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Chapter 1

Introduction

In 2006, approximately when I started working on my Ph.D. thesis, a research
group in Cambridge, UK, published one of the most spectacular figures in the field
of Galactic archaeology. “The Field of Streams” (see Figure 1.1) is a map of stars in
the outer regions of the Milky Way covering about one-quarter of the night sky, as
observed by the Sloan Digital Sky Survey (SDSS). It depicts a large amount of sub-
structure in the form of extended stellar streams and small satellite galaxies that
are orbiting the Milky Way. This map is one of the most beautiful proofs that our
Galaxy has undergone multiple merger events, as expected in the current paradigm
of structure formation in the Universe. As the reader may guess, this was a very
exciting moment to start a research project in this field, which has over the past
years continued to grow and developed to become one of the “frontier” topics in
modern astrophysics.

1.1 The current paradigm of galaxy formation and
evolution

The formation of a galaxy like our own Milky Way can be fairly well understood
within the current concordance cosmological model, known as Λ Cold Dark Mat-
ter (ΛCDM). In this model, approximately 13.7 Gyr ago, the “Big Bang” took place
(Hoyle, 1950) and the Universe began its evolution towards its current configura-
tion. Initially the Universe was an extremely hot, homogeneous and dense plasma
of elementary particles. During the first ≈ 10−30 seconds after the Big Bang the
Universe is believed to have undergone a very rapid and exponential expansion,
known as inflation. During this inflationary phase initial vacuum quantum fluctua-
tions were converted into macroscopic cosmological perturbations, which seeded
the primordial density field. As time went by, these fluctuations grew thanks to their
own gravitational field: Overdense regions became denser, giving rise to what is
now known as the cosmic web, whereas underdense regions developed into voids
of matter. Therefore, the density fluctuations produced in the early Universe can
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Figure 1.1: The "Field of Streams". This image is a map of halo turn-off stars
(selected by their (g−r) colour) in the outer regions of the Milky Way covering about
one-quarter of the night sky, as observed by the Sloan Digital Sky Survey (SDSS-
II). The trails and streams that cross the image are stars torn from disrupted Milky
Way satellites. The colour corresponds to distance, with red being the most distant
and blue being the closest. Credits: Vasily Belokurov, The SDSS-II Collaboration.

be regarded as the “seeds” of the wealth of structure we observe nowadays on dif-
ferent scales, such as galaxies, cluster of galaxies or even superclusters. The Hot
Big Bang model is supported by a vast amount of observations on many different
cosmological scales. Probably its most important confirmation was the discovery
of the cosmic microwave background (CMB, Penzias & Wilson, 1965; Dicke et al.,
1965). The CMB is the oldest light any telescope has detected and provides us with
important information about the properties of the primordial density fluctuations.
Another example is the discovery of the expansion of the Universe, made in the
1920s by Edwin Hubble.

As its name suggests, the concordance ΛCDM cosmological model postulates
that the universe is largely filled with dark matter, more specifically of non-baryonic
nature. Historically, the term dark comes from the fact that this matter has not
been detected electromagnetically, but rather by its gravitational influence on the
luminous (baryonic) components of galaxies. Although its exact nature has not been
established yet, there are many indications of its existence. The orbital velocities
of stars in galaxies, and the gravitational lensing of light by galaxy clusters are
two examples of measurements that cannot be accounted for by just the observed
baryonic matter. It is now commonly accepted that up to 75% of the total matter in
the Universe is dark (Komatsu et al., 2009).

The model also assumes that dark matter is “cold”, meaning that its velocity
dispersion was sufficiently low that small scale density perturbations in the early
universe were not erased. As these perturbations grew in mass, they collapsed
under their own self-gravity leading to the formation of bound objects, known as
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dark matter haloes. Gas (baryons) located within such potential wells will have
cooled and collapsed towards the centre, fragmenting and eventually forming the
first stars and galaxies.

During these early epochs, the Universe was very violent. Because of its high
density, mergers between objects of comparable size were rather frequent then.
As the Universe expanded, and its density decreased, such major mergers became
less common although objects continued to grow via e.g. the accretion of smaller
companions. It is only during this relatively quiet phase that the underlying grav-
itational potential of a dark matter halo stopped varying strongly and, therefore,
that a dynamically cold thin disc, such as the one observed in our Milky Way, could
have formed and survived until the present day.

