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Chapter 1
Introduction

“Look up at the stars and not down at your feet. Try to make sense of what you see, and
wonder about what makes the universe exist. Be curious.” – Stephen Hawking

1.1 Cosmology

THE Earth, our home, and the Milky Way, our cosmic neighbourhood, are only
minute speckles in a vast and expanding Universe. In the late 1920s it was dis-
covered that distant galaxies recede from the Milky Way at a rate proportional to

their distance (Hubble 1929; Lemaître 1927). Simply rewinding time, this implies that
the Universe once started in a denser and therefore hotter initial state, now known as
the ‘Big Bang’ 1. The most important relic of the Big Bang is the Cosmic Microwave Back-
ground (CMB) discovered by Penzias & Wilson (1965), which consists of photons that
today have a temperature of TCMB = 2.725 K (Kogut et al. 1996). When only 400,000
years old, the Universe had cooled down enough (T ∼ 3000 K) to allow electrons and
protons to combine and form neutral hydrogen (also known as recombination). As a
consequence the CMB photons could now freely stream through the Universe (Gamow
1948) and eventually reach detectors on Earth.

Not only is the Universe expanding, but observations of distant supernovae (SNIa)
show the expansion is accelerating (Riess et al. 1998; Perlmutter et al. 1999). The force
behind this acceleration has been coined ‘dark energy’, a name merely reflecting that we
do not know its true identity. The simplest proposal for dark energy is the cosmological
constant Λ from Einstein’s general relativity (Einstein 1917) – a vacuum energy that
is constant through space and time (Zel’dovich 1968). Its effect is imprinted in the
large scale distribution of galaxies in our Universe and it has important influence on the
age of the Universe and on the curvature of space (Turner et al. 1984; Maddox et al.
1990; White et al. 1993), although its effect on scales of the Milky Way and its nearest
neighbour galaxies (i.e. the Local Group) is much less significant.

1 Surprisingly, this term was coined by one of the opponents of the theory, Fred Hoyle, who used it to
contrast it to his preferred steady state model.
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1.2 Galaxy formation and evolution

Figure 1.1: The tiny fluctuations imprinted on the Cosmic Microwave Background observed by
the Planck satellite (Planck Collaboration et al. 2014).

Imprinted on the CMB are tiny almost Gaussian fluctuations (δTCMB ∼ 10−5 K), which
give insight into the hot plasma just before recombination. These have been mapped
in detail with great success in the last three decades by the COBE, WMAP and Planck
satellites (for the results, see e.g. Bennett et al. 1996; Komatsu et al. 2011; Planck Col-
laboration et al. 2014, and Fig. 1.1). From the CMB it has been found that the energy-
matter density of the Universe consists of only 5% baryons, while an overwhelming 68%
is in the form of dark energy. The remainder 27% is in the form of dark matter, which
is the ‘missing’ non-luminous matter needed to understand the dynamics of galaxies and
clusters of galaxies, and is generally presumed to be in the form of weakly interacting
fundamental particles (see e.g. Strigari 2013 and references therein). After decoupling
from the expanding Universe, tiny fluctuations in the (gravitationally dominant) dark
matter density started to grow by attracting mass from nearby lower density regions,
forming bound dark haloes (Press & Schechter 1974; White & Rees 1978). As these dark
potential wells deepened and after recombination, they were able to gravitationally at-
tract baryons in the form of gas. This gas then cooled down, eventually collapsing to
form the first stars and galaxies (Rees & Ostriker 1977; White & Rees 1978).

It was realised that the rich structure presently seen in the Universe could only have
formed from the primordial ‘soup’ if dark matter would be non-relativistic, or otherwise
the primordial dark matter fluctuations on the size of galaxies and below would have
been wiped out and galaxies would have formed too late (Blumenthal et al. 1984; Mo
et al. 2010). This led to much interest in the cold dark matter hypothesis, that was later
combined with Λ to give rise to the widely accepted ΛCDM paradigm. In this model
structures collapse and aggregate with time on larger and larger scales, giving rise to the
hierarchical formation of structure (White & Rees 1978). This implies that components
of galaxies like the stellar and dark halo (and possibly also the bulge, cf. Kauffmann et al.
1993) grow via the accretion of smaller galaxies.

