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1. Introduction

1.1 Overview of the Milky Way

On a clear summer night, if we stand in the wild and look up, we will see a bright belt in the
sky, that is the disk of our galaxy, the Milky Way. The “father of observational astronomy”,
Galileo Galilei, for the first time found that the belt is in fact formed by very many densely
packed stars. For a long time, the Milky Way was believed to span the whole universe. In 1929,
Edwin Hubble used the distances to Cepheid variable stars to confirm that the Andromeda
nebula was in fact a separate galaxy, beyond the Milky Way (Hubble, 1929). Thus it was
concluded that the Milky Way is just a single galaxy in a universe far more vast than ever
thought before.

We now believe the Milky Way is a barred spiral galaxy, with total mass ∼ 1012 M� (Xue
et al., 2008). As shown in Figure 1.1, the Milky Way has three primary stellar components.
The very inner part, within about 3 kpc from the center, is the peanut-shaped bulge or bar
(Gerhard, 2002; Merrifield, 2004). The disk constitutes the main part of the Milky Way we
see with the naked eye, where there are several arms. Our Sun is located in one of them,
named the Orion Spur. Most of the stars in the disk are metal rich stars, often referred to as
Population I. The most extended part of the Milky Way is the stellar halo, where the stars
are metal poor and part of Population II. The stellar halo is expected to be dominated by
substructures beyond ∼50 kpc, with globular clusters and dwarf galaxies embedded in it,
which are tightly bound to the Milky Way.
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Figure 1.1: An artist’s impression of the Milky Way. The bulge (or bar) is located in the
center, while the highest densities of gas and dust are arranged in spiral arms in a disk. The
Sun, in the arm named the Orion Spur, is located at ∼ 8.5 kpc from the center. Credit:
NASA/JPL-Caltech/ESO/R. Hurt.
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1.2 Galaxy Formation

In the early days, there were two main models about the formation of the Milky Way. The
first model was introduced by Eggen et al. (1962). They found the eccentricities and angular
momenta of 221 dwarf stars to be strongly correlated to their ultraviolet excess, with those
with larger ultraviolet excess, having more eccentric orbits with smaller angular momenta.
That was explained by a rapid collapse, where "the oldest stars were formed out of gas falling
toward the galactic center in the radial direction and collapsing from the halo onto the
plane" (Eggen et al., 1962). Searle & Zinn (1978) studied the abundance of 177 red giants
from 19 distant globular clusters. Contrary to what is expected from the collapsing model,
they did not find a radial abundance gradient. In addition, Searle & Zinn (1978) found that
more tightly bound clusters to the Milky Way appear to have a smaller dispersion in the
color distribution of their stars. That means that distant less bound clusters have a broader
range of age than the tightly bound ones. These less bound clusters could thus have formed
in fragments continuously falling into the Galaxy after the collapse of the central part was
completed. This evidence led to the bottom-up model, stating that the Milky Way was formed
through the continuous infall of smaller systems.

Modern theories of galaxy formation are embedded in a cosmological framework. Mea-
surements of the cosmic microwave background by the WMAP and Planck satellites support
the view that the whole universe consists of 5% baryons, 68% dark energy and 27% dark
matter (see Komatsu et al., 2011; Planck Collaboration et al., 2014). Dark matter has not yet
been directly detected and it is thought it has a very weak interaction with other particles
(Strigari, 2013). During the formation of galaxies and in their dynamics, dark matter plays an
important role because of its abundance. In the Λ Cold Dark Matter model, after decoupling
from the expanding universe, density fluctuations grow and lead to the formation of dark
matter halos (Press & Schechter, 1974; White & Rees, 1978). These dark matter halos provide
deep potential wells that are capable of attracting gas that can cool and form stars, leading to
the emergence of the first galaxies (White & Frenk, 1991). Through their mutual gravitational
attraction, nearby galaxies can merge to produce even larger galaxies. This hierarchical
growth lies at the core of modern galaxy formation models.