Clearly the physics that governs the evolution of the luminous part of a galaxy
is far more complicated than outlined above. Stars die injecting new chemical
elements to the interstellar medium, gas is heated up and ejected thanks to the
energy release by winds from massive stars, supernova events or active galactic
nuclei, new generations of stars are formed in the cores of dense molecular clouds,
etc. In this thesis these mechanisms are not addressed in detail. The focus is on the
dynamical signatures of the growth via the gravitational interactions just described.
As we shall see below, we expect these signatures to remain fairly intact in galaxies,
and in particular to be observationally accessible in our own Galaxy. Therefore in
the following section we dive into the galaxy we know best, our home: the Milky
Way.

1.2 The Milky Way now

The Milky Way is a large spiral galaxy. Its luminous part can be roughly divided
into three very different components: the bulge, the disc and the stellar halo, as
shown in Figure 1.2. As described below, each of these components has its own
chemical and dynamical characteristics, most probably indicating different forma-
tion mechanisms. Therefore, by studying their properties we may be able to infer
the formation history of our Galaxy.

The bulge is the central component of the Galaxy. It contains a total mass of
∼ 2× 1010M� (Sofue, Honma & Omodaka, 2009) and it has an elongated structure,
well characterised as a bar (Dwek et al., 1995) with a scale length of approximately
1.5 kpc (Zoccali, 2010). The bulk of its population has an age older than 10 Gyr
(Clarkson et al., 2008) and a metallicity distribution, in the range −1.5 . [Fe/H] .
0.5 dex, with a mean value of 〈[Fe/H]〉 ≈ −0.25 dex (Zoccali et al., 2008). The bulge
is rotating, with a peak velocity of ∼ 75 km s−1 and has a large velocity dispersion,
of 120 km s−1, that decreases with Galactocentric distance (Minniti & Zoccali,
2008). The formation history of the bulge is not fully established yet. It is now
believed that the bulge contains two different populations (Babusiaux et al., 2010):
an old spheroid with a rapid formation time-scale and a younger population formed
over a long time scale via disc secular evolution. See Minniti & Zoccali (2008) for
a recent review.
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Bulge Disc

Halo

Figure 1.2: Digital compilation of over 3,000 images comprising the highest reso-
lution digital panorama of the entire night sky yet created. Credits: Axel Mellinger,
A Colour All-Sky Panorama Image of the Milky Way, Publ. Astron. Soc. Pacific 121,
1180-1187 (2009).

The disc is a rotational supported and very flattened component of the Galaxy
and it contains a total mass of approximately 6×1010 M� (Sofue, Honma & Omodaka,
2009). As first shown by Gilmore & Reid (1983), the Galactic disc can be better de-
scribed as two different overlapping components: the thin and the thick disc. The
thin disc extends radially up to ∼ 15 kpc (Ruphy et al., 1996) and follows a double
exponential density distribution with a scale-length of 2.8 kpc (Robin et al., 2003)
and a scale-height of 0.3 kpc (Cabrera-Lavers et al, 2005; Jurić et al., 2008). This
is a relatively young component, with no stars older than ∼ 8 – 10 Gyr, covering a
range of metallicities of −1 . [Fe/H] . 0.4 dex which peaks at [Fe/H] ≈ −0.2 dex
(Nordström et al., 2004; Ivezić et al., 2008). The circular velocity is estimated to be
≈ 220 km s−1 at the position of the Sun, ≈ 8 kpc away from the Galactic centre (see
McMillan & Binney, 2010). Instead, the thick disc constitutes an older and more
metal poor component, with ages around ∼ 10 to 12 Gyr and a metallicity range of
−2.2 . [Fe/H] . 0.0 dex (Bensby et al., 2007). As for the thin disc, its density pro-
file can be well characterised by a double exponential function with similar scale
length but with a 2 to 3 times larger scale height (Cabrera-Lavers et al, 2005; Jurić
et al., 2008). Measurements of the azimuthal velocities of its stars show that these
are lagging with respect to the thin disc by 30 to 90 km s−1 (Chiba & Beers, 2000;
Gilmore, Wyse & Norris, 2002). Whereas the formation of the thin disc can be well
explained by the dissipational collapse of a gas cloud, the formation of the thick
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disc remains a puzzle. Although older stars in the thin disc tend to have larger
velocity dispersions as a consequence of the scattering induced by the spiral arms
and molecular clouds, this is not enough to account for the high velocity dispersion,
of ∼ 60 km s−1, observed for stars with ages & 8 Gyr in the thick disc (Villalobos
2009, and references there in). It has recently been proposed that, via resonant
scattering with the spiral arms (Rŏskar et al., 2008; Schönrich & Binney, 2009)
and the Galactic Bar (Minchev & Famaey, 2009), stars might migrate throughout
out the disc. Consequently, a fraction of the stars presently at the Solar Neigh-
bourhood may have originated in the inner regions of the disc, where the vertical
velocity dispersions are higher, and will thus depict thick disc kinematics. Other
scenarios proposed for the formation of this component are the thickening of a
pre-existing thin disc through a minor merger (Villalobos & Helmi, 2008, and refer-
ences therein) or in-situ intense star formation events possibly during/after gas-rich
mergers (Brook et al., 2004, 2005; Bournaud et al, 2007). Therefore, understanding
the formation of the thick disc may provide new insights into the merging history
of the Milky Way. For a detailed description of the different formation scenarios
proposed up to date, we refer the reader to Sales et al. (2009).

