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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.
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Abstract1

The general aim of this work 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 localised volumes in space. In this
case, typically 30% of the progenitors can be identified as dominant in a given structure, the
recovery fraction can be as large as 38%, while the purity of the substructures is generally
high and typically above 80%.

1Authors: H. Tian, A. Helmi & R. E. Sanderson, to be submitted
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2.1 Introduction

In the concordance Λ cold dark matter model, the stellar halos of large galaxies like the Milky
Way are predicted to have formed hierarchically, from the mergers of smaller systems. The
leftovers of these accretion events would be in the form of hundreds of stellar streams (Helmi
& White, 1999; Helmi et al., 2003). The discovery of the Sagittarius dwarf galaxy by Ibata
et al. (1994) and subsequent observations demonstrated an accretion process in action, as
Sgr is currently undergoing tidal disruption and contributing significant streams to the halo
of the Milky Way. Since then many streams and substructures have been uncovered, such
as the GD-1 stream (Grillmair & Dionatos, 2006a,b), Helmi streams (Helmi et al., 1999),
Monoceros Ring (Yanny et al., 2003; Ibata et al., 2003) and Orphan stream (Belokurov et al.,
2006b) to name some examples in the Milky Way (see also the reviews by Grillmair & Carlin,
2016; Smith, 2016). Despite these discoveries, it is likely our census of streams is incomplete,
particularly in the inner regions of the Galaxy where mixing timescales are short. It has thus
not yet been possible to establish quantitatively the importance of accretion and mergers in
the history of the Milky Way.

Streams may also be argued to be key to the determination of the shape and the potential
of the Milky Way, as stream stars follow closely (but not exactly) a single orbit (Binney &
Tremaine, 2008; Eyre & Binney, 2009; Sanders & Binney, 2013). The Sagittarius stream
has been used extensively to constrain the shape and the potential of the Milky Way (see e.g.
Law & Majewski, 2010; Vera-Ciro & Helmi, 2013, for recent results). Conclusions based on
fitting a single stream have their limitations, so ideally more streams should be used as this
will ensure more accurate results are obtained (Lux et al., 2013; Sanderson et al., 2015).

The Gaia satellite2 launched at the end of 2013, is currently measuring the spatial location
and kinematical properties of a stupendously large number of stars. After 5 years of operation,
the (end of the mission) proper motions are estimated to have an accuracy of about 20µas at
15mag and 200µas at 20 mag (Perryman et al., 2001), and for stars down to G∼ 16 also a
radial velocity measurement will be available. This high quality data set of approximately
1.5×108 stars with full phase-space information will therefore constitute a unique opportunity
to find streams in the Galaxy, characterise its accretion history and mass distribution.

Intermediate data releases from the Gaia mission are being made available in the mean-
while, with the first Data Release having taken place last September 2016 (Gaia Collaboration
et al., 2016a). This data release contains for the vast majority of stars brighter than G∼ 12 a
proper motion and parallax measurement obtained by combining the sky coordinates from
two epochs, namely from Tycho-2 at J1991.25 and from Gaia at J2015.0 (known as TGAS
dataset, see Lindegren et al., 2016). In combination with the RAVE (Kunder et al., 2017)
and LAMOST (Luo et al., 2015) datasets, this has allowed the construction of samples of
a few hundred thousand stars with full phase-space information that are already providing
interesting new insights into the Galaxy (e.g. Monari et al., 2017; Helmi et al., 2017). Al-
though this first data release is smaller in size (e.g. TGAS contains 2 million stars), the next
data release currently scheduled for Spring 2018, will yield proper motions and parallaxes for
almost all stars down to G∼ 20. Such an increase in size highlights the necessity to develop
and possibly optimize methods to identify stellar streams.

Especially in the context of dark matter simulations, many algorithms have been developed

2For more information: http://www.cosmos.esa.int/web/gaia
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to find (spatially) coherent and compact substructures. A common objective has been e.g. the
determination of the mass function of dark matter (sub)halos in cosmological simulations. Ex-
amples of such algorithms include SUBFIND (Springel et al., 2001), ROCKSTAR (Behroozi
et al., 2013), HOT6D (Ascasibar & Binney, 2005; Ascasibar, 2010; Knebe et al., 2011),
S-Tracker (Han et al., 2012; Elahi et al., 2013) and STF (Elahi et al., 2011) (see also Knebe
et al., 2011, for a comparison of different algorithms). They typically employ 3D physical
positions, and in some cases all 6D phase-space coordinates (position and velocity). For
example, the STF algorithm by Elahi et al. (2011) aims to identify structures by using the fact
that locally they should depict significantly different velocities with respect to the (smooth)
background. The above-mentioned algorithms have been applied to recover tidal debris
as well. For example, Elahi et al. (2013) have applied HOT6D, S-Tracker (which follows
structures with time), STF and ROCKSTAR on the Aquarius cosmological dark matter only
simulations. These authors concluded that e.g. ROCKSTAR and STF perform relatively well,
although the tidal streams identified have a maximum purity of 40% and spurious detections
constitute at least 25% of all the structures found. On average, ROCKSTAR performs slightly
better as it can recover the a higher fraction of all particles associated to streams.

Stellar streams should be in principle easier to identify, as they result from a much more
compact and denser phase-space distribution than the dark matter streams. However, the
above algorithms have never been tested on stellar halos, and given their relatively average
performance in recovering tidal debris in dark matter only simulations, the question remains
as to what method to use for stellar streams. For example, Lynden-Bell & Lynden-Bell (1995)
and Johnston et al. (1996) have argued that streams should be located on great circles on
the sky, if they have evolved in a potential that is close to spherical and on non-radial orbits.
Methods such as GC3 (Johnston et al., 1996; Mateu et al., 2011) exploit this idea. For streams
which are not very strongly clumped in physical space, Helmi & de Zeeuw (2000) proposed
the use of a FOF algorithm in the space defined by angular momentum (for example L and Lz)
and total energy E. In their simulations of stellar halos (and in subsequent work, e.g. Gómez
et al., 2010, 2013), they found streams to cluster in this space, while being phase-mixed
in configuration space. One of the limitations of this method is that it uses knowledge of
the potential of the Milky Way, and in particular it assumes it has not evolved, although
Gómez et al. (2013) considered halos built up in cosmological simulations. It seems therefore
worthwhile exploring whether other methods that use full phase-space information but do
not make assumptions about the potential or its symmetries can be identified and applied to
samples of halo stars when these become available.

In this context, Sharma & Johnston (2009) presented Enlink, an algorithm to find sub-
structures in multi-dimensional spaces. This density-based hierarchical group finder employs
an adaptive metric and allows the identification of structures with different shapes and density
contrasts. Another density based hierarchical structure finder was introduced by Maciejewski
et al. (2009), and also uses the adaptive metric calculated by the ENBID algorithm (Sharma
& Steinmetz, 2006). With a connectivity parameter, the finder can detect different kinds of
structures, whether bound or unbound, above the Poisson noise level.

In this chapter, as a first step and in preparation of the full exploitation of the Gaia
data releases, we establish the applicability and limitations of a method like ROCKSTAR
in the best set of conditions. Instead of testing different algorithms on one data set, we test
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ROCKSTAR3 with two different data sets containing stellar streams produced under realistic
conditions. The two datasets differ in the degree of mixing of the tidal debris, with one
case where all the coherence in physical space has been lost (a regime which has not really
been tested in cosmological simulations). We use idealised conditions, in which errors in
the observables and fore-/background are not taken into account, in order to establish the
weaknesses and robustness of the method. The chapter is structured as follows. In Section 2.2
we present the two datasets used and introduce the methodology, the basic characteristics of
the ROCKSTAR algorithm and the statistics used to quantify its performance. In Section 2.3
and 2.4 we present the results of applying ROCKSTAR to the two datasets. Our conclusions
are summarized in Section 2.5.

2.2 DATA AND INTRODUCTION TO METHODOLOGY

2.2.1 The datasets

The datasets used to test the ability of ROCKSTAR to recover stellar streams, consist of two
different simulations of the assembly of the Galactic stellar halo. In both cases the halo is
purely the result of the accretion of satellite galaxies.

The first dataset was introduced in Sanderson et al. (2015) who used it to test a new
method to determine the characteristic parameters of the Galactic potential. This data sample
(DS1, hereafter) contains ∼ 1.7× 106 particles (“stars”) from 150 satellites, which have
evolved under a spherical isochrone mass distribution that aims to represent the Galactic
potential. The distribution of the luminosities of the satellites follows the function derived
by Koposov et al. (2008). The number of particles per satellite is determined by assuming
a constant mass-to-light ratio, and so is proportional to the luminosity, which results in 57
of the 150 satellites having less than 100 particles. Their properties (mass and scale radius)
were assigned according to the parameterized fundamental plane (Tollerud et al., 2011). The
test-particle satellites, which are Plummer spheres, were evolved for at least 5 orbits and for a
maximum of 13.6 Gyr. Their orbits have a uniform inclination cos i = Lz/L distribution, and
follow circularity distributions similar to those found in cosmological simulations (Wetzel,
2011).

Figure 2.1 shows an Aitoff sky projection of the distribution of the particles in DS1
for different distances from the center, while Figure 2.2 plots their Vr vs. r distribution for
different locations on the sky, as seen from the galactic center. Different colors represent
different progenitors. Notice that in DS1, the streams are spatially coherent, but within the
inner ∼ 10 kpc, they have a high degree of overlap. In the outer parts, the streams are very
easily distinguishable even by eye.

The second dataset (DS2) is the stellar halo modelled in Helmi & de Zeeuw (2000). In
this case, 33 satellites give rise to an accreted halo. The luminosity function of the satellites
follows a Gaussian distribution with mean 2.5× 107L� and dispersion 107L�, and their
internal properties (velocity dispersion and size) are drawn from scaling relations for dwarf
galaxies. An important difference with DS1 is that the gravitational potential under which
the satellites have evolved is comprised of a spherical logarithmic halo, a Miyamoto-Nagai

3We use here ROCKSTAR version 0.99.9RC3.
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Figure 2.1: Aitoff projection of the distribution of all the particles of DS1 viewed from the
galactic center. The distance ranges are indicated in the insets. Different colors represent
different progenitors.

Figure 2.2: The distribution of particles in Vr vs r space for DS1. The left and right panels
correspond to particles above, respectively, below the galactic plane, while the rows are for
different galactic quadrants. As in Figure 2.1, different colors show different progenitors.
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Figure 2.3: Aitoff projection of the distribution of particles in DS2 viewed from the galactic
center. The distance ranges are indicated in the insets. Different colors represent different
progenitors.

Figure 2.4: As in Figure 2.2, the distribution of particles in Vr vs r space now for DS2, for
different galactic octants and with the same color coding as in Figure 2.3.
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disc and a spherical Hernquist bulge. This axisymmetric potential is thus a more realistic
representation of the Milky Way compared to that used in DS1. The full dataset contains
3.3×106 particles. In Figures 2.3 and 2.4 we show the Aitoff sky projection of the particles
for different distance slices, and their Vr vs r distribution, respectively. Clearly the streams are
not spatially coherent but highly mixed as a result of the non-spherical nature of the potential.
However, in phase-space, and specifically in velocity space, streams are still clumped as we
shall show below (see also Figures 3 and 8 in Helmi & de Zeeuw, 2000).

Note that both datasets assume the stellar halo has been fully built via accretion, implying
that there is no smooth background in the models. It is not yet known how much of the stellar
halo has been built in-situ, and studies like these should help address this question when
suitable datasets become available. On the other hand, the disks of the Galaxy could provide
a smooth foreground. What we implicitly assume when neglecting their contribution is that a
halo sample can be isolated, for example, by using metallicity information (as in, e.g. Helmi
et al., 2017).

2.2.2 Method

ROCKSTAR (Robust Overdensity Calculation using K-Space Topologically Adaptive Re-
finement) introduced by Behroozi et al. (2013) is an algorithm for identifying dark matter
halos, substructures and tidal features based on a Friends-of-Friends (FOF) concept. The
algorithm proceeds in a number of steps, that we now describe in more detail keeping in mind
the application here is for streams recovery.

In the first step the algorithm divides the whole volume occupied by the streams in
configuration space into 3D FOFs groups. This is done to optimize computational resources
especially for large data samples. The default linking length is a characteristic parameter, and
the default value in Behroozi et al. (2013) is b = 0.28 (see Section 2.3.1 for more details).

In the second step a hierarchy of FOF subgroups is constructed using now the full phase-
space coordinates of the particles. This is done for each of the 3D FOF groups found in step
1. To identify 6D FOF structures requires a definition of a metric and a linking length or
equivalent parameter. The phase-space distance metric is defined as follows:

d(Pi,Pj) =

√
|xi−x j|2

σ2
x

+
|vi−v j|2

σ2
v

(2.1)

where xi and x j are the positions of two particles, vi and v j are their velocities, σx and σv are
the particle position and velocity dispersion in the given FOF group. Instead of defining a
linking length to assign particles to groups, this is iteratively determined at each level of the
hierarchical tree by requiring that a fixed fraction f of the particles are linked together with at
least one other particle. In this chapter we have explored four different values for f, namely
0.6, 0.7, 0.8 and 0.9. As we demonstrate in Section 2.3.1 this parameter has a significant
effect on the results obtained when the method is applied to our datasets. Note that the highest
level of the hierarchical tree (which we denote by level-0) is the 3D FOF group identified
in the first step. The algorithm then identifies subgroups in phase-space and defines a new
(deeper) level4, repeating the procedure until a floor is reached given by the smallest size

4The first level of the tree that uses full phase-space information is thus level-1
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substructure permitted. We denote this minimum number of particles in a substructure as
Nmin

S .

In the third step particles are assigned to the various structures found in step 2. Also in
this step, two structures at position x1 and x2 with velocities v1 and v2 may be merged if√

|x1−x2|2µ
−2
x + |v1−v2|2µ

−2
v < 10

√
2 (2.2)

where µx = σx/
√

n and µv = σv/
√

n, and σx, σv and n are all for the smaller of the two
structures being considered.

Therefore ROCKSTAR at the deepest level finds substructures above the minimum size,
then assigns each particle in the dataset only once to those substructures following the
procedure described. When applying the method to our datasets, we find that the third step
introduces contamination. Furthermore, we have also found that streams are often significantly
fragmented if the deepest levels of the tree built in step 2 are used for “assigning” particles to
structures. Therefore rather than using the final output from ROCKSTAR (the substructure
catalog), we have modified the code (see Appendix 2.6) and consider substructures found
during the second step of the algorithm at various intermediate levels. Which intermediate
level is most appropriate, can be determined from the dataset itself as we discuss below.

Since stellar streams typically are more compact locally in velocity space than in configu-
ration space (Helmi & White, 1999), we explore a modification of the phase-space metric in
Equation (2.1) and include what we call “weight ratios” WP:WV such that now

d(Pi,Pj) =

√
W 2

P ×|xi−x j|2
σ2

x
+

W 2
V ×|vi−v j|2

σ2
v

. (2.3)

The default weight ratio in ROCKSTAR is therefore, 1:1 (for more details please see Appendix
2.6).

To evaluate the quality of the results obtained by ROCKSTAR, following Elahi et al.
(2013) we also calculate three quantities: purity, recovery fraction and merit fraction . If i
denotes the index for the progenitor satellites, j denotes the index for the substructures found
by ROCKSTAR, ni j is the number of the particles belonging to the ith progenitor assigned to
the jth substructure, then the purity is defined as

Pj =
max

i
(ni j)

NS
j

, (2.4)

i.e. it measures for each substructure j, the maximum contribution of a single progenitor
normalised by the number of particles in that substructure NS

j . The recovery fraction

Ri =

max
j
(ni j)

NP
i

(2.5)

measures for each progenitor i, the maximum contribution of a single substructure normalised
by the size of the progenitor NP

i .
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Finally the merit fraction is defined as (Klimentowski et al., 2010)

mi j =
n2

i j

NP
i ×NS

j
(2.6)

measures the contribution from each substructure to each progenitor, and quantifies how
well they are recovered. For example, if mi j is larger than 0.1, then we can say that the ith
progenitor can be recovered by ROCKSTAR as the jth substructure at a greater than 10%
level. The larger the merit fraction is, the more completely the progenitor has been recovered
by one substructure with high purity.

In cosmological numerical experiments that compare the behaviour of dark matter only
to hydrodynamical simulations, it is often important to identify the (sub)halos that are
counterparts of one another in each of the simulations. In such cases, structures found with a
merit value lower than 0.2 are considered failed (Libeskind et al., 2010). In contrast, we will
consider merit values lower than these, and the reason is that a given progenitor or satellite
galaxy may have given rise to multiple streams that are widely separated in physical space
(for example, leading and trailing streams, and their further wraps). Therefore, we expect the
more mixed the debris from a single object, the lower the value of the merit, independently of
how well and what fraction of the streams have been recovered by the algorithm.

2.3 Analysis of DS1

As discussed in the last section, we might need to use different values of the characteristic pa-
rameters of ROCKSTAR than those specified in Behroozi et al. (2013), because ROCKSTAR
was optimised to find halos (which are compact structures in configuration and in velocity
space). In contrast here we are interested in stellar streams (which are generally spatially
extended). So in this section, we seek to find a set of good values of the parameters that will
allow us to use ROCKSTAR to recover as many as possible progenitors from the distribution
of stars in phase-space in our simulated stellar halos.

During this analysis, we set the minimum number of the particles in a substructure to
Nmin

s = 100. Note that 57 progenitors in DS1 have a smaller number of particles. This
implies that these satellites will not be fully recovered but their particles could contaminate
the substructures found.

In what follows we explore the results obtained by changing the 3D linking length b, FOF
fraction f and weight ratio WP:WV in detail.

In the analysis of performed in this section we have found that it is sufficient to focus on
the substructures identified by ROCKSTAR at level-1 of the hierarchical tree. In this level,
already around 85% of all the particles in DS1 are assigned to substructures.

2.3.1 Exploration of the parameters in ROCKSTAR

Choice of 3D FoF linking length: b

We have tested two different values of b, namely 0.15 and 0.28. The value b = 0.15 is the
lower bound to the values commonly reported in the literature (see e.g. More et al., 2011),
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Figure 2.5: Exploration of ROCKSTAR’s performance on the purity (top panels), recovery
fraction (middle panels) and merit fraction (bottom panels) for three different combinations
of its characteristic parameters. The left column has b = 0.15 and f = 0.7, the central column
b = 0.28 and f = 0.7, while that on the right b = 0.28 and f = 0.9. In the bottom panels,
only those progenitor-substructure pairs with merit fraction larger than 0.1 are shown, where
the colors indicate the merit fraction of the pair, and where the dashed line corresponds to the
1:1 relation. The open symbols in these panels correspond to progenitors that are recovered
by more than one substructure.

while 0.28 is the default value of ROCKSTAR set by Behroozi et al. (2013). Figure 2.5 shows
the results obtained.

The top row panels in this figure plot the purity Pj against the size of the substructure NS
j ,

the middle row the recovery fraction Ri vs. the size of the progenitor NP
i , and the bottom row

the merit fractions of all substructure and progenitor pairs with mi j above a value of 0.1. From
left to right, the first column corresponds to b = 0.15 and f = 0.7, the middle to b = 0.28 and
f = 0.7, and b = 0.28 with f = 0.9 for the panels on the right. In all cases, the weight ratio
takes the default value WP:WV = 1:1. The number of substructures found are 92, 95 and 69
respectively (see also Table 2.1).

