) 76.4(53.9) 55.4(47.8)
σφ 56.7(54.8) 53.9(44.8) 48.2(28.3)
σz 36.8(20.9) 41.7(32.5) 41.8(42.6)
vφ 96.1(117.3) 107.8(120.7) 122.7(133.7)

- Scale-lengths (RD) and scale-heights (z0) in kpc. Radial (σR), azimuthal (σφ) vertical
(σz) velocity dispersions and mean rotation (vφ) in km s−1.
- Kinematics are measured at 2.4RD for “z=0” and at 2.4RD (3.6RD) for “z=1”
experiments.
- Only experiments with prograde spherical satellites with masses 20% of Mdisc,host are
listed.

3.2.2 Definition of local volumes

Our interest lies in determining the structure of phase-space of our merger remnants
especially in small volumes which may resemble the Solar neighbourhood. This is mo-
tivated by our aim to eventually compare our predictions to observations, and because
typically we only have (access to) full phase-space information for relatively nearby stars.

Given that the scalelengths of our simulated thick discs are ∼ 35% smaller than what
has been estimated for the Milky Way, it is not straightforward to decide which radius
would correspond to the “Solar circle”. This is why we explore the phase-space structure
in volumes located at two different radii, namely 2.4RD (∼5 kpc) and 3.6RD (∼8 kpc),
where RD is the final thick-disc scalelength in our experiments (see Table 3.1).

To obtain phase-space information from particle samples inside such volumes for our
simulated thick disc, we first define a Cartesian system with the origin in the centre
of mass of the thick disc and the z-axis aligned with its rotational axis. The angular
momentum vector points towards the galactic south pole (−z), hence the rotation is
clockwise. We place four identical spherical volumes onto the disc plane defined as
being perpendicular to the angular momentum vector. The centres of these spheres have
coordinates (+Rv,0,0), (−Rv,0,0), (0,+Rv,0) and (0,−Rv,0). Rv is defined as either
2.4RD or 3.6RD. We explore spheres of several sizes but, unless noted otherwise, the rest
of the Chapter will refer to volumes of 2 kpc radius.

Fig. 3.1 illustrates the volumes’ coverage of the final thick discs for the case of the
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Figure 3.1: Coverage of the spherical volumes defined to analyse the phase-space struc-
ture of the simulated thick discs. The Figures show the final spatial distribution (in a
face-on view) of “z=1” experiments with spherical satellites on prograde orbits for three
different initial orbital inclinations. Volumes are centred at Rv=2.4RD (∼5 kpc) from the
galactic centre and are 2 kpc radius. Stars belonging to the heated disc (above) and to the
satellites (below) are plotted separately to highlight the different spatial distributions.

“z=1” experiment using a prograde spherical satellite with initial inclination of 30o. The
volumes are located at Rv=2.4RD from the galactic centre and are labelled from 1 to 4
according to where they are placed, i.e., (+x,+y,−x,−y)≡(1,2,3,4).

In the next Section we will characterise the velocity distribution of stars in these
local volumes. Because our remnant discs are not fully axisymmetric as evidenced in
Fig. 3.1, it is important to establish first how the properties of the velocity distribution
function depend on location. Therefore in Section 3.3.1 we quantify the deviations from
axisymmetry and establish their impact on the velocity distribution. We then focus on
the dynamical properties of the in-situ stars versus those accreted in Section 3.3.2 and
Section 3.3.3.
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Figure 3.2: Number of disc and satellite stars within each volume for all the exper-
iments at “z=0” and “z=1”. The volumes are labelled from 1 to 4 according to their
location on the xy plane (+x,+y,−x,−y, see Fig. 3.1). In general, the spatial distribution
of stars is not uniform for all 4 volumes, indicating different degrees of deviation from
axisymmetry in both the heated disc and the satellite debris.
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3.3 Results

3.3.1 Effect of non-axisymmetries

On the spatial distribution

Fig. 3.1 shows that the distributions of heated disc particles and satellite particles are
not symmetric with respect to the rotation axis of the system. Note that there does not
seem to be a correlation in the deviations from axisymmetry between the disc and the
satellite stars. This suggests that these asymmetries are likely to have different origin.

Fig. 3.2 gives a general overview, for all 24 of our experiments, of the distributions of
stars in the final thick discs. This Figure shows the variation of the number of stars from
volume to volume for each experiment. Note that, in order to facilitate the comparison,
the number of satellite stars has not been normalised according to mass ratio between
host disc and the stellar component of the satellite (see Chapter 2), meaning that they
are over-represented by a factor of five. Overall, in each experiment, both disc and
satellite present some degree of volume-to-volume alternation in the number of stars
they contribute, demonstrating their asymmetric spatial distributions. In general, this
alternation is different for the disc and for the satellite stars.

Fig. 3.3 shows the global amplitudes of the m = 2 deviations of both disc (left
panels) and satellite (right panels) spatial distributions as a function of the initial orbital
inclination of the satellites, for all 24 experiments. The amplitudes are measured by first
binning the final spatial distributions of stars in cylindrical shells, within |z| < 5 kpc and
|z| < 3 kpc for experiments at “z=0” and “z=1”, respectively. Then for each bin the
Fourier components of the second harmonic of the angular distribution are computed as:

a2 =
1
N

N∑
i=1

sin(2φi), b2 =
1
N

N∑
i=1

cos(2φi), (3.1)

(Valenzuela & Klypin 2003 and references therein) with N the number of stars in each
bin and φi the stars’ angular position. For each bin the amplitude of the second harmonic
is A2

2 = (a2
2 + b22)/2. The global amplitude is then defined as 〈A2〉 =

√
〈A2

2〉, averaging
over radii R < 1.5RD. Additionally, the angular phase of the m = 2 deviations are
measured by finding the principal axes of the inertia tensors of the spatial distribution
of stars projected onto the xy plane. In general, strong disc asymmetries are present out
to a distance of ∼3–4 kpc (∼ 1.7RD) for the “z=1” experiments.

Fig. 3.3 shows that in general, for both disc and satellite stars, there are no clear
dependencies of the m = 2 amplitude with inclination. However it is interesting to notice
that discy satellites on retrograde orbits have induced the largest m = 2 deviations on
the heated discs. This can be explained by the fact that this type of satellite loses
mass faster as it evolves in comparison to spherical satellites (see Fig. 2.3 in Chapter 2).
This results in a smaller drag force and hence in a longer decay timescale. Moreover, in
general satellites on retrograde orbits are found to need more time to decay (see Fig. 2.2
in Chapter 2) which is a consequence of the weaker dynamical friction exerted by the
main disc as compared to the prograde orbit case (see also Velázquez & White 1999).
Therefore, the aforementioned satellite configuration induced a longer lasting and more
powerful asymmetric perturbation on the main disc, eventually leading to the formation
of a bar with a larger amplitude.
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Figure 3.3: Global amplitudes of the m = 2 deviations from axisymmetry in the final
spatial distributions of both disc (left panels) and satellite (right panels) stars for all
experiments at “z=0” (upper panels) and “z=1” (lower panels).

On the other hand, the m = 2 deviations for the satellite debris seem to reach similar
amplitude independently of the satellites’ morphologies and initial orbital inclinations.
This suggests that m = 2 deviations for disc and satellite stars may be caused by different
dynamical effects. The satellites in our simulations have rather radial orbits (apo-to-peri
ratios ∼ 5, see also Section 2.3.1 in Chapter 2), for all initial orbital inclinations. This
implies that their angular momenta are relatively low, or in other words that the amount
of energy associated to tangential motions is much smaller than that associated to motion
in the radial direction. This in turn, means that the precession rate of these orbits is
slow. Furthermore, our satellites are relatively cold in comparison to the host galaxy.
These factors make the range of orbital angular frequencies of satellite stars quite small,
implying that that the mixing in the angular direction has to take place on fairly long
timescales. Thus as the satellite gets disrupted, its stars remain somewhat constrained
in azimuth, which results in the observed m = 2 deviations, in rather close analogy to
what happens as a result of the radial orbit instability (Binney & Tremaine 2008).

There are two important implications of the characterisations made above. Firstly
thick discs could well be asymmetric because of the presence of a small central bar.
Secondly, the fraction of accreted stars may well vary with azimuthal angle in the plane
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Figure 3.4: Radial (left panel) and tangential (central panel) velocity dispersions in
each volume as a function of the amplitude of the m = 2 deviations from axisymmetry
in the spatial distribution of disc stars for all prograde “z=1” experiments. Velocity
dispersions are shown considering both disc and satellite stars (solid circles) and disc
stars only (open circles). The panel on the right shows the mean rotational velocity in
each volume as a function of the angular separation between the volume and the major
axis of the “bar” formed by the disc stars, for all “z=1” experiments.

of the thick disc. In recent years, Parker et al. (2003, 2004) have found evidence that
indeed the Galactic thick disc may be asymmetric. More recently, the suggestion has
been made that the stellar asymmetry of faint thick-disc/inner-halo stars in the first
quadrant (l = 20o − 45o) could be an indication of a triaxial thick disc or a merger
remnant/stream (Larsen et al. 2008).

On the kinematics

In order to investigate the possible effects of the “bars” on the kinematics of stars in our
local volumes, we have computed several statistical moments of the velocity distributions
(mean, dispersion, skewness and kurtosis). We have then correlated these properties to
both the location and the amplitude of the m = 2 deviations of the spatial distribution
of disc stars (since this bar dominates in terms of mass/surface density as compared to
the triaxial distribution of accreted stars which never dominate the central regions nor
near the plane, see Chapter 2). In general, we do not find a significant dependence of the
moments with respect to the strength of m = 2 deviations. This is shown explicitly in the
left and central panels of Fig. 3.4, where we have plotted the radial and tangential velocity
dispersions within each volume, for all prograde experiments at “z=1”, as a function of
the induced global m = 2 amplitudes. Note that similar results are obtained when the
dispersions are computed considering either disc stars only (open circles) or disc and
satellite stars jointly (solid circles). Only weak trends are found for the mean rotational
velocity 〈vφ〉 when computed as a function of the relative location of the volume with
respect to the position angle of the bar, as shown in the rightmost panel of Fig. 3.4.
When the various moments are computed in volumes which are located farther away
from the centre, such as at 3.6RD, the correlations are even less prominent.
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Figure 3.5: Final velocity distribution of disc (grey) and satellite (black) stars for differ-
ent initial orbital inclinations of a prograde spherical satellite: 0o(upper row), 30o (mid-
dle) and 60o (bottom); corresponding to “z=1” experiments. Stars are within spheres of
2 kpc radius located at R=2.4RD from the galactic centre. All satellite stellar particles
have been plotted here, implying that they are over-represented by a factor of five.

3.3.2 The kinematics of disc and satellite stars

Fig. 3.5 shows the final velocity distributions of both disc (grey) and satellite (black)
stars for the “z=1” experiments with a spherical satellite with initial inclinations of 0o,
30o and 60o on a prograde orbit. The stars plotted in this Figure are enclosed within a
spherical volume centred at R = 2.4RD.

This Figure shows that disc and satellite stars have radically different distributions
in velocity space. For instance, in the vR − vφ plane, satellite stars are distributed in
a banana-shape, whereas the disc stars define a centrally concentrated clump. This
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Figure 3.6: Final distribution of Lz of disc (grey) and satellite stars (black; only one
in five is shown) as a function of galactic radius, for prograde (top row) and retrograde
(bottom row) satellites with initial orbital inclinations 0o (first column), 30o (second)
and 60o (third). Stars are located within 2 < R < 12 kpc and |z| < 1 kpc.

difference is a consequence of the more eccentric orbits of the accreted stars compared
to those from the disc. The accreted stars that cross the volume under consideration
have slightly different orbital phases, i.e. stars with vR = 0 are at the apocentre while
those travelling either towards (or away from) it have vR > 0 (or vR < 0), leading to this
very characteristic banana-shape (see also Helmi & White 1999b). In the vR − vz plane
satellite stars populate mostly the outskirts of the distributions, with a clear dependence
on the initial orbital inclination. Stars from the satellites on more inclined orbits show
larger vertical velocities as they cross the disc plane as expected. Both the vR and vz
distributions are very symmetric, showing that the stellar particles are well mixed in
these directions by the end of the simulation. Satellite stars typically have lower mean
rotational velocity in comparison to disc stars, as can be seen in the vz − vφ plane.

In Fig. 3.6 we show the final distributions of the z-component of the angular momen-
tum (Lz) of both disc and satellite stars as a function of cylindrical radius, for “z=1”
experiments with a discy satellite. In this Figure, stars are located within 2 < R < 12
kpc and |z| < 1 kpc. The trend followed by the disc stars reflects a constant rotational
velocity (hence Lz ∝ R). The stars from the satellite, on the other hand, do not show
this same trend, since their z-angular momenta are relatively constant with radius; the
absolute value being related to the initial conditions of the satellite’s orbit. This is why
the separation between both types of stars has a mild trend with initial orbital inclination
of the satellite, especially for prograde orbits, and also why the retrograde cases have
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Figure 3.7: Toomre di-
agrams of “z=1” experi-
ments for prograde discy
satellites with initial or-
bital inclination 30o af-
ter convolution of each ve-
locity component with a
Gaussian error of: 10 (up-
per row), 20 (middle) and
30 (bottom) km s−1. In
the case of errors ∼10
km s−1, disc and satel-
lite stars are easily distin-
guishable (disc stars have
vφ ∼ 120 km s−1). Vol-
umes 1 and 2 are shown
to illustrate the difference
in the distribution of stars
due to the m = 2 devi-
ations from axisymmetry
in the spatial distributions
of disc and satellite stars.
Satellite particles are over-
represented in this Figure
by a factor of five.

negative 〈Lz〉. This Figure suggests that in order to distinguish more easily between disc
and satellite stars, it is better to study the kinematics at large galactocentric distances.