During mergers, especially if they involve systems of very different masses, the stars from
the smaller galaxy will be stripped because of tidal forces, especially around the pericenter,
leading to the formation of a stream that follows the orbit of its progenitor (Johnston et al.,
1999), just like the streams shown in Figure 1.2. Some of the systems may survive with a
bound core left by the present day, such as the Sagittarius dwarf galaxy and the Palomar 5
globular cluster. In 1994, Ibata and collaborators discovered the Sagittarius dwarf galaxy
(Ibata et al., 1994), which is still interacting with the Milky Way as evidenced by its tidal
streams found a few years later (Ivezić et al., 2000; Yanny et al., 2000; Ibata et al., 2001;
Majewski et al., 2003). This discovery is direct evidence in support of the hierarchical
formation model for the Milky Way, at least for the stellar halo. Since then, a number of
stellar streams and substructures have been discovered (for more details see also the extensive
review Newberg & Carlin, 2016), such as the Palomar 5 stream (Odenkirchen et al., 2001),
the Monoceros ring (Yanny et al., 2003; Ibata et al., 2003), the Orphan stream (Belokurov
et al., 2006b) and the GD-1 stream (Grillmair & Dionatos, 2006a,b).

Our Milky Way is an excellent target to study galaxy formation. For the Milky Way,
we can obtain detailed information of complete samples of stars as a function of position,
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Figure 1.2: The field of streams in the SDSS footprint (Bonaca et al., 2012). The top panel is
for the northern hemisphere (see also Figure 1 in Belokurov et al., 2006b) and the bottom
panel for the southern hemisphere.
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including for example, radial velocities, proper motions and chemical abundances. Such
information is very useful, since for example, stars originating from the same progenitor
should have a similar age and chemical abundance. Together with the spatial and kinematic
information we can hope to reconstruct the merger tree of the Galactic halo (Johnston et al.,
2008).

1.3 Galactic surveys and the discovery of streams

In order to investigate the merging history of the halo of the Milky Way, both kinematic
and chemical information are important. A wide and deep survey is needed. A wide field
survey helps recover the streams all over the sky and eliminate the possible bias caused by
the orientation selection of streams when constraining the mass distribution of the Milky Way.
A deep survey helps constrain the shape of the Galactic potential at larger radii. In addition,
recovering stellar streams located at large distances may be easier, as the streams are not as
highly mixed as those in the inner part of the halo. Below we will describe some modern
surveys and report briefly on the findings relevant for the work presented in this thesis.

1.3.1 Surveys

One of the most influential surveys of our time is the Sloan Digital Sky Survey (York et al.,
2000). SDSS has mapped the northern hemisphere in 5 broad bands: u, g, r, i and z, for
objects brighter than g∼22.2. It has also obtained radial velocities and chemical abundances
for stars down to g ∼ 20.3 in SEGUE (Sloan Extension for Galactic Understanding and
Exploration), a subproject of SDSS (Yanny et al., 2009). The SEGUE spectra, of resolution
R∼2,000, have been obtained for a range of spectral types, including F and G MSTO stars in
the halo and disk, as well as K giants. APOGEE1 is another subproject of SDSS, which targets
red giant stars brighter than H = 12.2 with resolution R∼ 22,500. In this case the error of
the abundances is ∼0.1-0.2 dex (Holtzman et al., 2015) and the error of the radial velocity2 is
typically about 100-150 m/s. Following the success of SDSS/SEGUE, the LAMOST project
was developed. LAMOST is a telescope dedicated to spectroscopy (Luo et al., 2015). It
can obtain spectra for sources with R brighter than ∼ 16.8 with a high efficiency, because
of the large number of fibers (4,000) and wide field of view (20 sq.deg.). The Dark Energy
Spectroscopic Instrument3 (DESI) is a spectroscopic survey with resolution R between 2,000
and 5,500 that will obtain spectra of stars in the Milky Way, with r−band magnitude down to
∼20 (DESI Collaboration et al., 2016). HERMES is a multi-object spectrograph located in
Australia that will observe targets with magnitudes 10 <V < 14 with resolution R∼28,000
in 4 windows within the wavelength range 370-1000 nm for its main Galactic Archaeology
survey (Martell et al., 2017).