The top row panel of Figure 2.5 shows that the purity of the substructures is quite high
and very close to 1 in all cases. Only two of the larger structures found by ROCKSTAR with
∼ 105 particles have lower purity with P∼ 0.5. The middle row panels show that recovery
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Figure 2.6: The progenitor ID 44 as recovered for three different choices of ROCKSTAR’s
parameters (b, f ): (0.15,0.7) (left), (0.28,0.7) (middle) and (0.28,0.9) (right). The black
dots are particles in the progenitor, while the filled colored points are the particles in the
substructure in which this progenitor is dominant.

fractions have a large scatter. For b = 0.28 and f = 0.9 for example, of all the 93 progenitors
with at least 100 particles, 46 progenitors are not recovered at all. In fact, most progenitors
with fewer than 103 particles are not recovered. On the other hand, there are 47 objects that
contribute with particles to the substructures found by ROCKSTAR. For these objects the
median recovery fraction is∼ 0.73 for the left and middle columns, and 0.87 for the rightmost
column with b = 0.28 and f = 0.9, with R values up to 0.98. Given the high purity of the
substructures, this lower than unity recovery fractions imply that the progenitors that are
recovered by ROCKSTAR are divided into small pieces, and this is especially true for the
smaller progenitors.

This same conclusion can also be drawn from the distribution of merit fraction values
plotted in the bottom row panels, where we only show pairs of substructure and progenitor
for merit values greater than 10%. Points above the 1:1 line correspond to substructures that
are larger than the progenitors, implying that they have contamination, or in other words, they
contain particles contributed by more than one progenitor which also leads to lower than unity
purity. On the other hand, those below the 1:1 line have lower than unity recovery fraction, as
the substructures are smaller than the contributing progenitors.

In summary, the fact that relatively few substructure-progenitor pairs are plotted in this
figure is because most substructures have merit lower than 10%, which is consistent with
the fact that many small substructures are found by algorithm with high purity but their
contribution to a given progenitor (as measured by the recovery) is minor.

Comparison of the left and central column panels shows that the two linking lengths
explored provide very comparable results. This implies that the initial separation in 3D
FOF groups performed by ROCKSTAR does not lead to fragmentation in the progenitors
or streams in the dataset. This step could therefore be skipped for small datasets, but for
larger ones it is computationally convenient. Table 2.1 lists the number of substructures, the
associated number of particles, and the average merit, purity and recovery fractions.

Figure 2.6 shows a representative example of how ROCKSTAR performs for the pa-
rameters explored in Figure 2.5. Here the black dots are the particles from progenitor ID
44, while the filled colored symbols correspond to particles from this progenitor recovered
by a single structure. This substructure in fact has P = 1 for all the cases explored in the
figure. The recovery of the progenitor that is associated to this substructure is 0.925 for the
left and middle panels (where the FOF fraction is fixed) while it is 0.98 for the rightmost
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b f NS NP 〈m̂ j〉 〈P〉 〈R〉
0.15 0.7 92 874891 0.007 1.000 0.734
0.28 0.7 95 881891 0.007 1.000 0.734
0.28 0.9 69 1436993 0.261 1.000 0.870

Table 2.1: Performance of ROCKSTAR for different linking lengths b and FOF fractions f ,
as quantified by the number of substructures found NS, number of particles associated to the
substructures NP, median merit fraction (over all substructures), purity and recovery fractions.
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Figure 2.7: From top to bottom median purity, recovery and merit fractions, respectively
as function of FOF fraction f and for different weight ratios (with different symbols and
colors). In the bottom panels, the filled symbols correspond to the median of the distribution
of the maximum values of the merit fraction for all substructures, while the open symbols
consider these for all progenitors (see the text and Equation 2.7 for more details). The error
bars represent the 20 and 80 percent quantiles.
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panel. Comparison of the different panels again reveals minor differences, and very slight
improvements for b = 0.28, which we therefore take as our default value for the rest of the
chapter.

Choice of FOF fraction: f

Table 2.1 as well as the comparison of the middle and right hand-side panels of Figures 2.5 and
2.6 clearly show that the higher FOF fraction value f = 0.9 works much better than f = 0.7,
as significantly more particles are found to be associated to substructures of comparable
high-purity. Also the recovery and merit fractions are higher. This is correlated with the fact
that the particles are bundled in a smaller number of substructures, and that a larger number
of progenitors are recovered, as can be seen in Figure 2.5.

To determine with more confidence the best value of the FOF fraction f we test four
different cases, namely 0.6, 0.7, 0.8 and 0.9. Larger values are not discussed here because
they are computationally more costly and bring limited improvement.

In Figure 2.7, we show the median purity (top), recovery (middle) and merit (bottom)
fractions for the various values of f explored. The filled symbols in the bottom panels
correspond to median over all substructures found. That is, for each substructure j we define
a "max-merit fraction” as

m̂ j =
max

i
n2

i j

NP
i ×NS

j
, (2.7)

i.e. it is computed using the progenitor that contributes the most to substructure j. The open
symbols in the same panels show an alternative median max-merit fraction which is computed
by finding the substructure j that recovers the highest fraction of progenitor i.

This figure shows that the purities are always high and close to 1, nearly independently of
the value of f . A higher FOF fraction leads to an increase in the average recovery fraction
of about 15 percent, as well as to an increase in the median merit fraction of almost 0.3,
from 0.14 to 0.42 for substructures, while when taken the median for progenitors it has a
value of ∼ 0.5. The reason the median max-merit for the progenitors (open symbols) is larger
than that for the substructures (solid symbols) is best understood with the following example.
Let us consider a progenitor that is fully recovered by three pure substructures with sizes
N1 > N2 > N3, then according to the definition, the max-merit fraction for this progenitor
should be N1/N, where N = N1 +N2 +N3. On the other hand, the max-merit fractions for the
three substructures will be N1/N, N2/N and N3/N. This example shows why the max-merit
fractions of the substructures will never be larger than that of the progenitor being recovered.

Figure 2.8 zooms into these results by plotting the distributions of sizes of the substructures
found by ROCKSTAR, split into the respective max-merit values (with different colors) for
different values of f . The black curves correspond to all the substructures found (where
the number of substructures found is given in the inset), and shows that the distribution of
substructure sizes changes slightly as f varies, in the sense that a lower f produces more
substructures of smaller size than e.g. f = 0.9 (as already noted). The colored lines show
that larger values of f always lead to larger values of the merit fraction for all substructures,
independently of their size. Note that for a substructure with high purity (as typically is the
case), the max-merit fraction effectively measures the recovery fraction. Furthermore we
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see that large substructures typically have higher max-merit fractions than small ones. This
may be understood from the fact that these larger structures typically have higher recovery
fractions as shown also in Figure 2.5.

Based on the results presented in this section, it is clear that the higher FOF fraction
f = 0.9 works best. We take this as our default value for the rest of the chapter.

     

0.01

0.10

1.00

fr
a
c
ti
o
n
 o

f 
s
u
b
s
tr

u
c
tu

re
s

     

0.01

0.10

1.00

fr
a
c
ti
o
n
 o

f 
s
u
b
s
tr

u
c
tu

re
s

     

0.01

0.10

1.00

fr
a
c
ti
o
n
 o

f 
s
u
b
s
tr

u
c
tu

re
s

2 3 4 5 6
size of the substructures (log(N))

0.01

0.10

1.00

fr
a
c
ti
o
n
 o

f 
s
u
b
s
tr

u
c
tu

re
s

Figure 2.8: The distribution of substructure sizes for different values of the FOF fraction
f as indicated in the insets in each of the panels. In each panel, the colored lines show
the distribution of max-merit values as function of substructure size. All the black curves
are normalised to the total number of substructures identified by ROCKSTAR for each f
value explored. We use different size open symbols to avoid cluttering. Note that, for some
substructure sizes no structures are recovered, meaning that the fraction is zero and cannot be
plotted on a logarithmic scale. This is why only adjacent points are connected.

Comparison of the weight ratios

Figure 2.7 also shows the results on the purity, recovery and merit fractions for varying weight
ratios, WP:WV from 1:1, 1:2, 1:4 to 1:8. It is interesting that this comparison shows that the
best results are obtained for the default value of WP:WV =1:1. Increasing the velocity weight
leads to a decrease in the recovery and merit fractions in contrast to what we might have
expected. Possibly the reason for this is that, in this data set, the potential is spherical, so the
streams are still very coherent in space. We have also tested weight ratios WP:WV =2:1 for
f = 0.9, but found no improvement with respect to the default value.

Therefore, for this data set, we keep the weight ratio to its default value, WP:WV =1:1.
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Figure 2.9: Aitoff projection of the distribution of particles associated to the substructures
identified by ROCKSTAR in DS1, where the color assignment is that given by the level-1 tree
output. The bigger substructures are plotted before the smaller ones to make the latter more
apparent. The values of ROCKSTAR’s parameters used in this figure are b = 0.28, f = 0.9
and WP:WR =1:1. For comparison see Figure 2.1.

Figure 2.10: The distribution of particles associated to substructures found by ROCKSTAR in
r versus Vr space. The color-coding is the same in Figure 2.9. For comparison see Figure 2.2.
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Figure 2.11: Left: Size of the progenitors versus their apocenter distance. The black solid
circles are the set of progenitors that are not recovered by ROCKSTAR, and includes also
a few objects with max-merit fraction smaller than 0.1 using the definition in Equation 2.7.
The filled triangles correspond to progenitors with merit fraction larger than 0.1 with the
color-coding representing the respective max-merit fractions. Right: Progenitor size versus
infall time ( This is defined as how long the satellites have been evolved in the simulation).
The symbols and color coding are the same as for the figure on the left.

2.3.2 Results for DS1

We now proceed to analyse the results obtained for our default values of the parameters,
namely linking length b = 0.28, FOF fraction f = 0.9 and weight ratio WP:WV =1:1. Figures
2.9 and 2.10 show qualitatively our results, and can be directly compared to Figs. 2.1 and 2.2,
respectively. Obviously the color coding used in these two sets of figures is different because
here we plot the output of ROCKSTAR, i.e. the substructures found, whereas in the original
Figs. 2.1 and 2.2 we plotted the progenitors.

This comparison shows immediately that the method performs well, recovering many of
the input streams, without fragmentation and with very high purity. This is even the case for
the streams in the inner halo, which are strongly overlapping in space. The vast majority of

Figure 2.12: Aitoff projection of the distribution of particles associated to the substructures
identified by ROCKSTAR in DS1 in the distance bin [10,20] kpc, where the color assignment
is that given by the levels 2 (left) and 3 (right) of the tree output.
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these substructures have high purity and each tracks effectively a single progenitor. Of the
93 progenitors with more than 100 particles, there are 39 different objects that are dominant
(P > 0.5) in the substructures found by ROCKSTAR, effectively implying that ∼ 42% of all
the progenitors have been “uniquely” identified. On average, more than 85% of the particles
in the progenitors are recovered. It is only for the outer regions, where progenitors are less
well recovered5.

To understand better this result and to find out which kinds of progenitors are recovered
more easily, we explore the dependences between infall time, size of the progenitor and
apocentric distance in Figure 2.11. The apocenter distance is a useful parameter because it is
where stars spend most of the time. The left panel of this figure shows progenitor size versus
apocenter distance. It is clear that small progenitors (with less than 1000 particles) can only
be found if their apocenter distances are smaller than ∼ 10 kpc. On the other hand, the right
panel shows that the size of the progenitors recovered does not correlate strongly with infall
time. However, small progenitors are only recovered for late (< 8 Gyr) infall times. This
is likely related to the fact that old streams of low mass progenitors will have dispersed too
much in space to be recovered by ROCKSTAR well.

As stated in the introduction of this section, the results presented here correspond to those
obtained by considering the structures found in the first level of the tree. If we probe deeper
levels of the tree, the number of particles linked to structures does not increase significantly,
but there is an increasing amount of fragmentation, as clearly illustrated in Figure 2.12 for the
distance bin [10,20] kpc for levels 2 (left panel) and 3 (right panel) of the tree. This figure
can be directly compared to the third panel of Figure 2.9.

2.4 Analysis of DS2

We now test the performance of ROCKSTAR on our second data set, DS2. This is a more
challenging mock stellar halo sample because the streams are phase-mixed and they overlap
significantly in space (see Figure 2.3). The individual streams are however, apparent in
velocity space in localised volumes in space, or in integrals of motion space as shown by
Helmi & de Zeeuw (2000).

Because of the high degree of mixing, we will proceed in two different ways. We will
first apply ROCKSTAR to the full DS2 sample, but we will also apply it to restricted volumes
centered on different locations throughout the simulated halo.

In the following analyses we set the minimal size of the substructures to be identified by
ROCKSTAR to Nmin

S = 50 because we expect to find fewer particles per stream (since a given
progenitor produces multiple streams) than for DS1.

2.4.1 Results for the whole DS2

Unlike for DS1, ROCKSTAR does not find many structures in the first output level of the
hierarchical tree in the case of DS2, and therefore we need to explore deeper levels of the
tree. We proceed as follows. We consider all structures identified down to a given level. We

5particles in the outer regions are assigned at level-0 to a single large structure, i.e. “a background”, which
ROCKSTAR fails to break further into smaller structures for deeper levels of the tree.
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Figure 2.13: Aitoff projection of the distribution of particles assigned down to level-5 of the
ROCKSTAR tree for DS2. There are 360 substructures found (excluding the largest one), and
the particles are color coded according to which structure they belong to as described in the
text. Here the values of the characteristic parameters of ROCKSTAR are those found to work
well for DS1, that is b = 0.28, f = 0.9 and WP:V :WV =1:1. For comparison see Figure 2.3.

Figure 2.14: The same particles as those in Figure 2.13 now plotted in Vr vs. r space, using
the same color coding. For comparison see Figure 2.4.
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Figure 2.15: The distribution of the particles in E versus Lz space. In the left panel the
different colors represent different progenitors and in correspondence with that of Figure 2.3.
In the panel on the right, the different colors show the different substructures identified by
ROCKSTAR down to level 5 of the tree and the color coding is the same as in Figure 2.13.
Note that also here, the largest structure found is not plotted.

assign particles to the structures only once, starting from the deepest level under consideration.
Whatever particles are leftover in a higher level structure are treated as a separate substructure.
For example, if the deepest level considered is level-2, and a structure S1 identified in level-1
has been split into two structures in level-2, i.e S1

2 and S2
2, but not all of the particles in S1 are

associated to these deeper level structures, then the remaining particles are associated to a
third structure S1− (S1

2 +S2
2).

Figures 2.13 and 2.14 show the results obtained by ROCKSTAR on DS2 with the default
values of the parameters as determined in the explorations of DS1, that is b = 0.28, f = 0.9
and WP:WV =1:1. The assignment here is that produced by the 5th level of the tree. From
these figures alone it is hard to quantify the performance of the method, even by comparison
to the original Figs. 2.3 and 2.4.

Therefore we turn to the integrals of motion space E vs Lz, i.e. energy vs z-angular mo-
mentum originally proposed by Helmi & de Zeeuw (2000) to be better suited for identification
of satellite debris, as here it is expected to be more strongly clustered. Figure 2.15 shows the
distribution of particles in this space. In the panel on the left the color coding is that of the
progenitors, while in the right panel, it is provided by the output of ROCKSTAR down to
level-5 (the same as that used in Figure 2.13 and 2.14). This figure is possibly more helpful in
determining how successful ROCKSTAR has been on identifying the various satellites that
are part of DS2. We notice that while ROCKSTAR has identified many structures, there is not
a one-to-one correspondance to the original satellites, and that some are strongly fragmented
(e.g. the object with Lz ∼ −1500 kpc km/s). Recall, however, that ROCKSTAR works in
phase-space (not integrals of motion space) and that its objective is to find structures coherent
both in space and velocity, so this may not be so surprising. Similar results are found for other
numerical values of ROCKSTAR’s characteristic parameters.

The decision to consider all levels down to the 5th is based on the behavior of the different
performance metrics at different tree levels, as shown in Figure 2.16. In this figure, the blue
solid circles denote the median purity of all the structures identified down to the deepest level
being considered, excluding always the largest one at each level, this is because the largest
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Figure 2.16: Performance indicators of ROCKSTAR as function of the output tree level
for DS2. The asterisks are the number of particles associated to substructures found by
ROCKSTAR normalised by the total number of particles in the dataset. The blue solid cicles
correspond to the median purities, the yellow triangles to the median recovery fractions, and
the dark green squares to the median max merit fractions. In all cases, the error bars show the
20 and 80 percent quantiles, respectively. All the statistics are computed excluding the largest
structure found at each level of the tree.

structure, especially for the first levels of the tree has contributions from many different
objects, unlike what happens in the case of DS1. For level-1 many substructures are found,
and most of these are small and have very high purity. As the next levels are explored, the
median purity remains nearly constant and very high. The median max-merit fraction, defined
as in Equation (2.7) for the progenitors, is indicated by the dark green squares and seems
to be roughly constant beyond some level. The median recovery fraction, plotted as yellow
triangles increases first, reaches a maximum and then drops only slightly. This indicates that
there is a level at which, on average, the size of the substructure that has the most particles
from the progenitor reaches a maximum, possibly optimal value.

Another interesting quantity plotted in Figure 2.16 is the number of particles associated
to substructures identified at a given level, excluding those in the largest one. These are
the purple asterisks. Note that the three statistics, namely recovery fraction, the max-merit
fraction as well as the number of particles in substructures remain very nearly constant for
levels deeper than the 5th. This implies that the structures identified at deeper levels are
basically subsets of those found in level-5, and therefore the consideration of deeper tree levels
leads to unphysical fragmentation (this is further supported by the fact that both recovery and
max-merit fraction also decrease slightly beyond level-5). It is interesting that the deepest
level that should be considered (i.e. no additional information can be gained by doing more
refinements) can be determined from the dataset itself, i.e. from the number of particles
associated to the structures and does not require knowledge of the progenitors. Recall that,
on the other hand, purity, max-merit and recovery fractions can only be computed if the
properties of the parent ensemble are known and this information is not available a priori
in reality. This implies that the saturation point in the number of particles associated to
substructures found can be used as a criterion to decide the output level of the hierarchical
tree when applying ROCKSTAR to observational datasets.
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Figure 2.17: ROCKSTAR performance indicators, namely median purity with blue circles,
median max-merit fraction for the progenitors with dark green squares, median recovery with
yellow triangles, and fraction of particles associated to substructures with purple asterisks, for
the three boxes considered in DS2, from left to right, N1, N2 and N3. These results are for the
values of the ROCKSTAR parameters found to work well for DS1, as described in the text.

Box X(kpc) Y (kpc) Z(kpc) N

N1 4 0 0 139262
N2 10 0 0 9401
N3 20 0 0 967

Table 2.2: General information regarding the cubic boxes used for the analysis of DS2: the
cubic box number ID, the central coordinates, and the number of particles in each box.

2.4.2 Localised volumes in DS2

Since the results obtained by applying ROCKSTAR to the full DS2 dataset were not very
satisfactory, in this section we focus on whether the situation can be improved by analysing
localised volumes in physical space. The reason for considering this is that streams are so
phase-mixed in DS2, that little information of their common provenance remains in physical
space. However, in velocity space, streams are very coherent, provided these are explored
on relatively small spatial scales, such that orbital velocity gradients are not very important.
We consider three 4 kpc-on-a-side boxes located at different galactocentric distances, whose
properties are given in Table 2.2.

In Figure 2.17 we show the distributions of the median purity, the recovery and max-merit
fractions, and the assigned particle number fraction for each of the volumes considered
using the optimal values found for DS1 of ROCKSTAR’s parameters b, f and WP : WV .
As for the full DS2 dataset, we find for all boxes that the fraction of assigned particles to
substructures does not vary significantly beyond a certain level which is different for each box.
Recall that this means the largest substructures one level higher are not being divided into
smaller “physical” units, but that from this level down, there is more fragmentation than purity
improvement. We find that for volumes N1 and N2 the assigned particle number fractions
attain a value of ∼ 0.6, and this is reached at level 4 for N1 and level 2 for N2. For the box N3,
because of the smaller number of particles present, ROCKSTAR’s deepest level is 4 (recall
this is set by the smallest size structure allowed), and this is the level we consider for the
remaining analysis. Although there is no saturation point apparent, the fraction of particles
associated to structures at this level is nonetheless already around 0.5. We proceed next to
assign the particles to the substructures found down to these levels.