The evolution and formation of dark matter haloes that host galaxies is a complex
process, and for this reason often N-body simulations are used. In these simulations,
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Figure 1.2: The clustering of matter in the Universe as modelled in the dark matter-only Mil-
lennium Simulations by Springel et al. (2005). At the beginning (top-left panel) the Universe is
almost smooth and only hosts tiny fluctuations. These grow with time until they form the magnif-
icent structures we see at the present day (bottom-right).

dark matter is represented by N collisionless particles that trace the density fields. N-
body simulations are often computationally expensive because of the detail required to
show the formation of galaxy haloes and their surrounding structures (see e.g. Diemand
et al. 2007; Springel et al. 2008). One particularly large example is shown in Fig. 1.2,
the Millennium Simulations (Springel et al. 2005; Boylan-Kolchin et al. 2009), where a
region of 500 Mpc/h of the large scale structure of a ΛCDM Universe was followed until
today.

To accurately simulate the formation of galaxies a sufficiently detailed model of bary-
onic physics is needed on scales from ∼ 1 pc to ∼ 10–100 Mpc, and other methods are
needed to simulate gas because of its collisional nature (see e.g. Scannapieco et al. 2012).
A fully consistent simulation of dark matter and gas with baryonic physics therefore
comes at enormous computational costs. When modelling the accreted component of a
galaxy, a hybrid approach may be taken where dark matter-only N-body simulations can
be used to follow the gravitational collapse and evolution of dark haloes, and a semi-
analytic prescription is used to model the evolution of gas and the stellar populations
in these dark haloes (see e.g. Cole 1991; White & Frenk 1991; Kauffmann et al. 1993;
Somerville & Primack 1999). Notable examples of this hybrid approach to model the
Milky Way can be found in De Lucia & Helmi (2008); Cooper et al. (2010). Additionally,
some models also tag the individual N-body particles with stellar populations (Cooper
et al. 2010) or even resample the dark matter to generate individual stars (Lowing et al.
2015). To illustrate this approach we show the ‘tagged’ dark matter particles that form
the accreted component in a Milky Way-like halo in Fig. 1.3, based on the Aquarius
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Figure 1.3: Density plot of the dark matter particles ‘tagged’ by the semi-analytic model GAL-
FORM (Font et al. 2011a; Lowing et al. 2015) that form the accreted component of the Milky
Way-like dark matter halo Aq-A-2 from the Aquarius project (Springel et al. 2008).

project dark matter-only simulations (Springel et al. 2008) and the semi-analytic model
GALFORM (Font et al. 2011a; Lowing et al. 2015).

The process of galaxy assembly is still ongoing today, as exemplified in our own
neighbourhood by the Sagittarius dwarf spheroidal galaxy (dSph) (Ibata et al. 1994)
and the Magellanic Clouds (see e.g. van der Marel et al. 2002; Besla et al. 2007) that
have started the process of merging with our own Galaxy. Furthermore, in approximately
5 Gyr the Milky Way is expected to collide and eventually merge with the Andromeda
Galaxy (M31), the largest nearby galaxy in the Local Group (van der Marel et al. 2012).
At the same time, the Local Group is moving towards the Virgo cluster of galaxies (Pee-
bles 1976), although the influence of dark energy will probably prevent the Local Group
from eventually falling into the Virgo cluster (Nagamine & Loeb 2003).