2MASS4 (Skrutskie et al., 2006) is another important photometric survey, which has
observed stars brighter than Ks ∼ 14.3 over almost the full sky with three near-infrared bands,
J (1.25 µm), H (1.65 µm) and KS (2.17 µm). The WISE (Wide-field Infared Survey Explorer)

1http://www.sdss.org/surveys/apogee/
2http://www.sdss3.org/dr10/irspec/radialvelocities.php
3http://desi.lbl.gov/
4For more information: http://www.ipac.caltech.edu/2mass/
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Figure 1.3: Aitoff project showing the density distribution of all sources in Gaia DR1. The
dust features are along the Galactic disk, while other features are indicative of different
degrees of completeness associated for example to the Gaia scanning law. The two high
density objects below the disk are the SMC and LMC. (Credit: Gaia Collaboration et al.,
2016a).

mission has obtained images of the full sky also with four infared bands, 3.4 µm, 4.6 µm, 12
µm and 22 µm (Wright et al., 2010). The Pan-STARRS1 3π survey provides a panoramic
map of the Milky Way in five bands (gP1, rP1, iP1, zP1, yP1), with δ >−30◦ down to gP1 ∼22
(Bernard et al., 2016).

The Radial Velocity Experiment (RAVE) obtained the radial velocities for more than
4.5×105 stars with I−band magnitude from 9 to 12 in the southern hemisphere (Kunder
et al., 2017). The combination of the radial velocity from RAVE with the proper motion and
distance from e.g. Starnet 2.0, Tycho-2 or SSS (Steinmetz et al., 2006) and more recently
from Gaia, has allowed the determination of full phase-space coordinates for large numbers
of stars. These have led to numerous studies of the dynamics of nearby stars (see e.g. Antoja
et al., 2012; Binney et al., 2014; Piffl et al., 2014; Antoja et al., 2015).

In order to constrain the properties and formation path of the halo of the Milky Way, full
phase-space information of its constituent stars are, in fact, a must. Launched in December
2013, Gaia5 is measuring accurate proper motions and parallaxes for more than a billion stars
during its 5-year mission (Gaia Collaboration et al., 2016b). Its first data release contains
sky positions and G−band magnitudes for 1.1 billion stars, as shown in Figure 1.3, as well

5For more information: http://www.cosmos.esa.int/web/gaia
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as accurate proper motions for the Tycho stars (Gaia Collaboration et al., 2016a; Lindegren
et al., 2016).

Gaia can only obtain radial velocities for stars brighter than G∼16. The requirement of
radial velocities for the fainter stars has driven the development of wide-field high multiplex
multi-object spectrographs. WEAVE6 and 4MOST7 are two instruments on the WHT in the
Canary Islands and on the VISTA telescope at ESO respectively, which are both designed
with a low resolution mode, R = 5,000, and a high resolution mode, R = 20,000. The radial
velocity of the stars with 16 < G < 21 will be obtained with the low resolution mode, while
the chemical information of the stars brighter than G∼ 17 will be determined using the high
resolution mode. As the two projects are placed in the northern and southern hemispheres
respectively, full 6D phase space information of representative samples of stars down to
G∼ 21 in all Galactic components, can be obtained in combination with Gaia. With both the
dynamic and chemical information, we can study the merging history of the stellar halo of the
Milky Way.

1.3.2 Discovery of Streams

Studying streams is important, not only to reconstruct the merger history of the Galaxy,
but also to determine its dynamical properties. Stars stripped from a satellite will reveal
information of the host potential (mass distribution), as their distribution follows the trajectory
of their progenitor. For example, in a spherical potential, all the angular momenta in each
direction, LX , LY and LZ , are conserved, and the motion is in a plane. Therefore, if stream
stars are found on a plane, that suggests a spherical mass distribution. More sophisticated
studies using the distribution of the Integrals of Motion, which include not only angular
momentum but also energy, or functions of these such as the actions, can help constrain
the potential (the mass distribution) of the Milky Way. Information obtained with many
different streams will of course lead to improvements in the uncertainties on its characteristic
parameters (Lux et al., 2013; Sanderson et al., 2015).