The results obtained can be visually inspected in Figures 2.18, 2.19 and 2.20 for boxes
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Figure 2.18: Distributions of the particles in the box N1 in energy vs. angular momentum
space (top panel) and velocity space (middle and bottom panels). In the left panel different
colors represent different progenitors. For the panel on the right we plot all particles associated
to the 46 substructures found by ROCKSTAR down to level 4. In this case, different colors
represent different substructures.
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Figure 2.19: Same as Figure 2.18 for particles in the box N2, where the panels on the right
are for substructures assigned down to level-2 by ROCKSTAR.
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Figure 2.20: Same as Figure 2.18 for particles in the box N3, where the panels on the right
are for substructures assigned down to level-4 by ROCKSTAR.
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N1, N2 and N3 respectively. In the panels on the left, the color coding corresponds to the
original progenitor assignment, while for the panels on the right, it is the assignment given by
ROCKSTAR. This is why different color coding is used. The top panels show the distribution
in E vs Lz, while the middle and bottom panels correspond to different projections of velocity
space in a cylindrical frame.

For the innermost box N1 shown in Figure 2.18, there are 32 progenitors contributing to
this volume (all with at least 50 particles), while ROCKSTAR finds 46 (excluding the largest)
substructures with at least 50 particles. Comparison of the left and right hand-side panels
shows that ROCKSTAR has problems identifying groups that are diffuse in E-Lz. The groups
found have a relatively high purity, with a median of 0.97. The median recovery fraction of
the 25 progenitors contributing to the 46 substructures in this box is 0.25 (and decreases to
0.12 if all progenitors contributing to the box are counted), but only 11 different progenitors
are dominant in the substructures recovering those progenitors (i.e. they contribute more than
50% of the particles). On the other hand, the median max-merit fraction is relatively low, of
the order of 0.05. Because only particles assigned to substructures can be color-coded in the
right hand-side panels, there is a difference in number of particles between the plots on the
left and on the right columns.

For box N2 located at 10 kpc and shown in Figure 2.19, 31 progenitors are contributing
(out of which 23 with at least 50 particles each). ROCKSTAR identifies 9 groups (excluding
the largest), and the correspondance to the different progenitors appears to be somewhat better.
This is also reflected in the median recovery fraction, which for the 24 progenitors contributing
to the 9 substructures reaches a value of ∼ 0.47 (and drops to 0.36 if all progenitors in the
volume are considered). Note that it is clear that ROCKSTAR works in position and velocity
space, rather than integrals of motion space. For example the system with E ∼ −1×1010

(km/s)2 and Lz ∼ 1200 kpc km/s contributes streams to this volume with very different radial
velocities VR, and ROCKSTAR has identified each one of these streams as separate groups
(in orange and blue on the right hand-side panels). This is in general what we expect from
ROCKSTAR: unless the streams are spatially continuous within the volume considered, then
each kinematic group would be expected to give rise to a different structure identified by
the algorithm. It is only by inspecting a space like that of integrals of motion that it may
be possible to link these together. In this volume, there are 5 different progenitors that are
dominant in the substructures identified by ROCKSTAR.

Finally, for box N3 located at 20 kpc, there are only 9 progenitors contributing to this
volume (with 6 with at least 50 particles). At level-4 ROCKSTAR has identified 6 groups
(excluding the largest) with contributions from 6 different progenitors, and the correspondance
again is relatively good. This is also reflected in the median recovery fraction which is 0.33
(and ∼ 0.27 for all) progenitors in this box. In this case, 4 different progenitors are dominant
in the substructures.

Note that the presence of multiple streams originating in the same progenitor will gen-
erally lead to a low max-merit fraction, and this will depend on how many streams each
progenitor contributes with to the volume considered. For example, let us consider a pro-
genitor contributing NP particles to this volume and split into two equal size streams. If
ROCKSTAR performed perfectly then the number of particles found in each stream from
this progenitor would be NS

1 = NS
2 = NP/2. This implies the merit fraction of each of these

substructures would be m11 = m21 = 1/2, and this would be also the value of the max-merit



36 Chapter 2. ROCKSTAR in recovery: Finding Stellar Streams in Phase Space

fraction. More generally, given nstr streams crossing a given volume from the same progenitor,
the max-merit fraction will always be lower than 1/nstr.

We have also tested an FOF fraction of f = 0.7 for box N2, and found that less than half
of the particles are assigned to substructures in comparison to when f = 0.9 is used. While
this is consistent with the definition of f , it is not very satisfactory in terms of recovery and
identification of structures. We have also explored a different set of weight ratios, namely
WP:WV =1:4. Perhaps surprisingly, this did not yield a significant improvement, and very
similar values for the average purity, merit fractions and number of particles assigned were
obtained.

2.5 Discussion and Conclusions

We have applied the phase-space halo finder algorithm ROCKSTAR to two simulated datasets
consisting of stellar streams originating in accreted satellites. ROCKSTAR was originally
developed by Behroozi et al. (2013) and has been shown to perform well in identifying
compact structures such as subhalos in cosmological simulations. On the other hand, Elahi
et al. (2013) have shown that in the identification of dark matter streams, the performance is
poorer, with substructure purities that do not exceed 40%. The decrease in performance is
clearly caused by the fact that subhalos are typically compact in all dimensions in phase-space,
in contrast to dark matter streams which are elongated and diffuse in physical space. However,
ROCKSTAR had never been tested on stellar streams and since these originate from an
initially more compact configuration in phase-space than the majority of dark streams, we
expected to find important differences.

ROCKSTAR constructs a hierarchical tree based on a FOF concept where the distance
between particles is a generalised distance in phase-space. The method’s characteristic
parameters are the 3D FOF linking length b, the 6D FOF fraction f (number of particles that
are linked together in a structure) and the relative weights between the normalised spatial and
kinematic distances WP:WV =1:1. Given that our dataset is significantly different from those
used in e.g. Elahi et al. (2013) we first explored what values of these characteristic numerical
parameters gave rise to the best results.

We have found our results to be fairly insensitive to the 3D linking length, which we for
convenience set to b = 0.28. In both datasets analysed, the best performance was obtained
when the FOF fraction was set to a high value of f = 0.9 and for a weight ratio WP:WV =1:1.
Instead of using the substructure catalogue output by ROCKSTAR, we constructed our own
catalogue that uses all structures found down to a given level of the tree. The optimal level
used can be identified as that at which the contamination and fragmentation can reach a
balance. It is important to note that this level can be determined directly from the dataset
itself by using the number of particles associated to structures found by ROCKSTAR in the
different levels.

For the first dataset we analysed, DS1, which consisted of streams essentially distributed
along great circles on the sky, i.e. spatially coherent, ROCKSTAR performed very well. In
this case, we used the catalogue of substructures identified in level-1 of the ROCKSTAR tree,
which associates ∼ 85% of all the particles present to substructures. Approximately 42% of
the progenitors were identified, with a median recovery of 0.88+0.06

−0.55. All the substructures
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found have very high purity (beyond the 90% level), i.e. they are strongly dominated by a
single progenitor and suffer little contamination.

The second dataset DS2 we have analysed consisted of streams that are fully phase-mixed.
In this case deeper levels of the hierarchical tree needed to be used. Furthermore the algorithm
performed better using localised volumes in space than when applied to the whole dataset
at once. This is presumably because there is little information left in the spatial dimensions
and by focusing on small volumes, the coherence of the kinematic structures is maximised.
We considered 3 different volumes with different galactocentric distances, namely 4, 10 and
20 kpc. In all cases, the output level of ROCKSTAR that is optimal is defined by when the
number of particles associated to the substructures found excluding the largest one, saturates.
Below this level, true structures are fragmented, and above this level, they are less pure and
the recovery and merit fractions are lower. Because ROCKSTAR looks for structures that
are clumped in velocity (and space), it identifies as separate structures the individual streams
originating in a common progenitor. This is why typically ROCKSTAR does not reach very
high merit fractions on DS2, which range from 0.05 for the innermost volume considered, to
0.25 for the outermost one. This makes it hard to quantify the performance of ROCKSTAR in
recovering the individual systems contributing streams to the given volume, although visual
inspection confirms that ROCKSTAR is recovering the structures correctly. This is further
confirmed by the fact that the median purity of the structures is always high, with values
> 80%. Of all the progenitors in the volumes, 34%, 16% and 33% are dominating any given
single structure identified by ROCKSTAR for the innermost, intermediate and outermost
box. In these volumes 64%, 55% and 49% respectively, of the particles are associated to the
structures (excluding the contribution of the largest one). To link the structures (i.e. individual
streams) identified by ROCKSTAR it may be useful to explore the space of integrals of
motion, where the different streams originating from the same object ought to occupy similar
(relatively small) regions. Another important consideration when applying this on the Gaia
catalogue, is to find a way to connect the substructures which originate in the same progenitor
but are found in different boxes. Perhaps a similar approach of moving to the space of
integrals of motion can be used.

It is perhaps also interesting to compare, at least qualitatively, the results obtained by Helmi
& de Zeeuw (2000) on the DS2 simulation. The comparison is not readily straightforward
however, because these authors focus on a volume of roughly 6 kpc radius centered at 8
kpc after convolution with the expected errors from Gaia at the time (although these have
not changed significantly over the years for halo stars) and the statistics used were different.
When applying an FOF algorithm in the space of energy, total-angular momentum and its z-
component, Helmi & de Zeeuw (2000) found that 14 out of the 33 progenitors were recovered
by a single structure with purity higher than 70%. Visual inspection of the kinematics of the
structures recovered by ROCKSTAR in the volume at 10 kpc (shown in Figure 2.19) with
their Figure 8 shows that an algorithm using clustering in E-Lz may be more suitable, possibly
because the structures are better defined and have higher contrast when all the particles are
clumped in a single structure than when each of the kinematic streams has to be individually
recovered.

The Enlink algorithm (Sharma & Johnston, 2009) is similar in concept to ROCKSTAR,
and has been applied on stellar halo-like simulated as well as to observational datasets of
halo stars (Sharma et al., 2010, 2011). Although the simulations used by these authors are
somewhat different from ours, they may be considered to be intermediate between DS1 and
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DS2, in the sense of still displaying spatially coherent streams at large distances (as DS1), and
well mixed ones in the inner regions (DS2). As demonstrated by Sharma & Johnston (2009),
Enlink performs also very well in terms of purity of the structures found, a property that is
shared with ROCKSTAR when applied to both our datasets. However, in terms of average
recovery (of all satellites), its performance seems to be lower, and typically by a factor of 5
than for DS1, and even for DS2 by a factor 4 lower (averaged over all boxes considered).

The analysis presented here constitutes only a first step in the general objective of charac-
terising the merger history of the Milky Way. An important next step is to test the algorithm
on cosmological simulations of the formation of stellar halos such as those provided by the
Aquarius suite (Lowing et al., 2015). This could be plausibly be combined with a foreground
model for the Milky Way (e.g. Robin et al., 2012) to assess the effect of contamination by
for example the Galactic disk(s), bulge or even a smooth stellar halo (Brown et al., 2005). It
could also be envisioned that the effect of errors could be included, now that the first Gaia data
release has become available and the mission performance is understood. This will allow one,
not only to test the performance of the method on more realistic datasets, but also perhaps
to establish what the limitations might be in trying to reconstruct the merger history of the
Galaxy using e.g. the Gaia datasets.

In fact, we have attempted to apply ROCKSTAR to the Gaia data available at this point in
time. We used the sample of halo stars compiled by Helmi et al. (2017), that was obtained by
combining the TGAS (Gaia Collaboration et al., 2016a; Lindegren et al., 2016) and RAVE
DR5 (Kunder et al., 2017) datasets. However, we were severely limited by the size of the
sample that only contains approximately 1000 stars but of similar characteristics as DS2 in
terms of complexity. This number of stars is simply too small for streams in phase-space to
be populated sufficiently importantly such that ROCKSTAR could identify them well, given
that the minimum size of a structure in position and velocity space has to be greater than at
least 10 particles. In that case, it is more efficient to turn to the space of integrals of motion
as demonstrated by Helmi et al. (2017). We thus eagerly await future Gaia data releases
to put into practice the lessons we have learned through the research presented here (Gaia
Collaboration et al., 2016a; Koposov et al., 2017).

Acknowledgements

The authors thank Peter Behroozi for his great help about understanding ROCKSTAR. AH
acknowledges support from the ERC under StG GALACTICA-240271 and an NWO-Vici
grant. HT acknowledges support from the China Scholarship Council with project code
201206040040. RES is supported by an NSF Astronomy and Astrophysics Postdoctoral
Fellowship under award AST-1400989.

2.6 Appendix: The modifications made in ROCKSTAR

We list here the made minor changes we have implemented in the ROCKSTAR algorithm.
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2.6.1 Outputs of the tree

We output now every subgroup identified by ROCKSTAR in each level of the tree separately.
The output code is inserted in the function void _find_subs in the file groupies.c. We export
all the particles in the structure f .

2.6.2 Characteristic parameters

The linking length, the FOF fraction and the minimal size of the substructure are listed in the
files rockstar.cfg which will be created after running .\rockstar -c quickstart.cfg datafile.

Two files are changed to allow changes in the weight ratio, namely groupies.c and sub-
halo_metric.c. The change in groupies.c is in the function norm_sd. The last row of the code

f−> particles[i].pos[ j] = (( j < 3)?(sig_x) : (sig_v));
is changed to

f−> particles[i].pos[ j] = (( j < 3)?(sigx/wp) : (sigv/wv));

where the wp and wv are the weights in Equation 2.3. In the file subhalo_metric.c the
function calc_particle_dist

return sqrt((r2(h−> r ∗h−> r))+ v2(h−> vrms∗h−> vrms));
is changed to

return sqrt((wp∗ r2(h−> r ∗h−> r))+wv∗ v2(h−> vrms∗h−> vrms));





3. Exploration of the distribution of debris in simulated stellar halos

—Observational strategies and the recovery of building blocks

Abstract1

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 this chapter provides some guidance specifically 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 and in a survey of 5,000 sq.deg. 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.

1Authors: H. Tian & A. Helmi, to be submitted
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3.1 Introduction

In the modern cosmological paradigm, galaxies like the Milky Way are believed to have
grown in mass via mergers (White & Rees, 1978). The remnants of such mergers events are
predicted to be primarily in their halos (stellar and dark matter, see Helmi & White, 1999;
Helmi, 2008). Thus by studying the stellar halo of a galaxy we can hope to understand
its formation path (Johnston et al., 2008). Because of current limitations of observational
techniques, it is quite difficult to observe stellar halos in external galaxies because of their
low surface brightness. Furthermore, studies using resolved stars are limited to a few galaxies
beyond the Local Group (e.g. Monachesi et al., 2016). In contrast for the Milky Way, we can
determine the kinematical and astrophysical properties for a large number of stars, which is
critical for galactic archaeology studies (Freeman & Bland-Hawthorn, 2002).

This is in fact a golden age for Galactic archaeology. Large surveys such as SDSS2 (York
et al., 2000) and PanStarrs3 (Slater et al., 2013; Bernard et al., 2016) have completely changed
our view of the outer halo of the Milky Way, revealing a complex mixture of streams and large
spatial overdensities thanks to multi-band photometry and large sky coverage (Belokurov
et al., 2006b; Bonaca et al., 2012; Bernard et al., 2016). The debris discovered still retains a
relatively large degree of spatial coherence, making its detection feasible with photometry only
(Newberg & Carlin, 2016; Grillmair & Carlin, 2016). However, photometry is insufficient to
detect older debris or debris located in the inner halo, and kinematic information is imperative
(Smith, 2016; Gómez et al., 2013). This is because the merger debris is too phase-mixed and
its spatial coherence is lost (Helmi & White, 1999).

Launched in December 2013, the Gaia4 space mission is currently carrying out a census
of all the stars brighter than G = 20.7 over a period of 5 years (Perryman et al., 2001; Gaia
Collaboration et al., 2016a). From this data accurate proper motions and parallaxes will
be obtained for a billion stars in the Milky Way. Gaia will also measure radial velocities
for the brighter stars, those with G < 16. Therefore at the end of the mission, Gaia will
have obtained tangential velocities for a billion stars but radial velocities only for 15% of
those. This has led the community to push for the development of wide-field high multiplex
multi-object spectrographs on 4m and 8m class telescopes. Two examples in the European
scene are WEAVE5 (Dalton et al., 2012) on the WHT in the Canary Islands and 4MOST6

on the VISTA telescope at ESO (de Jong et al., 2012). Both projects will carry out massive
spectroscopic surveys of a representative sample of the stars observed by Gaia with two
different modes: a high resolution with R = 20,000 and low resolution mode with R = 5,000.
The low resolution mode will allow the measurement of precise radial velocities for stars with
magnitudes 16 < G < 21 in a reasonable amount of time. From the high resolution mode
it will be possible to derive accurate chemical information for stars brighter than G ∼ 17.
These two powerful instruments, one in the North and one in the South, in combination with
the Gaia mission will allow us to obtain full 6D phase-space information of a representative
fraction of all the stars down to G∼ 21 and chemical information for the brighter stars. Such
chemical abundance information can be useful both to find merger remnants but perhaps even
more importantly to characterize their progenitors (Johnston et al., 2008; Lee et al., 2015).

2 http://www.sdss.org/
3https://panstarrs.stsci.edu/
4 http://www.cosmos.esa.int/web/gaia
5http://www.ing.iac.es/weave/about.html
6http://www.4most.eu
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The goal of this chapter is to provide guidance on the observational strategies to map the
Galactic halo with such multi-object spectrographs in order to recover merger debris. We
wish to quantify the expected degree of inhomogeneity in the distribution of such debris. We
will focus on choices regarding the use of different tracers and extent of surveys on the sky
in order to maximize the recovery of the building blocks of the stellar halo. To this end, we
explore the spatial and kinematics distribution of the debris in cosmological simulations of
stellar halos, 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. In Section
3.2 we describe the cosmological simulations of the stellar halo used for the analysis. In
Section 3.3 we focus on the spatial distribution of accreted debris, with emphasis on the
characterisation of its variation on the sky, and on the differences found by using different
tracers. In Section 3.4 we explore line of sight velocity distributions and metallicity across
the sky. In Section 3.5 we study the dependence of the recovery of the building blocks in
terms of the area surveyed. We present our conclusions in Section 3.6.

3.2 Cosmological stellar halos

3.2.1 The simulations

We use the stellar halos modeled by Cooper et al. (2010) and Lowing et al. (2015). These
authors have coupled the Aquarius dark matter cosmological simulations to the GALFORM
semi-analytic model of galaxy formation. The version of GALFORM used is that of Font
et al. (2011), which produces a good match to the observed properties of satellite galaxies, a
scale that is particularly relevant to the work presented here. In a first step, suitably selected
particles (typically the 1% most bound particles from halos hosting galaxies) from the very
high resolution Aquarius simulations are assigned stellar populations according to the galaxy
formation model. Based on those tagged particles, Lowing et al. (2015) then generated
catalogs of individual stars.

These stellar halos have therefore fully formed via mergers and accretion. The main
advantage of this set of models is that the properties of individual stars are available and
can therefore be used in a straightforward fashion to motivate observational strategies or for
comparison to surveys of the Galactic halo (Cooper et al., 2013, 2015; Xue et al., 2011). On
the other hand, because these models are based on collisionless simulations, the systems do
not include a particle-based disk component nor is there an in-situ component in the stellar
halos. However, for the purpose of characterising the distribution of building blocks they are
close to ideal because of their high resolution.