Note that these conclusions can be generalised rather easily, and are quite independent
of the particular initial configuration of the merger. For example, an increase in the initial
tangential velocity of the satellite, will lead to a higher final value of Lz, implying that
the distinction between accreted and in-situ stars will be more difficult near the Sun. In
such cases, one would have to compile samples of stars located at much larger distances
in the plane, such that the final Lz distribution at this location would be bimodal, as
seen for example, at R ∼ 8 kpc in Fig. 3.6.

It is also important to stress here that the trend of Lz as function of R observed for
the stars in the heated disc, constitutes a rather clean test of the formation scenario for
the Galactic thick disc studied here. Such a trend would be expected only in the case a
pre-existing thin disc was present at early times, since only then most of the stars would
be moving on nearly circular orbits.
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Fig. 3.7 shows the Toomre diagrams for the “z=1” experiment with a prograde discy
satellite with initial inclination 30o, including disc and satellite stars. Note that the
satellite particles are over-represented in this Figure by a factor five. The three velocity
components have been convolved with Gaussian errors of 10, 20 and 30 km s−1. The
volumes contain different number of particles due to the asymmetric spatial distributions
discussed in Section 3.3.1. The separation between both types of stars is evident even if
the errors in the velocity are 20 km s−1 and should allow the distinction between satellite
stars and heated disc stars in surveys such as RAVE (Steinmetz et al. 2006).

3.3.3 Statistical tests on the velocity distributions

KS test on the vR, vφ and vz distributions

As just discussed, significant merger events like those simulated in Chapter 2 leave clear
and long-lasting signatures in the kinematics of the final systems. Fig. 3.5 shows that
disc and satellite stars clearly dominate different regions of velocity space, and that the
final distributions are not Gaussian. In this section we quantify this non-Gaussianity,
by studying the 1-dimensional velocity distributions along the R, φ and z directions in
our local volumes. To this end we perform the Kolmogorov-Smirnov/Kuiper∗ statistical
test (e.g., see Press et al. 1992). Our null hypothesis is that the underlying velocity
distributions are Gaussian along each one of the principal axes of the velocity ellipsoid
(vR, vφ, vz).

Fig. 3.8 shows the disc+satellite velocity distributions of vR and vφ and the best
Gaussian fit (dashed lines) for a “z=1” experiment with a prograde discy satellite with
initial orbital inclination 30o. The stars considered here are located in volumes of 2 kpc
radius at R = 2.4RD and R = 3.6RD (left and right panels, respectively), and the number
of satellite stars has been properly normalised (effectively, only 1 in 5 stars is considered).
This Figure shows that in most cases our null hypothesis can be rejected with better than
3σ confidence. This is mainly because the simulated velocity distributions have rather
extended wings. These wings are preferentially dominated by satellite stars, also in the
case of the vz distributions (see Fig. 3.5). However, in this latter case the contribution
of satellite stars to the wings is too low (by number) to be detected by the test. As
expected (Section 3.3.1) the results of this test are nearly independent of the azimuthal
location of the volumes. Note that even in these small samples, the features are very
significant, and should be relatively easy to detect observationally. Furthermore, the
velocity distributions do bear a close resemblance to those seen in the in-situ samples
studied by Gilmore et al. (2002b).

Heliocentric line-of-sight velocities, vlos

In practice, it is relatively difficult to obtain accurate full space velocities for large samples
of stars. The main challenge being to measure accurately their proper motions and
distances for the stars. However, a possible workaround to this problem is to concentrate
on heliocentric line-of-sight velocities (vlos) which are comparatively cheaper to obtain
and can be measured with high accuracy for large samples of stars.

∗ The Kuiper variant of the test is chosen instead of the standard Kolmogorov-Smirnov since the first
guarantees equal sensitivity at all values of the distribution, particularly in the wings.
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Figure 3.8: Histograms of the radial (top) and tangential (bottom) velocities of stars
within volumes centred at R = 2.4RD and R = 3.6RD, for “z=1” experiments with a
prograde discy satellite with initial orbital inclination 30o. KS/Kuiper tests have been
performed in order to obtain a probability that the total distribution of stars (thick
black line) is drawn from a Gaussian distribution (obtained as the best fit to the total
distribution). Distributions of disc (grey line) and satellite (thin-black line) stars are also
shown. The labels “KS 3σ, 2σ or ‘×’ (meaning less than 1σ)” indicate the confidence
level with which one can establish that the distribution has not been drawn from the best
fit Gaussian. Volumes 1 and 2 are shown to illustrate the difference in the distributions
due to asymmetric spatial distributions of disc and satellite stars. (Continues on next
page)
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Figure 3.8: Continuation.

In our simulations we compute the vlos as follows. First both the galactic longitude
(l) and latitude (b) are computed for each star with respect to the centre of the local
volume, with the +x-axis pointing towards the galactic centre and the +y-axis in the
sense of rotation of the system. Then vlos is computed as:

vlos = vx cos l cos b+ vy sin l cos b+ vz sin b (3.2)

where the three velocity components of each star are measured with respect to the galactic
centre (i.e. they include the galactic rotation). This implies that stars on circular low
latitude orbits have vlos ∼ vcirc sin l cos b, since vx and vz should both be (close to) zero.

The upper panels of Fig. 3.9 show the vlos of disc (grey) and satellite (black) stars as
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Figure 3.9: Top panels: He-
liocentric line-of-sight veloci-
ties of disc (grey) and satel-
lite (black) stars. The white
line shows a sin(l) fit to model
the mean rotational velocity of
the final thick disc. Middle
and bottom panels: The rota-
tion signal has been subtracted
for both disc and satellite stars,
respectively. The Figures cor-
respond to the “z=1” experi-
ment using a prograde spheri-
cal satellite with initial orbital
inclination 30o. Volumes 1 and
2 are shown to illustrate the dif-
ference in the distributions due
to asymmetric spatial distribu-
tions of disc and satellite stars.
In all the panels, the satellite
stars are over-represented by a
factor five.

a function of their galactic longitude for the “z=1” experiment with a prograde spherical
satellite with initial orbital inclination of 30o. The most evident feature is that stars of
the heated disc are still rotating on fairly circular orbits in spite of the relatively massive
minor merger, as demonstrated by the sinusoidal dependence on galactic longitude of
their line-of-sight velocities.

We proceed to subtract the mean rotation of the system, vrot, in order to better
quantify the contribution of the satellite stars to the wings of the distributions of vlos.
The mean rotation is found by fitting to the vlos(l) distribution of both disc and satellite
stars (after the proper normalisation) the one-parameter function vrot sin(l). The result is
the white curve in the top panel of Fig. 3.9. The middle and bottom panels of this Figure
show both disc and stars radial velocities obtained after subtracting vrot. The different
behaviour of disc and satellite stars is very clear now, and this is also the case for most
of our experiments. In the particular example plotted here, the maximum separation is
found around l ∼100–160o and l ∼220–240o as illustrated in the Figure. Note finally that
the m = 2 deviations from axisymmetry do not significantly impact the distributions,
i.e. there are no large volume-to-volume differences.

In Fig. 3.10 we have plotted the vlos distributions of disc+satellite stars, after sub-
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tracting vrot, for all “z=1” experiments with spherical satellites. The stars included in the
histograms have galactic longitudes within an interval of δl = 40o around l = 140o (where
the difference between the two populations of stars was largest according to the previous
Figure). At these longitudes, l ∼ 140o, most of the satellite stars have negative vlos.
This is manifested in most of the distributions shown in Fig. 3.10, which are (slightly)
asymmetric and tend to have a prominent negative velocity tail, particularly compared
to the best fit Gaussian (denoted here by the dashed curves). To further emphasise this
point, the open circles in Fig. 3.10 denote the fraction of satellite stars present at a given
velocity (bin).

We quantify the statistical significance of the features present in the vlos distributions
by computing a probability that measures the likelihood of the “observed” number of
stars in a given velocity bin. We proceed as follows. We first generate Ntot,real = 104

random realisations based on the best Gaussian fit. We then define the probability of
observing Nobs,i stars or more in the i-th bin as:

Pi(≥ Nobs,i) =
Nreal(Ngen,i ≥ Nobs,i)

Ntot,real
, (3.3)

where Ngen,i denotes the number of “random stars” present in the i-th bin. Therefore
the numerator in Eq. (3.3) denotes the number of realisations for which the number of
“random stars” is greater or equal the observed one for each bin.

The resulting probabilities Pi(≥ Nobs,i) are depicted as the solid circles in Fig. 3.10.
Typically very low probabilities (< 1%) are obtained in the wings of the velocity distri-
bution, as well as near the central peak. Recall that the wings are dominated by satellite
stars (as indicated by the open circles). This implies that this test is both able to identify
non-Gaussian features, as well as the presence of accreted stars. The low probabilities
found near the central peak are due to the fact that this region is dominated by stars in
a cold remnant disc, which survives the merger event, and contains 10− 20% of the total
mass of the thick disc (see Section 3.4 of Chapter 2).

Similar results are found for all our experiments (also those not shown in Fig. 3.10).
In general, after analysing similar histograms for all the experiments, we find that even
when the histograms contain a relatively small number of stars, it is possible to detect
rare peaks in the wings which are composed mostly by satellite stars.

At this point it is important to remind the reader that the simulations performed in
Chapter 2 do not include the growth of a fresh thin disc after the merger that led to
the formation of the thick disc. This new, colder and (presumably) more massive thin
disc would mostly dominate around vR ∼ 0 and vz ∼ 0 km s−1. For example, in Fig. 3.8
it should result in an enhancement of the central peak of the vR and vz distributions.
On the other hand, in the direction of rotation a pronounced peak should be present
at vφ,thin, where vφ,thin > vφ,thick. This implies that the satellite stars are expected to
remain the main contributors to the wings of all the velocity distributions. The deposition
of a significant amount of mass in the galactic plane should lead to an increase in the
rotational velocity of the thick disc stars, and hence the line-of-sight velocities should
still show a sinusoidal dependence on longitude, but now with a larger amplitude than
that visible in Fig. 3.9. Satellite stars will continue to dominate the wings of the vlos
distributions and should clearly become apparent after the mean rotation of disc has
been subtracted.
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Figure 3.10: Histograms of the heliocentric line-of-sight velocities after subtracting the
mean rotation of the final thick disc, for “z=1” experiments using prograde and retrograde
spherical satellites with initial orbital inclinations of 0o, 30o and 60o. The histograms
include disc and satellite stars within a slice around l ∼140o, where the contribution of
satellite stars to the wings is maximal (see Fig. 3.9). The width of l-slices is 40o. The
best Gaussian fits to the histograms are shown in dashed. The open circles show the
fraction of satellite stars in each velocity bin. The solid circles denote the probability of
the observed number of stars compared to what is expected from the best fit Gaussian
at each velocity bin. (Continues on next page)

3.4 Summary and Conclusions

In this follow-up study we have analysed the phase-space properties of a sample of 24
simulated thick discs presented in Chapter 2. These thick discs have been produced via
a significant merger between a pre-existing disc galaxy and a satellite. In that study
several combinations of the initial conditions of the progenitors were explored, such
as: two redshifts of formation (“z=0” and “z=1”); two mass ratios between the main
disc galaxy and the satellite (10% and 20%); two different morphologies for the stellar
component of the satellite (spherical and discy); and three initial orbital inclination of
the satellites (0o, 30o and 60o) in both prograde and retrograde orbits.

The goal of this Chapter has been to find robust indicators of the merger origin of
these simulated thick discs by characterising their phase-space structure. This involves
establishing which properties from the progenitors have been retained in the final system
as well as ways to distinguish dynamically in-situ and accreted stars. Our ultimate goal
is to shed light onto the origin of the thick disc of the Milky Way by comparing the
predictions of this model to already available (and future) surveys of nearby stars such
as RAVE, SEGUE and Gaia.

Our simulations show that the final spatial distributions of stars from both the heated
disc and satellite are usually asymmetric with respect to the rotation axis of the system,
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Figure 3.10: Continuation.

but that each of these “m = 2” deviations are generally out of phase. The lack of
apparent correlation between these asymmetries suggests that they could originate in
different dynamical processes. Indeed, the “bar-like” distribution of heated disc stars
seems to be induced by the asymmetric perturbation of the decaying intruder, while the
asymmetry in the distribution of satellite stars bears some analogy to the radial orbit
instability. It is interesting to notice that similar spatially asymmetric distributions have
been observed in the thick disc of the Milky Way (e.g. Larsen et al. 2008). In terms
of kinematics, these asymmetries are found to have a negligible effect on the velocity
distributions of both heated disc and satellite stars.

