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1
Introduction

ON a clear mid-summer night in Taiwan, away from the city lights, one can see
a fuzzy, blurred band of ‘clouds’ crossing the great Summer Triangle, sepa-

rating the Vega and Altair stars and going all the way through the hook-shaped
constellation Scorpius in the southern sky. This fuzzy band is the edge-on view of
the disk of our Galaxy, the Milky Way (MW), where the Solar System resides to-
gether with billions of other stars. Looking away from the Galactic disk, one may
be able to see the ‘Andromeda Nebula’ which is a disk galaxy similar to the MW at a
distance of ∼ 770 kpc. If one could see below the horizon or just simply experience
the sky from the southern hemisphere, the two Magellanic Clouds would become
visible. These are the three neighbouring galaxies that the human can see with the
naked eye. If our eyes could collect as much starlight as modern big telescopes
and if they were as sensitive as a Charge-Coupled Device, we would actually see
not only nearby galaxies but also some so distant that their light has taken almost
the age of the Universe to reach us.

The two giant disk galaxies, namely the Milky Way and Andromeda (also known
as M31) dominate the Local Group. Here we also find dwarf satellite galaxies
whose luminosities are typically less than 1/10 of the giants’ and which are found
to cluster in a sphere of ∼ 300 kpc around the giants. The number of galaxies
in the Local Group known to date is approximately 60 and it is likely that many
more dwarf galaxies are yet to be discovered (Willman et al., 2004; Koposov et al.,
2008; Walsh et al., 2008). Modern surveys have provided positions, velocities and
stellar parameters for a large number of stars in the Galaxy and other nearby galax-
ies in the Local Group. These vast data have provided an unprecedented view of
the properties of these systems and have revolutionised our understanding of how
galaxy formation and evolution proceeds. Although it is also possible to study the
formation and evolution of galaxies by observing the distant Universe (where we
can in principle directly measure how galaxies have evolved through time), the Lo-
cal Group constitutes a unique test-bed for cosmological models. For example, in
the ΛCDM paradigm dwarf galaxies like those found in the Local Group could be
related to the building blocks of galaxies similar to the MW, and because of their
small sizes they may well also be the simplest galactic systems. However, deriving
properties (e.g. star formation histories, chemical abundances, etc.) for these faint
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objects quickly becomes difficult beyond the Local Group, and is virtually impossi-
ble for the high redshift Universe.

Significant effort has been invested in recent years to develop a model which
can describe the characteristics of galaxies from first principles. Numerical simula-
tions in a cosmological context are now possible and include sophisticated physical
processes that cover a large dynamical range. It is therefore an exciting time to
combine all the information and tools at our disposal to try to understand the for-
mation and evolution of the Local Group. In this thesis, I present a series of works
which utilise high quality numerical simulations, both of the large scale structure
of the Universe as well as of the Milky Way dark halo, and combine these with a
semi-analytical galaxy formation model. The objective is to address several funda-
mental and intriguing questions of the Local Group galaxies and gain insights into
the elusive characteristics of these galaxies from a theoretical point of view.

1.1 The Local Group galaxies

In this Section, I summarise the observational properties of the galaxies in the
Local Group mostly concentrating on the MW and its satellites. A brief description
is provided also for M31 and the associated dwarfs. For other dwarf galaxies in the
Local Group, see the review by Mateo (1998).

1.1.1 The Galaxy

The luminous Galaxy

The luminous Galaxy can be decomposed – to a very rough approximation – into
a disk and a spheroid. In the disk component we find billions of stars as well
as the interstellar medium (ISM) in various physical conditions (molecular clouds,
atomic gas, etc.). The disk contains most of the (known) baryon budget of the entire
galaxy, and its rotation velocity at the solar radius is ∼ 220 ± 20 km s−1. The disk
component can be further differentiated – thanks to various stellar properties – into
the thin and the thick disks. The thin disk contains most of the stars, these have a
broad range of ages and metallicities. The thick disk was discovered via an excess
of star counts as compared to a single exponential profile in the vertical direction
(Gilmore & Reid, 1983). In general, thick disk stars are older (10−12 Gyr) and more
metal-poor compared to the thin disk stars (Nordström et al., 2004). Kinematically,
the thick disk is a hotter component (i.e. it has a larger velocity dispersion) and
shows a lag of ∼ 30− 100 km s−1 in the rotational speed at the solar neighbourhood
compared to that of the thin disk (Chiba & Beers, 2000; Gilmore, Wyse & Norris,
2002).