Our set of 5 stellar halos, Aq-A to E, all have different masses. This is at least in part a
reflection of their dynamical mass being different. Table 3.1 lists their properties as well as
the number of RGB and MSTO stars with magnitudes in the range 15 < g < 21. Note that
from here on we use g-band magnitudes and not Gaia G because the Lowing et al. (2015)
database provides magnitudes in the ugriz system. Further, since Lowing et al. (2015) do
not provide the stellar masses of the halos and the published catalogs only sample stars with
Mg < 7, we have computed the stellar masses and luminosities of the halos and their building
blocks ourselves. To this end, and like Lowing et al. (2015) we have used the Kennicutt IMF
(Kennicutt, 1983) to estimate the fraction of stellar mass in the range 0.1−0.5776M� (i.e.
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M200 Mhalo
∗ NRGB NMSTO

(1012M�) (108M�) (×106) (×106)
A 1.84 5.90 1.63 7.81
B 0.82 4.68 3.55 30.21
C 1.77 10.60 1.87 7.53
D 1.74 18.45 6.75 20.41
E 1.19 9.68 7.87 43.49

Table 3.1: Some properties of the Aquarius halos: virial mass M200 from Cooper et al. (2010);
stellar halo mass Mhalo

∗ (see text for details); and number of the RGB and MSTO stars with
magnitudes in the range 15≤ G≤ 21.

starting from roughly the mass of a brown dwarf), to that in the range 0.62−0.7M�: flow,M .
From the catalog we have computed the total mass of all the stars in the latter range, M0.62−0.7,
and hence derived the stellar mass missing from the catalog as Mlow = flow,M ∗M0.62−0.7. We
find flow,M = 8.258. We then added this mass to the total mass in stars obtained taking into
account all the stars in the catalog with masses m > 0.62M�. On the other hand, to compute
the luminosity, we first fitted a mass-luminosity relation in the V -band for stars of 10.1 Gyr
with masses in the range 0.1−0.5776M�. We found the mass-luminosity relation to follow
the form LV ∝ m7.3 (consistent with observations of nearby M dwarfs, Benedict et al., 2016).
We then proceeded in the same way as for the stellar mass and computed the flow,L = 0.629.
The resulting Llow was then added to the luminosity of all the cataloged stars to derive the
total luminosity of the stellar halos (and their building blocks).

The luminosity distribution of the building blocks of the different halos is shown in
Figure 3.1. The dashed lines correspond to objects that have been disrupted, while the solid
curves correspond to those that still depict a bound core without significant amounts of
extra-tidal material. The criterion we have used to distinguish between these two classes
is quite coarse: an object is disrupted if the size measured by the dispersion in the spatial
direction (σ = (σ2

x +σ2
y +σ2

z )
1/2) is larger than 10 kpc. Note the large number of small

progenitors, with MV >−5, a region that is observationally rather unconstrained and where
galaxy formation models can differ significantly depending on their implementation of stellar
feedback, UV background and reionization. Nonetheless, the amount of mass and stars these
objects contribute is almost negligible, and so is their impact on the results presented here.

The luminosity function plotted in Figure 3.1 depicts some differences in comparison to
that shown in Figure 9 of Cooper et al. (2010). Firstly because the version of GALFORM used
is different (Font et al. instead of Bower et al.). Secondly, for the computation of the current
luminosity of the satellites, we have used all the stars, including those that have already been
stripped. Finally, because of our coarse characterisation of disrupted vs survivors, objects
with a small bound core fall now in the category of disrupted building blocks. Table 3.2
summarizes the number of disrupted building blocks for different mass ranges for each of the
Aquarius halos.
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Figure 3.1: Cumulative distribution of the progenitors of the Aquarius stellar halos as a
function of their absolute magnitude MV . The dashed lines show the distribution for the
disrupted satellites (with size larger than 10 kpc as measured by their dispersion in position),
while the solid lines correspond to the survivors located within 280 kpc. For the computation
of the absolute magnitude, all the stars originally belonging to the systems have been taken
into account.

[in M�] A B C D E
M∗ ≤ 103 2 74 3 7 3
103 < M∗ ≤ 104 33 18 40 26 20
104 < M∗ ≤ 105 54 10 71 24 15
105 < M∗ ≤ 106 10 4 10 9 1
106 < M∗ 9 9 17 16 10

Table 3.2: Number of disrupted building blocks for different mass ranges for the Aquarius
stellar halos.
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3.2.2 Stars in the simulations

As described above, Lowing et al. (2015) re-sampled the tagged dark matter particles and
associated stellar populations to produce stellar halos where every particle is a star with
a given luminosity, according to the age and metallicity of the single stellar population it
belongs to. Red giant branch (RGB) stars and main sequence turn off (MSTO) stars are highly
complementary and often used as tracers in Galactic surveys. RGB stars are intrinsically
bright and can be observed at large distances hence probing the outer regions of the halo. Here
the mixing timescales are long and merger debris retains spatial coherence. Furthermore, this
is also the region where dark matter is dominant, and RGB stars can thus be used to map its
distribution and derive for example, the total mass of the Galaxy. On the other hand, MSTO
stars can be easily identified by their blue colors, and being more abundant (by a factor 5
to 10 than RGB stars), they can be used to trace accretion events from smaller progenitors
which produce lower surface brightness streams. In this chapter we will explore what kind
of information can be retrieved by using these different tracers, and what kind of biases or
limitations may be introduced by using either of these.

To this end, we have subdivided our sample by apparent magnitude into bright and faint
RGB stars, and MSTO stars. Lowing et al. (2015) provide a flag to identify the RGB stars,
while for the MSTO we consider those stars with 0.1 ≤ (g− r) ≤ 0.3 and Mg > 4, i.e. our
selection is slightly bluer than that used in Lowing et al. (2015). The bright RGB have g-band
magnitudes 15≤ g≤ 16, and the faint RGB as well as the MSTO cover 16≤ g≤ 21. These
choices are motivated by the types of samples that will be constructed for spectroscopic follow
up. The bright RGB stars can be studied with high resolution, while the faint samples will
likely be the targets of the low resolution studies, where accurate line of sight velocities can
be obtained as well as basic chemical information, such as a metallicity and α-enhancement
for reasonable amounts of exposure and telescope time on 4m-class telescopes.

Because the Aquarius suite are dark matter only simulations, there is no preferred sym-
metry plane. Following Lowing et al. (2015) we assume the Galactic disk plane to be
perpendicular to the minor axis of the moment of inertia tensor defined by the dark matter
distribution in the inner 10 kpc. The Sun is located at (X ,Y ,Z)=(8,0,0) kpc, with the x−axis
along the major axis on this plane.

Figure 3.2 shows an example of a disrupted galaxy and how it is traced by the RGB
and the MSTO stars. This object has a total stellar mass comparable to a small classical
dwarf 8.4×104M�. The black dots in this figure denote all the stars in the progenitor, the
cyan circles are the MSTO stars and the red circles are the observable RGB stars. From
this example we note that the RGB stars are nearly all observable (large red circles) across
the whole structure. On the other hand, only the MSTO stars located within a volume of
∼ 15−20 kpc from the Sun (large cyan circles) are observable, highlighting as argued above
that the two types of tracers are highly complementary.

Figure 3.3 shows the density distributions of different tracer stars on the sky. In this figure
we have divided the sky into 60 × 40 bins along galactic longitude l, and sine of the galactic
latitude sinb, respectively. The left panel shows the distribution of faint RGB stars, with
16 ≤ g ≤ 21, and depicts a large number of overdensities and streams for all halos. Note
as well the presence of satellite cores, many of which are located at several tens of kpc. In
this magnitude range, RGB stars can be found at distances of up to 100 kpc, or even beyond,
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Figure 3.2: Spatial distribution of stars from a building block with stellar mass 8.4×104M�
of the Aq-A stellar halo. The cyan circles denote the MSTO stars while the red circles are the
RGB stars, where those that are observable are shown with larger symbols. The black points
are stars in neither of these two classes.
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Figure 3.3: Sky density distributions for different tracers in the Aquarius stellar halos as
indicated by the labels. The bright RGB have magnitudes 15≤ g≤ 16, and the faint RGB as
well as the MSTO cover 16≤ g≤ 21.

depending on their intrinsic luminosity. In contrast, the middle panels show that the spatial
distribution of bright RGB stars is relatively smooth. This is because the volume probed by
this sample extends up to about 40 kpc from the Sun, and this is clearly apparent in the large
overdensity seen in the middle of the panels for all halos, which corresponds to the centre of
the simulated halo (located at 8 kpc from the observer). The faint MSTO stars shown in the
panel on the right, depict a similar distribution as the sample of bright RGB stars, as expected
since they probe a similar volume. Because of their larger numbers, some overdensities are
more readily apparent and thus have a higher statistical significance.

3.3 Debris from building blocks on the sky

Figure 3.4 shows the distribution of the progenitors with different colors for the stellar halo in
Aq-A. The top panel corresponds to the RGB stars, and the bottom to the MSTO stars. These
tracers are separated in apparent magnitude bins as a way of slicing through distance from the
Sun. The small scale lumpiness which are apparent in the MSTO sample is caused by the
resampling method of the dark matter particles present in the original Aquarius simulations.

The first point to notice is that both bright MSTO and RGB stars trace the more massive
progenitors whose spatial distribution is well mixed. Faint RGB stars, on the other hand, reveal
many spatially coherent streams for all Aquarius halos, although this varies slightly from
halo to halo. As expected, the faintest magnitude bin for the MSTO sample depicts similar
behaviour as the third brighter bin of the RGB stars. Further examples of the distribution
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of RGB stars on the sky for the different Aquarius halos are given in the Appendix (Section
3.7.1).

To quantify the degree of variance in the number of progenitors on the sky in Figure 3.5
we have plotted the number of detectable progenitors per pixel for all the Aquarius stellar
halos. We say that a progenitor is detectable if more than 5 of its stars can be found in the bin
on the sky. As in Figure 3.3 we have used different tracers, namely faint RGB, bright RGB
and faint MSTO in the left, middle and right hand side panels respectively.

Figure 3.5 shows that the largest number of different progenitors are found at the center of
the halo, and this number ranges for example for Aq-A from 49 if traced by MSTO stars and
from 27 for RGB stars, while for example for Aq-C the number of progenitors traced is 66
and 39 for MSTO and RGB stars respectively. Therefore, the first conclusion from this figure
is that the MSTO stars can trace more detectable progenitors across the whole sky than the
RGB stars, even though the fainter RGB stars probe a larger volume. The reason is their sheer
number. Note that with our requirement that a progenitor is detectable if it has at least 5 stars
in a sky bin, we effectively introduce a bias for the RGB sample: structures from systems
such as the ultra-faint dwarf galaxies, which often have just a handful of RGB stars will not
be considered as observable. This is why, and although there may be many more streams in
the outer regions that could potentially be probed by RGB stars, they are not apparent in our
plots.

The next interesting question is how often is a field dominated by a single progenitor
or building block, and what is the distribution of such pixels on the sky. In Figure 3.6 we
have plotted for the Aq-A stellar halo the purity of each pixel on the sky, which is defined as

pi j =
max(nk

i j)

∑k nk
i j

, where i and j are the index of the bin along longitude and latitude, and nk
i j is the

number of the stars in i jth bin from kth progenitor. For this figure we have taken into account
all progenitors (also those contributing less than 5 stars to a given sky bin). We separate this
into different magnitude ranges using RGB stars and MSTO stars as tracers. The higher the
purity, the higher the fraction of stars in that bin that are from a common progenitor.

This figure shows that especially the fainter RGB stars trace well spatially coherent
streams (this was also apparent from Figure 3.4), and this is revealed by the high purity of
the pixels on the sky. On the other hand, the MSTO stars reveal the highest purities in the
magnitude ranges considered in regions towards the halo centre. For the faintest magnitude
bin, they also reveal streamy features. These results hold for most of the Aquarius stellar
halos as can be seen in the Appendix (Section 3.7.1) for the RGB tracers, except for Aq-E. In
this case, a very massive building block dominates the distribution on the sky for a range of
magnitudes, both in the RGB and MSTO samples.

3.4 Kinematic and metallicity characterisation

3.4.1 Galactocentric radial velocity distribution

Figure 3.4 shows that spatial information alone is often not enough to recover much merger
debris. We therefore turn to what may be obtained from spectroscopy, namely line-of-sight
velocities and metallicity or chemical abundance information. Stars from accreted satellites
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RGB

MSTO

Figure 3.4: The distribution of stars on the sky for different magnitude ranges for Aquarius
halo A, for RGB and MSTO stars. The colors are coded according to the progenitor IDs. The
small scale lumpiness apparent in the MSTO sample, is due to the resampling method of the
dark matter particles present in the original Aquarius simulations.
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Figure 3.5: The distribution of the number of progenitors in the sky bins. Only progenitors
with at least 5 stars in one bin are taken into account. The left, middle and right panels show
the distributions traced by respectively, the faint RGB, the bright RGB, and the MSTO stars.
The white areas/bins correspond to regions where there is no progenitor contributing more
than 5 stars traced by the specific type of star.
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RGB - purity

MSTO - purity

Figure 3.6: The purity of the bins on the sky traced by RGB and MSTO stars for different
magnitude ranges in the Aq-A stellar halo. At the galactic center, an MSTO star would have
an apparent magnitude of g∼18.5, while for an RGB with absolute magnitude Mg=0.5, then
g∼15.
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will move coherently through space and therefore will have similar line-of-sight velocities at
a given physical location.

Figure 3.7 shows the distribution of radial velocity VGSR in the Galactic standard of rest
frame for the RGB (top) and for the MSTO stars (bottom) for Aq-A. The Galactocentric l.o.s.
velocity is defined as

VGSR =VLSR +220 sin(l) cos(b) (3.1)

where VLSR is the radial velocity relative to the Local standard of rest frame. Note that
this velocity has been obtained from the simulations assuming an observer located with a
Galactocentric distance 8 kpc. The figures show that there is no mean rotation in the halo but
that there are regions with significantly different average Galactocentric velocities, marked in
red or in blue. This implies that most of the stars in those regions are moving with similar
velocity, and hence could be streams. Comparison to Figure 3.6 shows that in fact, those
bins correspond well to regions dominated by a single progenitor or building block (i.e. high
purity).

The opposite is not true, not all high purity bins in Figure 3.6 depict a deviant velocity as
can be seen from inspection in Figure 3.7. This is likely because along a given line-of-sight
several streams from the same object can be found, leading to an average radial velocity
distribution that is relatively smooth.

We explore the kinematics further in Figure 3.8, where we have plotted the velocity
dispersion in a given bin on the sky for different magnitude ranges, again for the RGB and
MSTO stars. As in the previous figure, we can conclude that not all high purity bins can be
associated to streams, as the velocity dispersion of such bins is relatively large, especially
towards the center of the halo. It is clear however, that the fainter the RGB stars, the lower
the value of the velocity dispersion. This can be indicative of structure but it can also be the
result of the dynamical state, as the dispersion must decrease as the tracer population reaches
the edge of the system (see e.g. Battaglia et al., 2005; Xue et al., 2008). On the other hand, if
a structure has deviant mean l.o.s. velocity, then it shows as a cold, low-velocity dispersion,
kinematic structure. An example of this is the feature with l ∼−60◦ and −1 < sinb <−0.5
for the faintest MSTO stars.

These general trends are valid for all the Aquarius stellar halos. However some of the
halos such as Aq-C and Aq-D contain large narrow streams on the sky well-traced by RGB
stars, and this results in clear imprints in their distribution of line-of-sight velocities on the
sky, and in particular on very low values of the velocity dispersion as can be seen in the
Appendix (Section 3.7.2).

In Figure 3.9 we show the distribution of l.o.s. velocity dispersions for the different
magnitude bins and for the two tracer populations again for Aq-A. These histograms show
that the most likely (even mean) σGSR is in the range of 100 - 180 km/s, both for RGB and
MSTO samples. A small fraction of the bins have low velocity dispersions, and only for the
RGB sample and for the brightest MSTO stars are there bins with dispersions lower than
40 km/s. This means that most of the bins on the sky, even when slicing through magnitude
space, contain debris from several overlapping streams or structures.

This is more clearly visible in Figure 3.10, where we have plotted an example of the
l.o.s. velocity distribution for all the RGB and MSTO stars in a particular bin on the sky



54 Chapter 3. Exploration of the distribution of debris in simulated stellar halos

RGB - VGSR (km/s)

MSTO - VGSR (km/s)

Figure 3.7: Distribution of average Galactocentric radial velocity VGSR on the sky using RGB
and MSTO stars as tracers.
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RGB - σGSR (km/s)

MSTO - σGSR (km/s)

Figure 3.8: Distribution of the dispersion in Galactocentric radial velocity VGSR on the sky
using RGB and MSTO stars as tracers.
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(with coordinates l = 81o, sinb =−0.575). What we see here is typical of what is found for
other bins. The total velocity dispersion for this bin is σGSR ∼ 150 km/s, but the distribution
is far from Gaussian and shows several peaks that are associated to different structures. In
particular, and as expected, the RGB sample shows a distribution that has more structure
than the MSTO, and this is likely due to the fact that the MSTO sample probes the inner
galaxy, where mixing is stronger, and hence the individual streams are harder to see without
additional (tangential) velocity information.

It is interesting to compare these results to the work of Schlaufman et al. (2009), who
using the SDSS/SEGUE and MSTO as tracers, have detected an important number of cold
kinematic structures, with dispersion up to 50 km/s. Figure 3.9, which corresponds to the
MSTO stars sample, would seem to suggest that such cold structures are rather rare in our
simulated halo. However, it is important to note that the structures detected by Schlaufman
et al. (2009) were identified by using an algorithm that compares the distribution of velocities
along a given line of sight with a kinematically smooth model of the inner halo. Effectively,
Schlaufman et al. (2009) have been able to detect the individual peaks that are seen in Figure
3.10.

Furthermore, as discussed earlier there are some variations in the distribution of l.o.s.
velocity dispersions on the sky from halo to halo in our simulations (see Appendix Section
3.7.2 for details). For example, for Aq-B and Aq-E the most likely velocity dispersion in a
given bin is ∼ 60−90 km/s, and there are many bins, especially for the faint RGB stars, with
dispersions lower than 30 km/s. These lower most likely values of the velocity dispersions in
Aq-B and Aq-E compared to Aq-A (and also Aq-C and D) is due to their lower total mass.
On the other hand, Aq-C and Aq-D show similar characteristics as Aq-A.

3.4.2 Metallicity distribution

Spectroscopy of intermediate resolution on a 4m class telescope allows also the determination
of metallicities within a reasonable amount of telescope time for stars with apparent g-band
magnitudes in the range 15 to 21.

In Figure 3.11 we show the averaged metallicity distribution in bins over the whole sky
for Aq-A. The metallicity is defined as [m/H] = log10(Z/Z�) where Z� = 0.02. The bin size
and the magnitude ranges here are the same as those in Figure 3.8.

Notice that this map is richer in structure than the integrated l.o.s. velocity maps. It
resembles to some extent the map showing the purity distribution in Figure 3.6. The more
metal-rich stars (in red) are found towards the center, as well as in some of the streams on
the sky. The center is more metal-rich because it is where the stars from massive progenitors,
which have sunk in towards the center of the halo as they were accreted, are deposited. This
leads to a metallicity gradient over the sky especially for the bright RGB and for the MSTO
samples: regions around the halo center are more metal-rich than those at higher latitudes,
although one could probably describe this better in terms of a dual component halo: a core
that is metal-rich and then a background which on average has lower metallicity and some
amount of substructure. Note as well that there is a slight indication of a metallicity gradient
with distance, especially if MSTO stars are used as tracers. This could be due to a true
gradient, as it is also visible for RGB stars but is less prominent than for MSTO. The reason
for this could be that the MSTO trace smaller progenitors better, which are expected to be
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Figure 3.9: Distribution of the dispersion σGSR in km/s for all the bins in the sky, using RGB
(red) and MSTO (black) stars.
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Figure 3.10: Radial velocity VGSR distribution of the tracer stars within a bin on the sky
located at l = 81o, sinb =−0.575 for the Aq-A halo. The red line shows the distribution of
VGSR of the RGB stars, and the black line represents that of the MSTO stars.
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RGB - metallicity

MSTO - metallicity

Figure 3.11: Distribution of average metallicity over the sky for the Aq-A stellar halo.
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more metal poor on average. It is clear from this plot that there is significant directionality
dependence, and for example, one would not claim such a gradient if probing a band along a
great circle from l =−120,sinb =−0.5 to l = 120,sinb = 0.5.