When samples of thick disc stars are selected in small volumes that resemble “solar
neighbourhoods”, we find clear differences in the velocity distributions of in-situ and
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accreted stars. The stars from the heated disc are more centrally concentrated in vR and
vz while the accreted stars show broader velocity distributions in these directions. Addi-
tionally, the accreted stars rotate more slowly and they show a characteristic “banana-
shaped” distribution on the vR − vφ plane. It is important to note that similar features
are observed independently of the size and location of the volumes on the midplane.

The vertical component of the angular momentum, Lz, as function of distance from
the galaxy’s centre is found to be a clear discriminator to separate heated disc stars
from those accreted. In all our experiments in-situ stars have Lz ∝ R whereas for
accreted stars Lz is approximately constant (i.e. independent of R). This implies that
the distribution of Lz is predicted to be bimodal, and that the bimodal nature should
become more apparent with increasing distance from the galactic centre. The Lz ∝ R
behaviour thus provides a clean test of the presence of a pre-existing disc from which
the Galactic thick disc stems. Note that such a behaviour would also be expected if the
thick disc would have resulted from resonant interactions with transient spiral arms as
proposed by Roškar et al. (2008). In this case, however, one would not expect to find a
second component associated to the accreted satellite.

We also find that heliocentric line-of-sight velocities (vlos) as a function of galactic
longitude show that most heated disc stars remain on nearly circular orbits. This implies
that even after a significant merger, the heated disc is able to retain part of the dynamical
characteristics of the pre-existing disc (namely the relatively low orbital eccentricities).
After subtracting the mean rotation, the wings of the vlos distributions are found to
contain mostly accreted stars. Our analysis shows that the contribution of accreted stars
to the wings is statistically measurable and, in principle, it could be easily detected
surveys in the solar neighbourhood.

Finally, it is important to highlight the robustness of the results presented in this
Chapter regarding the different initial conditions explored. For instance, the significant
separation between heated disc stars and satellite stars in terms of Lz as a function of
galactic radius. Even though the separation shows a mild trend with the satellite’s initial
orbital inclination, in all cases the separation is clear, especially when stars are located
at large galactocentric radii. Similarly, the sinusoidal behaviour of vlos(l) is observed in
all experiments independently of the size or location of the volumes. The robustness of
these results allow us to consider them as direct probes of the disc heating scenario for
the formation of thick discs. We aim to soon test these predictions on surveys of nearby
stars such as RAVE to shed light on the formation of the Galactic thick disc.
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Chapter 4
Thick disc evolution induced by the
growth of an embedded thin disc∗

Abstract

We present a study of the morphological and kinematical evolution of simulated
thick discs responding to the adiabatic growth of an embedded, more massive and

thinner disc. The thick discs used in this analysis are the result of a significant 5:1 mass
ratio merger between a pre-existing disc galaxy and satellite (Chapter 2). This study
explores the dependences of the final system on the way the adiabatic growth is modelled.
We shall see that the final properties of the thick discs after the formation of the new
cold disc depend most directly on the total mass and scalelength, and not strongly on
scaleheight, growth timescale, initial alignment and sense of rotation. In general we find
that the growth of a new thin disc leads to a strong structural contraction in the thick
discs (both radially and vertically) which implies a significant migration of thick disc
stars from the outskirts inwards. Kinematically, it induces a significant increase in the
mean rotation and internal velocity dispersions of the thick discs.

∗ Paper in preparation, in collaboration with Stelios Kazantzidis and Amina Helmi
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4.1 Introduction

In the currently popular cosmological paradigm structure forms as gravitational insta-
bilities amplify small density perturbations produced at early times. Dark matter, being
the dominant mass component of the Universe in this model, defines the potential wells
onto which gas eventually cools and condenses to form galaxies. In the ΛCDM model
the first structures to form are small, and larger systems are built via mergers.

In this context, the formation of a thick disc via the heating of a pre-existing disc
through a minor merger –as modelled in previous chapters, appears to be unavoidable
(Kazantzidis et al. 2008, 2009; Purcell et al. 2009). Depending on when such a merger
event has occurred, one may expect the formation of a new thin disc to take place and be
observable at the present-day. This new disc would result as gas in the halo cools down,
looses pressure support and forms a rotationally supported component, as discussed in
Mo, Mao, & White (1998) and in semi-analytic models of galaxy formation (Baugh 2006)

In this scenario, the dynamical effects of the gas onto the merger remnant could be
very important. In particular, the slow accumulation of gas in the centre of the system
is expected to induce a slow structural contraction in the thick disc due to gravity. This
process is similar in spirit to the adiabatic contraction that dark matter halos experience
during the cooling of baryons that lead to the formation of galaxies (Barnes & White
1984; Mo et al. 1998).

Several previous studies have explored the dynamical heating of disc galaxies via
one or more mergers with smaller systems using N-body simulations with the goal of
establishing the properties of the remnant system (Quinn & Goodman 1986; Quinn et al.
1993; Walker et al. 1996; Huang & Carlberg 1997; Sellwood et al. 1998; Velázquez &
White 1999; Font et al. 2001; Ardi et al. 2003; Gauthier et al. 2006; Hayashi & Chiba
2006; Kazantzidis et al. 2008; Read et al. 2008; Purcell et al. 2009, and Chapter 2 of
this thesis). Very few of these studies, however, have focused on the response of the
thick disc to the gas accumulation and further formation of a new thin disc (see e.g.
Kazantzidis et al. 2009). A full model of thick disc formation including gas dynamics,
star formation, and chemical evolution would be ideal in order to obtain a complete
picture of the process. Unfortunately this kind of simulations are highly complex and
very costly in terms of computational power although first attempts have recently been
made (Bournaud et al. 2005; Hopkins et al. 2009).

In this Chapter we present a systematic study to estimate the effect of the adiabatic
growth of a new thin disc on both the morphology and the kinematics of thick discs using
collisionless N -body simulations. These numerical simulations focus on the evolution of
a subset of the thick discs produced in Chapter 2. Note that we do not follow this process
hydrodynamically but that we restrict ourselves to model the gravitational potential of
a thin disc that slowly grows in mass over time using an N -body model.

We explore several aspects of the growth of the new disc that are likely to have
an effect on the morphologic and kinematical evolution of the thick discs, namely, the
growth timescale of the new disc, its final mass, scalelength, scaleheight, orientation of
its total angular momentum vector (either along that of the thick disc or along the halo
spin), and sense of rotation with respect to the thick disc (either prograde or retrograde).
We also explore the effect the adiabatic growth of a thin disc on thick discs of different
characteristics.

The outline of this Chapter is the following. In Section 2 we briefly describe the
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numerical simulations and the set up of the experiments of this study. In Section 3 we
present the morphological and kinematical evolution of thick discs. Section 4 compares
the results of the experiments with the main results of Chapters 2 and 3. In Section 5
we summarise our conclusions.

4.2 Simulations

In this Section we describe in detail the initial thick discs used; the method followed to
adiabatically grow the new thin disc; and the simulations that have been performed.

4.2.1 Initial thick discs

In Chapter 2, 25 dissipationless N -body simulations were carried out to study the general
properties of thick discs formed as a result of a significant merger between a pre-existing
disc galaxy and a satellite system.

Those simulations explored the following configurations: (i) two sets of initial con-
ditions for the disc galaxy, where (a) its structure and kinematics resemble those of the
present Milky Way (“z=0” experiments); and (b) they resemble those of the Milky Way
scaled back to redshift z=1 according to the model of Mo et al. (1998) (“z=1” experi-
ments); (ii) two stellar morphologies for the satellite, spherical or discy; (iii) two total
(and stellar) mass ratios between the satellite and the disc galaxy (10% and 20%); and
(iv) three initial orbital inclinations of the satellite (0o, 30o and 60o), in both prograde
and retrograde directions with respect to the disc rotation.

Both the disc galaxy and the satellite were modelled self-consistently with both stellar
and dark matter (DM) components. The DM halos of both the disc galaxy and the
satellite follow NFW profiles (Navarro et al. 1997), whose structures are adiabatically
contracted by the presence of the respective stellar component (see e.g. Blumenthal et al.
1986; Mo et al. 1998). The stellar component of the satellite was set up with structure
and kinematics consistent with the observed fundamental plane of dE+dSphs galaxies (de
Rĳcke et al. 2005). The orbital parameters of the satellite were drawn from cosmological
studies of infalling substructure (Benson 2005, see also Tormen 1997; Khochfar & Burkert
2006), and the satellite was released far away from the centre of the disc galaxy, ∼35
(∼50) times the disc scalelength for “z=0” (“z=1”) experiments.

The simulations of the formation of thick discs have a timespan of 5 Gyr and 4 Gyr
for “z=0” and “z=1” experiments, respectively, where the satellite has typically merged
by t=3 Gyr and t=2 Gyr, respectively. By the final time, the systems are relaxed. The
simulations were carried out with 5×105 particles in the host halo, and 105 in the host
disc, satellite halo and satellite stellar components. The interested reader is referred to
Chapter 2 for a complete description of the experiments.

Since in this Chapter we intend to study the general trends of the evolution of thick
discs after the formation of the new disc, we only focus on a subset of the 25 thick discs of
Chapter 2 (see Section 4.2.3) and these conform the initial thick discs in the experiments
presented here.
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Table 4.1: Summary of the experiments.
Growing thin disc Thick disc

Run Mthin RD,thin z0,thin τ (1) alignment(2) rotation(3) inclination(4)

[× Mthick] [kpc] [pc] [Gyr]
Reference 5 3 125 1 halo prograde 30o

model
A1 5 3 125 0 halo prograde 30o

A2 5
B1 5 3 125 1 halo prograde 0o

B2 60o

C1 2 3 125 1 halo prograde 30o

C2 5 3 25 1 halo prograde 30o

C3 5 1 125 1 halo prograde 30o

D 5 3 125 1 thick disc prograde 30o

E1 5 3 125 1 halo prograde 0o

E2 retrograde
(1) Growth timescale of the thin disc.
(2) Alignment of the rotation axis of the growing disc, either along the spin axis of the main
halo or along the rotation axis of the thick disc.
(3) Sense of rotation of the thick disc with respect of the growing thin disc.
(4) Original orbital inclination of the satellite used to produce the respective thick disc.

4.2.2 Adiabatic growth of a new thin disc

The growing discs follow an exponential distribution in cylindrical radius R and their
vertical structure is modelled by isothermal sheets:

ρthin(R, z) =
Mthin

4πRD,thin2z0,thin
exp

(
− R

RD,thin

)
sech2

(
z

2z0,thin

)
, (4.1)

where Mthin, RD,thin and z0,thin denote the mass, radial scalelength, and (exponential)
vertical scaleheight of the disc, respectively.

Each disc growth simulation was performed using the following procedure: (i) Insert
a massless Monte Carlo particle realization of the desired disc model inside the heated
discs. (ii) Increase the mass of this distribution to its final value linearly over a timescale
τ according to the following law:

Mthin(t; τ) =
{
Mthin τ = 0
Mthin

t
τ τ > 0

During the growth period, the growing disc remained rigid and its particles are fixed
in place, while the dark and stellar components of the thick disc galaxy were allowed
to achieve equilibrium with the thin disc as its mass grows. During the experiments,
all properties of the growing disc (e.g., scalelength, scaleheight) except the mass were
kept constant. All simulations of the growing disc were carried out with the PKDGRAV
multi-stepping, parallel, tree N -body code (Stadel 2001).
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4.2.3 New experiments: thick disc + thin disc

In total, we have produced 10 simulations of the adiabatic growth of a new thin disc
around the (remnant) thick discs produced in Chapter 2. We have explored several
characteristics of the new disc and its growth that are likely to affect the evolution of
thick discs. These features are: the thin disc’s growth timescale (τ=0, 1 and 5 Gyr); final
mass (Mthin=2 and 5Mthick); scaleheight (z0,thin=25 and 125 pc), scalelength (RD,thin=1
and 3 kpc); orientation of its angular momentum vector (aligned to either the spin of
the main halo or the angular momentum vector of the thick disc); and sense of rotation
with respect to the thick disc (prograde or retrograde). Additionally, we also compare
the evolution of different initial thick discs produced after mergers with initial satellite
orbital inclinations 0o, 30o and 60o. The runs have been labelled as A, B, C, D and E and
are summarised in Table 4.1. Our reference model has the following properties for the
thin disc τ = 1 Gyr, Mthin = 5Mthick, z0,thin = 125 pc, RD,thin=3 kpc, and a thick disc
that is the result of a prograde merger with a satellite with initial orbital inclination of
30o. In what follows, we shall refer to Experiment “X”, to denote comparisons between
Run “X” and the reference model, except for Run E.

Unless noted otherwise the experiments above are evolved for t = τ +0.5 Gyr, except
for the case of instantaneous growth which is evolved for 1.5 Gyr to match the simulations
with growth timescale τ = 1 Gyr.