1.3 The Milky Way

The Milky Way is a disk galaxy, with strong indications of a bar at its centre (see e.g.
Gerhard 2002; Merrifield 2004; Rodriguez-Fernandez & Combes 2008 for good reviews)
and probably 2 major and 2 minor spiral arms (Churchwell et al. 2009). The Sun is
located at ≈ 8.5 kpc from the Galactic centre on the Galactic plane near a small arm
called the Orion Spur, located between the Sagittarius and Perseus arms (Fig. 1.4). The
disk has a mass of ∼ 5× 1010 M� (Bovy & Rix 2013; Kafle et al. 2014) and consists
of a ‘thick’ and a ‘thin’ component (Gilmore & Reid 1983), the thin disk most likely
having formed in-situ from infalling gas (Fall & Efstathiou 1980; Mo et al. 1998), while
the origin of the older and more metal poor thick disk remains under debate (see e.g.
Majewski 1993; Sales et al. 2009; Schönrich & Binney 2009; Wilson et al. 2011; Minchev
et al. 2012; Robin et al. 2014; Minchev et al. 2015).
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Figure 1.4: Detailed artist impression of the Milky Way, showing the two major spiral arms and
the two minor spiral arms, and the bar/bulge. Annotations in this figure show the names of the
arms and the location of the Sun. Credit: NASA/JPL-Caltech/ESO/R. Hurt

Around the Milky Way is a spheroidal stellar halo (∼ 109 M�, Kafle et al. 2014) mostly
formed from disrupted satellite galaxies that have been accreted (see e.g. Bullock & John-
ston 2005; De Lucia & Helmi 2008; Helmi 2008; Cooper et al. 2010; Helmi et al. 2011),
although a small fraction of its stars might have been formed in-situ (see e.g. Abadi et al.
2006; Zolotov et al. 2009; Font et al. 2011b; Helmi et al. 2011). The halo of the Milky
Way also contains about 150 globular clusters which are dense gravitationally bound sys-
tems of stars whose origin is linked to the formation of the Galaxy (Searle & Zinn 1978;
Baumgardt et al. 2008). Disrupted globular clusters may also have contributed to the
stellar halo (see e.g. Chernoff & Weinberg 1990; Gnedin & Ostriker 1997; Martell et al.
2011; Deason et al. 2015).

In the inner halo (r < 20 kpc) the orbital timescales are short, and merger debris
is quickly phase mixed (e.g. Helmi & White 1999), although the density profile of the
stars still reveals their origin (Deason et al. 2013). Instead, the outer stellar halo of the
Milky Way hosts many relics of the ongoing assembly, because the orbital periods of stars
at these radii are typically longer, and the infalling and shredded galaxies can remain
as relatively coherent structures for much longer timescales (Johnston 1998; Helmi &
White 1999).

The visible portion of the Galaxy is embedded in an extended dark matter halo whose
properties can be constrained using field stars and streams in the halo (Ibata et al. 2001c;



6 CHAPTER 1: INTRODUCTION

Figure 1.5: The fraction of mass accreted at redshift zacc as a function of radius for the Milky
Way mass dark halos of the Aquarius project (Wang et al. 2011). The bars next to the main panels
indicate the contributions from different redshifts to the total mass. The white curves indicate the
fractional contribution of the radial mass shells to the total halo mass. Halo Aq-A to Aq-E show
that most of the mass was in place before z∼ 1 (∼ 8 Gyr ago), while halo Aq-F experiences a recent
major merger.

Klypin et al. 2002; Helmi 2004a; Battaglia et al. 2005; Kafle et al. 2014). The current
understanding of the dark halo is that it is oblate in the inner regions (flattened towards
the disk) (Koposov et al. 2010; Loebman et al. 2014; Piffl et al. 2014) and triaxial further
outwards (see e.g. Law & Majewski 2010; Vera-Ciro & Helmi 2013; Slater et al. 2013),
with a mass of ∼ 1012 M� (Klypin et al. 2002; Battaglia et al. 2005; Kafle et al. 2014).