These findings also apply to the Aq-B halo (see Appendix Section 3.7.3 for details). Aq-C
depicts a shallower gradient than Aq-A or Aq-B as the regions around the halo centre are not
very metal-rich. The highest metallicity stars for these halo are found in a well-defined stream
on the sky. For Aq-D the metallicity distribution on the sky is rather different, with the more
metal-rich RGB stars distributed over the whole sky seemingly avoiding the center of the
halo, except at the faintest magnitudes. On the other hand, for Aq-E both RGB and MSTO
clearly reveal a large metallicity gradient, with the brighter stars being almost exclusively
metal-rich. Little small substructure is apparent on the metallicity distribution on the sky for
this halo. These comparisons reveal that each halo is rather unique and that it is not trivial
to draw firm predictions about what to expect to the Milky Way’s halo. Only by surveying
a large fraction of the sky will we be able to obtain a complete view of the Galactic halo
metallicity distribution.

3.5 Observational strategy

We seek to determine how the recovery of the building blocks of the stellar halo of our
Galaxy can be maximized. In this section we explore using the simulated stellar halos how
this recovery rate depends on area surveyed on the sky, the different tracers used, and the
orientation on the sky. We recall that, since there is no disk component/preferred plane in the
Aquarius simulations, the orientation of the reference frame is arbitrary. This should be borne
in mind when we discuss survey areas centered around e.g. the north and south galactic poles,
or the anticenter direction. The observer is at 8 kpc from the halo center.

Figure 3.12 shows the fraction of the detectable progenitors as function of surveyed area
and for the different tracers for Aq-A (left) and Aq-C (right). This fraction is defined as the
ratio of the number of the detectable progenitors (with more than 5 tracer stars in the region
of the sky considered) to the total number of progenitors in the region. Here only progenitors
with stellar mass greater than 1.7×104M� are considered. The top panels corresponds to
the faint RGB stars subset, the middle to the bright RGB and the results using MSTO stars
are shown in the bottom panels. We have also separated the contribution of the progenitors
according to their stellar mass: blue corresponds to 1.7× 104 < M?/M� < 105, purple to
105 < M?/M� < 106 and green to M?/M� > 106. The shaded regions indicate the variation
in the fraction recovered for each sky coverage caused by considering different orientations.

Both RGB samples behave similarly, with the fraction of detectable progenitors increasing
nearly linearly with coverage. Those progenitors with M?/M� < 106 (purple and blue) have
a similar dependence with sky coverage while the more massive ones show a shallower
(and hence weaker) dependence with sky coverage. This is likely because these progenitors
contribute stars across the full sky, and hence its stars can be found for nearly all coverages.
Note that on average, the faint RGB stars are able to trace a higher fraction of the progenitors,
reaching also those that contribute stars at greater distances, as large as 100 kpc. In outer
part of the halo, those progenitors are not mixed as much as those in the inner part, implying
that the larger the area the higher the probability of finding more progenitors. There is an
interesting difference between halos Aq-A and Aq-C for the more massive progenitors, in
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Figure 3.12: The fraction of detectable progenitors versus sky coverage using different tracers
for the Aq-A (left) and Aq-C (right) stellar halos. The shaded regions indicate the variance in
the fraction with varying orientation: towards the north and south poles, and anticenter. From
top to bottom, the tracers used are the fainter RGB, the brighter RGB and the MSTO stars
respectively.
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the sense that a higher fraction of these is detectable using RGB stars for Aq-C than for
Aq-A. This is because Aq-A has a smaller number of such progenitors than Aq-C, 9 vs 17 as
indicated in Table 3.2, implying that the chances of finding their stars depends on the specific
spatial distribution of a smaller number of objects, which thus implies an increase in the
stochasticity of their degree of detectability.

In the case of MSTO, there is a steep increase with sky coverage until about ∼ 5,000
sq.deg. after which the fractions appear to saturate. The reason is that the MSTO stars can
only trace progenitors that have contributed within a small volume (in comparison to the faint
RGB stars). These stars are thus nearly homogeneously distributed over the sky as shown in
Figure 3.5, leading to a stable recovery fraction with sky coverage, provided this is sufficiently
large.

It is interesting to note that the bright RGB and the faint MSTO behave similarly for
the more massive progenitors. This is because their debris occupy a relatively large volume
nearly homogeneously and the two samples are covering a similar distance range. On the
other hand, it seems better to use MSTO stars to trace smaller progenitors in the inner halo.
This is simply due to their higher number abundance.

The variance caused by different orientations is not very large, and mostly of 0.2 in
amplitude on the recovered fraction. Note however, that for the more massive progenitors, the
variance is much smaller and this again is due to the much more homogeneous distribution
of their debris. This can also be seen from Figure 3.5, which shows that there are more
detectable progenitors with faint RGB stars and MSTO stars towards the galactic anticenter
than the North/South pole, at least in our assumed orientation of the reference frame.

Figure 3.13 shows the different contributions of the detectable progenitors obtained using
the different tracers for Aq-A. We find that almost all those progenitors detectable by bright
RGB stars can be recovered by the other two tracers. There is a larger number of progenitors
traced only by faint RGB and which become only apparent for sufficiently large sky coverage
(of at least 10,000 sq.deg.). On the other hand, there are more progenitors missed for low
sky coverage if one uses bright RGB stars instead of MSTO, although both tracers probe a
similar volume. The difference is due to the larger number of MSTO stars and our definition
of detectability. It is interesting that most progenitors will be recovered, given our condition
for detectability, in all samples.

3.6 Discussion and Conclusions

We have explored the distribution of accreted stars in five stellar halos from the Aquarius
simulations as modeled by Lowing et al. (2015). Our aim was to guide choices for the next
generation massive spectroscopic surveys such as WEAVE and 4MOST regarding the use of
different tracers, depth and sky coverage. To this end we used RGB stars and MSTO stars in
the magnitude range 15 < g < 21 from the online catalogs from Lowing et al. (2015).

Unsurprisingly we find that the RGB stars are the better tracers as they can be used to find
building blocks out to about 100 kpc. For these tracers, the fraction of building blocks that
can be recovered increases almost linearly with sky coverage. Therefore, the larger the sky
coverage is, the better for characterising the merging history of the halo. Depending slightly
on the orientation, we find that a minimum of 10,000 sq.deg. is necessary to find at least half
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Figure 3.13: Comparison of detectable progenitors as function of sky coverage for different
tracers, and for the orientation towards the “north pole”. The top, middle and bottom panels
show the comparison between the bright and faint RGB stars, the bright RGB and MSTO,
and the faint RGB and MSTO stars respectively. The red and dark green parts represent the
number of progenitors detectable with either of the two tracers considered in each panel,
but not by both. The light green represent the number of the progenitors detectable by both
tracers.
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of the building blocks, where this fraction is a bit dependent on the specific history of the
halo.

On the other hand, because of the lower intrinsic luminosity of MSTO stars, there is no
strong dependence in the detectability on the sky coverage beyond∼ 5,000 sq.degrees. This is
because their large number allows to trace a high fraction of all nearby progenitors present in
the volume accessible to these stars. For the progenitors with stellar mass M∗ < 1.6×106M�,
the fraction traceable by MSTO stars is ∼ 70%, while for those more massive it is ∼ 40%.
Increasing the sky coverage does not help in finding more building blocks.

This implies that, given the constraints, it is advisable to use RGB stars as the main target
in large spectroscopic surveys whose coverage should be at least 10,000 sq.degrees. Low
resolution studies will reveal significant structure in the kinematics and metallicity distribution
over the sky. For high resolution studies, one is restricted to the bright RGB sample, and in
that case the recovery fraction is lower for smaller coverage, but at least 50% of building
blocks with stellar mass comparable to the present day classical dwarf spheroidals, can be
traced in a survey of 5,000 sq.degrees.

We find that differences in orientation on the sky of the survey (i.e. towards the north/south
pole and galactic anticenter from our vantage point of view) have little impact. Although we
have reached these conclusions using a coordinate system in which the Sun is along the major
axis of the host dark matter halo (as specified in the mock catalog by Lowing et al., 2015), we
find very similar results if we set the observer on y-axis at a Galactocentric distance 8 kpc.

These conclusions have been reached considering all building blocks with masses greater
than 1.7×104M�. Lower luminosity objects, comparable to the ultra-faint dwarf galaxies,
will require the use of MSTO stars to detect them, as they will contain just a handful of RGB
stars. It seems that the best strategy for such objects is to develop a strategy for targeted
observations rather than an unbiased survey, as we have explored in this chapter. It seems
reasonable to allocate a certain fraction of the spectroscopic survey’s time to specific streams
or structures identified from e.g. photometric surveys, given the uttermost importance of such
systems in characterizing cosmology and galaxy formation and evolution at the lowest mass
end.
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Aq-B and Aq-C

Figure 3.14: The distribution of RGB stars on the sky for different magnitude ranges for
Aquarius halos B and C. The colors are coded according to the progenitor IDs.

Aq-D and Aq-E

Figure 3.15: Same as Figure 3.14 for Aq-D and E (left and right respectively).

3.7 Appendix

3.7.1 Distribution on the sky for halos Aq-B to Aq-E

In this Appendix we include plots showing the distribution of RGB stars for Aq-halos B, C,
D and E as function of magnitude in Figures 3.14 and 3.15. We then show in Figure 3.16 and
3.17 the distribution of purity: the fraction of stars in a given bin on the sky that originate in
the same progenitor for the same set of halos and also using RGB stars as tracers.
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Aq-B and Aq-C - purity

Figure 3.16: The purity of the bins on the sky traced by RGB stars for different magnitude
ranges in the Aq-B (left) and C (right) stellar halos.

Aq-D and Aq-E - purity

Figure 3.17: Same as Figure 3.16 for Aq-D (left) and E (right) stellar halos.

3.7.2 Kinematics across the sky for halos Aq-B to Aq-E

In this Appendix we include plots showing the distribution of l.o.s. velocity dispersions on
the sky for the RGB stars in Aq-halos B, C, D and E as function of magnitude in Figures
3.18 and 3.19. We then show in Figures 3.20 and 3.21 histograms of the distribution of l.o.s.
velocity dispersions using RGB and MSTO stars.

3.7.3 Metallicity distribution across the sky for halos Aq-B to Aq-E

In this Appendix we include plots showing the distribution of metallicity on the sky for the
RGB stars in Aq-halos B, C, D and E as function of magnitude in Figures 3.22 and 3.23.
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Aq-B and Aq-C - σGSR (km/s)

Figure 3.18: Line-of-sight velocity dispersion maps for RGB stars for different magnitude
ranges in the Aq-B (left) and C (right) stellar halos.

Aq-D and Aq-E - σGSR (km/s)

Figure 3.19: Same as Figure 3.18 for Aq-D (left) and E (right) stellar halos.
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Aq-B and Aq-C - σGSR (km/s)

Figure 3.20: Distribution of line-of-sight velocity dispersion for RGB (red) and MSTO stars
(black) for different magnitude ranges in the Aq-B (left) and C (right) stellar halos.

Aq-D and Aq-E - σGSR (km/s)

Figure 3.21: Same as Figure 3.20 for Aq-D (left) and E (right) stellar halos.
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Aq-B and Aq-C - metallicity

Figure 3.22: Metallicity maps for RGB stars for different magnitude ranges in the Aq-B (left)
and C (right) stellar halos.

Aq-D and Aq-E - metallicity

Figure 3.23: Same as Figure 3.22 for Aq-D (left) and E (right) stellar halos.
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Abstract1

The aim of this chapter 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 here
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 the Gaia DR1. In general, we find that it is very hard to
identify streams only with sky position and G−band magnitude, although 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
e.g. multiband photometry, but also by the imprints left by the scanning law of Gaia, which
introduces significant spurious structures.

1Authors: H. Tian, M. A. Breddels & A. Helmi, in preparation
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4.1 Introduction

According to the Λ cold dark matter model, the halos of galaxies should have formed through
merging of smaller systems. As a consequence of that, the stars originating in the merged
systems will be found in the halo and be distributed in the form of streams and substructures.
The first clear example for the Milky Way was the discovery of Sagittarius stream (Ivezić
et al., 2000; Yanny et al., 2000; Ibata et al., 2001; Majewski et al., 2003) and its progenitor
the Sagittarius dwarf galaxy (Ibata et al., 1994). Thanks to wide field photometric surveys,
such as SDSS and Pan-STARRS, plenty of streams have been discovered during the last 23
years, including, for example, the GD-1 stream (Grillmair & Dionatos, 2006a,b), Monoceros
Ring (Yanny et al., 2003; Ibata et al., 2003), Orphan stream (Belokurov et al., 2006b) and
PS1 streams (Bernard et al., 2016). These streams appear as overdensities on the sky, and can
be identified in configuration space and with broadband color information.

Studying those streams will thus help us understand the halo’s formation history, such as
its merging tree (Johnston et al., 2008). With dynamical information on those streams, the
mass distribution of the Milky Way can also be studied (see e.g. Law & Majewski, 2010;
Vera-Ciro & Helmi, 2013, for recent results). On the other hand, the faint satellites are also
interesting for understanding galaxy formation, as they give insights into galaxy evolution
at the low mass end, and for example could help understand the missing satellite problem
(Klypin et al., 1999; Moore et al., 1999; Simon & Geha, 2007; Bullock, 2010).

In order to uncover such structures, including streams and faint bound systems, it is
important to have very wide and deep sky coverage, and dynamic information is particularly
useful. Gaia, launched in December 2013, is measuring precisely the spatial location and
kinematic properties within its 5-year mission for all stars brighter than G∼ 20 with small
uncertainties. For example from 9 µas at 15 mag to 130 µas at 20 mag for M6V stars2 (Prusti,
2015). By the end of the mission, full phase-space information will be obtained for stars
brighter than G = 16. But for the fainter ones, we need surveys with instruments such as
WEAVE (Dalton et al., 2012) and 4MOST (de Jong et al., 2012) to obtain radial velocity and
accurate chemical information.

To identify substructures, including streams and survived satellites, there are a few
algorithms which use full phase-space information (e.g. ROCKSTAR, Behroozi et al. (2013)
and OPTICS, Sans Fuentes et al. (2017)). However, when only position in the sky and
photometric information is available, the matched filter method is often applied, which led
to the discovery of e.g. the GD-1 stream (Grillmair & Dionatos, 2006a,b). Similarly, the
new class of ultra faint dwarf galaxies was identified using density maps in combination
with template fitting (Zucker et al., 2006; Belokurov et al., 2006a, 2007a; Irwin et al., 2007;
Koposov et al., 2007; Walsh et al., 2007; Belokurov et al., 2008, 2009, 2010).

Gaia DR1 is a catalog with more than 1.1 billion stars, and includes sky positions and
G−band magnitudes for these sources. Although it has the advantage of being a full sky
survey, it has no color information, and so the traditional matched filter method cannot
generally be used. This is why in this Chapter, we test three algorithms which make use
simultaneously of the characteristic magnitude distribution of a single stellar population
(i.e. the luminosity function) and the presence of an overdensity on the sky. This chapter is
organized as follows. We introduce the datasets in Section 4.2, and describe the methods in

2https://www.cosmos.esa.int/web/gaia/science-performance
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Section 4.3. In Section 4.4 and 4.5, we present the results of applying the methods on these
different catalogs. Section 4.6 includes a discussion and our conclusions.

4.2 Data

As stated earlier, the first data release of Gaia contains the sky position and G band magnitudes
of 1.1 billion sources. As Gaia surveys all the objects with G < 20.7, across the full sky, there
may be unknown clusters or dwarf galaxies to be discovered in the Gaia dataset. Before we
analyze this dataset, we aim to establish how well our methods work for the identification of
substructure. To this end, we first introduce a mock Milky Way-like catalog. In this mock
catalog, we combine the GUMS catalog (Robin et al., 2012) and Aquarius C (Lowing et al.,
2015) simulation. GUMS, Gaia Universal Model Snapshot, is a simulated catalog which
contains all the objects which Gaia is potentially able to detect. Those objects belong to
four different components, namely the bulge, thin disc, thick disc and halo. The Aquarius C
catalog was introduced by Lowing et al. (2015), and lists the individual stars generated from
tagged dark matter particles (Cooper et al., 2010) from halo C in the Aquarius cosmological
simulation (Springel et al., 2008). To make it more realistic, the mass of the stellar halo
of Aquarius C (see Table 3.1 in Chapter 3) is re-scaled to match that of the Milky Way
(2.64×108M�, see Robin et al., 2003), and used to replace the halo in GUMS. The main
reason for this combination is to embed the substructures from merging events (from Aquarius
C) into a smooth background (GUMS without the halo component). This allows us to test
our methods on a more realistic catalog. As only the stars with Mgabs < 7 are listed in the
Aquarius C catalog (Lowing et al., 2015), we also remove similarly faint stars (Mgabs < 7)
from GUMS. We also convert the g−band magnitudes in Aquarius C to the Gaia G−bands
following Jordi et al. (2010).

In the top panel of Figure 4.1, we show the number distribution, log10(N), of the stars
in the mock Milky Way on the sky computed for bins of 0.5 degree width. There are 232
progenitors in Aquarius C (also see Chapter 3), 142 of which have more than 5 stars with
magnitude brighter than G = 20.7. We define as progenitors all systems accreted by Aquarius
C, most of which are well mixed and are not visible now with the background in our selection.

For 91 objects their sizes, as measured by the space dispersion
√

σ2
X +σ2

Y +σ2
Z , are smaller

than 10 kpc, and hence they are relatively compact, although not always easily identifiable in
our maps.

The second catalog that we use for testing our algorithms is the SDSS dataset, which
contains stars with g band magnitude brighter than 22.2. Even though SDSS is not a full sky
survey, it is particularly suitable for testing because many streams and dwarf galaxies have
been discovered in its footprint, for example the Sagittarius stream, Orphan stream, GD-1
stream and the Palomar 5 stream (see also references in the Introduction section). We also
calculate Gaia G−band magnitude for stars in SDSS with the conversion law from Jordi et al.
(2010).

In the middle panel of Figure 4.1, we show the number distribution on the sky, log10(N),
of all the stars from SDSS DR12 with magnitude 10 < G < 22.2. In the rest of this chapter,
we will mainly focus on the data in the region 120◦ <Alpha< 246◦ and −2◦ <Delta< 60◦,
which includes all the streams mentioned above.
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Figure 4.1: Top: Number distribution on the sky of all the stars in the mock Milky Way
catalog with 10 < G < 20.7. Middle: Number distribution of all the stars in SDSS with
10 < G < 22.2. Bottom: Number distribution of all the stars in Gaia DR1 with 10 < G < 20.7.
The color bar indicates the number of stars in a logarithmic scale in Alpha versus Delta space
in pixels of 0.5◦ width. Note that because the disc region is not included in SDSS, the color
spans a smaller range up to log10(N) = 4 per sky bin.
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Finally in the bottom panel of Figure 4.1, we show the number distribution on the sky,
log10(N) of sources in Gaia DR1. Note the features caused by the satellite’s scanning law
(also see Figure 2 in Gaia Collaboration et al., 2016a), which result in artificial structures
because of density fluctuations. Since we are interested only in stars, we have removed
extended sources in this catalog using the criterion from Koposov et al. (2017)

log10(astrometric_excess_noise)< 0.15(G−15)+0.25. (4.1)

4.3 Method

Because Gaia DR1 only provides sky positions and G magnitudes and no color information,
we focus on three different algorithms that just use these observables to recover substructures
in the Milky Way. We are interested in dwarf galaxies, globular clusters and streams. All
our algorithms compare the number of stars in a given pixel on the sky and for a given
magnitude bin with some suitable distribution. We denote the number of stars in this grid as
Ni jk where i, j and k are the indices of Alpha, Delta and magnitude pixels respectively. In all
algorithms, the binsize in the magnitude dimension is 0.25. We normalize the distribution in
the magnitude dimension, fi jk =

Ni jk
Ni j

, where Ni j = ∑k Ni jk is the number of stars in the pixel

on the sky. We also define a smooth background in the counts NS
i jk. This is generated with a

Gaussian kernel on fi jk using the function ndimage.gaussian_filter in the PYTHON package
scipy with parameters mS

l , mS
b and mS

G, which are the standard deviations of the Gaussian
kernel, in unit of bins. Then NS

i jk = f S
i jk×Ni j. This smoothing allows us to get a background

where neighboring bins on the sky have a similar distribution in the magnitude dimension.