The stellar halo is a spheroidal Galactic component with a total mass
of ≈ 2 × 109 M� and a very old stellar population, with ages of ∼ 10-15 Gyr. Sev-
eral studies carried out over the last few decades have shown that the stellar halo
can be better described as two broadly overlapping components (Carollo et al.,
2007, and references there in). The first component, or inner halo, dominates the
population of halo stars up to 10–15 kpc. Its density profile can be approximately
parametrised as a power-law, ρin ∼ r−α with 2 . α . 3 (Bell et al., 2008), al-
though its spatial distribution seems to be rather flattened, with a major to minor
axis ratio of ≈ 0.6. The metallicity distribution function of the inner halo peaks at
[Fe/H] ≈ −1.6 dex (Carollo et al., 2007). This is essentially a non-rotating compo-
nent, with a mean rotational prograde velocity of 〈Vφ〉 = 7±4 km s−1 and a velocity
ellipsoid of (σVR , σVφ , σVz ) = (150 ± 2, 95 ± 2, 85 ± 1) km s−1 (Carollo et al., 2010).
The second component, or outer halo, dominates in the region beyond 15–20 kpc.
Its density profile is somewhat steeper, ρout ∼ r−α with 3 . α . 4 (Bell et al., 2008)
and is rounder, with an axis ratio of 0.9 (Carollo et al., 2007). Its metallicity dis-
tribution peaks at [Fe/H] ≈ −2.2 dex and, in contrast with its inner counterpart, it
shows a net retrograde rotation, with a mean circular velocity of 〈Vφ〉 = −80 ± 13

km s−1 and a velocity ellipsoid of (σVR , σVφ , σVz ) = (159 ± 4, 165 ± 9, 116 ± 3) km
s−1 (Carollo et al., 2010). It is worthwhile pointing out that these measurements
are based on a sample of nearby halo stars on outer orbits, and therefore are not
necessarily completely representative of the in-situ outer halo (Morrison H. L., priv.
comm.).

It is currently believed that some fraction of the stellar halo was formed from
the debris of accreted satellite galaxies that were disrupted by the tidal interaction
with the (progenitor of the) Milky Way (see e.g. Bullock & Johnston, 2005; De Lucia
& Helmi, 2008; Cooper et al., 2010), although in-situ star formation may have also
played a role (see e.g. Helmi, 2008; Zolotov et al., 2009). Therefore, and as ex-
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plained in the following section, this Galactic component is of particular relevance
for Galactic archaeology since it may contain detailed information about the accre-
tion history of the Milky Way. For a recent review on the properties of the Galactic
stellar halo see Helmi (2008).

1.3 Milky Way archaeology

From the description above, we know that the various luminous components of
our Galaxy have very different ages, chemical and dynamical compositions. The
reasons behind this must be related to the different formation mechanisms that
each component has experienced. In contrast to the first models, where galax-
ies were thought to have formed through the monolithic collapse of a single and
very large pristine gas cloud (Eggen, Lynden-Bell & Sandage, 1962), we now have
direct evidence that mergers may have had an important role in their formation
process, particularly of the spheroids. This evidence comes from the wealth of sub-
structure observed in stellar haloes (see e.g. Helmi et al., 1999; Belokurov et al.,
2006; Helmi, 2008; Klement, 2010; McConnachie et al., 2009; Martínez-Delgado
et al., 2009). When two galaxies merge, each will typically have its own particu-
lar formation history imprinted in the stellar populations’ chemical and dynamical
properties. The outcome of such a merger will be a larger galaxy that will contain
detailed information about the formation history of its progenitors. Consequently,
by tagging stars according to their chemistry and dynamics, it may be possible to
identify and isolate the stars from each individual progenitor. Of course, a large
galaxy as the Milky Way is expected to have undergone multiple merger episodes,
occurring at a variety of epochs. Identifying remnants of these events is likely to be
a very challenging task, particularly if the star formation histories of the building
blocks were not significantly different.