Much of the growth of the dark halo is believed to occur in a way that we can describe
as ‘inside out’ (Gunn & Gott 1972; Helmi et al. 2003; Wang et al. 2011), because Milky
Way-like simulations show that the inner halo (r < 20 kpc, where the Galaxy is located)
is mostly in place already 8-9 Gyr ago. At larger radii the more recent accretion of diffuse
matter (dark matter not associated with any halo) and minor mergers dominate the mass
growth instead. This is shown in Fig. 1.5, which plots the fractions of accreted matter
at different redshifts as a function of radius for the haloes in the cosmological N-body
simulations from the Aquarius project (Wang et al. 2011).

Surprisingly, at all times, major mergers only contribute a smaller fraction (less than
1/4) of the mass growth budget, while diffuse dark matter is responsible for a major
component (towards 1/2) and minor mergers for the rest of the growth of dark matter
haloes, although these ratios are dependent on the degree of isolation of the galaxy, with
systems in higher density regions having a larger budget in the form of mergers (Fakhouri
& Ma 2010; Angulo & White 2010; Genel et al. 2010; Wang et al. 2011).
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1.4 Tidal streams

Figure 1.6: The stream of globular cluster Palomar 5 (also seen in the bottom-left of the northern
sky in Fig. 1.7). Note in this image the offset between the leading and trailing tails (Odenkirchen
et al. 2001).

Tidal streams form when stars are stripped from dwarf galaxies and globular clusters
through the tidal forces of the host system (i.e. in the case of interest here, the Milky
Way), which happens mostly when the progenitor is located near the pericentre of its
orbit. Insights into this process can be obtained using the constrained 3-body problem
which allows the definition of a characteristic escape radius (the tidal or King radius,
see King 1962; Binney & Tremaine 2008; Küpper et al. 2008), and particles that cross
this radius with enough velocity can escape from the progenitor (Gibbons et al. 2014).
The chances of escape are highest via the two Lagrange points near the progenitor, and
particles are released generally offset in energy, generating a leading and trailing tail
when comparing to the progenitor’s position (see e.g. Johnston et al. 1999b). The leading
tail consists of stars that are slightly more bound to the host galaxy than the progenitor
and have higher orbital frequencies, while the trailing tail contains stars that are less
bound, with lower orbital frequencies and are lagging behind the progenitor’s centre of
mass (see Fig. 1.6).

After escaping, the stars orbit the Milky Way and essentially do not experience any
significant self-gravity, making their dynamics solely depend on the host potential. The
stars have very similar orbital properties because of their initial compactness in phase-
space, and given enough time define a stream often well aligned with the orbit of the
progenitor (Jin & Lynden-Bell 2007), although not exactly (Eyre & Binney 2009; Sanders
& Binney 2013a). These properties make streams excellent probes of the underlying
potential of the (outer) halo of the Milky Way (see. e.g Johnston et al. 1999b; Helmi
2004b).
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1.4.1 Observed streams

The Milky Way’s closest large companions are the Sagittarius dSph and the Large and
Small Magellanic Clouds (LMC and SMC respectively). As mentioned before, these galax-
ies will eventually completely merge with the Milky Way, and there are several strong in-
dications this process is already underway, such as the tidal tails of the Sagittarius dSph
(see e.g. Ibata et al. 2001b) and the Magellanic gas stream (Putman et al. 1998, 2003).

Figure 1.7: The field of streams in the northern and southern sky as observed by SDSS (York
et al. 2000) and SEGUE (Yanny et al. 2009). Colours indicate the distances to the stars, and the
brightness of the pixels represents the density of stars (Bonaca et al. 2012a). The major streams
that are easily recognised in this image have been annotated.