Having computed the observed number distribution Ni jk and the background NS
i jk, we are

now ready to apply our three algorithms, namely the cumulative difference (CD hereafter),
the cross correlation (CC hereafter) and the linear method (LM hereafter).

4.3.1 Cumulative Difference

For each bin on the sky, the CD method takes the difference of the normalized cumulative dis-
tributions in magnitude of the observation (Fi jk) and background (FS

i jk), where the cumulative
distributions are defined by

Fi jk =
k

∑
m=0

( fi jm) and FS
i jk =

k

∑
m=0

( f S
i jm). (4.2)

Then the signal of i jth pixel is calculated as

SCD
i j = Ni j ∑

k
|Fi jk−FS

i jk|. (4.3)

4.3.2 Cross-Correlation

The Cross-Correlation method uses the cross correlation algorithm to calculate the signal of
the observed distribution compared to that of a known template, for example, corresponding
to a dwarf galaxy or globular cluster. The key idea is that the member stars in the satellite
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are distributed in magnitude according to a very characteristic distribution (the luminosity
function), which depicts a bump at a characteristic magnitude (corresponding to the red clump
or horizontal branch), and a sharp increase as soon as stars fainter than the bottom of the
RGB are included, as shown in Figure 4.2. In the analysis of the mock Milky Way catalog,
we use as template Tk the magnitude distribution of stars from a survived satellite from the
Aquarius C simulation. The template for the analysis of the SDSS catalog is the magnitude
distribution of stars from the central part of the Palomar 5 globular cluster (see in Figure
4.10). The template for Gaia DR1 is the magnitude distribution of stars from NGC 5272 (also
named M3) observed by the Hubble Space Telescope (Anderson et al., 2008), and which is
shown in Figure 4.15.

The difference between the background NS
i jk and the observed distribution Ni jk, is a

residual distribution, Ri jk = Ni jk−NS
i jk, which we cross-correlate in the magnitude direction

and for each pixel on the sky to the template using the function correlate in PYTHON package
numpy, with the mode full. This option will return an array of values with different numbers
of the overlapped elements between Ri j∗ and T∗, and we use the maximum value as the signal
of the pixel, SCC

i j . Furthermore, the index k of the location of the maximum value will indicate
how much the template was shifted, and will result in an estimate of the distance to the
structure found.

4.3.3 Linear Method

For the Linear Method, we assume that in each pixel the observed distribution ~O = {Ok} in
magnitude is composed by two components, the background ~B = {Bk} (which is obtained in
the same way as in the CC method), and the structure ~T = {Tk}. That means

Ni j~O = α~T +(Ni j−α)~B (4.4)

where Ni j is the total number of stars in i j−bin on the sky, and α is the number of stars that
belong to the structure. Note that ~O, ~T and ~B are vectors that represent the distributions in
magnitude, and they are all normalized, ∑Ok = 1, ∑Tk = 1 and ∑Bk = 1. Here Ok for i jth
bin is fi jk and Bk is f S

i jk.

Therefore we can obtain the number of stars in the structure from the following equation

αi j = Ni j
(~O−~B) ·~T
(~T −~B) ·~T

(4.5)

4.3.4 Significance

It should be noted that when we calculate the background (we use the same background NS
i jk

for all three methods) for a pixel, we use the counts from the i jth pixel, implying that there is
some contamination to the background, and this may be especially important for structures
covering more than one pixel. Therefore we use a large standard deviation on the sky when
we calculate the background NS

i jk namely of 10 degrees.

In order to determine the significance of a given signal Si j from any of our algorithms
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Figure 4.2: The luminosity function template used for the CC and LM methods for the analysis
of the Milky Way mock catalog. This is the G−band magnitude distribution of the stars
selected within 0.1◦ of a satellite located at (Alpha, Delta)=(181.0◦, -17.9◦). We have shifted
the template in magnitude so that the horizontal branch (G∼ 17.75) and increasing features
(G∼ 19.5) are both enclosed within the observable magnitude range. This is represented by
the green dashed lines at G =16.7 and G =20.7.

(Si j = αi j for LM method), we use a signal to noise ratio defined as

SNRi j =
Si j−< Si j >

σSi j

(4.6)

where < Si j > is the average value of the signal of all the bins which are used to calculate the
background, and σSi j is the standard deviation. In this calculation of the SNR, we exclude the
central 3×3 pixels.

4.4 Results

4.4.1 Testing on the mock Milky Way

As described earlier our mock Milky Way consists of the combination of GUMS (Robin et al.,
2012) and the Aquarius C stellar halo (Lowing et al., 2015). We consider here stars with
G-band magnitude from 16.7 to 20.7, which is a similar magnitude range to that covered by
SDSS and Gaia DR1.

The template for the CC method is from the satellite in the simulation located at (AlphaT ,
DeltaT )=(181.0◦, -17.9◦) and includes all stars within 0.1 degree. In Figure 4.2 the known
absolute G−band magnitude distribution of the selected stars has been shifted by 17.7
magnitudes to the fainter side, that means we place the satellite at a distance of 34.7 kpc. This
was done to make the horizontal branch bump fall within our magnitude range 16.7 < G <
20.7. The sharp drop in the faintest magnitude bins is caused by the conversion from SDSS
g−band magnitude to Gaia G−band magnitude, and as described in Section 4.2, all stars with
absolute magnitude Mg > 7 are removed.

For the CC method, we use the full template because for a nearer structure (with distance
D < 34.7 kpc) fainter stars will be visible. On the other hand, for the LM method, we only
consider the region of the template with 16.7 < G < 20.7 i.e. between the green dashed lines
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Figure 4.3: The results obtained by applying the algorithms on the mock Milky Way. The top
panel shows the number distribution on the sky for stars with magnitude from 16.7 to 20.7 in
the G-band. The two black circles indicate the position of two surviving satellites. The second
to the bottom panels show the distribution of the signal for the CD, CC and the LM methods,
respectively. The binsize in all the left panels is 0.5◦ in Alpha and Delta, and the smoothing
parameters are set to (mS

l , mS
b, mS

G)=(20,20,0.001), which mean that the standard deviations
of the smoothing kernel for the background are 10◦ in the Alpha and Delta dimensions and
0.00025 in the magnitude dimension. On the other hand, the binsize in all the right panels is
0.2◦ in Alpha and Delta, and the smoothing parameters are set to (mS

l , mS
b, mS

G)=(50,50,0.001).
The binsize in the G−band magnitude direction is 0.25 for all panels.
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Figure 4.4: The results for a specific region selected from the left panels (binsize of 0.5◦)
in Figure 4.3 located at 175◦ <Alpha< 185◦ and −20◦ <Delta<−10◦. The left most panel
shows the number distribution log10(N), the second panel shows the signal distribution from
CD method, log10(SCD), the third panel shows the signal distribution from CC method,
log10(SCC), and the right most panel shows the signal distribution from LM method, α . The
color coding is exactly the same as in Figure 4.3.

in Figure 4.2, which is the same magnitude range as that for the selection of stars from the
whole dataset.

Figure 4.3 shows the results of applying our three algorithms. The panels on the left are
for a binsize of 0.5◦, while for those in the right it is 0.2◦. The standard deviations for the
Gaussian filter used for the smoothing to obtain the background are 10◦ for Alpha and Delta
dimensions, and 0.00025 in the magnitude dimension (to have basically no smoothing in this
direction).

In Figure 4.3, the top panels show the number distribution (log10(N)) of the stars on the
sky. The number distribution is quite smooth at high latitudes. One satellite (in fact that used
as our template) is clear above the disc with coordinates (Alpha, Delta)=(181.0◦, -17.9◦) for
both binsizes. We can also find that it is more clearly seen in the left panel with a larger
binsize, as marked with the black circle in the top panel. Figure 4.4 shows the specific region,
with 175◦ <Alpha< 185◦ and −20◦ <Delta<−10◦ around the satellite.

The second panels from the top in Figure 4.3, show the signal SCD distribution from the
CD method. We find that the survived satellite is clear in four pixels, as shown in the second
panel of Figure 4.4. Besides that, a second satellite now located in the disc with (Alpha,
Delta)=(99.5◦, 8.0◦) (and marked with a circle in the top panels) is also found with a signal
which is significantly higher than the surrounding pixels, and with SNR = 44.6 for the 0.5◦

binsize.

The signal distributions SCC from the CC method are shown in the third panels. The
distributions are similar to those from the CD method. The two satellites previously identified
are also clear with the larger pixels (left panel), but weaker for the smaller pixels (right panel).

The signal α from the LM algorithm is shown in the bottom panels. The distribution of
the α values seems to follow more closely the distribution of counts shown in the top panels,
although it is possible to identify the same compact satellites as for the other methods.

The results from the three methods are presented more quantitatively in Figure 4.5, where
we show the SNR per pixel on the sky. As before the plots on the left correspond to pixels of
0.5◦ while those on the right to 0.2◦. The top panels show the signal to noise ratio distributions
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Figure 4.5: The distribution of the signal to noise ratio from the three methods CC, CD and
LM for the top, middle and bottom panels, respectively, for a binsize of 0.5◦ on the left, and
0.2◦ on the right.
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Figure 4.6: Distributions of SNR obtained with different binsizes, 0.5◦ in the left panel and
0.2◦ in the right panel, where the last bin includes also the pixels with SNR > 10. The results
from the CD, CC and the LM methods are represented with red, green and yellow lines
respectively.

from the CD algorithm. We find that the signal to noise ratio SNR of the two candidates
(composed of a few pixels) described before are very high, with SNR > 10. The reason some
of the neighboring pixels are "masked" is that the candidates extend over a few pixels and
they have very high signal. According to Equation 4.6, the average value < Si j > and the
deviation σSi j are therefore relatively large resulting in neighboring bins having a low signal
to noise ratio.

In the second panel we show similar signal to noise ratio distributions from the CC method,
while in the bottom panel we plot the results from the LM method. In both cases the compact
high SNR candidates are visible. In general for the LM, fewer pixels have SNR > 3. This
is because the template for the LM method is the magnitude distribution of the stars in the
satellite for a distance of 34.7 kpc, which means the template is not very sensitive to the
structures with very different distances.

This is also apparent from Figure 4.6 where we show the distribution of SNR for each
of the methods for the two different pixel sizes, 0.5◦ and 0.2◦ for the left and right panels
respectively. We see that the CD method returns more high SNR bins than the other two
methods, with the LM fewer high SNR pixels. For the smaller pixel size, there are many
more low SNR pixels, and that is because the statistical noise is larger because of the smaller
numbers of stars in each bin.

Figure 4.7 summarizes these results and shows the distribution of the pixels that have
SNR > 5 in each method and on average SNR > 6. The dashed lines represent Galactic
latitude |b|= 30◦.

To develop some intuition about what kind of systems or overdensities are being detected
by our methods, we explore some of the properties of the progenitors of Aquarius halo C
in Figure 4.8. In the left panel, we show the angular size on the sky versus the number of
stars in the relevant magnitude range for each progenitor. The angular size is calculated as

A = σ×180
<D>×π

, where σ is the 1D space dispersion, σ =

√
σ2

X+σ2
Y+σ2

Z
3 and < D > is the average

distance of those stars. The red dots are the progenitors dominating the pixels with |b|> 30◦

in Figure 4.7. In the right panel, we have plotted the number of pixels with at least 5 stars
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Figure 4.7: The pixels with the SNR for each of the methods larger than 5 and average SNR
larger than 6 are shown for a binsize of 0.5◦. The two dashed lines represent Galactic latitude
|b|= 30◦.
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Figure 4.8: Left: angular size versus number of stars with magnitude 16.7< G <20.7 for
all progenitors. The red dots correspond to the progenitors dominating the candidates with
|b| > 30◦ in Figure 4.7. Right: number of bins each progenitor has contributed to with at
least 5 stars versus the number of stars from the progenitors in those bins. The dots represent
the median star number found for those bins, while the error bars denote the minimum and
maximum values. The colors for the dots represent the number of selected stars in each
progenitor. The red dashed line shows the average number of stars with 16.7 < G < 20.7 from
the background (GUMS without halo) for |b| > 30◦. The black dots mark the progenitors
which are dominating the candidates with |b|> 30◦ in Figure 4.7.
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for each progenitor, against the median number of stars from the progenitor over all those
bins. The error bars represent the minimum and the maximum star numbers of those bins.
The colors indicate the number of the stars from each progenitor in the Aquarius C halo.
The average number of stars from the background (GUMS without halo) in the bins with
|b|> 30◦ is 108.6 and is represented by the red horizontal dashed line. The black dots denote
the progenitors dominating the pixels with |b|> 30◦ in Figure 4.7.

From Figure 4.7, we see there are 2 pixels with |b|> 30◦ with SNR > 5 from each method
and average SNR > 6. Two progenitors (the red dots in the left panel and black dots in the
right panel of Figure 4.8) contribute to the two high SNR candidates in Figure 4.7. The pixel
with (Alpha, Delta)=(167.5◦, 3.5◦) is dominated by a progenitor contributing 1165 out of
1171 stars present in the pixel. The other high SNR pixel is dominated by the progenitor
which is used to generate the template for both the CC and LM methods, with 9962 of all the
17510 stars in the selected pixel.

Thus far we ignored high SNR pixels in the disc, because the background is very variable,
and a low latitude pixel will require a typically higher contribution from a progenitor for this
to be detected. However there is one such pixel with (Alpha, Delta)=(99.5◦, 8◦) which is
dominated by a single progenitor contributing with 2664 of all the 3039 stars in this pixel. The
other candidates at low b in the disc appear to be caused by fluctuations of the background.

In the left panel of Figure 4.8, there are a few compact progenitors with A < 10◦. Most
of these progenitors are located around the center of the mock Milky Way, and are rather
well mixed. For example, of the 8 progenitors shown in the right panel with a maximum
contribution larger than the average value from the background (the red dashed line), six have
most of the stars near the center, and hence a much higher local background. This is the case,
for example for the largest progenitor with more than 3× 106 stars, which has a scale 7.2
degree, and is not recovered by any of our methods.

If we compare the differences caused by the pixel size, we find that the compact satellites
are recovered by 1 bin for the larger pixel size, but by many pixels when these are smaller.
This means the angular size of the structure is larger than 0.2◦ and comparable to 0.5◦. This
means that the SNR will depend on the pixel size, e.g. if the structure’s angular size is
comparable to 0.2◦, then it will have high SNR when a smaller binsize is used, but a lower
SNR for a larger binsize.

In summary, the algorithms are able to recover some of the compact structures with the
ideal catalog, where a bigger binsize will typically yield lower SNR for smaller structures. We
still need additional information to confirm or rule out those candidates caused by fluctuations
of the background. As there is no thin streams in this catalog, we are not sure if the algorithms
can recover them or not.

4.4.2 Testing on SDSS

In this subsection, we show the results of applying the algorithms on the SDSS catalog and
focus on whether the known streams and satellites can be recovered. In Figure 4.9, we have
marked the location of 31 known objects, 11 globular clusters (yellow crosses) which are
listed in Table 4.1 and 20 dwarf galaxies (red pluses) which are listed in Table 4.2. Four
streams are also marked here, the GD-1 stream with a red dashed line, the Orphan stream
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Figure 4.9: The known objects in SDSS northern footprint are shown, with yellow pluses
indicating the globular clusters, red pluses indicating the dwarf galaxies. The red dashed
line shows the approximate path of the GD-1 stream, the yellow for the Orphan stream and
cyan for the Palomar 5 stream. The two magenta lines show the bright (the lower one) and
faint (upper one) arms of the Sagittarius stream. The background is the number distribution
log10(N) of stars with 18 < G < 22 in SDSS.

with a yellow dashed line, the Palomar 5 stream with a cyan dashed line and the Sagittarius
stream with magenta lines, where the upper one is for the faint branch and the lower one for
the bright branch (all those lines are extracted from the Figure 1 in Belokurov et al. (2006b).

We select the stars with G-band magnitude from 18 to 22 and use similar parameters for the
algorithms as in the previous section, i.e. we consider binsizes in Alpha and Delta of 0.5◦ and
0.2◦, and in the magnitude dimension of 0.25. We focus on the region 120◦ <Alpha< 246◦

and −2◦ <Delta< 60◦, because a lot of known streams are located here (see also the figures
and tables in Grillmair & Carlin, 2016). As a template for both the CC and LM methods we
use the G−band magnitude distribution of stars within 0.07◦ of the globular cluster Palomar
5 at its true distance as shown in Figure 4.10.

Figure 4.11, shows the results obtained after applying the algorithms on the SDSS for
binsize of 0.5◦ and 0.2◦ on the left and right panels respectively. From the number distribution
(top panel), we immediately identify 5 globular clusters and 2 dwarf galaxies, marked with
black circles, including the Palomar 5 globular cluster at (Alpha,Delta)=(229.02◦,−0.11◦).
The Palomar 5 stream is not visible in either panel (see also Figure 4.12). Notice the SDSS
scanning pattern which is more pronounced in the left panel, but still visible in the right panel.

The signal SCD from the CD algorithm are shown in the second panels of Figure 4.11.
The dense objects that are clear in the top panels are associated to pixels with high signal.
Furthermore the right and left corners of both left and right panels, depict high signals which
are due to the large number of stars in these regions that are quite close to the Galactic disc.
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Alpha Delta name

151.38 0.07 Palomar 3
172.32 28.97 Palomar 4
179.83 12.26 Koposov 1
182.53 18.54 NGC 4147
198.23 18.17 NGC 5024
199.11 17.70 NGC 5053
205.55 28.38 NGC 5272
211.36 28.53 NGC 5466
229.02 -0.11 Palomar 5
229.64 2.08 NGC 5904
242.75 14.96 Palomar 14

Table 4.1: The globular clusters in the selected area shown in Figure 4.9 (Harris, 1996).

Alpha Delta name

151.77 16.08 Segue I
209.50 12.85 Bootes II
162.34 51.05 Willman I
186.75 23.90 Coma dwarf galaxy
209.30 26.80 Bootes III
210.03 14.50 Bootes I
153.26 -1.61 Sextans I
158.72 51.92 Ursa Major I
173.24 0.53 Leo IV
194.29 34.32 Canes Venatici II
172.79 2.22 Leo V
202.01 33.56 Canes Venatici I
168.37 22.15 Leo II
152.12 12.31 Leo I
143.72 17.05 Leo T
149.86 30.75 Leo A
139.01 52.84 UGC 4879
150.00 5.33 Sextans B
155.43 18.09 Leo P
243.45 54.37 KKR 25

Table 4.2: The dwarf galaxies in the selected area shown in Figure 4.9 (McConnachie, 2012).
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Figure 4.10: The template for the analysis of the SDSS data is the G magnitude distribution
of stars located within 0.07◦ from the center of Palomar 5. The distance of Palomar 5 is about
23 kpc.

The Palomar 5 stream is not visible with either binsize. The smaller binsize returns a "sharper"
signal for the Palomar 5 globular cluster in the right panel.

The signals SCC from the CC algorithm are shown in the third panels, and the results are
quite similar to those from the CD method.

The bottom panels show the results from the LM method. Comparing with Figure 4.9,
we can find that the Sagittarius stream is a bit more apparent, while the Palomar 5 stream is
not recovered. On the other hand the globular cluster NGC 5904 located above Palomar 5
(see Figure 4.12 for a zoom-in of this region) is not recovered with either binsize, although
it is recovered by the CD and CC methods. This is because the template from the Palomar
5 globular cluster with its distance 23 kpc (larger than the distance 7.5 kpc of NGC 5904),
suffers from incompleteness when matched to a nearby object. That is also the reason that
some other known objects are not found with the LM method. Note as well that the scanning
path appears more strongly in this method than for the other two for both pixel sizes.