Using a large number of M-giant stars from the 2MASS dataset, Majewski et al. (2003)
mapped the the Sagittarius streams, including the leading and the trailing arms, which extend
more than 360◦ around the Galactic center (Belokurov et al., 2014). The large extent of the
stream makes it a great example to constrain the potential of the Milky Way (see e.g. Helmi,
2004; Johnston et al., 2005; Fellhauer et al., 2006; Law & Majewski, 2010; Vera-Ciro &
Helmi, 2013; Sohn et al., 2016; Thomas et al., 2017).

Focusing on stars with the colors of main sequence turnoff stars from SDSS, Newberg
et al. (2002) discovered the Monoceros Ring, a low Galactic latitude structure which is about
11 kpc from the Sun in the direction of the Galactic anti-center. With the data obtained by
Pan-STARRS1, Slater et al. (2014) mapped a much greater extent of the Monoceros ring
both in the north and south. The origin of the Monoceros Ring is still debated and has been
attributed to an accretion event, the warp of the disk, and to the response of the disk to a
perturbation induced by a satellite (Martin et al., 2004; López-Corredoira & Molgó, 2014; Xu
et al., 2015; Ruchti et al., 2015; Gómez et al., 2016).

6http://www.ing.iac.es/weave/about.html
7http://www.4most.eu
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There are also some diffuse overdensities in the sky at higher Galactic latitudes. For
example, Vivas et al. (2001) analyzed the Quasar Equatorial Survey Team RR Lyrae survey,
and found a structure with density ∼10 times higher than that of the background halo stars,
namely the Virgo overdensity. Rocha-Pinto et al. (2004) studied the 2MASS M giant stars and
discovered a significant excess which covers most of the two constellations of Triangulum
and Andromeda. The Hercules-Aquila cloud was discovered by Belokurov et al. (2007b)
using stars from the SEGUE project, and extends above and below the disk by more than 50◦.
All these overdensities have also been detected with SDSS data (Newberg & Carlin, 2016).

The SDSS catalog has also been used to detect stellar streams (Grillmair & Dionatos,
2006a,b; Belokurov et al., 2006b; Bonaca et al., 2012), as shown in Figure 1.2, some of which
were discovered using a matched filter method. This technique uses the color magnitude
distribution from a known object, such as a globular cluster or dwarf galaxy, and identifies
overdensities on the sky whose stars follow a similar distribution (Rockosi et al., 2002).
Applying the matched filter method on the catalog from the Pan-STARRS1 3π survey,
Bernard et al. (2016) recovered all of the previously known streams located in the footprint
(and which overlap with that of SDSS). Bernard et al. (2016) also discovered 5 previously
unknown streams.

Using SEGUE data, and by comparing the observed radial velocity distribution of metal-
poor main-sequence turnoff stars within 17.5 kpc in different directions on the sky with a
smooth model of the inner halo, Schlaufman et al. (2009) successfully detected several new
kinematically cold halo substructures.

Helmi et al. (1999) presented the first study using full phase-space information to suc-
cessfully identify nearby halo stellar streams. Using data from the Hipparcos satellite in
combination with radial velocities for a sample of metal-poor giants, these authors discovered
two stellar streams crossing the solar neighborhood. These streams appear as a single structure
in a projection of angular momentum space, LZ versus Lperp =(L2

X +L2
Y )0.5.

From the SDSS dataset, Smith et al. (2009) selected ∼ 1,700 halo subdwarfs in the solar
neighborhood. Those authors successfully recovered the stream discovered by Helmi et al.
(1999), and detected three new candidates. Interestingly, one of the three structures appears
to be associated with four globular clusters, possibly indicating a common larger progenitor.

In the same projection of phase-space, namely LZ versus Lperp, Morrison et al. (2009)
studied a sample of 246 metal-poor stars and found significant substructures, some of which
must have formed during or after the formation of the disk. The analysis of the substructure
present in the data led the authors to conclude that the inner halo should have been built up by
a relatively small number of progenitors.