Soon after the discovery of the Sagittarius dSph (Ibata et al. 1994) it was postulated
that debris should be found in the Galactic halo (Lynden-Bell & Lynden-Bell 1995; John-
ston et al. 1996; Helmi & White 2001), and the Sagittarius streams were indeed found
later (Ivezić et al. 2000; Yanny et al. 2000; Ibata et al. 2001b), wrapping around the
Milky Way at least once as shown by Majewski et al. (2003). A much deeper view of the
Sagittarius stream in the northern sky was obtained by Belokurov et al. (2006) using the
Sloan Digital Sky Survey (SDSS, York et al. 2000) in what is now known as the ‘Field
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of streams’, and the southern sky part was added with the Sloan Extension for Galactic
Understanding and Exploration (SEGUE, Yanny et al. 2009), made into a full map by
Bonaca et al. (2012a) (Fig. 1.7). In this field several streams can be observed, such as
the Orphan stream (simultaneously found by Grillmair 2006; Belokurov et al. 2007), the
GD-1 stream (Grillmair & Dionatos 2006b), the Virgo stream (Duffau et al. 2006; Jurić
et al. 2008; Bonaca et al. 2012b), the Triangulum stream (Bonaca et al. 2012a, southern
sky), and the streams of globular clusters Palomar 5 (Odenkirchen et al. 2001, 2003;
Grillmair & Dionatos 2006a, Fig 1.6) and NGC 5466 (Grillmair & Johnson 2006).

Other streams were found with ATLAS (Koposov et al. 2014), Pan-STARRS1 (Bernard
et al. 2014), and by further examination of the SDSS data in Grillmair (2009); Newberg
et al. (2009); Grillmair et al. (2013); Grillmair (2014). There is also a ring-like structure
seen close to the Milky Way plane (the Monoceros Ring, Newberg et al. 2002; Rocha-
Pinto et al. 2003) which has been recently mapped in great detail by PAndAS (Slater
et al. 2014), but it is still under debate whether it belongs to a warp of the disk or is
due to an accretion event (López-Corredoira & Molgó 2014; Xu et al. 2015; Ruchti et al.
2015).

Figure 1.8: Dwarf galaxies have also been found in interactions with smaller satellite galaxies,
here the example of NGC 4449 (Martínez-Delgado et al. 2012). The right panel is a zoomed in
image of the stream.

Also for the Andromeda Galaxy (M31) many streams may be expected to lurk in its
halo, and this is indeed the case as evidenced by the discovered Giant stream by Ibata
et al. (2001a), which was found to wrap around the galaxy (Merrett et al. 2003; Mc-
Connachie et al. 2003; Zucker et al. 2004; Gilbert et al. 2007). More streams in the
halo of M31 were later found (Ferguson et al. 2002; Kalirai et al. 2006; Ibata et al.
2007; McConnachie et al. 2009; Tanaka et al. 2010), with the most detailed view of
Andromeda’s halo given by the Pan-Andromeda Archaeological Survey (PAndAS, Mc-
Connachie et al. 2009). For other more distant galaxies individual stars are generally not
observable (although see Merrett et al. 2003 for using planetary nebulae instead), but
deep photometric observations reveal many streams and substructures, such as the giant
loops around NGC 5907 (Shang et al. 1998) and many other galaxies (Tyson et al. 1998;
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Malin & Hadley 1999; Martínez-Delgado et al. 2009, 2010; Janowiecki et al. 2010; Arn-
aboldi et al. 2012; Mihos et al. 2013), and they are not only restricted to large galaxies
(Martínez-Delgado et al. 2012, Fig. 1.8).

Finally, in the neighbourhood of the Sun streams are generally expected to be quite
phase-mixed and hard to distinguish in position (for a detailed review, see Klement
2010). Instead, those streams can be detected kinematically because they conserve 6-D
phase space (Helmi & White 1999; Helmi & de Zeeuw 2000). Examples of kinemati-
cally detected streams are the Helmi stream (Helmi et al. 1999) and the Aquarius stream
(Williams et al. 2011).

1.4.2 Modelling the Galaxy with tidal streams

The Sagittarius stream has been extensively modelled using N-body simulations to con-
strain the shape and mass distribution of the dark matter halo of the Milky Way (Ibata
et al. 2001c; Johnston et al. 2005; Helmi 2004b; Law & Majewski 2010). A major advan-
tage of these models is the level of detail with which they represent the stream, although
because of the computational cost they generally dot not explore very extensively the
parameter space of the underlying potential.