In none of the three methods the stream from Palomar 5 is recovered, the main reason
being that each pixel along the stream has a comparable star number to the background.
Secondly, the background for all the methods is contaminated by Palomar 5 itself, which does
decrease the signal from all the methods slightly.

In order to pick out those candidates with high significance we calculate the signal to
noise ratio with Equation 4.6. Figure 4.13, from top to the bottom shows the pixels with
SNR > 5 from the CD, CC and LM methods respectively. As before the LM method finds
fewer high SNR candidates. This is caused by the limited apparent G magnitude distribution
of the template. For objects at different distances, the LM will find it difficult to return a high
SNR. For those candidates found by all the methods and with average signal to noise ratio
larger than 6, we find in all cases that they correspond to a known object.

According to the algorithm, those objects with a scale comparable to the binsize should
have a higher SNR than in the case of a much larger binsize. Take Palomar 5 as an example,
with a scale about 0.12 degree on the sky, the SNRs from the three methods for binsize of
0.2◦ are 25.28 (CD), 17.01 (CC) and 14.75 (LM), while the SNRs for binsize 0.5◦ are 6.62
(CD), 3.99 (CC) and 5.43 (LM). This means that a smaller binsize is generally better for the
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Figure 4.11: The top panel shows the number distribution log10(N) of the stars with G-band
magnitude from 18 to 22. The black circles represent the locations of 7 very significant
known objects, including 5 globular clusters and 2 dwarf galaxies. The second panel is the
signal log10(SCD) from the CD method. The third panel is the signal log10(SCC) from the
CC method. The bottom panel shows the number (α) distribution with the LM method. The
binsizes and kernel smoothing parameters are the same as in Figure 4.3.
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Figure 4.12: The results of a zoom in of Figure 4.11 around the region where the
Palomar 5 globular cluster, (Alpha, Delta)=(229.0◦,−0.11◦), and NGC 5904, (Alpha,
Delta)=(229.64◦,2.08◦), are located.
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Figure 4.13: Pixels with SNR > 5 from the three methods, CD, CC and LM in the top, middle
and bottom panels, respectively.
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Figure 4.14: The SNR distribution from all the three methods, CD (red), CC (green) and LM
(yellow). The binsize in the left panels is 0.5 degree and 0.2 degree in the right panels.

recovery of smaller structures. The reason that the Sagittarius stream does not have a strong
signal and SNR is because its contrast compared to the background is smaller, and further
the background has been computed over similar scales as the stream implying it has similar
distribution as the stream itself.

On the other hand, the distribution of the SNR of all the bins are shown in Figure 4.14,
with binsize 0.5◦ in the left panel and 0.2◦ in the right panel. The last bins show the numbers
of pixels with SNR > 10. As with the mock Milky Way catalog, the CD methods are returning
relatively higher SNR. By crossmatching to a list of known globular clusters, of the 11 located
in this region, 5 of them are recovered by all the three methods. 4 out of 20 known dwarf
galaxies in this region are recovered by all the methods with binsize 0.5◦. In the results with
0.2◦, two more globular clusters and two more dwarf galaxies are found. For those that are
not identified, their SNR is lower than 3, such as for Palomar 3 with (Alpha, Delta) = (151.4◦,
0.1◦), whose SNR from the three methods are 1.7 (CD), 2.7 (CC) and 1.0 (LM). Some other
objects are recovered by two of the three methods with high SNR, like NGC 5904, for which
the SNR of the CD, CC and LM methods is 6.0, 6.9 and 1.5, respectively.

We conclude that the methods are working relatively well for compact objects, especially
given that no color information has been used.

4.5 Results from Gaia DR1

4.5.1 Analysis in the SDSS footprint

In this section we apply our algorithms to Gaia DR1. This dataset suffers from incompleteness
at the faint end (which also varies across the sky), and which is especially severe in crowded
regions such as in the central parts of globular clusters. This is illustrated in Figure 4.15.
In this figure the green histogram shows the distribution of stars in Gaia DR1 within 0.1
degree from the center of NGC 5272 (also known as M3), while the black histogram shows
the distribution observed by the Hubble Space Telescope (Anderson et al., 2008), where the
Gaia G−band magnitude of stars is calculated from the V and I magnitudes following the
conversion law from Jordi et al. (2010). We find that from G = 18, the difference becomes
larger and larger, because of the incompleteness of Gaia DR1. This is why in this section, we
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Figure 4.15: The template comparison with data from Gaia DR1(green line) and Hubble
observation (black line) (Anderson et al., 2008).

use the distribution of stars in NGC 5272 from the Hubble Space Telescope as the template.
The reason for choosing NGC 5272 is that it is quite near (approximately at 10.2 kpc), which
implies that it will not bring magnitude incompleteness when we shift it in distance.

Figure 4.16 shows the results obtained with the three algorithms when applied on the
SDSS-like footprint of Gaia DR1 for G-band magnitudes from 14 to 20.25. The binsizes
are 0.5◦ for the left panels and 0.2◦ for the right panels. The smoothing parameters for
the computation of the background are (mS

l , mS
b, mS

G)=(20,20,0.001) for the left panels and
(50,50,0.001) for the right panels.

The top panel shows the number distribution of stars and may be compared to a similar
selection applied on SDSS and shown in Figure 4.17. Note that some of the satellites are
better seen in Gaia than in SDSS. In fact the same satellites are recovered both in SDSS and
Gaia DR1 as we discuss below. The exception is Palomar 5 which is not identified in Gaia
DR1 by any method. The reason is that here we use a brighter magnitude range, which leads
to a large fraction of member stars being lost (see Figure 4.10), and hence resulting in a low
SNR for Palomar 5.

Figure 4.18 shows pixels with SNR > 5 for all three methods. Cross-matching with the
known objects from Tables 4.1 and 4.2, we find that NGC 4147, NGC 5053, NGC5272, NGC
5466, NGC 5904, Leo I and Leo II are identified for a pixel size of 0.5◦. NGC 4214 (an
irregular galaxy at (Alpha, Delta)=(183.9◦, 36.3◦)) is also identified. All those pixels with
SNR > 5 found with binsize 0.5◦ are also identified for binsize 0.2◦. In this case two more
objects are recovered, Sextans I and NGC 4449.

4.5.2 Analysis of the region around Gaia-1 and Gaia-2

In the previous sections, we have shown that the algorithms are working relatively well for
the identification of compact systems such as globular clusters, and the smaller binsize is
more sensitive for the smaller size structures. Inspired by the recently discovered Gaia-1 and
Gaia-2 (Koposov et al., 2017) with an overdensity searching algorithm, in this section we first
test our algorithms on two regions around them to see if we can also recover these systems.
Now we set the binsize to 0.05◦. We do this because we aim to discover structures with a
similar or smaller size than Gaia-1, whose half-light radius is about 0.1◦ (Koposov et al.,
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Figure 4.16: The results of applying the algorithms on the SDSS footprint in Gaia DR1 are
shown in the various panels. The top panel shows the density distribution of the stars with
magnitude from 14 to 20.25 in the G-band. The circles are the same known objects as in
Figure 4.11. The second, third and fourth panels depict the signals obtained with the CD,
CC and the LM algorithms respectively. We use the same binsizes and parameters for the
background as in Figure 4.11.
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Figure 4.17: The number distributions from SDSS for the same magnitude selections as that
used in Figure 4.16. Binsize is 0.5◦ in the left panels and 0.2◦ in the right panel.
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Figure 4.18: Pixels with SNR > 5 for the CD (top), CC (middle) and LM (bottom) algorithms
from Figure 4.16. The parameters for SNR calculation are the same as those used for the
mock Milky Way and SDSS catalogs.
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2017), or Gaia-2, which is even smaller, about 0.03◦.

The template in this section is the same as that used in the previous section and shown
in Figure 4.15, with magnitude from 14 to 20.25 in the G−band. The parameters for the
Gaussian kernel (mS

l , mS
b, mS

G) are set to (40, 40, 0.001), while the SNR is computed following
Equation 4.6 using a region of 40 bins around the pixel in question.

As we mentioned in the previous sections, it is difficult for the LM method to recover
objects that have very different distance from that of the template. In this section, we shift the
template with magnitude offset from -1.5 (brighter side) to 5 (fainter side), which means we
relocate the template at an artificial distance from 5.2 kpc to 102 kpc. In this case, the LM
method should be able to discover substructures with different distances. For each magnitude
offset (artificial distance), we keep a record of those sky pixels with SNR > 3. For those
pixels recorded many times for different magnitude offsets, we keep the information (SNR
and magnitude offset) which yields the largest SNR.

We first select two regions with 100◦ <Alpha < 110◦ and −20◦ <Delta<−10◦, which
includes Gaia-1 and some open clusters, and 25◦ <Alpha< 35◦ and 50◦ <Delta< 60◦, which
includes Gaia-2. As before we show the results from the three methods in Figure 4.19 and
Figure 4.20, for Gaia-1 in the left panels and for Gaia-2 in the right panels.

The top panels of Figure 4.19 show the number distributions on the sky, log10(N), where
Gaia-1 and Gaia-2 are marked with red circles. We see that Gaia-1 has a relatively high
density centered around (Alpha,Delta)= (101.45◦,−16.75◦). The extension to smaller Alpha
is caused by Sirius (Koposov et al., 2017). The open cluster Berkeley 25 with (Alpha,
Delta)= (100.3◦,−16.5◦) is also visible in the density distribution, but does not stand out
clearly in the signal distributions as can be seen from the bottom panels. Meanwhile Gaia-2,
which is smaller, is still visible although not as clearly as Gaia-1.

The top and second panels of Figure 4.20 show the SNR distributions of the pixels from
the CD and CC methods. The third panels show the pixels with SNR > 3 from the LM method
when the template is shifted in magnitude. As before the red circles indicate the approximate
positions of Gaia-1 and Gaia-2.

From the left panels, we can see that the CD and CC methods recover Gaia-1 with a few
pixels with SNR > 4, while the LM method identifies a neighboring pixel with a SNR = 3.5
for a magnitude offset -1.5, corresponding to a distance 5.1 kpc, which should be compared
to its estimated distance of 4.6 kpc by Koposov et al. (2017). Gaia-2 is recovered with the CD
and LM methods with SNR 3.3 (CD) and 3.6 (LM, for a magnitude offset of -1.5).

4.5.3 Analysis of the full sky

Encouraged by the previous results, we now apply the algorithms with same parameter values
on the whole sky. For processing purposes, we divide the full sky into 18×9 pieces in Alpha
and Delta, of 20◦×20◦ size without overlap.

All candidates from the CD and CC algorithms with SNR > 3 are recorded. As we
mentioned in the last section, the template generated from NGC 5272 with distance 10.2 kpc,
will be shifted in magnitudes with offset from -1.5 to 5, which corresponds to a distance range
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Figure 4.19: The results of applying the algorithms on selected regions around Gaia-1 and
Gaia-2 in the left and right panels respectively. The top panel shows the number distribution
on the sky log10(N) of the stars with magnitude from 14 to 20.25 in G-band. The second
panel is the signal distribution log10(SCD) with the CD algorithm. The third panel is the
signal distribution log10(SCC) with the CC algorithm. The fourth panel shows the number
distribution (α) with the LM method. The binsize in all the panels are 0.05◦ with smoothing
parameters for the background of (mS

l , mS
b, mS

G)=(40,40,0.001). The red circles represent the
Gaia-1 and Gaia-2 satellites in the left and right respectively.
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Figure 4.20: The pixels with SNR > 3 for each method are shown, color coded by the average
SNR. The red circles indicate the locations of the Gaia-1 and Gaia-2 satellites in the left and
right panels respectively.
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Figure 4.21: The pixels recovered by all the three methods with average signal to noise ratio
larger than 5 are shown with colored dots, where the color coding is indicated by the bar.
We have removed from here all pixels that have a cross match to a known object as well as
those with |b|> 85◦. The background is the number distribution of stars in Gaia DR1 with
14 < G < 20.25.

from 5.1 kpc to 102 kpc. Thus in the case of the LM, of all the bins with SNR > 3, we select
the magnitude offsets which provide the maximum SNR for each pixel.

Finally we do a cross match among the results from the three methods. If one candidate
pixel is listed by all the three methods with SNR > 3, then we say it is a plausible candidate.

We remove the high latitude candidates with |b|> 85◦ because of edge effects. We then
merge those neighboring high SNR pixels (up to a maximum of 2 pixels). In this way we
obtain 368 candidates with average SNR > 5, where 110 can be cross matched to known
objects, from a list of globular clusters, open clusters, dwarf galaxies, NGC objects and star
associations provided by SIMBAD3. The remaining 258 candidates are shown in Figure 4.21,
color coded by their average SNR.

Figure 4.21 shows that most of the candidates are not in the disc, and that there are
many candidates in the poorly scanned area centered around Alpha of 150◦. If we remove
all candidates in this region, we are left with 203 objects. The average SNR distribution is
shown in Figure 4.22 with the green line. The distribution of the candidates recovering known
objects is represented by the red line.

In order to confirm that the tentative candidates without a known counterpart are true
structures, it would be helpful to inspect their color magnitude diagram (CMD).

In Figure 4.23 we show the CMDs of one candidate that has been cross-matched to the
open cluster Berkeley 39 with average SNR = 6.1. In both panels, the red dots are the stars
in the candidate pixel, and the black dots are from the 3×3 neighboring pixels with |Alpha
− AlphaC| < 0.075◦ and |Delta − DeltaC| < 0.075◦, where (AlphaC, DeltaC)=(116.675◦, -
4.625◦). The contours show the number distribution of the stars from the background box with

3http://simbad.u-strasbg.fr/simbad/
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Figure 4.22: The average SNR histogram distributions of the candidates. The red line shows
the distribution of the candidates which are recovering known objects and the green line shows
the distribution of those which are not recovering known objects. Those associated with the
scanning path (130◦ <Alpha< 170◦ and −40◦ <Delta< 50◦) are not taken into account.

|Alpha − AlphaC|< 2◦ and |Delta − DeltaC|< 2◦. The top subplots show the distribution of
G−K (left) and of J−K (right), where the black line corresponds to the distribution of stars
in the background box and the green of the candidate stars, and the error bars represent the
Poisson noise. The cyan line in the sub panel on the right shows the magnitude distribution
of the candidate stars which have colors from 2MASS. The red line shows the G magnitude
distribution of all the stars in the candidate box, both histograms are normalised to the total
number of the stars in the pixel. The pink and brown filled histograms represent the G
magnitude distributions of all the stars and of those stars with colors in the background box,
and are also normalised. The blue straight line indicates the position of the biggest difference
found by the CD method. The black and yellow solid curves represent the shifted template
with offset from the CC and LM methods, respectively. In the right panel, only the K−band
magnitude distribution of the stars in the candidate box and background box are shown with
green lines and pink bars, respectively.

Berkeley 39 is located at about 4.78 kpc. The distance derived from the magnitude offset
in LM method is 5.1 kpc, and consistent with that derived from the CC method (as can be
seen from the fact that the black and yellow curves overlap perfectly).

Figure 4.24 shows the CMDs for a candidate that does not have a known counterpart,
located at (AlphaC, DeltaC)=(82.325◦, 47.625◦), which has average SNR = 5.8. The CC
and LM methods obtain a similar distance for this candidate, about 9.09 kpc (magnitude
offset -0.25) and 8.10 kpc (magnitude offset -0.5)4, respectively. The magnitude where
the maximum difference is found in the CD method is also indicating a similar distance
assuming this corresponds to the location of MSTO stars with absolute magnitude MG = 4
(Gaia Collaboration et al., 2016a).

Figure 4.25 shows the CMDs of another three candidates with Galactic latitude |b|> 15

4The magnitude offset from CC method is relative to the binsize in magnitude dimension which is 0.25, while the
offset binsize for the LM method is 0.5.
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Figure 4.23: The CMD of one candidate is shown, corresponding to the open cluster Berkeley
39. Here we do not include any extinction correction. The left panel shows the CMD of G
versus G−K. The red dots in the main plot are the stars from the candidate pixel, while
the black dots in the main plot are the stars within the box |Alpha − AlphaC| < 0.075◦

and |Delta − DeltaC| < 0.075 from the candidate coordinate (AlphaC, DeltaC)=(116.675◦,
-4.625◦). The contours show the distribution of stars selected in the background, with |Alpha
− AlphaC| < 2◦ and |Delta − DeltaC| < 2. The top subpanels show the normalised color
distributions of the candidate stars and background stars in green and black respectively. The
error bars indicate Poisson errors. In the subpanel of the G−K CMD, the pink bars show
the normalised G magnitude distribution of all stars in the background box, the brown bars
show the same distribution of those stars with color information in the background box. The
red line shows the same distribution for all stars in the candidate pixel, while the cyan line
shows the same normalised distribution for those with color information. The blue line shows
the magnitude where the largest difference comes from the CD method, the black solid line
shows the template distribution with a shift according to the CC method, the yellow line also
shows the shifted template with offset from the LM method. In the right panel, the main plot
is the CMD of K versus J−K, while the top subplot shows the distribution of color for the
candidate and background stars. The right subpanel show the magnitude distributions, the red
bars for stars in the background box, and the green line for stars in the candidate box. The
uncertainty in color should be smaller than 0.1 with stars brighter than K ∼15 and up to 0.4
around K ∼16 (See http://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec2_2b.html).
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Figure 4.24: Similar as in Figure 4.23, but for a possible new candidate. The coordinate of
this candidate is (AlphaC, DeltaC)=(82.325◦, 47.625◦)

which have no known counterparts. The average SNR for all the three candidates are higher
than 5.4. From these CMDs it is not possible to discern whether they are truly distant objects
or whether they are simply caused by noise due to the small number of associated stars.

A clear limitation that we are facing is the lack of or incompleteness in the color informa-
tion that would help confirm the nature of a candidate. Particularly for candidate pixels with
a few stars, this is an important issue, since the presence of the horizontal branch, the red
clump or the MSTO can indicate a clear structure in CMD, as shown in Koposov et al. (2017).
For our candidates, such as the one in in Figure 4.24, the red clump or horizontal branch stars
are not very clear, even when considering the 9 neighboring bins (including the candidate
pixel itself).

4.6 Discussion and summary

Aimed at Gaia DR1, we have developed and tested three algorithms to identify substructures
on different catalogs, including one mock Milky Way and SDSS. The results obtained indicate
that the methods perform reasonably well in recovering compact substructures, such as dwarf
galaxies and globular clusters. This is especially encouraging given that we do not use color
information. On the other hand, we are not able to recover extended structures such as the
Sagittarius stream present in the SDSS catalog.

We then proceed to analyze Gaia DR1 and focus on the compact structures. Of all the
candidates identified with average SNR > 5, 110 have a known counterpart according to
SIMBAD. These counterparts include dwarf galaxies, globular and open clusters. After
further cleaning, 203 tentative candidates remain, but the determination of their true nature
will require follow up. Unfortunately, we are severely limited by small numbers and by the
lack of color information for the fainter magnitudes. The situation will however improve
significantly with the next Gaia data release planned for April 2018.
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Figure 4.25: As in Figure 4.23, but we now show the CMDs of three candidates without
a known counterpart. The coordinates of the candidates (AlphaC, DeltaC) are (334.025◦,
-37.525◦), (186.525◦, -27.925◦) and (58.575◦, 30.675◦).
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5. Nederlandse samenvatting

Astronomie is een wetenschap gedreven door waarnemingen. Met behulp van telescopen
weten we dat er heel veel sterrenstelsels in het heelal zijn, waaronder het onze, de Melkweg.
Onze Melkweg bestaat uit drie hoofdcomponenten. Het eerste onderdeel is de balk, die zich
in het binnenste van de Melkweg bevindt, en waar de dichtheid van sterren het hoogst is.
De tweede component is de schijf, hetgeen een dunne vlakke verdeling van sterren is. Op
een donkere maanloze nacht is het mogelijk om een band van sterren langs de hele hemel
te ontwaren. Dit is onze Melkweg van de zijkant bekeken, zoals te zien in de afbeelding die
bij het begin van elk hoofdstuk in dit proefschrift staat. Onze zon en alle planeten in het
zonnestelsel zijn ook onderdeel van de schijf. Tot slot bevindt zich rondom de balk en de
schijf een stellaire halo. Dit gebied, dat slechts een dof licht uitstraalt en dun bezaaid is met
sterren, is het hoofdonderwerp van dit proefschrift.