The goal of Galactic archaeology is to use the present day spatial distribution,
motions, ages and chemical abundances of stars to reconstruct the early Galac-
tic history. In particular, the identification of fossil remnants of past merger and
accretion events would allow us to probe the assembly of the Milky Way. Citing
Freeman & Bland-Hawthorn (2002), “We seek a detailed physical understanding of
the sequence of events which led to the Milky Way”. Therefore, we will now sum-
marise the techniques that have been developed and applied over the last decade
to identify, on the basis of spatial and kinematical information, fossil remnants of
merger events in the Milky Way. We will also briefly describe how stellar streams
are formed and how they evolve.

1.3.1 Formation and evolution of debris

As mentioned before, we are interested in identifying tracers of the merger events
that our Galaxy has undergone. When a satellite galaxy is accreted by a larger host
system, it experiences tidal forces which may eventually lead to its full disruption.
Along its orbit, and especially at its pericentre, the tidal field prunes the satellite’s
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Figure 1.3: Left panel: Contours of effective equi-potentials, as defined in ro-
tating a reference frame centred on the centre of mass of the system (see Eq.
8.88 from Binney & Tremaine, 2008), for two point masses with a mass ratio of
msat/Mhost

= 1/9. Tidally stripped particles are preferentially released through the
unstable Lagrangian points, L1 and L2, forming two different kinematical substruc-
tures, known as leading and trailing streams. Right panel: Stellar density plot of
the surroundings of the globular cluster Palomar 5. The cluster is located at the
central density peak. An analysis of the surface density distribution of the stars
in the field that match the colour-luminosity profile of the cluster reveals the well-
defined tidal tails. The yellow line delineates the orbit of the cluster around the
Milky Way. Credit: Michael Odenkirchen (see Odenkirchen et al., 2001)

least bound (typically the most distant) stars. This process thus enforces an upper
limit to the size of a satellite. Let us assume that both, the host and the satellite,
can be described as point massesMhost andmsat and, furthermore, that the satellite
is on a circular orbit around the host. It can be shown (Binney & Tremaine, 2008)
that any star from the satellite at a distance larger than

rtidal ≈
(

msat

3Mhost

)1/3

rcirc, (1.1)

is subject to be stripped by the host. Hence rtidal provides an estimate of the size
of the satellite. Here rcirc is the orbital radius of the satellite. From this simplified
model, it is also possible to show that stars are preferentially released through the
unstable Lagrangian points, L1 and L2 (see left panel of Figure 1.3), forming two
different tidal tails, known as leading and trailing streams (see the right panel of
Figure 1.3).

It is also very instructive to think about tidal stripping in terms of density con-
trasts between the host and the satellite. By defining the mean density of the
satellite within rtidal as ρsat = msat/

4
3πr

3
tidal and the mean density of the host inside

the orbital radius as ρhost = Mhost/
4
3πr

3
circ we find, after replacing in Equation 1.1,
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that

ρsat = 3ρhost. (1.2)

To a first approximation, this equation shows that a satellite is expected to suffer
tidal stripping until its mean density approximately equals the mean density of the
host within its orbital radius. A more complete picture of tidal disruption can be
obtained by adding to this analysis both the eccentricity of the satellite’s orbit and
the effect of dynamical friction. A satellite on a very eccentric orbit, that probes
inner and denser regions of the host than a satellite in a circular orbit with a similar
average orbital distance, will be more strongly perturbed by tides and generally be
disrupted faster. In addition relatively massive satellites are affected by dynamical
friction, which causes a satellite to loose orbital energy and spiral in towards the
centre of the host, probing denser regions as time goes by and suffering further
disruption. We refer the reader to Morrison et al. (2009) for a careful discussion
about the implications of these effects on the formation of the inner stellar halo.

Once a tidal stream has been formed, its subsequent evolution will be deter-
mined by the underlying host potential as well as by the orbital properties of its
constituent stars* (see e.g. Johnston et al., 1996; Johnston, 1998; Helmi & White,
1999). As first shown by Helmi & White (1999), and later extended by Vogelsberger
et al. (2008), it is possible to characterise the evolution of a stream in terms of the
rate at which the local stream’s spatial density decreases in time. If the underlying
potential can be regarded as integrable, then the local stream’s density is expected
to decrease as a power-law, ρstream ≈ (t/torbital)