As explained before, streams delineate closely the orbit (of the centre of mass) of the
progenitor, and computing an orbit is significantly less costly than a full N-body simula-
tion. However, streams do not exactly follow their progenitor’s orbit, and this can lead
to biases in the favoured parameters of the potential when comparing with data, espe-
cially in non-spherical potentials (Eyre & Binney 2009, 2011; Sanders & Binney 2013a).
Nonetheless, simple orbit-based integrations remain very suitable to obtain a qualitative
impression of the Galactic potential that best fits the observational constrains (Vera-Ciro
& Helmi 2013; Deg & Widrow 2014). A more accurate extension of orbit models is to
generate thin streams with energy offsets for the leading and trailing tails (‘streak lines’)
by releasing particles from the Lagrange points (∼ tidal radius) with possibly a velocity
offset with respect to the progenitor (Johnston et al. 1999a; Varghese et al. 2011; Küpper
et al. 2012). These models are able to represent (thin) streams from N-body simulations
well (Bonaca et al. 2014), although to implement the energy, position and velocity offsets
requires the use of a a semi-analytic prescription.

Streams can also be modelled with test-particle simulations, which are computation-
ally cheap as they lack self-gravity, although they do not have the energy offset between
the leading and trailing tail because the particles are released at once. Instead, Gibbons
et al. (2014) included an additional potential at the location of the progenitors’ centre
of mass to simulate its self-gravity, and obtained very similar results when compared
to the disruption of a stream in a full N-body simulation, including the bow-tie shape in
energy-angular momentum space that was described by Eyre & Binney (2011). The main
advantage of this method is that it is fast and requires no semi-analytic description of the
particle’s escape, as the additional progenitor potential ensures they are released with
the correct velocity. Alternatively, one can reverse time, and the stream can be integrated
back in time until the particles end up in the progenitor, which happens only in the true
potential (Johnston et al. 1999c; Price-Whelan et al. 2014).

The lack of self-gravity in streams also allows them to be described in so-called action-
angle coordinates, where the evolution is particularly simple because the angles are a lin-
ear function of time and the actions are (conserved) integrals of motion (Goldstein 1950;
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Helmi & White 1999; Binney & Tremaine 2008). These coordinates allow a thorough an-
alytical description of their evolution and also provide ways to constrain the potential
(Sanders & Binney 2013b; Sanderson et al. 2014, Chapters 3 and 4 of this Thesis).

With the arrival of highly detailed maps of stellar streams from SDSS and PandAS,
other opportunities have opened up, for example to check the prediction of ΛCDM that
there are many dark matter subhaloes around the Milky Way and M31. The number
of dark haloes found in N-body simulations is much larger than the number of observed
satellites around M31 and the Milky Way (Klypin et al. 1999; Moore et al. 1999), possibly
because many subhaloes have been unable to retain enough gas to form stars and hence
remain dark until today (Bullock et al. 2000). These subhaloes may still reveal their
gravitational presence in the form of a rather granular dark halo (Ibata et al. 2002;
Johnston et al. 2002). Interactions of these subhaloes with streams are predicted to cause
perturbations and gaps along streams, which may be detectable if enough positional
information is available on the stars in the stream (Yoon et al. 2011; Carlberg 2013;
Ngan & Carlberg 2014; Ngan et al. 2015) and will be a direct confirmation of the ΛCDM
paradigm.

Another direction for modelling streams is to take into account the growth of the
Galactic dark matter halo. This affects streams that orbit the Galaxy because the enclosed
mass within the orbit increases (Gómez & Helmi 2010). For Milky Way-like haloes this
growth occurs for the last several Gyr in the form of many minor mergers and the accre-
tion of diffuse dark matter (Wang et al. 2011). The growth of dark matter haloes can
be described by a smooth function of time (Navarro et al. 1997; Wechsler et al. 2002,
Chapter 2 of this Thesis), which can be used to study the effect of time-dependence of
the potential on streams (Chapter 3 of this Thesis).