A few additional simulations were performed in isolation (without the growth of the
new disc) in order to ensure the stability of the thick discs for 1.5 Gyr. Similar simulations
were performed to check that the final properties of thick discs after the growth of the
new disc were stable. In this case those simulations were evolved in isolation for another
4 Gyr.

4.3 Results

4.3.1 Structural evolution of thick discs

General features

In the present study we find that the adiabatic growth of a new disc induces three
characteristic structural changes in the thick disc that are common to all the experiments.

Firstly, the formation of a thin massive disc produces a significant structural contrac-
tion of the thick disc, both radially and vertically. Fig. 4.1 shows both the initial and
the final surface brightness contours for thick discs corresponding to the experiment B
(different initial thick discs), in both face-on and edge-on views. The contours are drawn
at equal surface brightness levels for face-on and edge-on views and include only thick
disc stars (heated main disc + satellite), i.e. no stars from the new thin disc. The struc-
tural contraction is illustrated by the final contours appearing much closer together and
significantly less extended in the outer regions. Note also that in the final systems the
innermost contour is more extended compared to the initial one (at the same brightness
level). This indicates that the central regions of the final systems are at a higher surface
brightness with respect to the innermost contour.

Fig. 4.2 compares the initial radial positions (in cylindrical coordinates) of heated
disc stars to those after the contraction (also for experiment B). The stars in the panels
correspond to those within R < 15 kpc and |z| < 1 kpc in the final contracted thick discs.
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Figure 4.1: Radial and vertical contraction in the thick disc structure for experiment
B: thin disc growth within thick discs originally formed with satellite orbital inclinations
0 (left column), 30 (centre) and 60 (right) degrees. Growth timescale τ=1 Gyr. t=0 Gyr
(first/third row), t=1.5 Gyr (second/fourth row). Face-on view, 14 contours: from 20.25
to 25.35 in steps of 0.39 mag arcsec−2, V-band. Edge-on view, 17 contours: from 19.09
to 25.35 in steps of 0.39 mag arcsec−2, V-band.
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Figure 4.2: Initial (RI) and final (RF) cylindrical radial distance of heated disc stars
before and after the structural contraction, for experiment B. The dashed line shows the
best linear fit. Only heated disc stars are shown for clarity.

Figure 4.3: Final vertical surface brightness profiles (integrated over radii within R < 10
kpc) for run B1 measured at t = 1.5 Gyr. The contracted thick disc (left panel) clearly
shows the presence of flare with respect to the best sech2 two-component fit (solid lines).
The same thick disc evolved in isolation, i.e. without growing the new thin disc (right
panel) shows a flare that is associated to the minor merger described in Section 2.3.4.
Dashed lines show the best fit to the profiles using only one component.
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The linear fit (dashed lines) shows that the relation between initial and final location is
remarkably linear in all cases with practically the same slopes. This Figure shows that
the structural contraction induces a significant migration (inwards) of thick discs stars,
e.g. those located at R ∼ 8 kpc after the contraction, were initially located at R ∼ 14
kpc.

The second common characteristic present in all the experiments is that the cold
component originally present in the thick discs (see Chapter 2) is preserved after the
structural contraction. As we shall see below, after the contraction the mass fraction
associated to these cold and old components of thick discs remains below ∼25% for all
the experiments. These thin remnants could act, in principle, as old populations in the
thin discs given their similar spatial distribution and kinematics.

Thirdly, an additional common feature to all experiments is the presence of significant
flare in the outer regions of the thick discs after the growth of the new disc. This is
illustrated in Fig. 4.3 for run B1 (thick disc formed during a merger with initial inclination
0o). The Figure confronts the final vertical surface brightness profile (integrated for
R < 10 kpc) of the contracted thick disc (left panel) to that of the thick disc evolved
in isolation (i.e. without the growth of the new disc, right panel) for the same amount
of time. As shown in the Figure, the evolution in isolation indicates that the flare seen
in the experiments is not linked to secular evolution in the discs. A closer inspection to
the profiles indicates that the flare is confined mostly in the outskirts of the contracted
thick discs. In Chapter 2 it was found that the outer isophotes of the final thick discs
(measured at surface brightness levels >6 mag the central value) are consistently more
boxy that the inner ones as a result of the merger. This would suggest that the flare
detected in the profiles reflects the presence of outer boxy contours that are brought
within R < 10 kpc (i.e. the region considered to make the profiles) after the structural
contraction induced by the growth of the new disc.

Experiments from A to E

Figs. 4.4 to 4.10 show for all the experiments: (i) the vertical surface brightness profiles at
several radii (including the best two-components sech2 fits) before and after the growth
of the new disc; (ii) the surface density decomposition (into cold/thinner and hot/thicker
components) of the final thick discs, including the segments of the profiles considered
to estimate the respective scalelengths and the mass fraction associated to the cold
component; and (iii) a comparison between scalelengths and scaleheights (for cold and
hot components) of the initial thick discs and after the growth of the new disc. Note that
in these Figures we include only the stars from the thick disc (heated disc + satellite).
These properties were computed within R < 10 kpc and |z| < 4 kpc.

Experiment A (Fig. 4.4) shows that the structural evolution of the thick disc does
not have a strong dependence on the growth timescale of the new thin disc (τ = 1 Gyr
or τ = 5 Gyr). These two cases produced vertical surface brightness profiles with a
notoriously narrower and higher central peak ∼ 1 magnitude brighter than the initial
configuration. However for R > 4 kpc, the surface brightness levels near the plane (z = 0
kpc) are lower compared to the initial thick disc. These features reflect the radial and
vertical contraction described above (see Fig. 4.1). The decrease of the scaleheights is
∼33% for both timescales in the cold remnant (leftover after the merger event) and
between 22–35% in the hot component. The radial surface density profiles are also very
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similar for both timescales where the scalelengths have decreased by ∼33% for the thin
component and also for the thicker component. They also give very close estimations of
the mass fraction associated to the colder component of the thick discs, ∼20–23%.

The special case of instantaneous growth, even though not physically motivated, may
still be useful to illustrate the somewhat extreme response of the thick disc to the growth
of the new disc. The most dramatic difference compared to the finite growth timescales
is the “break” at R ∼ 3 − 4 kpc of the (originally exponential) surface density profiles
of both the cold remnant and the thick disc. For τ = 0 Gyr the central surface densities
reaches similar values to those of the τ = 1 Gyr and τ = 5 Gyr cases, while in the region
R > 4 kpc they show little evolution compared to the initial system.

Experiment B (Fig. 4.5) shows that after the growth of the new disc a more noticeable
contribution of a cold remnant can be identified in the surface brightness profiles of low
inclination (0o), compared to intermediate and higher inclinations. However, after the
decomposition of the surface density profiles the mass fraction associated to the cold
remnant is found to remain within the range ∼14–20%, as before the growth of the new
disc. The exception is the 60o case in which the mass of the cold remnant may vary
(up to) 50% of the initial cold component. This fraction however is relatively poorly
determined because it depends strongly on the region selected to fit the exponential
profile to the surface density which appears to show a change of slope around R ∼ 4 kpc.

Experiment C1 shows that a growing thin disc that is approximately twice as mas-
sive induces roughly 2 times more contraction in both structural components of the thick
disc in terms of scalelength and scaleheight. Although perhaps surprisingly it only in-
creases the mass fraction associated to the cold component of the thick disc by only ∼3%
(equivalent to a mass increase in this component of roughly 10%) (Fig. 4.6). On the other
hand, the thickness of the growing thin disc (Experiment C2) does not seem to impact
significantly the structural evolution of the thick discs, as shown in Fig. 4.7, where the
left and right panels correspond to z0,thin = 25 pc and z0,thin = 125 pc, respectively.
For example, in both cases the scalelengths decreased by ∼30%, while the scaleheights
decreased by ∼40%. Finally, variations in the scalelength of the new disc (Experiment
C3) lead to a change in the mass fraction associated to the cold component of the thick
disc. Thin discs with a scalelength 3 times smaller (left panels, Fig. 4.8) reduce the mass
of the cold remnant to one third. This can be expected since a growing disc with a
larger radial extent would be able to attract more mass onto to the midplane across the
system. No significant differences are detected in the final scalelengths and scaleheights
of both components in the contracted thick discs. However, the estimation of the final
scalelength of the cold remnant in the case of a new disc with RD,thin = 1 kpc should
be taken with caution, since it could be affected by the “break” feature of the surface
density and by the region chosen to derive the scalelength.

In the numerical simulations discussed in Chapter 2 the spin of the halo and the
angular momentum vector of the thick disc are often slightly misaligned∗. In experiment
D we have chosen as the initial thick disc the one produced after a merger with a satellite
with initial inclination 30o, whose angular momentum vector presents a misalignment of
∼6o with respect to the halo spin. For this experiment we have allowed the new thin
disc’s angular momentum to be aligned either with the halo or with the thick disc’s

∗ Cosmological simulations show, in general, that the spin of the baryonic component of a forming
galaxy correlates well with the spin of their DM halos, with a typical misalignment of ∼ 20o (Sharma
& Steinmetz 2005).
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angular momentum vector. Interestingly, Fig. 4.9 shows that no significant differences
can be detected in the structure of the thick discs for either alignment of the growing disc.
This includes the mass fraction associated to the cold remnant in the thick disc which in
both case is ∼ 20%. Note however this may not be so surprising given the rather small
misalignment between the initial thick disc and the halo angular momenta. In principle
the differences in the evolution of the properties of the thick disc could become larger for
a more significant misalignment.

In the experiment E (Fig. 4.10) the chosen initial thick discs have been produced after
a merger with a satellite in either a prograde (left panels) or retrograde (right panels)
orbit (with respect to the rotation of the pre-existing disc) with initial inclination 0o. In
both cases, a significant amount of angular momentum is transferred from the satellite
to the halo (Vitvitska et al. 2002; Hetznecker & Burkert 2006). This implies that in the
prograde case, after the merger the initial thick disc and the halo rotate in the same
sense while in the retrograde case after the merger they rotate in opposite directions. In
this experiment we compare the evolution of thick discs when the new disc grows either
corrotating (prograde) or counter-rotating (retrograde) with the thick disc. Note that in
either case the new disc rotates in the same sense as the respective halo. The surface
density profiles in Fig. 4.10 show that both a prograde and a retrograde new disc induce
practically the same increase in the mass fraction associated to the thin remnant (from
initially 14–15% to 21–22%), and that the decrease in the scalelength of the thin remnant
is of similar amplitude (∼30%, lower panels). The most significant difference seems to be
in the scalelengths of the thick disc, where the prograde new disc induces a decrease of
25% while the retrograde one induces only a 7% decrease (as for experiment C3 this has
some dependency on the region considered to estimate the scalelengths). On the other
hand, the evolution of the scaleheights of both the thin remnant and the thick disc do
not show a significant difference between prograde and retrograde new discs.

This experiment was motivated by recent observations of counter-rotating thick discs
(with respect to their thin discs) detected by Yoachim & Dalcanton (2005). It is impor-
tant to note that such apparently odd counter-rotation could take place under certain
circumstances if the thick discs were formed within a disc heating context. For instance,
a merger between a pre-existing disc galaxy and a retrograde massive satellite can, in
principle, produce a thick disc + a counter-rotating halo. Freshly accreted gas cooling
from within this halo would have its spin aligned with that of the halo and could therefore
form a young disc counter-rotating with respect to the older thick disc. In this case the
new disc would also counter-rotate with respect to any old thin remnant present.
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Figure 4.4: Experiment A. Structural properties of the final thick discs for different
growth timescales of the new thin disc: τ=0 Gyr (instantaneous, left), τ=1 Gyr (centre)
and τ=5 Gyr (right). From the top, row 1: initial vertical surface brightness profile, t=0
Gyr. Row 2: final vertical surface brightness profiles, t = τ+1.5 Gyr (left); t = τ+0.5
Gyr (centre); t = τ+0.5 Gyr (right). Row 3: final surface density profiles of the thick
discs decomposed into “cold” and “hot” components including their mass fractions. Row
4: initial (solid) and final (empty) scalelengths and scaleheights of each component as a
function of the original orbital inclination of the merger.
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Figure 4.5: Experiment B. Structural properties of different thick discs induced by the
growth of a new thin disc with timescale τ=1 Gyr. The original thick discs were formed
in mergers with initial orbital inclinations 0o (left column), 30o (centre) and 60o (right).
Rows 1 to 4 as in Fig. 4.4, for final t = τ+0.5 Gyr.