−n, where torbital is a characteristic
orbital period and the value of the exponent n = 1, 2 or 3 depends on the number of
fundamental frequencies the orbit has. For example, the local density of a stream
evolving in a spherical potential will typically decrease as a function of time with
an exponent n = 2, since the orbits can be characterised by two independent fun-
damental frequencies: radial and angular on the plane of motion of the stream†. On
the other hand, a stream in an axisymmetric or triaxial potential will typically have
three independent frequencies and therefore its density will decrease in time with
an exponent n = 3. Consequently, and regardless of the potential, as the stream
orbits the host, its local spatial density will decrease while its total spatial exten-
sion increases. Eventually, the streams will cross eachother in confined regions of
space, overlapping and the debris will be spatially mixed. This process is commonly
referred to in the literature as “phase mixing”. Note as well that galaxies as our
own Milky Way are essentially collisionless systems (Binney & Tremaine, 2008).
Liouville’s theorem (see e.g. Binney & Tremaine, 2008) guarantees the conserva-
tion of the phase-space density. This means that, as the local spatial density of the
stream decreases, its corresponding density in velocity space must increase at the
same rate. Therefore, the different wraps of a stream can be identified as distinct
cold kinematical structures (see Figure 3.4 and 3.5 of this thesis).

* Note, however, that gravitational attraction exerted by the progenitor on the stream may affect the
stream’s orbit (see e.g. Choi, Weinberg & Katz, 2007)

† Notice that a resonance between these two frequencies will cause the stream’s density to decrease
in time with n = 1
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So far we have considered only the evolution of debris in an integrable potential.
However, galactic potentials such as that of the Milky Way are expected to admit
a certain amount of chaos. In contrast with phase mixing, the density of a stream
on a chaotic orbit decreases exponentially as a function of time and, hence, the
stream spreads out in space on a much shorter time scale. As a consequence,
such streams are generally are expected to be too diffuse to be observable, thus,
effectively creating a smooth stellar background in phase-space. This process is
known as “chaotic mixing”.

1.3.2 Galactic substructure

Over the last twenty years a large amount of substructure, in the form of tidal
streams, has been discovered especially in the Galactic stellar halo but also in
other Galactic components such as the thick disc. In this section, we will describe
a few of the best known examples of Galactic substructure.

As mentioned in Section 1.3.1, dynamically young streams or streams orbiting
the outer regions of our Galaxy are expected to be coherent in space, making them
a relatively easy target for Galactic archaeologists. The most striking and beautiful
example is the Sagittarius tidal stream, which can be observed as a large forked
feature in Figure 1.1. This stream originates in the Sagittarius dwarf spheroidal
galaxy (Ibata, Gilmore & Irwin, 1994) which is currently being disrupted by the
tidal field of the Milky Way. The overdensities associated to the leading tidal tail of
Sagittarius were discovered thanks to the arrival of the Sloan Digital Sky Survey
(SDSS) by two different groups who identified clumps of RR Lyrae stars (Ivezić et
al., 2000) and of blue A-type stars (Yanny et al., 2000) laying along the predicted
orbit of the Sagittarius dwarf galaxy (Helmi & White, 2001) (although earlier evi-
dence of tidal extensions of this galaxy were reported by Ibata et al. 1997; Mateo
et al. 1998; Majewski et al. 1999).

The same figure shows many other clear examples of stellar streams. The Or-
phan stream is a very narrow tidal tail that owes its name to the absence of an obvi-
ous progenitor. It is believed that this progenitor may have been a dwarf spheroidal
galaxy that was fully disrupted by the Milky Way (Sales et al., 2008). We can also
observe the Monoceros ring (Ibata et al., 2003; Yanny et al., 2003), which is a low
latitude stream spanning about 100◦ in longitude at a nearly constant distance,
likely part of the Galactic thick disc. It is believed that this stellar ring is debris
from an accreted satellite (Helmi et al., 2003; Peñarrubia et al., 2005; Martínez-
Delgado et al., 2005) however its nature is still under debate (see e.g. Momany et
al., 2004; Moitinho et al., 2006, for other possible scenarios). Another spectacular
feature is the very narrow stream from the disrupting globular cluster, Palomar
5 discovered by Odenkirchen et al. (2001) (see also right panel of Fig. 1.3). All
these streams were discovered thanks to deep photometric surveys, such as the
previously mentioned SDSS, that have allowed mapping the positions on the sky of
very distant (and therefore relatively faint) stars, located in the outer realms of the
Galaxy.