1.5 Overview of this Thesis

In this Thesis we use numerical and analytical techniques to describe the effect of a
growing halo on streams. Much of this work takes advantage of the use of action-angle
coordinates, because they form an especially convenient coordinate system that allows a
clear separation between invariant quantities (the actions) and time-dependent quanti-
ties (the angles and the frequencies). During the exploration of the mechanics of streams
in a time-dependent potential we discovered that (long) streams show particular signa-
tures of this evolution in action-angle coordinates. This motivated us to explore the
behaviour of streams in the high-resolution cosmological simulations from the Aquarius
project when combined with the GALFORM semi-analytic model (Cooper et al. 2010;
Lowing et al. 2015). These streams are part of the accreted component of the modelled
stellar halo and formed under realistic (cosmologically sound) conditions.

The main advantage of using such a hybrid approach is that the gravitational poten-
tial is fully dynamic and not smooth, giving a good view of what to expect for streams
that have evolved in the Milky Way halo. Note that the shortcoming of this simulation
approach is the lack of a baryonic component that represents the Galactic disk, which
could affect some properties of the halo. The great level of detail due to the many dy-
namical processes taking place at the same time (and which do not carry a label but do
leave an imprint) means the analysis of this dataset serves as a good preparation for the
analysis of the forthcoming data from Gaia on the Milk Way because it forces to think of
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more realistic ways to find and analyse streams (Helmi & de Zeeuw 2000; Gómez et al.
2010, 2013).

1.5.1 Key questions

The key questions addressed in this Thesis are:

1. How can the smooth inside-out growth of a dark matter halo be modelled? (Chap-
ter 2)

2. What are the imprints of a growing dark matter halo on the properties of streams
and what is their observability? (Chapter 3)

3. How may we model streams when only approximations to the potential are avail-
able? (Chapter 4)

1.5.2 Outline

In Chapter 2 we introduce a new simple functional form to model the smooth evolu-
tion of a spherical mass distribution in a cosmological context. As discussed before, the
growth of dark matter haloes occurs in an ‘inside-out’ way for Milky Way-like haloes. The
most often used model (Wechsler et al. 2002) describes the growth of haloes found in
cosmological N-body simulations, but for some parameter choices results in unexpected
physical behaviour, such as mass decrease at small radii. To ensure the inside-out growth
of the halo and growth of mass at each radius we determined the necessary conditions,
while closely following the method by Wechsler et al. These features make our model
more suitable for studying the smooth growth of galactic potentials or cosmological ha-
los. We conclude this Chapter by showing that the new functional form fits well the
evolution of the dark matter haloes of the Aquarius cosmological simulations.

In Chapter 3 we study the evolution of streams in a time-dependent potential that fol-
lows the model developed in Chapter 2. Our goal is to find the signatures of a growing
dark matter halo on the properties of streams, and to establish if these signatures could
be observed. To this end we present a suite of test-particle experiments for a host system
that doubles its mass during the integration time and for a variety of initial conditions.
We have found a misalignment in the angular location of the apocentres of the streams
when compared to the static case and to the orbit of the centre of mass. We have de-
scribed this effect with an analytic model in action-angle variables, and found that the
most important signature of time-evolution is a difference in the slope defined by the dis-
tribution of particles along a stream in frequency and in angle space. Such a difference
in slope can also arise when the present-day potential is not correctly modelled, but in
that case streams are no longer straight lines in angle space, showing instead a wiggly
appearance and the energy gradient along the stream is disturbed. We end this Chapter
with a discussion on the observability of the effect of time-dependence in light of the
upcoming data from the Gaia satellite.