The spheroid component can be decomposed into the bulge and the stellar halo.
The MW bulge has M∗ ∼ 2 × 1010 M� and is dominated by old stars (∼> 10 Gyr,
Clarkson et al., 2008). Its metallicity distribution peaks at about the solar value and
extends from [Fe/H] = −1.5 to [Fe/H] ∼ +0.5 dex (Zoccali et al., 2008). In addition
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to stars formed in situ, it is likely that the bulge contains stars that originated
during a disk instability and also from mergers. The bulge shows intermediate
rotation∼ 75 km s−1 (see a recent review by Minniti & Zoccali, 2008, and references
therein).

The stellar halo has a mass about ∼ 2 × 109 M� and is the least massive stellar
component of the MW. However, its old (∼ 12 − 15 Gyr) and metal-poor ([Fe/H] ≈
−1.5) stellar population as well as the distinct kinematics and spatial distribution
all suggest that the stellar halo contains imprints of the formation of the Galaxy,
especially from an early era before the dissipational formation of the disk. The
stellar halo is quite concentrated with a power-law profile of ρ(r) ∼ r−3.5 (Kinman,
Suntzeff & Kraft, 1994) and a half-light radius of ∼ 3 kpc. For more details of
the Galactic halo including the halo objects, e.g. globular clusters, see a recent
thorough review by Helmi (2008).

The central black hole

The most conspicuous evidence for the presence of a supermassive black hole
(SMBH) in the Galactic centre comes from the rigorous and high-precision maps
in the infrared of stellar orbits in the surroundings of Sgr A*. Schödel et al. (2002)
first demonstrated almost complete keplerian orbits in about 10 years and the com-
plete orbits have also been reported by e.g. Ghez et al. (2008). These observations
support the existence of a compact (point-like) dark object of MBH ∼ 5× 106 M� in
the Galactic centre (see also a recent review by Reid, 2008).

The dark halo

The MW is thought to be surrounded by a dark matter halo. One of the first indica-
tions supporting the existence of this component came from the fact that the disk
rotation velocity does not fall beyond the extent of luminous matter (Blitz, 1979;
Merrifield, 1992). Motions of Galactic halo objects like the stars, globular clusters
and satellites also indicate that the MW has a dark halo of mass ∼ 1012 M� (Zaritsky
et al., 1989; Wilkinson & Evans, 1999; Battaglia et al., 2005).

The idea that the two giant disks in the Local Group have massive haloes of
unseen matter which extend to a few hundred kpc can also be traced back to the
classical Timing Argument proposed by Kahn & Woltjer in 1959. Assuming the MW
and M31 are approaching for the first time since the Universe started to expand
at the Big Bang, one can use their separation, their relative velocity and the age
of the Universe (under further assumptions on their orbit), to estimate the sum of
the masses of the two giant galaxies. This turns out to be about 5 × 1012 M� (see,
for example, Chapter 5), which by far exceeds the mass associated to the luminous
components of these galaxies.