The identification of streams associated with ancient accretion events cannot
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be done just by looking for overdensities on the distribution of stars in the sky,
unless these are located in the outer regions of the Galaxy where the orbital peri-
ods are very large (see section 1.3.1). Nevertheless, although ancient streams in
the inner Galactic regions are not expected to be spatially coherent, unless they
are extremely young, it should be possible to identify them as cold kinematical
structures. Furthermore, as shown by Helmi & de Zeeuw (2000), stars stripped
from the same progenitor are expected to be distributed in clumps when project-
ing their 6D phase-space coordinates into spaces of pseudo conserved quantities,
such as energy or angular momentum. With these ideas in mind, and with a full
6D sample of only a few hundred metal poor stars located within 2.5 kpc from the
Sun, Helmi et al. (1999) successfully detected two stellar streams originated from a
single progenitor accreted 6 – 9 Gyr ago (Kepley et al., 2007). Figure 1.4 shows the
distribution of stars analysed by Helmi et al. (1999) projected into velocity (top pan-
els) and angular momentum (bottom panel) space. The stars identified as members
of the stellar streams are shown with coloured symbols.

In the following years no other streams were detected in the neighbourhood of
the Sun. Using the revised NLTT proper motion survey (New Luyten Two Tenths,
Gould & Salim, 2003; Salim & Gould, 2003), Gould (2003) constrained the degree
of granularity present in the nearby stellar halo. His analysis showed that, statisti-
cally, no stream crossing the Solar Neighbourhood is expected to contain more than
5% of halo stars near the Sun. In addition, early studies, based on a cosmological
simulation of the formation of the Milky Way dark matter halo (see Helmi, White &
Springel, 2003), predicted that approximately 300 – 500 stellar streams should be
present in a local volume around the Sun. Therefore, it becomes clear that a large
full 6D phase-space catalogue of, at the very least, 1,000 stars is required to unveil,
if present, the substructure expected in the Solar neighbourhood. It is only now
that, thanks to spectroscopic surveys like RAVE (Zwitter et al., 2008) or SEGUE
(Yanny et al., 2009) in combination with Tycho-2 (Høg et al., 2000) and Hipparcos
(Perryman et al., 1997), these 6D phase-space catalogues are becoming available
(see e.g. Breddels et al., 2010). Thanks to these catalogues, a few new candidate
stellar streams have been detected in recent years, not only in the local stellar halo
(see e.g. Smith et al., 2009; Klement et al., 2009), but also in the Galactic thick disc
(see e.g. Helmi et al., 2006). As we will show later in Chapter 4, the astrometric
satellite Gaia (Perryman et al., 2001) will provide us with a full 6D phase-space
catalogue large and accurate enough to start deciphering the formation history of
the Milky Way. For a recent review on the stellar streams identified in the Milky
Way we refer the interested reader to Klement (2010).

The substructure mentioned so far can be associated to debris from merger and
accretion events. However, kinematically cold substructure in the Solar Neigh-
bourhood can also arise due to other physical mechanisms, such us the disruption
of stellar associations or dynamical effects induced by the non-axisymmetric com-
ponents of the Milky Way (see Antoja, 2010, for a detailed discussion). A clear
example of the latter is the Hercules stream (Dehnen, 2000; Fux, 2001), while the
nature of some of the moving groups discussed in detail by Eggen (1996) such as
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Figure 1.4: The distribution of nearby halo stars in velocity space and in angular
momentum space. Filled circles indicate stars from a sample with metallicities
[Fe/H] ≤ −1.6 dex lying within 1 kpc from the Sun whereas open circles indicate
stars from a sample with metallicities [Fe/H] ≤ −1 dex lying within 2.5 kpc from the
Sun. Candidates for the detected substructure are highlighted in colour: triangles
indicate more metal-rich giant stars at distances > 1 kpc, diamonds more metal-
rich giants at ≤ 1 kpc, squares metal-poor giants at > 1 kpc, and circles metal-poor
giants at ≤ 1 kpc. From Helmi et al. (1999).

Arcturus is still under debate (Navarro, Helmi & Freeman, 2004; Williams et al.,
2009).

Streams have also been observed in stellar haloes of other galaxies. Most strik-
ing is the wealth of substructure present in the halo of the Andromeda galaxy
(see Figure 1.5) (see e.g. Ibata et al., 2001; McConnachie et al., 2009), but stellar
streams have been reported in the haloes of several other galaxies (e.g. Martínez-
Delgado et al., 2008, 2009). These detections represent an unambiguous proof that
accretion is inherent to the process of galaxy formation.
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Figure 1.5: Spatial stellar density map of the Andromeda (M31)-Triangulum (M33)
system, obtained with ’Pan-Andromeda Archaeological Survey’ (PAndAS). A large
amount of stellar streams can be observed as large and extended overdense re-
gions. From McConnachie et al. (2009)