More recently, Helmi et al. (2017) has selected a sample of halo stars from the first data
release of Gaia, TGAS (Tycho-Gaia Astrometric Solution) catalog (Gaia Collaboration et al.,
2016a), combined with RAVE, and uncovered several substructures in the space of "Integrals
of Motion", defined by energy and LZ .
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1.4 This Thesis

In this Thesis we focus on different aspects of how to find streams and substructures associated
to merger events the Milky Way might have experienced. In Chapters 2 and 4, we explore
different methods for identification depending on the information available. On the other
hand, in Chapter 3 we aim to aid observational choices to optimally recover and characterize
streams and substructures in the halo of the Milky Way.

In Chapter 2, the general aim is to establish the ability and limitations of recovering stellar
streams in datasets with full phase-space information using a halo phase-space finder. We
use the publicly available ROCKSTAR algorithm developed by Behroozi et al. (2013) on
two simulated stellar halos built up via the accretion of satellites, and which depict different
degrees of spatial mixing. We constrain the values of ROCKSTAR’s characteristic numerical
parameters essentially to maximize the number of streams recovered with high purity. We
find that ROCKSTAR performs very well on the dataset in which streams show a high degree
of spatial coherence, leading to the unique identification of approximately 42% of all the
progenitors above a given minimum size, with an average recovery of 73% for each of the
progenitors. All the substructures found by ROCKSTAR have very high purity, beyond 90%
level, i.e. have very little contamination. For the dataset in which the streams are well mixed
spatially, ROCKSTAR performs better if applied on localized volumes in space. In this case,
typically 30% of the progenitors can be identified as dominant in structures, the recovery
fraction can be as large as 38%, while the purity of the substructures is generally high and
typically above 80%.

As described above, in the coming years, wide-field multi-object spectrographs such as
WEAVE and 4MOST will perform massive surveys with the goal of unravelling the dynamics
and evolution of the Milky Way. In Chapter 3 we provide some guidance on strategies
to map the Galactic halo in order to recover merger debris. To this end, we explore the
spatial, kinematic and metallicity distributions of debris in cosmological simulations of stellar
halos. We quantify the effects of using different tracers such as red giant branch (RGB)
or main sequence turn-off (MSTO) stars, and the impact of survey coverage on the sky.
We find that RGB stars are the best tracers and that the fraction of building blocks with
M? > 1.7× 104M� that can be recovered increases almost linearly with sky coverage. A
minimum of 10,000 sq.deg. is necessary to find at least half of the building blocks, and
such a survey will reveal significant structure in the kinematics and metallicity distributions.
The brighter RGB stars can be used for high resolution studies. In a survey of 5,000 sq.deg.
these RGB stars will reveal at least 50% of the building blocks present in the volume probed,
and with comparable mass to the classical dwarf spheroidals. Systems comparable to the
ultra-faint dwarf galaxies, will mostly be detected using MSTO stars and a targeted follow-up
of photometric overdensities ought to be preferred to an unbiased survey covering a large
portion of the sky.

The aim of Chapter 4 is to identify possible substructures such as streams, globular
clusters or dwarf galaxies, in the first data release of the Gaia mission. To this end, we
introduce three algorithms, named cumulative difference, cross correlation and linear method,
that make use of the sky position and G-band magnitude for the 1.1 billion sources present
in the main Gaia DR1 catalog. We first apply these algorithms on a mock Milky Way and
on the SDSS catalogs, where there are (known) streams and compact systems, to test their
performance. We then apply the methods to Gaia DR1. In general, we find that it is very hard
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to identify streams only with sky position and G−band magnitude. However, the algorithms
work reasonably well for compact substructures, such as clusters and dwarf galaxies, as we
recover many of the known satellites including the more recently discovered Gaia-1. We also
identify candidates without a known counterpart, but the reality of such objects is hard to
establish without additional information. We are not only limited by the lack of multiband
photometry, but also by the imprints left by the scanning law of Gaia, which introduces
significant spurious structures.

We look forward to exploiting the various catalogs of the Gaia mission that will become
available over the next few years. These catalogs, in combination with radial velocity and
chemical information, will likely reveal many streams and substructures and be used not only
to derive the history of the Milky Way, but also to constrain the Milky Way’s mass distribution
out to a very large distance.