4.3: Results 101

Figure 4.6: Experiment C1. Structural properties of the final thick discs for different
(final) total masses of the growing thin disc: 2Mthick (left) and 5Mthick (right). Rows 1
to 4 as in Fig. 4.4, for final t = τ+0.5 Gyr.
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Figure 4.7: Experiment C2. Structural properties of the final thick discs for different
(exponential) scaleheights of the growing thin disc: 25 pc (left) and 125 pc (right). Rows
1 to 4 as in Fig. 4.4, for final t = τ+0.5 Gyr.
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Figure 4.8: Experiment C3. Structural properties of the final thick discs for different
scalelengths of the growing thin disc: 1 kpc (left) and 3 kpc (right). Rows 1 to 4 as in
Fig. 4.4, for final t = τ+0.5 Gyr.
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Figure 4.9: Experiment D. Structural properties of the final thick discs for different
alignments of the growing disc’s (total) angular momentum vector: either to the halo
spin (left) or to the (total) angular momentum vector of the thick disc (right). Rows 1
to 4 as in Fig. 4.4, for final t = τ+0.5 Gyr.
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Figure 4.10: Experiment E. Structural properties of the final thick discs when the
growing thin discs rotate in either prograde (left) or retrograde (right) sense with respect
to the them. Rows 1 to 4 as in Fig. 4.4, for final t = τ+0.5 Gyr.
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4.3.2 Kinematical evolution of thick discs

General features

Similarly to the structural evolution, the adiabatic growth of a new disc induces two
characteristic changes in the kinematics of the thick disc that are common to all the
experiments. In particular, an increase in the mean rotational velocity of the thick disc
and also in the velocity dispersions is observed.

The first kinematical effect, namely the increase in the rotational velocity of the stars
in the thick disc, is directly related to the increase in the circular velocity vc at a given
radius R associated to the growth in mass of the thin disc. On the other hand, the
hotter kinematics, and in particular the behaviour of σz can be understood as follows.
Firstly, as the new disc grows it deposits additional mass in the midplane of the thick
disc, increasing the depth of the potential well of the system. Therefore more kinetic
energy is required to climb out of this potential well. Secondly, the growing, massive and
thin new disc also causes an increase in the vertical gradient of the potential (i.e. the
vertical component of the force Fz = ∂Φ/∂z), i.e. it leads to larger accelerations for the
stars as they cross the midplane, which results in an increase in σz.

Experiments from A to E

Figs. 4.11-4.17 show both the initial and the final global kinematics of the simulated thick
discs as a function of galactocentric radius. They include the mean rotational velocity
and the R, φ and z components of the velocity dispersions.

Experiment A (Fig. 4.11) shows, for the τ = 1 Gyr and τ = 5 Gyr cases, that the
global kinematics of thick discs do not depend on the growth timescale of the new disc.
On the other hand, the effect of the instantaneous growth on the global kinematics seems
to be somewhat more complex. First, the mean rotation of the thick disc does not seem
to be affected by the growth of the new disc (except by some decrease in the inner region).
This is consistent with the respective surface density profile (Fig. 4.4) which overall shows
little variation with respect to the initial configuration (except by the distinctive “break”
at R ∼ 4 kpc). Although a significant amount of mass has been added to the system via
the growth of the new thin disc, this growth was far from adiabatic. This implies that the
eccentricity of the orbits of the stars in the thick disc must have changed significantly, or
equivalently, that the amount of ordered (circular) motion must be much smaller. Thus
in practice, the extra potential energy due to the new thin disc must have gone into
random motions in the plane.

Experiment B (Fig. 4.12) shows that after the growth of the new thin disc, the final
velocity dispersions of the thick discs tend to maintain the original dependences on the
orbital inclination of the satellite (i.e. the hotter the initial thick disc the hotter the
final one). Note however that the mean rotational velocity in the 60o case shows a
clear decrease at larger radii. A closer inspection shows that this is due to the increasing
skewness of the total vφ distribution (towards lower velocities) at larger radii which arises
from the contribution of the accreted stars, which are preferentially found in the outskirts
and which rotate more slowly.

Experiment C1 (Fig. 4.13) shows that a more massive growing disc is able to induce
a larger increase in both the mean rotation of the thick disc and the velocity dispersions.
This can be expected from the discussion above regarding the deepening of the potential
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well induced by a massive growing new disc. Note from the Figure that a new disc that
is roughly twice as massive induces roughly a doubling in all the velocity dispersions.

Experiment C2 (Fig. 4.14) shows that the kinematical evolution of thick disc stars
does not depend on the thinness of the growing new disc (in terms of scaleheight).

Experiment C3 (Fig. 4.15) shows that when the new disc is more compact in radius (at
fixed mass), the larger amount of mass present in the inner regions induces a significant
increase in the mean rotation of the thick disc in this radial regime as expected. A
very noticeable increase in all three components of the velocity ellipsoid is also observed,
mainly in the central region, which is probably related to the large gradients in the
potential present in the more compact disc.

Experiment D (Fig. 4.16) shows that the relative alignment of the new disc (with
respect to either the halo or the thick disc angular momenta) does not seem to affect
the kinematical evolution of the thick discs. This could also have been expected from
the lack of structural evolution shown in Fig. 4.9. Note however that the misalignment
between the halo spin and the angular momentum vector is only ∼ 6o which is possibly
too small to induce significant differences in both the structure and kinematics of the
thick disc.

Experiment E (Fig. 4.17) shows that the evolution of all three velocity dispersions is
very similar for both prograde and retrograde growing discs, as expected from Fig. 4.10.
Note that for the retrograde case there is a significant decrease in the mean rotation of
the thick disc at R > 4 kpc. Similarly to experiment B2 a closer inspection shows that
there is a significant skewness in the distribution of vφ towards lower velocities. This is
due to the contribution of satellite stars at outer radii which rotate more slowly than
disc stars. Overall, a retrograde growing thin disc is observed to induce the very similar
evolution in the kinematics of the thick disc in comparison to the prograde case. The
most significant difference is found in σz where the retrograde disc induces a somewhat
higher dispersion at large radii.
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Figure 4.11: Experiment A. Kinematical properties of the final thick discs for different
growth timescales of the new thin disc: τ=0 Gyr (instantaneous, dotted), τ=1 Gyr
(solid-thick) and τ=5 Gyr (solid-thin). The properties of the initial thick disc (before
the growth of the new thin disc) are shown as the solid-thin lines.
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Figure 4.12: Experiment B. Kinematical properties of different thick discs induced by
the growth of a new thin disc with timescale τ=1 Gyr. The original thick discs were
formed in mergers with initial orbital inclinations 0o (dotted-thick), 30o (solid-thick) and
60o (dashed-thick). The properties of the initial thick discs (before the growth of the
new thin disc) are shown as the thin lines.
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Figure 4.13: Experiment C1. Kinematical properties of the final thick discs for different
(final) total masses of the growing thin disc: 2Mthick (dotted) and 5Mthick (solid-thick).
The properties of the initial thick disc (before the growth of the new thin disc) are shown
as the solid-thin lines.
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Figure 4.14: Experiment C2. Kinematical properties of the final thick discs for different
(exponential) scaleheights of the growing thin disc: 25 pc (dotted) and 125 pc (solid-
thick). The properties of the initial thick disc (before the growth of the new thin disc)
are shown as the solid-thin lines.
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Figure 4.15: Experiment C3. Kinematical properties of the final thick discs for dif-
ferent scalelengths of the growing thin disc: 1 kpc (dotted) and 3 kpc (solid-thick). The
properties of the initial thick disc (before the growth of the new thin disc) are shown as
the solid-thin lines.
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Figure 4.16: Experiment D. Kinematical properties of the final thick discs for different
alignments of the growing disc’s (total) angular momentum vector: either to the halo
spin (dotted) or to the (total) angular momentum vector of the thick disc (solid-thick).
The properties of the initial thick disc (before the growth of the new thin disc) are shown
as the solid-thin lines.
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Figure 4.17: Experiment E. Kinematical properties of the final thick discs when the
growing thin discs rotate in either prograde (solid-thick) or retrograde (dotted-thick)
sense with respect to the them. The properties of the initial thick discs (before the
growth of the new thin disc) are shown as the thin lines. Note that in the retrograde
case 〈vφ〉 are shown as |〈vφ〉|.
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Figure 4.18: Left : a4 isophotal shape parameter as a function of isophotal surface
brightness in the V-band for the final thick discs of experiment B (i.e. after the con-
traction induced by the growth of the new disc). The dashed curves indicates the region
where all experiments fall into, before the growth of the new disc (see Fig. 2.8) and are
shown here as a reference. Right : surface brightness in the V-band as a function of the
isophotal semi-major axis for the same experiments. Thick and thin lines show the pro-
files before and after the structural contraction, respectively. The horizontal line show
the limit of surface brightness below which the isophotes are consistently boxy; and the
vertical one the limit in R within which the global properties of the final thick discs are
computed.

4.4 Discussion

4.4.1 Comparison to Chapter 2: structure

In Section 2.3.4 the outer isophotes of the simulated thick discs measured at surface
brightness µV > 25 mag/arcsec−2, namely > 6 mag below the central peak µV ∼ 19
mag/arcsec−2, were shown to be consistently more boxy than the inner ones (see Fig.
2.8). This feature is present in all the thicks discs simulated in Chapter 2, implying that
the eventual detection of such degree of boxiness in real galaxies could be used to test
the particular formation scenario discussed here for thick discs.

Similarly to Fig. 2.8, Fig. 4.18 shows the a4 parameter as a function of isophotal
surface brightness in the V-band for the thick discs of the experiment B, after the growth
of the new disc. Most notably the trend of more boxy contours at lower surface brightness
is maintained after the growth of the new disc. However at a given µV the contours are
slightly less boxy in comparison to Fig. 2.8 which is likely caused by the growth of the new
(flatter and more massive) thin disc. From Fig. 4.1 it can be seen that contours at lower
µV are in general closer to the centre of the system after the structural contraction. To
detect the “boxiness” in the new experiments one would need to reach surface brightness
levels beyond µV > 24− 25 mag/arcsec−2, namely > 6− 7 mag below the central peak
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of the thick discs after the growth of the new disc, µV ∼ 18 mag/arcsec−2.
The right panel of Fig. 4.18 shows the isophotal surface brightness as a function of

the isophotal semi-major axis, for the experiment B, before and after the growth of the
new disc. As described in Section 4.3.1, this Figure suggests that a possible cause of the
larger degree of flaring observed at the outskirts of the final thick discs in the experiments
presented in this Chapter (see Fig. 4.3), is the structural contraction which brings boxy
isophotes within the region R < 10 kpc.

In Section 2.4.2, the structure of the simulated thick discs was shown to be in good
agreement with observations of external galaxies and the Milky Way in terms of thick-
to-thin ratios of both scalelengths and scaleheights. The reader should recall that this
result was based on the strong assumptions that thick disc structure would not be strongly
affected by the growth of a new thin disc and that this thin disc would follow the same
distribution as the cold remnant of the thick disc. In general, the results of the present
Chapter have shown that thick discs do respond to the growth of the thin disc. So the
question arises: How do the new scale ratios, after the formation of the new thin disc,
compare to observations? In our new experiments we find final thick-to-thin scaleheight
ratio to be ∼ 0.6/0.125 = 4.8, which is still within the range 2.4-5.3 observed in the Milky
Way and in S0 galaxies (see Buser et al. 1999; Pohlen et al. 2004; Yoachim & Dalcanton
2006).

If it is assumed that the Galactic thick disc was formed according to the disc heating
scenario explored in this thesis, then it is interesting to use the results described above to
speculate on the original scales of the thick disc of the Milky Way, namely those before
the structural contraction induced by the formation of the current thin disc, and those
of the pre-existing disc galaxy, before the merger with the satellite. For example, we
typically find that the scalelength of the thick disc after the merger with the satellite
increases by a factor fRmerger ∼ 1.3− 1.45, as shown in Section 2.3.4. On the other hand,
the formation of a thin disc component with 5× more mass, leads to a contraction in
the scalelength of fRcontr ∼ 0.6. Therefore, this would imply that the scalelength of the
pre-existing disc Rinitial

D = (fRmerger × fRcontr)
−1 ×RD,thick or Rinitial

D ∼ 1.15RD,thick, i.e. it
would be comparable to the present-day value of the thick disc. This implies that the
increase in extent due to the merger is nearly completely balanced by the contraction
induced by the thin disc in the system. The Galactic pre-existing disc, should it have
existed, would have had an initial scalelength, using current estimates for the thick disc
scalelength of RD,thick = 2.5− 3 kpc, Rinitial

D ∼ 2.9− 3.5 kpc. Similarly, we may compute
the initial scaleheight of the thick disc from fzmerger ∼ 4.7 and fzcontr ∼ 0.6 (both for a
30o inclination encounter). Thus, after assuming for the current thick disc z0,thick = 1
kpc, we estimate the scaleheight of the pre-existing disc as zinitial

0 ∼ 340 pc. Therefore,
the structure of the pre-existing disc is estimated to be similar to that of the current
Galactic thin disc.

4.4.2 Comparison to Chapter 2: kinematics

In Section 2.3.4 we found that when thick discs are considered as a whole (i.e. without
decomposing it into cold and hot components), their mean rotational velocities present
clear gradients as a function of height (see Fig. 2.20). The magnitude of these verti-
cal gradients showed a significant dependence with the initial orbital inclination of the
satellite, being the gradients larger for lower inclinations.
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Figure 4.19: Mean azimuthal velocities of the “stars” in experiment B at several
heights above the plane as a function of galactocentric distance. Thick lines include
particles from both the heated disc and satellite. This Figure can be confronted to Fig.
2.20.