“Hoe is de halo ontstaan?” is een onderwerp dat op het moment veel aandacht geniet.
We zijn ervan overtuigd dat de halo is ontstaan door het samensmelten van kleinere stelsels.
Het vroege heelal zat vol met gas en donkere materie die vrijwel homogeen verdeeld waren.
Gebieden waar de dichtheid van materie groter was dan gemiddeld werden nog groter en
dichter door de zwaartekracht. Uiteindelijk zouden sommige van deze gebieden groot
en dicht genoeg worden om onder hun eigen zwaartekracht ineen te storten. Het gas in
deze ontwikkelende systemen stortte vervolgens verder ineen zodat hieruit sterren geboren
werden. Dit is hoe we denken dat de eerste sterrenstelsels ontstonden. De grotere en
massievere sterrenstelsels zouden dichtbijgelegen materie en sterrenstelsels blijven aantrekken
en opslokken. Dit proces gaat door tot op de dag van vandaag, en Figuur 5.1 toont een
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Figure 5.1: Twee samensmeltende sterrenstelsels. (Waargenomen door de Hubble Space
Telescope. NASA, H. Ford, G. Illingworth, M.Clampin, G.Hartig en het ACS Science Team).

Figure 5.2: Illustratie van sterstromen rond een sterrenstelsel zoals de Melk-
weg. (Bron: http://www.spitzer.caltech.edu/images/2138-sig07-008-Rings-Around-the-
GalaxyAnnotated-).
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voorbeeld van twee sterrenstelsels van vergelijkbare grootte die wisselwerking hebben met
elkaar en samensmelten.

Als een kleiner stelsel door een massiever sterrenstelsel wordt aangetrokken dan wordt het
door de zwaartekracht uiteen gereten en ontstaan er stromen van sterren langs de baan van het
kleinere stelsel. Deze stromen noemen we meestal sterstromen, en Figuur 5.2 toont een schets
van drie van zulke systemen rond een sterrenstelsel zoals de Melkweg. Afhankelijk van de
grootte en de baan van het opgeslokte stelsel, maar ook van de tijd sinds het werd aangetrokken,
kunnen de sterstromen volledig verstrooid zijn, en niet langer ruimtelijk herkenbaar zijn.
Maar de banen van de individuele sterren uit een dergelijk sterrenstelsel zullen vergelijkbaar
zijn. Daarmee hebben we een kans om potentiele restanten wél te vinden, ook al zijn ze niet
meer te herkennen als verdichtingen van sterren aan de hemel. Het waarnemen, bestuderen en
karakteriseren van dergelijke objecten kan ons dus helpen om het ontstaan van de Melkweg
beter te begrijpen.

In dit proefschrift ligt de nadruk op hoe de sterstromen kunnen worden ontdekt die
achterblijven bij dergelijke samensmeltende sterrenstelsels. In Hoofdstuk 2 hebben we een
softwarepakket genaamd ROCKSTAR licht gewijzigd, en gebruiken we twee numerieke
simulaties om te testen of het geschikt is voor de detectie van sterstromen in de halo van de
Melkweg. De catalogi afgeleid uit deze simulaties bevatten de posities en bewegingen van
sterren, samen met oormerken die aangeven bij welke sterstroom de sterren horen. Nadat we
de numerieke parameters van het ROCKSTAR algoritme hebben geoptimaliseerd hebben we
het toegepast op een catalogus met sterstromen die nog ruimtelijk herkenbaar zijn. Hierbij
vonden we dat de substructuren die ROCKSTAR vindt behoorlijk “puur” zijn, waarmee we
bedoelen dat het merendeel van de sterren van dezelfde voorganger afkomstig is. We hebben
meer dan 2/5 van de aanwezige sterstromen kunnen terugvinden.

Daarna hebben we een andere catalogus gebruikt waarin sterstromen zaten die niet meer
ruimtelijk herkenbaar waren aan de hemel. We hebben ROCKSTAR gebruikt op kleine,
ruimtelijk beperkte gebieden in deze catalogus en op deze manier hebben we 1/3 van de
aanwezige sterstromen gevonden. Ook in dit geval zijn de gevonden substructuren puur.
We zijn er daarom van overtuigd dat we ROCKSTAR kunnen gebruiken om kandidaten te
vinden voor sterrenstromen, zelfs als ze volledig verstrooid zijn, zolang we maar de posities
en bewegingen van sterren weten in een klein gebied in de Melkweg, zoals in de buurt van de
Zon.

Gaia is een missie van de Europese Ruimtevaartorganisatie (ESA) die de volledige hemel
opmeet met als doel te achterhalen hoe de Melkweg ontstaan is. Om de Gaia data te aan
te vullen zullen ook telescopen op aarde gebruikt worden, zoals bijvoorbeeld de WEAVE
en 4MOST multi-object spectrografen. Deze zullen respectievelijk op de Wiliam Herschel
Telescoop (Canarische Eilanden) en de VISTA Telescoop (Chili) komen te staan, en gaan
nauwkeurige radiële snelheden en de chemische samenstelling meten van de waargenomen
sterren. Aangezien niet alle objecten aan de hemel kunnen worden waargenomen is het
belangrijk keuzes te maken wat de meest geschikte waarneemdoelen zijn die volgens de
modellen zijn opgeslokt door onze Melkweg. Dit hebben we gedaan in Hoofdstuk 3. Hier
hebben we twee soorten sterren beschouwd. De zogenaamde rode reuzenreeks sterren (eng:
red giant branch stars) zijn tamelijk helder en kunnen van ver gezien worden, maar zijn
behoorlijk zeldzaam. Aan de andere kant kunnen we de sterren aan het uiteinde van de
hoofdreeks gebruiken (eng: main sequence turnoff stars). Deze zijn veel zwakker dan de rode
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reuzenreeks sterren, maar zijn veel talrijker. Analyse van onze simulaties toont aan dat het
ontstaan van stellaire halo’s zoals die van de Melkweg het best onderzocht kan worden met
rode reuzenreeks sterren omdat daarmee meer opgeslokte stelsels kunnen worden gevonden.
Meer dan de helft van deze stelsels kan mogelijk ontdekt worden door minder dan een kwart
van de hele hemel te observeren. Om precies te zijn hebben we gevonden dat de fractie van
opgeslokte systemen die mogelijk kunnen worden teruggevonden ongeveer linear toeneemt
met het waargenomen oppervlak van de hemel.

Het valt te verwachten dat de Gaia data vele nieuwe (sub-)structuren in de Melkweg
zal laten zien. Sterker nog, in de eerste data van Gaia hebben astronomen al twee nieuwe
sterrenclusters ontdekt. Hierdoor geïnspireerd introduceren we in Hoofdstuk 4 drie methoden
die de beperkte informatie van de Gaia databank gebruiken om meer van deze kleine satel-
lietstelsels te vinden. Door tests te doen op twee verschillende breed bekende databanken
hebben we ontdekt dat de methodes alleen gevoelig zijn voor compacte systemen, en dat
sterrenstromen hiermee lastig terug te vinden zijn. Wanneer we deze algoritmes toepassen
op de Gaia catalogus vinden we 110 bekende satellietstelsels terug, en vinden we ook vele
potentiele kandidaten voor nieuwe substructuren. We weten echter niet zeker of de gevonden
substructuren echt zijn, omdat we slechts beperkte informatie hebben (alleen de helderheid en
de positie aan de hemel). Vervolgwaarnemingen zijn nodig om deze kandidaten uit te sluiten
of te bevestigen.

Het is inspirerend om onderzoek te doen naar de Melkweg in een tijdperk waarin opmetin-
gen zoals SDSS, Pan-STARRS en Gaia ons voorzien van grote databanken van hoge kwaliteit,
die zeker ons begrip van de ontstaansgeschiedenis van onze Melkweg zullen verbeteren.



6. Summary

Astronomy is an observationally driven science. With the help of telescopes, we know that
there are a lot of galaxies in the universe, including our own, the Milky Way. Our Galaxy
contains three primary components. One is the bar, which is in the very central parts, where
the density of the stars is the highest. The second component is the disk, which is a thin planar
distribution of stars. On a dark, moonless night, one may notice a strip of stars crossing the
entire sky, this is in fact the disk of our Galaxy seen edge-on, as shown in the figure heading
each chapter of this thesis. Our Sun, together with all the planets in our Solar system are also
part of the disk. Surrounding the bar and the disk is the stellar halo. It is this faint, sparsely
populated region that is the main focus of this thesis.

"How was the halo formed?" is a topic of current great interest. We now believe it was
formed through the merging smaller systems. In the very early Universe, this was full of gas
and dark matter nearly homogeneously distributed. Overdensities in the matter distribution
would grow larger due to gravity. Eventually some regions would become large and dense
enough to collapse. The gas in these nearly formed systems would collapse further and stars
would be born. This is how we believe the very first galaxies formed. Those larger, more
massive galaxies would continue to attract and accrete nearby matter and neighboring smaller
galaxies. This process continues even today, and Figure 6.1 shows an example of two galaxies
of similar size interacting and merging.

When a smaller system is accreted by a more massive galaxy, the gravitational pull of the
latter will lead to its disruption, and cause tails of stars to be formed along its orbital path.
These tails are often called stellar streams, and Figure 6.2 shows an artistic impression of
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Figure 6.1: Two merging galaxies. (Observed by Hubble Space Telescope. NASA, H. Ford,
G. Illingworth, M.Clampin, G.Hartig and ACS Science Team).

Figure 6.2: Illustration of streams orbiting a galaxy like the Milky Way.
(From http://www.spitzer.caltech.edu/images/2138-sig07-008-Rings-Around-the-Galaxy-
Annotated-).
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three such streams moving around a galaxy like the Milky Way. Depending on the size and
orbit of the accreted object as well as on the time since accretion, its stellar streams may be
fully dispersed, and no longer recognizable distinctly in space. However, the orbital paths of
the individual stars coming from such a system will still be similar, giving us an opportunity
to potentially detect the remains, even if they are no longer readily visible as clumps of stars
on the sky. The detection, study and characterization of such objects can therefore help us
better understand the formation of the Milky Way.

In this thesis, we mainly focus on how to discover the streams left by such merging
events. In Chapter 2, we modify slightly a software package named ROCKSTAR, and use
two numerical simulations to test whether it is suitable for the detection of stellar streams in
the halo of the Milky Way. The catalogs derived from these simulations contain the positions
and motions of stars, together with labels indicating which streams the stars belong to. After
optimizing the numerical parameters of the ROCKSTAR algorithm, we apply it to a catalog
which contains streams that are still coherent in space. We find that the substructures obtained
by ROCKSTAR are quite pure, meaning that most of the stars in these substructures are from
the same progenitor system. We are able to recover more than 2/5 of the streams present.

We then use another catalog, which contains streams that are no longer coherent and
readily distinguishable on the sky. We apply ROCKSTAR on small, spatially confined
regions and in this way we are able to recover 1/3 of the streams present. Also in this case,
the substructures found are pure. Thus, we believe that we can use ROCKSTAR to detect
potential streams, even if they are fully scrambled, if we know the positions and motions of
stars only in a small region of the Milky Way such as in the vicinity of the Sun.

Gaia is a European Space Agency mission currently surveying the whole sky with the
goal of unrevealing how the Milky Way formed. To complement data from Gaia, telescopes
from the ground will also be used. For example, the WEAVE and 4MOST multi-object
spectrographs, that will respectively be on the William Hershel Telescope located on the
Canary Islands and on the VISTA Telescope in Chile, will measure accurate radial velocities
and help to determine the chemical composition of the observed stars. As one cannot observe
all objects on the sky, it is important to make choices regarding the appropriate targets to best
study the systems that have merged with the Milky Way according to the models. This is
what we have done in Chapter 3. Here we considered two types of stars. The so called red
giant branch stars, which are quite bright and can be detected quite far but are somewhat rare.
On the other hand, main sequence turnoff stars are much fainter when compared to the red
giant branch stars, but are much more numerous. Our analysis of simulations of the formation
of stellar halos like that of the Milky Way shows that red giant branch stars are the better
targets, because they allow to discover a larger number of merger events. More than half of
those merged systems can be potentially discovered by observing less than a quarter of the
full sky. In fact we find that the fraction of merged systems that can potentially be recovered
increases approximately linearly with sky coverage.

It is expected that the Gaia data will reveal many new structures and substructures in
the Milky Way. In fact, in the first Gaia data release, astronomers have already discovered
two new clusters of stars. Inspired by this, in Chapter 4 we introduce three methods, which
use limited information from the Gaia dataset to discover more of these small satellites. By
performing tests on two different well-known datasets, we find that the methods are only
sensitive to compact systems and that streams are quite difficult to recover. When we apply



114 Chapter 6. Summary

the algorithms to the Gaia catalog, we recover 110 known satellites, and find many new
substructure candidates. However we are not certain if the substructures we find are genuine,
because we have limited information (only brightness and location on the sky). Follow-up
observations are needed to confirm or rule out these candidates.

It is exciting to be doing Galactic research in an era in which surveys such as SDSS,
Pan-STARRS and Gaia are providing large and high quality datasets, which will certainly
improve our understanding of the formation of our galaxy, the Milky Way.



7. Chinese Summary

天文学是一门观测驱动的学科。利用望远镜观测，我们已经知道，宇宙中存在很多
星系，包括我们所在的银河系。我们的银河系主要由三部分组成。第一部分叫做核
球，位于银河系的最中心的部分，这里的恒星最为密集。第二个部分是由恒星组成
的一个薄盘状的结构，我们称之为银盘。在黑暗无月的夜晚，一条由恒星组成的带
状结构穿过天空，就如同这本毕业论文中每一章的第一页上端图片所展示的那样。
我们的太阳和太阳系的所有行星都属于银盘。包围在核球和银盘周围的是银河系的
第三部分，叫做银晕。这个恒星分布最为稀疏的部分就是这本毕业论文主要研究的
对象。

“银河系的银晕是怎么形成？”成为近些年来最为火热的一个课题。我们相信，银
晕形成于持续的并合小的星系。在早期宇宙中，充满了并非完全均匀分布的气体和
暗物质。由于引力作用，物质密度大的地方会逐步吸引其周围的物质而不断变大。
当这些区域变得足够大，密度也足够高时，便开始塌缩。这些区域内的气体进一步
塌缩并最终形成恒星。这也是我们所相信的第一批星系所形成的过程。其中尺寸和
质量比较大的星系会进一步吸引和并合周围的物质和较小的星系。这个吸引和并合
的过程一直持续到现在，例如图一所展示的两个大小相近的星系正在互相吸引和并
合。

当一个较小的星系被一个质量较大的星系所并合，在大质量星系的引力作用下，
小星系内的恒星会被不断的剥离，这些被剥离的恒星会继续沿着原来相近的轨道运
动，最终形成类似于尾巴的带状结构，我们称之为星流，图二艺术家眼中三条这样
的星流围绕一个类似于银河系的星系运动。依赖于星系本身的大小、轨道和并合的
时间，这些星流最终会被完全地离散，在空间中很难被区分和认定。但是被并合的
星系的轨道信息会保留在这些最终形成星流的恒星中，因此，即使这些星流在空间
中已经不再成团或者形成高密度区域，组成星流的恒星所保留的信息依旧给我们提
供了一个发现这些弥散的星流的机会和方法。因此发现和研究这些星流的特征会极
大的帮助我们理解银河系的形成过程。

在本论文中，我们集中讨论了如何能够尽可能多的发现这些并合事件所遗留下的
星流。在论文的第二章，我们稍微修改了一个已有的方法，叫做ROCKSTAR，利用
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图图图一一一：：：正正正在在在发发发生生生碰碰碰撞撞撞的的的两两两个个个星星星系系系

图图图二二二：：：星星星流流流围围围绕绕绕银银银河河河系系系示示示意意意图图图
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已有的两个数值模型来测试ROCKSTAR是否适合用来寻找银晕中的星流。这两个数
值模拟得到的数据包含了每颗恒星的空间位置和速度，并且知道每颗恒星所归属的
星流。利用第一个模拟的数据，我们首先优化了ROCKSTAR中的每个参数的数值，
并将优化的ROCKSTAR应用到在空间中依旧明显的星流，我们发现ROCKSTAR所得
到的结构纯度非常的高，意味着在每一个ROCKSTAR得到的结构当中，几乎所有的
恒星都来源于同一个星流。这些ROCKSTAR得到的结构能够揭示数据中2/5的星流。

与第一个数据中的星流不同，第二个数据中所包含的星流在空间已经高度弥
散，不再可区分，并且星流之间互相叠加使得单个星流更加 难以探测到。因此
我们将ROCKSTAR应用到较小的空间区域，这些小的区域中三分之一的星流可
以被ROCKSTAR所发现。ROCKSTAR所得到的结构 同样比较纯净。因此我们相
信ROCKSTAR可以用来寻找星流，甚至是高度弥散的星流。也就是说如果我们知道
太阳邻近区域中恒星的位置与速度，我们就可以利用ROCKSTAR找到在这一区域中
弥散的星流。

Gaia是欧洲空间局的一个项目，目前正在观测整个天空的恒星，其目标就是解
释银河系是怎样形成的。想要利用Gaia的数据，地面望远镜也需要配合使用。 例
如WEAVE和4MOST，将分别利用位于Canary群岛的William Hershel望远镜和位于智
利的VISTA望远镜进行多目标天体光谱巡天。这两个项目将弥补 Gaia的不足，精确
测量观测恒星的视向速度，并且确定这些恒星的化学成分。由于地面望远镜无法观
测整个天空的恒星，如何选择优先观测对象对于研究银河系中被并合的恒星系统将
会非常重要。这是我们在第三章中所涉及的工作。我们考虑两种经常用来研究银晕
结构的恒星，一种为红巨星，这是一种非常明亮的恒星，即使在很远的地方，依旧
可以被观测得到，但是这类恒星数目较少。另一种被称为主序拐点恒星，这类恒星
亮度要远低于红巨星，但是数目巨大。通过对数值模拟的恒星银晕的分析，我们发
现红巨星更适合用来研究银晕中的并合事件。通过观测不超过整个天空面积四分之
一的天区，可以利用红巨星发现超过一半被并合的恒星系统，而且可以发现的被并
合的恒星系统的比例随着观测天区的面积呈线性增加的趋势。

我们期待Gaia的数据将会揭示银河系中更多新的结构和子结构。实际上，天文
学家利用Gaia第一批释放的数据已经发现了两个新的星团。受此激励，在第四章中
我们引入了三个方法，利用非常有限的数据信息来寻找银河系中的结构或者子结
构。通过利用两个已经存在的数据分析，我们得到这三种方法只对恒星分布密集的
结构敏感，而比较弥散的星流则难以利用这些方法寻找。当我们将这些方法应用
到Gaia的数据时，我们重新发现了110个已知的结构，并发现了很多新的 结构候选
体。但是受限于目前数据只有位置和星等，我们不能确认这些新发现的结构候选体
是否是真实的，或者是由噪音引起的。我们仍需要后续的观测来确认或者排除这些
候选体。

SDSS、Pan-STARRS和Gaia项目将为我们提供了大批高质量的数据，能够在这个
高速发展和大数据的时代研究银河系的形成，我们是幸运的！我们坚信这些高质量
数据将会极大的提高我们对银河系形成的认识与了解。
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