1.4 This Thesis

In this thesis we have made use of numerical and analytical methods to charac-
terise the dynamical signatures as well as the time evolution of debris associated
with accretion events. A large fraction of this thesis is based on the analysis of
N -body simulations of the formation of galactic stellar haloes. Thanks to the use of
simulations at different levels of sophistication, we have characterised the impact
of different physical mechanisms on the final distribution of debris in localised vol-
umes of phase-space (Chapter 4 & 5). In particular, we have analysed the suite of
high-resolution dark matter only simulations from the Aquarius Project (Springel
et al., 2008a,b) that, coupled with the GALFORM semi-analytical model (Cole et al.,
1994, 2000; Bower et al., 2006), have produced realistic stellar haloes formed in
a fully cosmological scenario (see Cooper et al., 2010) (Chapter 5). In these sim-
ulations, effects such as the violent variation of the host potential due to merger
events, and the chaotic orbital behaviour induced by the strongly triaxial dark mat-
ter haloes (Vera et al., 2010) are naturally accounted for. Note, however, that the
simulations analysed in this thesis are still limited by the lack of a self-consistent
treatment of the physical processes that affect baryons.
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We have also developed new methods and techniques to identify and charac-
terise fossil signatures of satellite galaxies accreted and disrupted long time ago
(Chapter 3). We have studied what fraction of these remnants will be recovered
with the advent of the astrometric satellite Gaia (Chapter 4). We have also re-
visited the problem of the very rapid initial divergence of nearby orbits observed
even in fully integrable potentials, sometimes referred to as “Miller’s instability”
(Chapter 2).

1.4.1 Key questions addressed in this Thesis

1. Does an initial extremely rapid divergence on initially nearby orbits necessar-
ily imply a manifestation of chaos? (Chapter 2)

2. Will the observational errors expected for the Gaia mission erase the signa-
tures leftover by past accretion events? If not, what fraction of these sub-
structures can we expect to recover? Which algorithms are the most effective
to identify these substructures? (Chapter 4)

3. Which is the most suitable space to identify debris from past accretion events?
What happens when the potential is strongly evolving in time or if it is “live”?
What can we learn from the distribution of debris in the space of orbital fre-
quencies? (Chapter 3)

4. What is the phase-space structure predicted by the ΛCDM model for the stel-
lar halo near the Sun? Does any memory remain of the mergers and accretion
events that led to the formation of the stellar halo? How much of this memory
is erased by dynamical chaos? (Chapter 5)

1.4.2 Outline of the thesis

In Chapter 2 we study the initial behaviour of nearby trajectories in the phase-
space of integrable potentials. Our goal is to investigate whether the initial ex-
tremely rapid divergence of nearby orbits previously reported in N -body systems
does inevitably imply a manifestation of microscopic chaos on a crossing timescale.
We perform a suite of frozen N -body simulations of Plummer spheres and develop
a simple analytical model to describe the behaviour of orbits on short timescales.
We show that nearby orbits will diverge very fast initially even for fully integrable
smooth potentials, provided the orbits are strongly clustered in space and less in
velocity. This divergence is driven by the distortion of the phase-space around an
orbit with time and is a generic feature of dynamical systems. Therefore, we con-
clude that this transient phenomenon is not necessarily related to an instability in
the sense of non-integrable behaviour in the short-term dynamics of N -body sys-
tems.

In Chapter 3 we study the evolution of satellite debris to establish the most suit-
able space to identify past merger events. We show that orbital frequencies consti-
tute a very suitable space for this task. In this space, particles in a given volume of
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physical space are found to populate well-defined lumps, each of them associated
with a different stream. As time goes by, the number of streams increases while
the separation between adjacent streams decreases. We have shown that this char-
acteristic separation or scale can be used to estimate the time of accretion of the
progenitor system through a Fourier analysis. The results are still valid even when
strongly time dependent potentials or fully self-consistent N -body simulations are
considered. For time-independent potentials, streams are distributed in a regular
pattern along lines of constant frequency. However, when the potential is evolv-
ing in time the regular pattern is distorted. This implies that, contrary to previous
claims (e.g. Peñarrubia et al., 2006; Warnick et al., 2008), the final distribution of
streams does retain information on the evolution in time of the host.