1.1.2 The Milky Way satellites

Mateo’s review summarised the knowledge of the companion galaxies of the MW
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by 1998. At that time, the two Magellanic Clouds along with another nine dwarf
spheroids (dSph, showing spheroidal morphology in their projected light distribu-
tion) made the whole inventory. The gas-rich Magellanic Clouds are star forming
systems with irregular morphologies while the dSphs are deficient in H I cold gas
(MH I < 103 M�). The only exception may be Sculptor for which a detection of
MH I ∼ 2 − 3 × 104 M� has been claimed (Carignan et al., 1998), but even in this
case, this only corresponds to ∼ 1 − 2% fraction of the total luminous mass (see
a more recent summary by Putman et al. 2008 of the modern constraints on H I
for the satellites in the Local Group). In general, the ‘mean’ metallicities of these
systems are low and the stars in most satellites are old, with the major exception
being the two gas-rich irregulars which are dominated by younger stellar popu-
lations. These satellites follow a metallicity-luminosity relation in the sense that
bright galaxies have higher mean metallicities. The central velocity dispersions of
dSphs show a nearly constant value of ∼ 10 km s−1. Under the assumption that
mass-follows-light, these velocity dispersions imply that dSphs have mass-to-light
ratios (M/L) which can be as high as ∼> 100 M�/L�, which implies that there must
be dark matter in addition to the baryons, unless the dSphs are currently being
tidally disrupted (Kroupa, 1997). Recent deep observations covering a large area
have made it possible to construct high quality colour-magnitude diagrams down
to the main sequence turn-off points for several dSph. It has also become feasible
to determine the kinematics and metallicities spectroscopically for very large num-
bers of stars in these systems (Koch et al., 2006; Battaglia et al., 2006; Walker et al.,
2006, 2007). Some satellites, e.g. Sculptor, Carina and Fornax, have revealed multi-
ple stellar populations showing different spatial, kinematic and chemical properties
(e.g. Tolstoy et al., 2004; Koch et al., 2006; Battaglia et al., 2006). The metallici-
ties of stars in any given galaxy cover a wide range (see for example, Helmi et al.,
2006a). These facts have indicated that dSph galaxies are not simple objects and
that each system has experienced its own particular star formation history.

The new SDSS satellites

Since 2005, about a dozen dwarf satellite galaxies around the MW have been found
in the Sloan Digital Sky Survey (SDSS). These were mainly detected by fitting tem-
plates of single stellar populations to colour-magnitude diagrams which then re-
vealed stellar over-densities compared to the field (Willman et al., 2005a,b; Zucker
et al., 2006b; Belokurov et al., 2006b; Zucker et al., 2006a; Belokurov et al., 2007;
Irwin et al., 2007; Walsh et al., 2007; Belokurov et al., 2008). Fig. 1.1 shows the
locations of the MW satellites and newly discovered SDSS globular clusters in the
Galactic reference frame as of October 2008. Table 1.1 lists a compilation of the
coordinates, heliocentric velocities, galaxy types and the half-light radii of Milky
Way satellites to date. The classical dwarfs, the new SDSS dwarfs and two ambigu-
ous new satellites are separated with horizontal lines. Table 1.2 lists the integrated
absolute V -band magnitudes, central surface brightness in V -band, mean [Fe/H]
and the dispersions, H I mass content, line-of-sight velocity dispersions and masses
enclosed within 600 pc and 300 pc.
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Figure 1.1: Location of the Milky Way satellites in the Galactic frame as of Oc-
tober 2008. The eleven open circles are the classical satellites while the eleven
filled circles are the satellites discovered in the SDSS dataset. The two ambiguous
‘systems’, Willman 1 and Segue 1, together with two globular clusters (Koposov 1
and 2) are also shown. The grey area shows the sky coverage of the SDSS to the
date including Data Release 6. Courtesy of Vasily Belokurov.