Figure 4.20: Ratio σz/σR as a function of galactocentric distance for the final thick
discs of the experiment B, after the contraction induced by the growth of the thin disc.
This Figure can be confronted to Fig. 2.21.
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Fig. 4.19 shows the variations in the mean rotational velocity of the final thick discs
of experiment B as a function of galactocentric distance. It is interesting to see that
after the growth of the new thin disc the vertical gradients remain in place, maintaining
their dependence on the initial inclination of the satellite. As concluded in Chapter 2,
the possible detection of such vertical gradients in the thick disc of the Milky Way (e.g.
Girard et al. 2006; Ivezić et al. 2008) would suggest a merger with low or intermediate
inclination if the Galactic thick disc was formed in a disc heating scenario. Note also
the progressive decrease of the mean rotation at outer radii for larger inclinations. As
we shall see below, this is due to the fact that stars from the heated disc and those from
satellite have rather different z-components of angular momentum at those radii (see
Fig. 4.21 below).

In Section 2.3.4, we showed that in the simulated thick discs the ratio of velocity
dispersions σz/σR appears to be a very good discriminant of the initial orbital inclination
of the accreted satellite (see Fig. 2.21). Recent observations in the Solar neighbourhood
(e.g., see Layden et al. 1996; Chiba & Beers 2001; Soubiran et al. 2003; Alcobé & Cubarsi
2005; Vallenari et al. 2006) report σz/σR ∼ 0.6 which when confronted to Fig. 2.21 seem
to suggest a merger with low/intermediate initial inclination if the Galactic thick disc
was formed in a disc heating scenario. Fig. 4.20 shows the σz/σR ratio as a function
of galactocentric distance for the final thick discs in experiment B, after the growth of
the new disc. This Figure can be confronted directly to Fig. 2.21. It is very interesting
to see that the conclusions previously drawn are still valid. For example, this ratio
still suggests a merger with low/intermediate initial inclination for σz/σR ∼ 0.6. It is
important to highlight that this is also observed in the rest of the experiments presented
in this Chapter.

For the experiment with initial inclination 30o, we find that after the merger with the
satellite the velocity dispersions in the thick disc increase by factors (fR, fφ, fz)merger ∼
(2, 1.7, 1.5), which are obtained by measuring the velocity dispersions at 2.4RD (see
Table 2.1 for “z=1”) and at 2.4RD,thick (see Fig. 2.14 for “z=1”). Aditionally, the
growth of a new disc with 5× more mass further increases the velocity dispersions by
factors (fR, fφ, fz)contr ∼ (1.8, 2, 2.2), where the final velocity dispersions were mea-
sured at 2.4Rfinal

D,thick (see bottom panel of Fig. 4.5). As in the case of the estimations
for the structure of the pre-existing disc, we estimate its initial velocity dispersions
as (σinitial

R , σinitial
φ , σinitial

z ) ∼ (18, 16, 12) km s−1, after assuming current values for the
Galactic thick disc (65, 54, 38) km s−1. The whole process of heating and subsequent
contraction leads to an increase by a factor of ∼ 3.4 in all velocity dispersions for this
particular example.

4.4.3 Comparison to Chapter 3

In Section 3.3.2, Fig. 3.6 shows the final distributions of the z-component of the angular
momentum Lz of both disc and satellite stars as a function of galactocentric distance.
This Figure presents Lz(R) as a good discriminator to separate heated disc stars from
those of the satellite, especially at outer radii. Fig. 4.21 (upper panels) shows both the
initial and final Lz distributions of disc (grey) and satellite stars for experiment B. Stars
are located within 2 < R < 7 kpc and |z| < 1 kpc. Note that the initial separation
between disc and satellite stars in experiment B is less clear in comparison to Fig. 3.6
which is likely related to differences in the intrinsic kinematics of the satellites used in
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Figure 4.21: Upper panels: Initial and final Lz distributions of disc (grey) and satellite
stars (black; only one in five is shown) as a function of galactic radius, for experiment B.
Stars are located within 2 < R < 7 kpc and |z| < 1 kpc. Lower panels: Lz distributions
of disc and satellite stars within 8 < R < 9 kpc and |z| < 1 kpc, for experiment B.
Dotted lines indicate the total distributions.
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Figure 4.22: Histograms of the heliocentric line-of-sight velocities after subtracting
the mean rotation of the final thick disc, for experiment B. The histograms include disc
and satellite stars within a slice around l ∼140o, where the contribution of satellite stars
to the wings is maximal (similarly to Fig. 3.9). The width of l-slices is 40o. The best
Gaussian fits to the histograms are shown in dashed. The open circles show the fraction
of satellite stars in each velocity bin. The solid circles denote the probability of the
observed number of stars compared to what is expected from the best fit Gaussian at
each velocity bin. This Figure can be compared to Fig. 3.10.
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each case (spherical vs. discy). After the growth of the new disc the separation between
disc and satellite stars is even less clear. This is partially because of the larger velocity
dispersion induced by the growth of the new disc as described in Section 4.3.2, but also
because the number of stars at radii ∼ 6 kpc (and beyond) is smaller, especially from
the satellite. The lower panels of Fig. 4.21 shows the distributions of disc and satellite
stars located with 8 < R < 9 kpc (i.e. at outer radii) and |z| < 1 kpc. The histograms
show that there is not a clear cut between disc and satellite stars (not even in the initial
thick discs, except in the 60o case) but it is possible to distinguish a large contribution
of satellite stars in the wings of the distributions of low Lz which causes significant
asymmetries in the total distributions. Nevertheless, it is important to notice that the
trend of Lz as function of R of disc stars is maintained and thus should be observable
e.g. in the Galactic thick disc if this was formed via the heating of a pre-existing disc.

In Section 3.3.3 it was shown that the wings of the distributions of heliocentric line-
of-sight velocities, vlos, measured in small volumes in the final thick discs, contain mostly
stars from the satellite. These velocity distributions were found to differ significantly
from Gaussians because of the more heavily populated wings (see Fig. 3.10). Fig. 4.22
shows a very similar behaviour for the final thick discs of experiment B, after the growth
of the new disc. In this case the volumes are located somewhat closer to the centre,
at ∼ 3 kpc (1.5 kpc radius) to take into account the radial contraction of the systems
after the growth of the new disc. However, the reader should recall that the final results
of the test were not found to be dependent on either the size or the location of the
volumes (Section 3.3.3). Note in the Figures that the dispersion of the vlos distributions
are significantly larger than in Fig. 3.10. Nonetheless the same statistical tests as used
in Chapter 3 now also successfully detect the contribution of satellite stars to the wings.

4.5 Summary and Conclusions
In this Chapter we have studied a sample of the thick discs from Chapter 2 in order to
characterise their morphological and kinematical evolution after the adiabatic growth of
a thin and more massive disc.

The simulations presented in this Chapter explore several aspects of the growth of the
new disc that are likely to influence the way the global properties of the thick disc evolve.
Specifically we have explored the following variables: (i) three growth timescales (0, 1
and 5 Gyr); (ii) three initial thick discs (all originally formed by mergers with prograde
spherical satellites with initial orbital inclinations 0o, 30o and 60o); (iii) two total masses
(2 and 5 times that of the thick disc), (iv) two scaleheights (25 and 125 pc), and (v)
two scalelengths for the new disc (1 and 3 kpc); additionally (vi) two alignments of its
angular momentum vector (either with respect to the main halo’s spin axis or to the
angular momentum vector of the thick disc); and (vii) two directions of rotation relative
to the thick disc (prograde and retrograde).

Our simulations show that after the adiabatic growth of the new thin disc the struc-
tures of the thick discs are characterised by a strong contraction which leads to a signifi-
cant decrease in their scalelengths and scaleheights. This contraction is triggered by the
deepening of the potential well of the system due to the steady mass growth associated
with the new disc. One of the consequences of this contraction is the migration of stars
from the outskirts inwards. Stars that were typically at R ∼ 15 kpc before the growth
of the new disc, are found at R ∼9 kpc after the growth is completed.
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In spite of the strong contraction, the mass fraction associated to the kinematically
cold component of the final thick discs remains < 25%, as comparable to the mass
present in the remnants of the mergers discussed in Chapter 2. The outskirts of these
discs (R ∼ 3.8− 5.6RD,thick) present boxy contours at very low surface brightness levels
(> 6− 7 mag below the central peak).

We find from the particular experiments performed here that most of the structural
and kinematical evolution of the thick discs is driven by the total mass and scalelength of
the growing thin disc, with a weak dependence on the characteristics of the initial thick
disc. Conversely, the growth timescale of the formation of the new disc appears to have
little or no detectable influence on the final structure of the thick discs provided this
timescale is sufficiently long for the process to be considered adiabatic. Similarly, neither
the thinness (in terms of scaleheight) nor the alignment of its angular momentum vector
(either to the halo spin or to that of the thick disc) seem to affect the final properties of
the thick discs. The sense of rotation of the growing disc (either prograde or retrograde
with respect to the thick disc) has an effect on the radial extension of the cold component
of the thick disc, which is significantly shorter for retrograde rotation.

Kinematically, the main effects on the thick disc induced by the adiabatic growth of
the new and more massive thin disc are the significant increase in the mean rotation and
in all three components of the velocity dispersion. The increase in the mean rotation is
associated to the larger mass deposited at a given radius after the structural contraction
described above. Also as a consequence of the structural contraction and additional
mass accumulation at the centre of the system and on the midplane of the thick disc, the
increase in the velocity dispersions is linked to a significant steepening of the gravitational
potential gradient near the plane of the disc.
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Nederlandse samenvatting

Als we buiten zĳn en we om ons heen kĳken is het verbazingwekkend hoe weinig aandacht we
hebben voor de hemel, ook al maakt deze de helft uit van alles wat zich om ons heen bevindt.
En als we er naar kĳken, zĳn we normaal gesproken alleen geïnteresseerd in het heden of de
(nabĳe) toekomst, en dan nog alleen maar in termen van de atmosferische condities. We
zouden ons echter moeten beseffen dat de hemel en het verre heelal ook heel veel informatie
bevatten over ons verleden en over de oorsprong en geschiedenis van het Universum waarin
we leven.

Astronomie is de wetenschap die het licht bestudeert dat ons bereikt vanuit elke hoek van
het Universum om te zoeken naar de antwoorden op fundamentele en veelomvattende vragen
zoals: Hoe en wanneer werd het Universum geboren? Hoe zĳn de sterrenstelsels, sterren en

Figuur 5.1: De Melkweg komt op (met dank aan J. P. Stanley, http://www.flickr.com/
photos/jpstanley).
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bulge

dunne schijf dikke schijf

halo

Figuur 5.2: Boven: Een afbeelding van de Melkweg (met dank aan E. L. Wright &
Het COBE DIRBE project). Onder: Een schematische representatie van elk van de
componenten van ons sterrenstelsel.

planeten ontstaan? Waar komen de elementen vandaan waar wĳ van gemaakt zĳn? Wat is
de oorsprong van het leven op Aarde?

Van alle verschillende disciplines binnen de astronomie is één van de meest belangrĳke,
die tegenwoordig ook volop in de belangstelling staat, de bestudering van het ontstaan en de
evolutie van sterrenstelsels.

Sterrenstelsels bestaan uit miljarden sterren samen met gas en stof en in het algemeen
kunnen ze geclassificeerd worden aan de hand van hun vorm in: spiraalstelsels (afgeplatte
schĳven, ook wel schĳfstelsels genoemd), elliptische stelsels (rond of uitgerekt) of onregelma-
tige stelsels (stelsels die zowel geen spiraal- als elliptische stelsels genoemd kunnen worden,
en die er vaak qua vorm uitzien alsof iets ze verstoord heeft). Onze Melkweg hoort tot de
eerste klasse. Gebaseerd op verschillende eigenschappen van de sterren, kan de structuur
van ons sterrenstelsel verdeeld worden in verschillende componenten (Fig. 5.2). Van binnen
naar buiten zĳn deze componenten: de “bulge” (centrale verdikking), in het centrum van
het sterrenstelsel; de schĳf, die het merendeel van de sterren in het sterrenstelsel bevat; en
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de meer uitgestrekte halo van sterren die zowel de bulge als de schĳf omringt. Vervolgens
kan ook de schĳf van de Melkweg onderverdeeld worden in een heldere dunne schĳf met rela-
tief jongere sterren (onze Zon behoort hiertoe) en een lichtzwakkere, dikke schĳf van vooral
oudere sterren.

Van alle componenten van de Melkweg is de dikke schĳf met name interessant, omdat
deze enkele van de oudste sterren in het sterrenstelsel bevat. Dit suggereert dat het proces dat
de dikke schĳf heeft gevormd nauw gerelateerd zou kunnen zĳn aan de ontstaansgeschiedenis
van ons sterrenstelsel als geheel. We begrĳpen echter nog niet goed hoe de dikke schĳf in
het sterrenstelsel ontstaan is. Componenten zoals de dikke schĳf van de Melkweg zĳn niet
bĳzonder in het Universum, ze zĳn waargenomen in vele andere sterrenstelsels. Zodoende
kan onderzoek naar het principe van de vorming van dikke schĳven leiden tot een beter begrip
van de vorming van sterrenstelsels in het algemeen en onze Melkweg in het bĳzonder.