In Chapter 4 we study the characteristics of merger debris in the Solar neigh-
bourhood as may be observed by ESA’s Gaia mission in the near future. For this
purpose we model the formation of the Galactic stellar halo via the accretion of
satellite galaxies onto a time-dependent semi-cosmological galactic potential. Us-
ing synthetic CMDs, we create a mock full 6D phase-space Gaia catalogue that also
includes a Galactic background population of stars, represented by a Monte Carlo
model of the Galactic disc and bulge. We show that the impact of this background
contamination can be strongly reduced by applying a simple cut on metallicity. We
find that, even after accounting for the expected observational errors, the result-
ing phase-space is full of substructure. We are able to successfully isolate roughly
50% of the different satellites contributing to the “Solar neighbourhood” by apply-
ing the Mean-Shift clustering algorithm in energy and angular momentum space.
Furthermore, a Fourier analysis of the space of orbital frequencies allows us to
obtain accurate estimates of the time since accretion for approximately 30% of the
recovered satellites.

In Chapter 5 we use the very high resolution fully cosmological simulations from
the Aquarius project, coupled with a semi-analytical model of galaxy formation to
study the phase-space distribution of halo stars in “solar neighbourhood” -like vol-
umes. We find that this distribution is very rich in substructure in the form of stellar
streams for all five stellar haloes we have analysed. In concordance with previous
works, we find that 90% of the stellar mass enclosed in our “solar neighbourhoods”
comes, in all cases, from 3 to 5 significant contributors. In one of our volumes
we are able to resolve 221 stellar streams which contain 53% of all the particles
present. We estimate that 25% of the remaining particles are in (numerically) un-
resolved streams. This leads us to predict that 2/3 of the accreted halo stars near
the Sun should be in massive, observable streams. The remaining 1/3 are likely to
be on streams which have become too diffuse due to chaotic mixing.

1.5 Future perspectives

The field of Galactic archaeology has evolved very rapidly and it is now enter-
ing a new era of exploration and discoveries. The arrival of spectroscopic sur-
veys such as SEGUE and RAVE were just the first two important steps towards
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this era, but much more is about to come. The biggest leap will be taken with
the arrival of the astrometric satellite Gaia. This satellite will be launched in
2012 and is expected to measure the positions and velocities of billions of stars
in our Galaxy with unprecedented accuracy. Moreover, Gaia data is likely to be
supplemented by massive ground based spectroscopic surveys. Such surveys are
currently being planned by both the European astronomical community (see e.g.
GREAT, http://www.ast.cam.ac.uk/GREAT/) and other non-European collabora-
tions (e.g. LAMOST, Zhao et al., 2006; BigBOSS, Schlegel et al., 2009; HERMES,
Wylie-de Boer & Freeman, 2010; APOGEE, Majewski et al., 2010). As a result, we
will have catalogues with not only full 6D phase-space information but also with
detailed chemical abundance patterns for large numbers of stars.

During the last two decades astronomers have been preparing themselves for
this new era by developing the necessary tools and methods to extract, from these
forthcoming data, the signatures of the mergers and accretions events that our
Galaxy may have experienced. These tools, as those developed in this thesis, still
have to be applied to currently available 6D data sets (see e.g. Smith et al., 2009;
Breddels et al., 2010) since this not only could lead to interesting discoveries but
also will greatly help to improve and optimise the techniques necessary for the Gaia
era.

Furthermore, we have now in place a set of predictions that are ready to be
tested and confronted with data sets. Examples of these are the expected amount
of streams in the Solar Neighbourhood (Helmi & White, 1999; Helmi, White &
Springel, 2003, Chapter 5 of this thesis), the distribution of eccentricities of thick
disc stars (Sales et al., 2009), the dependence of the stellar halo’s properties on
the number of progenitors and particular history (Cooper et al., 2010), etc. All
these quantities and distributions are related to the assembly history of a galaxy.
Confronting these predictions with future observations will thus shed light onto the
formation history of the Milky Way. However, more can (and needs) to be done in
this respect. For example, it would be important to establish if it will be possible
to constrain the properties of the possible progenitors of the Milky Way from the
currently available (or planned) datasets and to address how the accreted galaxies
compare to the satellites we observe nowadays. This implies an understanding
of the requirements to constrain their star formation and chemical histories. In
addition, it is well established by now that the existence of a bar and that the disc’s
spiral pattern of the Milky Way generates resonances that can affect the stellar
velocity distribution in the Solar Neighbourhood (Antoja et al., 2009; Minchev et al.,
2009). Previous studies have focused on how these dynamical instabilities affect
the phase-space distribution of disc stars. However, little attention has been put
on how they may affect the expected substructure associated to ancient accretion
events. For example, these dynamical perturbations may erase information about
the formation history of the Milky Way. If so, it is important to establish the time
scales involved in this process and under what initial configurations (internal and
orbital) merger debris is likely to be most affected.
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