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Summary

If you ever enjoyed star gazing, you have most likely realised that year after year
the configuration of the stars on the sky repeats itself with astonishing precision.

Look at the sky tonight and, assuming you have not moved to a different location
in the world, you will find depicted in approximately 365 days from now the same
stellar constellations. This was also noticed by ancient civilisations. By naming
groups of stars and watching their location in the celestial sphere through the
year, our ancestors were able to decide when to plant and to harvest their crops
according to the changing seasons. It also helped early sailors (and still does) to
navigate their ships when venturing out into the sea. As a consequence, we tend
to think that the distribution of stars on the sky or, even more, the Universe is
somehow static. However, the Universe is far from being static; those stars that
we observe everyday are moving at high velocities with respect to us, sometimes
even faster than the speed of sound on the earth. The reason we do not perceive
their motion is that they are located at extremely large distances. The life-span of a
human being is too short to observe with the naked eye their relative displacements
on the sky.

Back in the 1850s, astronomers discovered that stars do not always move alone
but in some cases they do so in groups. Sometimes these groups appear clus-
tered on the sky however, more often, they do not (Figure 1). This implies that to
distinguish members from neighbouring field stars it is necessary to measure the
velocities of all the stars in a given patch of the sky. The stars in the moving group
will all be sharing the same speed and direction of motion. Kinematically coherent
groups can arise from a variety of different physical processes. In particular, and
as I will explain further below, the fossil remnants of satellite galaxies accreted by
our own Milky Way long time ago will manifest as moving groups or streams. These
streams are particularly interesting because by studying their properties we learn
about the formation history of the Galaxy.

In the currently popular cosmological model, known as the “hierarchical
paradigm”, galaxies as our own Milky Way are predicted to have formed through
the accretion and merger of smaller systems that came together due to the relent-
less pull of gravity. When a smaller galaxy (a satellite) moves around the Milky Way,
its stars can experience strong forces that may lead to them being released. These
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Figure 1: Top panel: The yellow dots indicate the postions on the sky (i.e., Galactic
latitude b and longitude l) of approximately 55, 000 stars as observed with the astro-
metric satellite Hipparcos. The colour coded dots indicate stars that are members
of different moving groups. The size and the direction of the lines indicate the dis-
placement of the group members in the next 500, 000 years. Bottom panel: Moving
group members superimposed to a map of the Galactic gas and dust (interstellar
medium). Credits: Jos de Bruijne (see de Zeeuw P. T., et al., 1999, AJ, 117, 354).

forces are similar in nature to those causing the sea tides on the Earth, which are
due to the gravitational pull of the Moon and the Sun. The tidal force that a satel-
lite galaxy experiences while been accreted by the Milky Way will distort its shape
and, eventually, leads to the formation of two extended structures known as tidal
tails or stellar streams (Figure 2). The stream stars will typically move on a similar
trajectory (or orbit) to that of the satellite progenitor. As time goes by, streams
become more elongated and can even cross eachother in space.

If the hierarchical paradigm is correct, the Milky Way should have accreted
multiple satellites along its evolution, each of them leaving behind several stellar
streams. Since each accreted satellite galaxy has it own characteristic orbit, the
superposition of all this debris may give rise to a spheroidal component. This is why
the stellar halo of the Galaxy, but also its thick disc are believed to be repositories
of merger debris. In particular, the Solar vicinity (a volume centred on the Sun)
should be crossed by hundreds stellar streams, fossils of these disrupted satellites.
The quantification and characterisation of streams in the Solar neighbourhood are
therefore crucial tests of this paradigm, which moreover would allow us to study
the formation history of our Galaxy.

However, the identification of these nearby stellar streams can be a difficult
task. This is because stars in a stream slow drift away from each other as time
goes by, making the stream broader and eventually too diffuse in physical space
to be distinguishable. Nonetheless, this problem can be circumvented if the ve-
locities of the stars are known. The basic idea can be simply explained with the
following analogy: Let us imagine a race taking place in a closed circuit. At the
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Figure 2: Left panel: Image of a stellar tidal stream surrounding the spiral galaxy
NGC 5907 obtained with an amateur robotic telescope in the mountains of New
Mexico. Credit: R. Jay Gabany. Rigth panel: Artistic impression of satellite galaxies
being accreted and disrupted by the gravitational interaction with the Milky Way.
Credit: Steven R. Majewski.

time the race starts, all the runners are clustered and occupy a small fraction of
the circuit. A later snapshot would be enough to tell who is leading or lagging be-
hind. As time goes by, the clump of runners will stretch out along the circuit and
eventually, thanks to their slightly different velocities, the fastest will overtake the
slowest runners. During the race this may happen on many occassions and, as a
consequence, in a small fraction of the circuit we will have runners that will have
completed different numbers of laps. How can we distinguish the leaders from
those in the tail? One possibility is by measuring their velocities. Although all the
runners are very well “mixed” in space, the runners fighting for the lead will stand
out as a group with high velocities with respect to the slowest fellow competitors.