These discoveries have doubled the number of known satellites. However, it is
not yet clear if some of these newly discovered satellites are the prolongation to-
wards the faint luminosity end of the classical MW satellites, or whether they are
tidal features or a brand new class of objects. For instance, the SDSS satellites are
characterised by low effective surface brightness, µV ∼> 27 mag arcsec−2, however,
they extend to similar sizes as the classical ones with half-light radii ∼ 0.1− 1 kpc.
This makes the integrated luminosity of the SDSS satellites to be lower (i.e. they
are all fainter than MV ∼ −7 except CVnI with its luminosity similar to Draco)
compared to the classical ones, which has earned them the name of the ‘ultra-
faint’ satellites. The ultra-faint satellites together with the classical ones occupy
a distinctive region in the luminosity-size plane which is different from that of the
Galactic globular clusters (which are typically more compact at the same luminos-
ity). The few newly discovered objects which fall in the ‘forbidden region’ show
either traces of tidal disturbance, e.g. Coma Berenices, or are likely to be low lumi-
nosity globular clusters rather than dwarf galaxies, e.g. Willman 1 and Segue 1 (but
see Willman et al., 2006; Geha et al., 2008, for discussions of the potential galac-
tic nature of these two objects). The morphologies of the ultra-faint satellites are
typically more irregular and are more elongated (Martin, de Jong & Rix, 2008). For
the newly discovered Leo T (with a heliocentric distance of 420 kpc), a significant
amount of H I gas ∼ 2.8× 105 M� has been detected (Ryan-Weber et al., 2008).
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Spectroscopic investigations have shown recently that despite their low inte-
grated luminosities, the SDSS satellites have line-of-sight velocity dispersions in
the range ∼ 3 − 10 km s−1 - comparable to that observed for the classical ones
(Muñoz et al., 2006; Simon & Geha, 2007). If these SDSS satellites were in dynam-
ical equilibrium, they would be the most dark matter dominant objects with M/L up
to a few ∼ 1000 M�/L�. Measurements of spectra of RGB stars in the ultra-faint
satellites show that they seem to follow the luminosity-metallicity relation of the
classical dwarfs but extend it down to LV ∼ 103 L� and [Fe/H] ∼ −2.5 (Kirby et al.,
2008). There are also indications that stellar populations are similar to those of the
classical satellites, in the sense that these objects are likely dominated by old (> 10
Gyr) and metal-poor stellar populations (de Jong et al., 2008).

However, since the current data of the ultra-faint satellites are far from com-
plete, further conclusions on their properties should await a more thorough cen-
sus. Caution should be kept about the properties of these ultra-faint objects until
observations have sampled a larger number of member stars, the field coverage
is extended and the calibrations used for the metallicity determinations are thor-
oughly tested.

1.1.3 The Andromeda system

The nearest sibling of the Galaxy, M31, shows similar properties to the MW but
also some differences. It is about twice as luminous as the MW but whether it is
also more massive is not yet clear (Evans & Wilkinson, 2000). The radial velocity
of M31 relative to the MW is ∼ −130 km s−1 (assuming a rotation velocity of the
MW at the solar radius of 220 km s−1). It is unclear if M31 is approaching the MW
on a radial orbit, since to establish this would require knowledge of its transverse
velocity (e.g. van der Marel & Guhathakurta, 2008).

M31 has ∼ 20 satellites, and about 10 of them were discovered recently by
wide-field surveys (Zucker et al., 2004; Martin et al., 2006; Zucker et al., 2007;
Chapman et al., 2007; Majewski et al., 2007; Ibata et al., 2007; Irwin et al., 2008;
McConnachie et al., 2008). The classical M31 satellites are 2− 3 times bigger than
those of the MW, although the newly discovered ones seem to have similar sizes
(Martin et al., 2006). There is some indication of an excess of satellites on one side
of M31 (McConnachie & Irwin, 2006) and that they are possibly distributed in a
disk-like structure (Koch & Grebel, 2006).

M31 has an extended spheroid which is more metal-rich by about 1 dex com-
pared to the MW stellar halo (Durrell et al., 2001). However, more recently Kalirai
et al. (2006) and Chapman et al. (2006) have discovered an outer extended metal-
poor halo more similar to that of the MW. A wealth of stellar streams have been
found in this component (Ibata et al., 2001; Ferguson et al., 2002). These stellar
streams are more metal-rich compared to the field halo stars in M31 as is the case
for the MW. The number of globular clusters in M31 is about 500 which is roughly
three times more than in the MW (Brodie & Strader, 2006). These factors alto-
gether might be indicating a more complex merging history compared to that of
the MW.
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Table 1.1: Properties of nearby dwarf galaxies associated to MW.