Door het doen van numerieke simulaties wordt in dit proefschrift een scenario onderzocht
waarin de dikke schĳf gevormd wordt wanneer een dunne schĳf van een sterrenstelsel wordt
“opgeschud” door een botsing met een kleiner, maar relatief massief satellietstelsel. In dit
model bestaat de uiteindelĳke dikke schĳf uit sterren van zowel de - nu opgeschudde en dus
dikkere - eerdere schĳf en het satellietstelsel dat uit elkaar getrokken wordt na de botsing.
Een kenmerkende eigenschap van dit scenario is dat de uiteindelĳke dikke schĳf significant
roteert, net zoals zĳn voorouder, de eerdere dunne schĳf, dat deed.

De voornaamste doelen van dit proefschrift zĳn om het eerdergenoemde vormingsscenario
van dikke schĳven in detail te karakteriseren en om robuuste voorspellingen te doen die
vergeleken kunnen worden met zowel huidige als toekomstige waarnemingen in de Melkweg
en andere sterrenstelsels. Enkele van de meest belangrĳke vragen die in dit proefschrift aan
de orde komen zĳn:

1. Wat is de uiteindelĳke verdeling van de sterren afkomstig van het uit elkaar getrokken
satellietstelsel? Hoe is dit afhankelĳk van de beginconfiguratie van de botsing?

2. Zĳn er sporen van het oorspronkelĳke dunne schĳfstelsel terug te vinden na de botsing?

3. Welke algemene structuren en waarnemingen van bewegingen in sterrenstelsels kunnen
verklaard worden door dit vormingsscenario?

4. Welk bewĳs voor dit scenario is bewaard gebleven in de posities en snelheden van de
sterren die zich bevinden in een klein gebied dat lĳkt op de omgeving van onze Zon?

5. Wat gebeurt er met een dikke schĳf als een nieuwe dunne schĳf langzaam groeit? Wat
zĳn de meest relevante aspecten van deze groei die de evolutie beïnvloeden?

6. Zĳn de globale en lokale waarnemingen en kenmerken die we identificeren in de gesi-
muleerde dikke schĳf nog steeds geldig na de langzame groei van een nieuwe dunne
schĳf?

7. Als de dikke schĳf van de Melkweg is gevormd volgens dit scenario, wat zouden dan de
algemene eigenschappen van de eerdere schĳf (voor de botsing) moeten zĳn? Wat zĳn
de parameters van de baan van de invallende satelliet die worden geprefereerd door dit
model?

In Hoofdstuk 2 presenteer ik een diepgaande beschrĳving en de analyse van een groot
aantal numerieke experimenten die de botsing van een sterrenstelsel met een dunne schĳf en
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een kleinere satelliet simuleren en resulteren in de vorming van een stabiele dikke schĳf. In de-
ze simulaties onderzoek ik zowel de verschillende eigenschappen van de “voorouders” als van
de botsing zelf die waarschĳnlĳk invloed hebben op de kenmerken van de uiteindelĳke dikke
schĳf. Ik onderzoek in het bĳzonder hoe de structuureigenschappen van zowel het schĳfstel-
sel als het satellietstelsel, zoals verschillende massaverhoudingen en verschillende vormen en
omloopbanen van het satellietstelsel, de eigenschappen van het uiteindelĳke object beïnvloe-
den. Voor de satellietstelsels bestudeer ik ook het verval van hun baan en het massaverlies
en hun afhankelĳkheid van de beginwaarden van de omloopbaan. Ik verken de uiteindelĳke
ruimtelĳke verdeling van sterren van de opgeschudde, verdikte schĳf en van de satelliet en
stel vast welke karakteristieke eigenschappen wellicht uniek zĳn voor dit vormingsscenario.
Ten slotte analyseer ik in detail zowel de kinematische als structuureigenschappen van de
gesimuleerde dikke schĳven.

In Hoofdstuk 3 heranalyseer ik de simulaties van Hoofdstuk 2 vanuit een ander gezichts-
punt. Deze keer ligt de nadruk op het bestuderen van de specifieke eigenschappen gerelateerd
aan de uiteindelĳke faseruimte-structuur (posities en snelheden) van sterren in de dikke schĳf
in kleine volumes. Het doel is om robuuste indicatoren te vinden voor de “oorsprong-door-
botsing” van dikke schĳven, die direct verkregen zouden kunnen worden door waarnemingen
van nabĳe sterren in deze Galactische component. Ik bestudeer de afwĳkingen van symmetrie
rondom de as in de uiteindelĳke ruimtelĳke verdeling van de dikke schĳf, hun relatie met de
beginwaarden van de baan van de satelliet en ook hun effect op de snelheden van de sterren.
Ik bepaal bovendien de verschillende verdelingen van sterren van de eerdere dunne schĳf en
het satellietstelsel in snelheids-ruimte met extra nadruk op de voorspelde verdelingen van
heliocentrische (radiële) snelheden langs de gezichtslĳn.

In Hoofdstuk 4 breid ik de evolutie van de gesimuleerde dikke schĳven van Hoofdstuk 2 uit
om implementatie mogelĳk te maken van de groei van een massievere en dunne, nieuwe schĳf
die zich binnen de dikke schĳf bevindt. Ik verken de invloed van verscheidene eigenschappen
van de nieuwe dunne schĳf en van zĳn groei op de morfologie en kinematica van de dikke
schĳven. Ik onderzoek ook hoe robuust de meest belangrĳke resultaten uit Hoofdstuk 2 en 3
zĳn onder de groei van de nieuwe schĳf.



Summary

Every time we are outdoors and we look around it is amazing how little attention we pay to
the sky, even though it is practically half of what surrounds us. Normally when we look at it
we are interested mostly in the present or the (near) future, in terms of just the atmospheric
conditions. However we should remember that the sky and the deep space beyond hold also
a whole lot of information about our past as well as about the origins and history of the
Universe we live in.

Astronomy is the science that studies the light that reaches us from every corner of the
Universe, looking for answers to fundamental and broad questions such as, How and when
was the Universe born? How did galaxies, stars and planets form? Where did the elements
we are made of come from? What is the origin of life on the Earth?

Figure 5.3: Milky Way rising (Credit: J. P. Stanley, http://www.flickr.com/
photos/jpstanley).
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Figure 5.4: Top: view of the Milky Way (Credit: E. L. Wright & The COBE-DIRBE
project). Bottom: schematic representation of each component of our Galaxy.

Among all the different disciplines in astronomy, one of the most important, and which
currently is receiving a large amount of attention, is the study of the origin and evolution of
galaxies.

Galaxies are made of billions of stars, as well as gas and dust, and in general they can
be classified according to their shapes into: spirals (flattened discs), ellipticals (round or
elongated) or irregulars (those that are neither spirals nor ellipticals, and whose morphologies
often appear disturbed). Our Milky Way belongs to the first type. Based on different prop-
erties of stars, the structure of our Galaxy can be divided into several components (Fig. 5.4).
From inside out these components are: the bulge, at the centre of the galaxy; the disc, which
contains most of the stars of the Galaxy; and the more extended stellar halo that surrounds
both the bulge and the disc. Furthermore, the disc of the Milky Way can be subdivided into
a bright thin disc (where our Sun is located) of relatively younger stars, and a fainter thick
disc of mostly older stars.

Among all the components of the Milky Way the thick disc is particularly interesting
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since it contains some of the oldest stars in the Galaxy. This fact suggests that the process
by which the thick disc was formed could be closely related to how the whole Galaxy was
assembled. However, it is currently not well understood how the Galactic thick disc came
into existence. Components similar to the thick disc of the Milky Way are not rare in the
Universe since they have been observed in many other galaxies. Thus, investigations on the
formation process of thick discs could lead to a better understanding of the formation of
galaxies in general and in particular that of our Milky Way.

By means of numerical simulations, this Thesis explores the scenario in which a thick
disc is formed when a thin disc of a galaxy is thickened after a collision with a smaller but
relatively massive satellite galaxy. In this model the final thick disc is composed by stars
from both the – now thickened – initial disc and the satellite which is disrupted after the
encounter. A key characteristic of this scenario is that the final thick disc presents significant
rotation about its centre, similar to that of the initial (progenitor) thin disc.

The main goals of this Thesis are to characterise in detail the aforementioned formation
scenario of thick discs and to make for this model robust predictions that could be confronted
to both current and future observations in the Milky Way and in other galaxies. Some of the
most important questions addressed in this study are:

1. What is the final distribution of the stars from the disrupted satellite? What is its
dependence on the initial configuration of the encounter?

2. Are there traces of the initial thin disc galaxy after the collision?

3. What general structural and kinematical observations of galaxies can be explained by
this formation scenario?

4. What kind of evidence of this scenario is imprinted in the positions and velocities of
thick disc stars located in small spatial volumes resembling the “Solar neighbourhood”?

5. What happens to a thick disc when a new thin disc is slowly grown? What are the
most relevant aspects of the growth affecting this evolution?

6. Are the global and local observables and diagnostics previously identified in the simu-
lated thick discs still valid after the slow growth of a new thin disc?

7. If the thick disc of the Milky Way was formed according to this scenario, what would
have been the general properties of its progenitor disc (before the collision)? What
should have been the orbital parameters of the infalling satellite favoured by this model?

In Chapter 2 I present an in-depth description and the analysis of a number of numerical
experiments simulating a collision between a galaxy with a thin disc and a smaller satellite
that result in the formation of a stable thick disc. In these simulations I explore several
characteristics of the progenitors as well as of the collision itself that are likely to have an
impact on the characteristics of the final thick discs. In particular, I explore how different
structural properties of both the disc galaxy and the satellite, different mass-ratios between
these systems, as well as how different morphologies and orbital parameters for the satellite
influence the properties of the remnant object. I also study the orbital decay of the satellites
and their mass loss as well as its dependence on the initial orbital parameters. I explore the
final spatial distribution of stars from both the thickened disc and the satellite to establish
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which characteristics may possibly be uniquely attributed to this formation scenario. Finally
I analyse in detail both structural and kinematical properties of the simulated thick discs.

In Chapter 3 I re-analyse the simulations of Chapter 2 from a different perspective. This
time the focus is on studying specific properties related to the final phase-space structure
(positions and velocities) of thick disc stars when they are located within small volumes.
The aim is to find robust indicators of the “origin-by-collision” of thick discs, which could
be directly retrieved from observations of nearby stars in this Galactic component. I study
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 velocities of
stars. I also determine the different distribution of stars from both the progenitor disc and the
satellite in velocity space with special emphasis on the predicted distributions of heliocentric
(radial) line-of-sight velocities.

In Chapter 4 I extend the evolution of the simulated thick discs of Chapter 2 to include
the growth of a more massive and thin new disc, eventually embedded within each thick
disc. I explore the impact of various properties of the new thin disc and of its growth on
the morphology and kinematics of the thick discs. I also probe the robustness of the most
important results obtained in Chapters 2 and 3 to the growth of the new disc.



Resumen

Cada vez que estamos en espacios abiertos y miramos alrededor es sorprendente la poca
atención que le brindamos al cielo, incluso cuando representa prácticamente la mitad de
lo que nos rodea. Cuando miramos hacia arriba comúnmente estamos más interesados en
el presente o en el futuro cercano, en términos prácticos típicamente relacionados con las
condiciones atmosféricas. Sin embargo, deberíamos recordar que el cielo, y el espacio profundo
más allá de él, contienen también una enorme cantidad de información sobre nuestro pasado
y sobre los orígenes e historia del Universo en que vivimos.

Astronomía es la ciencia que estudia la luz que nos llega desde cada rincón del Universo,
tratando de encontrar respuestas a una amplia gama de preguntas fundamentales, tales como:
¿Cuándo y cómo nació el Universo? ¿Cómo se formaron las galaxias, estrellas y planetas?

Figura 5.5: Vía Láctea apareciendo sobre el horizonte. (Autor: J. P. Stanley,
http://www.flickr.com/ photos/jpstanley).
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Figura 5.6: Arriba: vista de la Vía Láctea (Autores: E. L. Wright & The COBE-DIRBE
project). Abajo: representación esquemática de cada una de las componentes de nuestra
Galaxia.

¿Cuál es la procedencia de los elementos que conforman nuestros cuerpos? ¿Cuál es el origen
de la vida en la Tierra?

Entre todas las diferentes disciplinas dentro de la astronomía, una de las más importantes,
y que actualmente está recibiendo mucha atención, es el estudio del origen y evolución de las
galaxias.

Las galaxias están hechas de miles de millones de estrellas, además de gas y polvo, y en
general pueden ser clasificadas en base a sus morfologías en la siguiente manera: espirales
(discos planos), elípticas (redondas o elongadas), e irregulares (las que no son ni espirales ni
elípticas, y cuyas morfologías parecen normalmente perturbadas). La Galaxia en que vivimos,
la Vía Láctea, pertenece al grupo de las espirales y puede ser dividida en varias componentes
en base a las diferentes propiedades de sus estrellas (Fig. 5.6). Desde el centro hacia el exterior
éstas son: la protuberancia central (o “bulbo”); el disco, que contiene la mayor parte de las
estrellas de la Galaxia; y el halo estelar, que es más extendido y rodea al bulbo y al disco. A
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su vez el disco de la Vía Láctea puede ser subdividido en un disco delgado y brillante (que
es donde se ubica nuestro Sol) compuesto de estrellas relativamente jóvenes; y en un disco
grueso de menor brillo conformado en su mayoría por estrellas viejas.