The same basic idea can be applied to identify stellar streams originated in a
single accreted satellite. Stars on a given stream are expected to clump in velocity
space. The various systems that our Galaxy has likely accreted will each contribute
streams of stars but on a variety of different orbits. Therefore to disentangle mul-
tiple streams, it becomes indispensable to have large stellar catalogues not only
with positions on the sky but also with velocities. This is especially important for
the most ancient stellar streams that are expected to be strongly mixed in space.
However, obtaining accurate measurements of stellar velocities is technically very
challenging and it is only now that these catalogues are becoming available. In
particular, the European Space Agency has scheduled for 2012 the launch of the
astrometric satellite Gaia, which will measure the positions and velocities of one



146 Summary

billion of stars in the Galaxy with unprecedented accuracy. Thanks to this satellite
we will have for the first time enough data to attempt to unveil the assembly of the
Milky Way. It is therefore timely to develop (and to improve existing) techniques to
identify debris from ancient accretion events as well as to make robust predictions
to confront with these forthcoming data.

In this thesis we have made use of numerical and analytical methods to char-
acterise the dynamical signatures as well as the time evolution of the debris as-
sociated with accretion events. A large fraction of this thesis has been based on
the analysis of numerical simulations that allowed us to model the formation of
galactic stellar haloes. Thanks to the use of simulations at different levels of so-
phistication, we have characterised the impact of different physical mechanisms
on the final distribution of debris in relatively small regions of the Galaxy, such as
the neighbourhood of the Sun. We have also developed new methods and tech-
niques to identify and characterise fossil signatures of satellite galaxies accreted
and disrupted long time ago.

Numerical N -body simulations are a very commonly used and powerful tool in
modern astronomy, and especially in galactic dynamics. An N -body simulation is a
computer model of a dynamical system of particles evolving under the influence of
physical forces, such as gravity. However, to what extent an N -body simulation may
be considered a faithful representation of a dynamical system has been subject to
debate for a long time. Previous studies have suggested that N -body simulations
are inherently “chaotic”. What do we mean with the term chaos? When a very small
change in the position and/or velocity of a particle leads to a very large change in
its trajectory, the behaviour of the particle is denominated “chaotic”. One of the
manifestations of this behaviour is a very rapid exponential divergence of initially
nearby particles in (phase) space. Surprisingly, this divergence was found to man-
ifest itself on very short timescales even in simulations of dynamical systems that
are known to be non-chaotic (i.e. integrable systems), no matter how carefully the
simulations were set up. In Chapter 2 of this thesis we showed analytically that, un-
der certain conditions, initially nearby particles can begin to diverge very fast even
in non-chaotic dynamical systems. This initial transient reflects a slower power-law
divergence (as expected in non-chaotic potentials) modulated by the shape of an
orbit in phase-space. Therefore, the initial extremely rapid divergence of nearby
orbits does not inevitably imply a manifestation of chaos.

As mentioned before, with the arrival of the astrometric satellite Gaia, very
large and accurate stellar catalogues with positions and velocities will soon become
available. Therefore it is natural to ask what is the optimal way to discover merger
debris. More precisely, the question we need to address is what is the best space to
look for stellar streams if our goal is to disentangle how the Galaxy was assembled.
To address this question, in Chapter 3 we studied the evolution of satellite debris
using N -body simulations. As a result, we found that orbital frequencies, i.e. the
inverse of the time that a star takes to complete a revolution in its orbit, define
a very suitable space for this task. In this space, the particles stripped from a
common satellite galaxy that are now located in a given region of the Galaxy, such
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Figure 3: Two examples of Milky Way-like stellar haloes obtained in a cosmological
simulation. The color coded dots represent the distribution of accreted stars in the
halo of each galaxy. In both examples a large amount of stellar streams, signatures
of ancient as well as ongoing accretion events, can be observed. Credit: Andrew
Cooper and the Aquarius collaboration, Cooper A. P., et al., 2010, MNRAS, 406,
744.

as the Solar neighbourhood, are found to populate well-defined lumps, each of them
associated with a different stream. Interestingly, we found that in this space the
separation between streams of a satellite can be used to obtain an estimate of the
time at which the satellite galaxy got fully disrupted by the Milky Way.

In Chapter 4 we studied 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 followed the formation of the Galactic stellar halo via the accretion of
satellite galaxies onto a model of the Milky Way. This model is relatively simple,
since although it does take into account the changes in the mass distribution of
the Galaxy with time (as expected cosmologically), it does so in an idealized (an-
alytic) way. As a result of this study we found that, even after accounting for the
expected errors that Gaia will introduce on the measurements of the positions and
velocities of the stars, a very large amount of stellar streams can be identified in
the neighbourhood of the Sun. We were able to successfully isolate roughly 50 per
cent of the different satellites that contributed with stars to the simulated “Solar
neighbourhood”. Furthermore, we were able to estimate the time since disruption
of approximately 30 per cent of them.

Finally, in Chapter 5 we used a set of very powerful and more realistic simula-
tions of the formation of the Milky Way to study the final distribution of accreted
halo stars in the neighbourhood of the Sun. These simulations, termed “cosmolog-
ical”, begin with the conditions present just slightly after the birth of the Universe.
After sampling the mass distribution of a small region of the Universe at these
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very early times with billions of particles, these simulations were left to evolve self-
consistently under the influence of gravity until the present epoch. As a result,
the final output contains objects that are similar in mass to our Galaxy and which
can be studied in great detail (Figure 3). These simulations do not model all the
physical processes that lead to the formation of galactic objects (this is beyond the
currently available computational resources), but nonetheless they are very suit-
able to understand the dynamics of accretion and mergers onto a system like the
Milky Way. We have found that even in these more realistic simulations, the distri-
bution of accreted halo stars is very rich in substructure in the form of streams. By
quantifying the amount of streams in one of our simulated solar neighbourhoods
we were able to predict that 2/3 of the accreted halo stars near the Sun should be
distributed in observable streams.