Name α (J2000) δ (J2000) D� Type rh µ0,V
h m s ◦ ′ ′′ [kpc] [pc] [mag arcsec−2]

(1) (2) (3) (4) (5) (6) (7)
Sagittarius 18 55 03 −30 28 42 28± 3 dSph? ∼

> 500 25.4± 0.2

LMC 05 23 35 −69 45 22 50± 2 Irr 20.7± 0.1
SMC 00 52 49 −72 49 43 63± 10 Irr 22.1± 0.1
Ursa Minor 15 09 10 +67 12 52 69± 4 dSph 205 25.5± 0.5
Draco 17 20 12 +57 54 55 79± 4 dSph 221± 16 25.0± 0.2
Sextans 10 13 03 −01 36 53 86± 6 dSph 350 26.2± 0.5
Sculptor 01 00 09 −33 42 33 88± 4 dSph 350 23.7± 0.4
Carina 06 41 37 −50 57 58 94± 5 dSph 190 25.5± 0.4
Fornax 02 39 59 −34 26 57 138± 8 dSph 420 23.4± 0.3
Leo II 11 13 29 +22 09 17 205± 12 dSph 110 24.0± 0.3
Leo I 10 08 27 +12 18 27 270± 10 dSph 172 22.4± 0.3

CVn I 13 28 04 +33 33 21 218± 10 dSph 564± 36 27.1± 0.2

Hercules 16 31 02 +12 47 30 132± 12 dSph 330+75
−52 27.2+0.6

−0.5
Boötes I 14 00 06 +14 30 00 66± 3 dSph 242+22

−20 27.5± 0.3

Leo IV 11 32 57 −00 32 00 160+ 15
− 14 dSph 116+26

−34 27.5+1.3
−1.2

UMa I 10 34 53 +51 55 12 96.8± 4 dSph 318+50
−39 27.7+0.5

−0.4
CVn II 12 57 10 +34 19 15 160+ 4

− 5 dSph 74+14
−10 26.1+0.7

−0.6
UMa II 08 51 30 +63 07 48 30± 5 dSph 140± 25 27.9± 0.6

Coma Berenices 12 26 59 +23 54 15 44± 4 dSph 77± 10 27.3+0.7
−0.6

Leo T 09 34 53 +17 03 05 417± 38 dSph 178± 39 26.9
Boötes II 13 58 06 +12 51 05 42± 8 dSph 51± 17 28.1± 1.6
Leo V 11 31 09.6 +02 13 12.0 180 dSph 42 27.5± 0.5

Willman 1 10 49 22 +51 03 10 38± 7 dSph,GC? 25+5
−6 26.1± 0.9

SEGUE 1 10 07 04 +16 04 55 23± 2 dSph,GC? 29+8
−5 27.6+1.0

−0.7

Descriptions for each column:

(1) Name.

(2) Right ascension (J2000.0).

(3) Declination (J2000.0).

(4) Heliocentric distance. For the classical satellites, distances are taken from the compilation of Grebel et al.
(2003) of various sources. For the ultra-faints, we take the compilation from Martin et al. (2008).

(5) Galaxy type.

(6) Half-light radius. For the classical dSphs, data are taken from the compilation of van den Bergh (2000). For
the ultra-faint dwarfs, values are adopted from Martin et al. (2008)

(7) Central surface brightness in V -band. Classical dSphs are taken from Mateo (1998) except for Draco (Martin
et al., 2008). For the ultra-faint dwarfs (including Willman 1 and Segue 1), values are adopted from Martin
et al. (2008) except for Leo T from Ryan-Weber et al. (2008).

Note that all values in this Table regarding Leo V are from Belokurov et al. (2008).
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Table 1.2: Properties of nearby dwarf galaxies associated to MW.

Name MV [Fe/H] MHI σ M0.6 M0.3

[mag] [dex] [106 M�] [ km s−1] [107 M�] [107 M�]
(1) (2) (3) (4) (5) (6) (7)

Sagittarius −13.4 −0.5 ± 0.8 < 0.0001 27+20
−27 -

LMC −18.1 −0.6 ± 0.5 441.0 - -
SMC −16.2 −1.2 ± 0.4 402.0 - -
Ursa Minor −8.9 −2.03± 0.3 < 0.04 12 5.3+1.3