In Chapter 4 we study streams selected from the Aquarius dark matter-only simula-
tions (Springel et al. 2008) combined with the semi-analytical model GALFORM and the
tagging and resampling scheme by Lowing et al. (2015). We characterise these streams
in the angle and frequency spaces derived from an approximate but generally well-fitting
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spherical potential. Many of the Aquarius streams wrap in angle space along relatively
straight lines, and distribute themselves closely along linear structures also in frequency
space, but not exactly as seen in Chapter 3. To guide our interpretation of the different
observed features, we analysed several test-particle simulations and found that the use of
incorrect potentials and the inclusion of self-gravity leads to streams in angle space to still
be along relatively straight lines, but also to depict wiggly behaviour whose amplitude
increases as the approximation to the true potential becomes worse. In frequency space
streams typically become thicker and somewhat distorted. We found that in frequency
space the energy gradient along the stream seems almost intact, but this is not the case
for angle space. Most of the features we see in the Aquarius streams can be explained
with our analysis, although some ‘noisy’ and ‘patchy’ features remain unexplained, which
we attribute to the interactions with the large number of dark matter subhaloes present in
the cosmological simulations. We conclude that the measured angle-frequency misalign-
ments of the Aquarius streams can largely be attributed to using the wrong potential,
and that the determination of the mass growth history of these halos will only be feasible
when the true potential has been determined robustly.

1.6 Future outlook

In the next decade, a quantum leap is expected in the field of galactic dynamics driven
by the data from the Gaia satellite, succesfully launched in 2013 (Perryman et al. 2001;
de Bruijne et al. 2015b). Gaia is measuring the 3-D positions and motions on the sky
of ∼ 109 stars (of which ∼ 2× 107 with relative errors smaller than 1%), and has an
onboard radial velocity spectrograph that measures radial velocities for the brighter stars
(for ∼ 1.5×108 stars with G-magnitude < 17) (de Bruijne et al. 2015a). Together with
ground based spectroscopic follow-ups such as 4MOST (de Jong et al. 2012) and WEAVE
(Dalton et al. 2012), an unprecedented detailed view on our Galaxy will be attained,
with accurate 6-D positions and velocities, and metallicities for hundreds of millions
stars. Many groups in the field of Galactic dynamics have developed or sharpened their
models to prepare for the highly detailed data that will come2, and probably we will find
that even that is not enough to describe the many new features that may be discovered.

For streams, the most essential brickwork has been laid over a decade ago in the
form of the models that describe the evolution and properties of streams (Johnston et al.
1996; Helmi & White 1999), and in the course of time these have been greatly improved,
particularly towards measuring the mass distribution in the halo of the Milky Way. But
streams can in principle also be used to measure the number of dark subhaloes, their
properties, and their mass spectrum, and thereby constrain the ΛCDM model (Yoon et al.
2011; Carlberg 2013; Ngan & Carlberg 2014; Ngan et al. 2015).

Another important direction is the archeology of the Milky Way, because streams trace
its accretion history. Under the motto “you are what you eat”, a better understanding of
the accreted galaxies will help us understand how the Galaxy formed. Of particular
interest is the chemical composition of the stellar populations of streams and field stars
in the stellar halo, because not only is some amount of kinematic information on the
origin of these stars retained (Helmi & de Zeeuw 2000; Sales et al. 2010), but also their

2 Many of the models that will be used on Gaia data have been tested and presented during the Gaia
challenge workshops, see http://astrowiki.ph.surrey.ac.uk/dokuwiki/doku.php?id=workshop
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chemical composition can be related to their origins (Freeman & Bland-Hawthorn 2002;
Deason et al. 2015), providing extra constraints on the dwarf galaxies that contributed
to the Galactic stellar halo.

The Galaxy is not static and this also has an imprint on streams, of which we in this
Thesis only explored the small constrained part where the dark matter halo grows in a
smooth and adiabatic way (Chapter 3). It has been found that some accretion events in
the Galaxy pose a perturbation to the potential of the Milky Way that is large enough to
have an effect on the Sagittarius stream (Vera-Ciro & Helmi 2013; Gómez et al. 2015).
It would be very useful to study to which degree models that infer the potential of the
Milky Way using streams are affected by these interactions, and if these interactions can
be described as perturbations in a model similar to those developed in this Thesis.
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