De todas las componentes de la Vía Láctea el disco grueso es particularmente importante
ya que contiene algunas de las estrellas más viejas de la Galaxia. Esto nos hace pensar en
la existencia de un vínculo estrecho entre el mecanismo de formación del disco grueso y el
proceso general de formación de la Galaxia. Sin embargo, a pesar de su relevancia el proceso
de formación del disco grueso continúa sin ser comprendido en su totalidad. El disco grueso de
la Via Lactea está lejos de ser un caso único en el Universo ya que estructuras muy similares
han sido observadas en muchas otras galaxias. Estos factores nos llevan a pensar que si
pudiéramos entender el proceso de formación del disco grueso de la Vía Láctea, ampliaríamos
enormemente nuestro conocimiento global sobre como se forman las galaxias.

En esta Tesis se estudia el proceso de formación de discos gruesos por medio de simu-
laciones numéricas, asumiendo que son el producto final de una colisión entre una galaxia
con un disco delgado y una galaxia satélite más pequeña pero relativamente masiva. Según
este modelo de formación el disco grueso final está compuesto por estrellas del disco delgado
inicial (engrosado tras la colisión) y de la galaxia satélite que es destruída en el proceso. Una
característica clave de este escenario es que el disco grueso final presentaría una velocidad de
rotación significativa respecto a su centro, similar a la poseída por el disco delgado inicial.

Los objetivos principales de esta Tesis son describir en detalle el escenario de formación
de discos gruesos antes mencionado, además de establecer predicciones claras de este modelo
que puedan ser comparadas con observaciones actuales y futuras en la Vía Láctea y en otras
galaxias.

Algunas de las interrogantes más importantes tratadas en esta Tesis son:

1. ¿Cuál es la distribución espacial final de las estrellas del satélite destruído durante la
colisión? ¿Cómo depende esta distribución de la orbita inicial del satélite?

2. ¿Permanece algún rastro del disco delgado inicial luego de la colisión?

3. ¿Qué tipo de observaciones relativas a la morfología y cinemática de galaxias podría
ser explicado por este modelo de formación?

4. ¿Qué clase de evidencia relacionada con este escenario permanece en las posiciones y
velocidades de las estrellas del disco grueso, cuando éstas son seleccionadas en volú-
menes pequeños semejantes a la “vecindad Solar”?

5. ¿Cómo evoluciona un disco grueso luego del crecimiento paulatino de un nuevo disco
delgado en su interior? ¿Cuáles aspectos de este crecimiento son los más relevantes
para la evolución del disco grueso?

6. Luego del crecimiento de un nuevo disco delgado, ¿Son todavía válidos los resultados
obtenidos de las simulaciones previas de discos gruesos?

7. Si el disco grueso de la Vía Láctea se formó de acuerdo a este escenario, ¿Cuáles serían
las propiedades generales del disco delgado antes de la colisión? ¿Cuáles serían las
condiciones orbitales iniciales del satélite favorecidas por este modelo?

En el Capítulo 2 de esta Tesis se presenta una descripción y análisis detallados de una serie
de experimentos numéricos que simulan una colisión entre una galaxia con un disco delgado y
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una galaxia satélite más pequeña, resultando en la formación de un disco grueso estable. Estas
simulaciones exploran un conjunto de características relacionadas con las galaxias iniciales y
la colisión que afectan las propiedades finales de los discos gruesos. En particular, diferentes
estructuras del disco delgado inicial; razones de masa disco delgado-satélite; morfologías y
parámetros orbitales del satélite. En este Capítulo se incluye un estudio del decaimiento orbital
de los satélites, la manera en que pierden masa paulatinamente y su dependencia respecto
de los parámetros orbitales iniciales. Además se describe la distribución espacial final de las
estrellas del disco engrosado y de las del satélite y se establece que características podrían ser
atribuídas únicamente a este escenario de formación. Finalmente se analiza en profundidad
las propiedades estructurales y cinemáticas de los discos gruesos simulados.

En el Capítulo 3 se presenta un segundo análisis de las simulaciones producidas en el Capí-
tulo 2 desde una nueva perspectiva. Esta vez el objetivo es estudiar las propiedades específicas
de la estructura final de los discos gruesos en el espacio de fase (posiciones y velocidades)
de sus estrellas cuando éstas son seleccionadas dentro de volúmenes espaciales pequeños. El
propósito de este estudio es encontrar indicadores claros del origen de discos gruesos según el
escenario explorado en esta Tesis, que puedan guiar el análisis de observaciones de estrellas
del disco grueso de la Galaxia en las cercanías del Sol. En este Capítulo se incluye un estudio
de las distribuciones espaciales asimétricas de los discos gruesos simulados, su relación con
los parámetros orbitales iniciales del satélite y sus efectos sobre las distribuciones de velocidad
de las estrellas. Además se describe las diferentes distribuciones de las estrellas del disco en-
grosado y del satélite en el espacio de velocidades, con un énfasis especial en las predicciones
entregadas por las distribuciones de velocidades radiales heliocéntricas.

Finalmente, en el Capítulo 4 se extiende las simulaciones numéricas de discos gruesos
descritas en el Capítulo 2, esta vez incluyendo el crecimiento de un nuevo disco delgado al
interior de cada disco grueso. En este Capítulo se presenta un análisis del impacto de varias
propiedades del nuevo disco delgado y de su crecimiento sobre la morfología y cinématica
de los discos gruesos. Además se incluye un estudio sobre la validez de los resultados más
importantes obtenidos en los Capítulos 2 y 3 respecto del crecimiento del nuevo disco.



Sommario

Ogni volta che siamo all’aperto e ci guardiamo intorno, eíncredibile quanta poca attenzione
facciamo al cielo, nonostante sia praticamente metá di quello che ci circonda. Di solito,
quando guardiamo il cielo, siamo solo interessati al presente od al futuro prossimo, dal punto
di vista delle condizioni meteorologiche. Ciononostante dovremmo ricordare che il cielo e
lo spazio profondo contengono informazioni anche sul nostro passato. e sulle origini e sulla
storia dell’Universo in cui viviamo.

L’Astronomia e’ la scienza che studia la luce che giunge a noi da ogni angolo del’Universo,
cercando risposte a domande fondamentali quali: Come e quando eńato l’Universo? Come
si sono formate le galassie, le stelle ed i pianeti? Dove sono stati creati gli elementi di cui
siamo fatti? Qual eĺ’origine della vita nell’Universo?

Figura 5.7: La Via Lattea che sorge. (Crediti: J. P. Stanley, http://www.flickr.com/
photos/jpstanley).
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Figura 5.8: In alto: la Via Lattea (Crediti: E. L. Wright & The COBE-DIRBE project).
In basso: rappresentazione schematica delle componenti della nostra Galassia.

Tra le varie branche dell’astronomia, una delle piú importanti, e che al momento sta
ricevendo molta attenzione, eĺo studio dell’origine ed evoluzione delle galassie.

Le galassie sono composte da miliardi di stelle e da gas e polvere; in generale, possono
essere classificate a seconda della loro morfologia: spirali (a disco), ellittiche (sferiche od
allungate) oppure irregolari (queste ultime non sono né spirali né ellittiche, e la loro morfologia
spesso appare disturbata). La nostra Via Lattea appartiene alla prima tipologia. Sulla base
di certe proprietá delle stelle, la nostra Galassia puó essere divisa in diverse componenti
(Fig. 5.8). Dall’interno verso l’esterno queste componenti sono: il bulge, al centro della
galassia; il disco, che contiene la magggiorparte delle stelle nella nostra Galassia; ed l’alone
stellare, piú esteso, che circonda sia il bulge che il disco. Inoltre, il disco della Via Lattea
puó essere suddiviso in un disco sottile brillante (il Sole fa parte di questa componente),
fatto di stelle relativamente giovani , ed un disco spesso, meno brillante e composto per la
maggiorparte da stelle vecchie.

Tra le varie componenti della Via Lattea, il disco spesso eṕarticolarmente interessante in
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quanto contiene alcune delle stelle piú antiche della Galassia. Questo fatto suggerisce che
il processo di formazione del disco spesso possa essere strettamente connesso al processo
di formazione di tutta la Galassia. Tuttavia, al momento non eáncora chiaro come il disco
spesso si sia formato. Componenti simili al disco spesso della Via Lattea non sono rare
nell’Universo visto che sono state osservate in molte altre galassie. Di conseguenza, studi
del processo di formazione dei dischi spessi potrebbero portare ad una migliore comprensione
della formazione della galassie in generale e della nostra Via Lattea in particolare.

Per mezzo di simulazioni numeriche, questa Tesi esplora lo scenario in cui un disco spesso
si forma quando il disco sottile di una galassia si ispessisce in conseguenza di una collisione con
una galassia satellite piú piccola ma abbastanza massiva. In questo modello, il disco spesso
ećomposto sia da stelle appartenti al disco sottile iniziale - ora ispessito - che appartenti alla
galassia satellite, distrutta durante lo scontro. Una caratteristica chiave di questo scenario
ećhe il disco spesso finale ruota significativamente attorno al suo centro, simile a quello del
disco sottile iniziale, da cui eśtato generato.

Gli scopi principali di questa Tesi sono di caratterizzare in dettaglio lo scenario di for-
mazione dei dischi spessi di cui sopra e di fornire per questo modello predizioni solide che
possano essere confrontate sia con le attuali osservazioni della Via Lattea ed altre galassie,
sia con osservazioni future.

Alcune delle domande piú importanti trattate in questa Tesi sono:

1. Qual eĺa distribuzione finale delle stelle provenienti dalla galassia satellite distrutta?
Qual eĺa dipendenza dalla configurazione iniziale dello scontro?

2. Dopo la collisione, rimane traccia del disco sottile iniziale?

3. Quali tra le osservazioni sulla struttura e la cinematica delle galassie possono essere
spiegate da questo scenario?

4. Che evidenza di questo scenario eímpressa nelle posizioni e nelle velocitá delle stelle
che si trovano nei dintorni del Sole?

5. Cosa accade ad un disco spesso dopo che un nuovo disco sottile si forma nella galassia?
Quali aspetti di questa crescita sono rilevanti per l’evoluzione del disco spesso?

6. I risultati precendenti rimangono validi dopo la crescita del nuovo disco sottile?

7. Se il disco spesso della Via Lattea si eín effetti formato secondo questo scenario, quali
erano le proprietaǵenerali del disco iniziale, prima della collisione? Quali parametri
orbitali per la galassia satellite sono favoriti da questo modello?

Nel Capitolo 2 viene presentata una descrizione ed analisi approfondita di esperimenti
numerici che simulano una collisione tra una galassia con un disco sottile ed una galassia
satellite piú’ piccola risultante nella formazione di un disco spesso stabile. In queste simula-
zioni esploro diverse caratteristiche dei progenitori e della collisione che sono probabili avere
un impatto sulle caratteristiche del disco spesso finale. In particolare, esploro come differenti
proprieta’ strutturali della galassia a disco e del satellite, diversi rapporti tra la loro massa,
diverse morfologie e parametri orbitali per il satellite possano influenzare le proprieta’ del
sistema risultante. Il decadimento orbitale e la perdita di massa del satellite vengono anche
studiate, insieme alla loro dipendenza dai parametri orbitali. La distribuzione spaziale delle
stelle (del disco ispessito e del satellite) nella configurazione finale eésplorata e viene stabilito
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quali caratteristiche possano essere univocamente attribuite a questo scenario di formazio-
ne. Infine, analizzo in dettaglio sia le proprietá strutturali che cinematiche dei dischi spessi
simulati.

Nel Capitolo 3 le simulazioni del Capitolo 2 vengono rianalizzate da una prospettiva
diversa. Questa volta il fuoco viene posto sullo studio di proprietaśpecifiche connesse alla
struttura finale nello spazio della fasi (posizioni e velocita)́ di stelle del disco spesso quando
queste si trovano in piccoli volumi. Lo scopo ed́i trovare indicatori robusti dell’origine per
collisione del disco spesso, che si possano direttamente confrontare con osservazioni di stelle
vicine in questa componente della Galassia. Le asimmetrie nella configurazione spaziale finale
vengono studiate, le loro relazioni ai parametri orbitali iniziali del satellite ed anche il loro
effetto sulla velocitad́elle stelle. La distribuzione delle stelle del disco progenitore e del satellite
nello spazio delle velocitav́iene anche determinata, con particolare enfasi sulla distribuzione
predetta per le velocitaá radiali lungo la linea di vista (nel sistema di riferimento eliocentrico).

Nel Capitolo 4 estendo l’evoluzione dei dischi simulati nel Capitolo 2 per includere la
crescita di un nuovo disco sottile, piuḿassivo, all’interno del disco spesso. Viene esplorato
l’impatto di varie proprietad́el nuovo disco sottile e della sua crescita sulla morfologia e
cinematica del disco spesso. La robustezza dei risultati piuímportanti del Capitolo 2 e 3 alla
crescita del nuovo disco viene esaminata.
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