−1.3 1.79

Draco −8.8 −1.99± 0.3 < 0.003 13 4.9+1.4
−1.3 1.87+0.20

−0.29
Sextans −9.5 −1.97± 0.4 < 0.0001 8 0.9+0.4

−0.3 0.57+0.45
−0.14

Sculptor −11.1 −1.72± 0.35 0.026± 0.003 7− 11 2.7+0.4
−0.4 1.20+0.11

−0.37
Carina −9.3 −1.71± 0.3 < 0.0007 7.5 3.4+0.7

−1.0 1.57+0.19
−0.10

Fornax −13.2 −1.17± 0.5 < 0.005 11.1± 0.6 4.3+2.7
−1.1 1.14+0.09

−0.12
Leo II −9.6 −1.74± 0.2 < 0.01 6.8± 0.7 2.1+1.6

−1.1 1.43+0.23
−0.15

Leo I −11.9 −1.31± 0.2 < 0.03 9.9± 1.5 4.3+1.6
−1.6 1.45+0.27

−0.20

CVn I −8.6+0.2
−0.1 −2.08± 0.46 - 7.6± 0.4 1.40+0.18

−0.19
Hercules −6.6± 0.3 −2.58± 0.51 - 5.1± 0.9 0.72+0.51

−0.21
Boötes I −6.3± 0.2 −2.5 - 6.6± 2.3

Leo IV −5.0+0.6
−0.5 −2.58± 0.75 - 3.3± 1.7 0.39+0.50

−0.29
UMa I −5.5± 0.3 −2.29± 0.54 - 7.6± 1.0 1.10+0.70

−0.29
CVn II −4.9± 0.5 −2.19± 0.58 - 4.6± 1.0 0.70+0.53

−0.25
UMa II −4.2± 0.5 −2.44± 0.57 - 6.7± 1.4 1.09+0.89

−0.44
Coma Berenices −4.1± 0.5 −2.53± 0.45 - 4.6± 0.8 0.72+0.36

−0.28
Leo T −7.1 −2.02± 0.54 0.28 7.5± 1.6 1.30+0.88

−0.42
Boötes II −2.7± 0.9 −1.79± 0.14 - 10.5± 7.4
Leo V −4.3 -

Willman 1 −2.7± 0.7 - 0.77+0.89
−0.42

SEGUE 1 −1.5+0.6
−0.8 - 4.3± 1.2 1.58+3.30

−1.11

Descriptions for each column:

(1) Name.

(2) Integrated V -band absolute magnitude. Data are take from various sources: The classical dSphs are from
Mateo (1998). Most of the ultra-faint dwarfs are adopted from Martin et al. (2008). Exceptions are Leo T from
Ryan-Weber et al. (2008); Leo V from Belokurov et al. (2008).

(3) Mean iron abundance and the dispersion determined with red giant branch stars. LMC and SMC from West-
erlund (1997); Sgr from Cole (2001); Ursa Minor and Draco from Harbeck et al. (2001); Sextans, Sculptors,
Carina and Fornax from the DART survey (Helmi et al., 2006a); Leo II from Koch et al. (2007a); Leo I from Koch
et al. (2007b). For the newly discovered SDSS ultra-faint dwarfs, Leo V has not had published measurements.
For the rest ultra-faints, we take the measurements from Kirby et al. (2008) except for Böotes I from Muñoz
et al. (2006) and Böotes II from Koch et al. (2008).

(4) Total H I mass. Data for Magellanic Clouds are from Brüns et al. (2005); classical dSphs are from Mateo
(1998). Leo T value is from Ryan-Weber et al. (2008). See also a recent summary by Putman et al. (2008) of
the modern constraints on H I for the satellites in the Local Group.

(5) Total velocity dispersion. For the classical satellites, data are taken from the compilation of Gilmore et al.
(2007) of various sources. For the ultra-faints, most are taken from Simon & Geha (2007) except for Böotes I
(Muñoz et al., 2006) and Böotes II (Koch et al., 2008).

(6) Mass within 600 pc (Strigari et al., 2007).

(7) Mass within 300 pc (Strigari et al., 2008).
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1.2 A simple description of galaxy formation and
evolution in a ΛCDM Universe

Over the past few decades, surveys have measured the distribution of matter in
the Universe on large scales, and it has been possible to obtain maps of the cosmic
microwave background which have allowed us to determine the cosmological pa-
rameters accurately (e.g. Spergel et al., 2007). Direct comparisons to state-of-art
numerical simulations evolved in a flat Λ-dominated CDM model have shown very
good agreement with these and other observations of the Universe (see a recent
example demonstrated with the Millennium Simulation by Springel et al. 2005). In
this Section, I give a brief description of how we believe galaxies form and evolve
within this hierarchical structure formation model.

In the ΛCDM paradigm, the first structures form in over-dense regions of the
initial density field. At early times, the baryons and the dark matter are assumed
to be well-mixed with a universal fraction of fb = Mbaryon/MDM. These over-dense
regions attract matter and grow through the action of gravity. Eventually, they
accrete enough mass to hold against the expansion of the Universe and finally de-
couple from it and collapse to form virialised structures known as ‘haloes’ (Blu-
menthal et al., 1984). During the collapse of a halo, the gas is generally assumed
to be shock-heated to a high temperature (T ∼ Tvir), to be completely ionised and
to follow a similar distribution of the dark halo. The hot halo gas can radiate to
dissipate energy in the densest regions and then fall towards the centre in a free
fall time. The newly cooled gas then settles in a rotationally supported, presum-
ably exponential disk which is more compact relative to the dark halo and forms
in an inside-out fashion. In this gaseous disk, star formation can occur as local
over-dense regions accrete mass until they reach the Jeans mass and collapse (in a
process qualitatively similar to the formation of a halo as described earlier). Glob-
ally, star formation appears to happen only when the local surface density of the
gas disk is greater than a threshold. In this case, the star formation rate is propor-
tional to a power of the gas surface density. This is known as the Schmidt-Kennicutt
law:

Σ̇∗ ∝ Σng (1.1)

where the power n is determined through observations of disk galaxies and found to
be n = 1.4 (Kennicutt, 1998). After a star is formed it synthesises heavy elements in
its core through nuclear fusion. As the star evolves, it returns part of the enriched
gas to the interstellar medium either via stellar winds or through a more dramatic
supernova explosion. Such supernova explosions are the way massive stars (M ∼>
8 M�) end their life. A typical supernova explosion releases a few 1051 erg in energy
which will heat up (part of) the surrounding gas and may even push the gas out of
the galaxy. Thus a supernova explosion can reduce the reservoir of cold gas as a
‘(negative) feedback’ to the star formation cycle.

In the early theoretical study of galaxy formation in a hierarchical Universe by
White & Rees (1978), it was noticed that there were too many galaxies in the mod-
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els compared to reality at the faint end of the luminosity function of galaxies in
a cluster. These authors argued that ‘any process which made low-mass galaxies
relatively more vulnerable to disruption’ would reconcile their prediction with the
observations (though highly incomplete at the faint end at that time). Mechanisms
which can suppress star formation were therefore introduced in the models such
as supernova feedback (Larson, 1974). In order to reproduce the faint end of the
luminosity function of dwarf galaxies around the MW, the influence of a UV back-
ground, for example from reionization has been suggested (e.g. Kauffmann et al.,
1993; Bullock et al., 2000; Benson et al., 2002; Somerville, 2002). After the for-
mation of the first objects, a UV radiation field will be produced that will increase
the pressure of the baryons in the gas phase and consequently will prevent them
from collapsing with the dark matter. Gnedin (2000) carried out hydrodynamical
simulations where stars were the reionization sources and showed that the baryon
fraction of haloes under the presence of a UV background is reduced compared to
the universal value as

fhalob (z, Mvir) =
fb

[1 + 0.26MF(z)/Mvir]3
(1.2)

where MF is the ‘filtering mass’ and fb is ∼ 0.17 given by WMAP 3-year data
(Spergel et al., 2007). The filtering mass increases with time from 108 M� at z = 8
to 4× 1010 M� at z = 0. Therefore, these simulations suggest that reionization has
most impact on small haloes and may therefore inhibit star formation in these ob-
jects. Spectra of very distant quasars show that the density of neutral hydrogen is
nH I/nH < 10−5 at redshifts ∼ 6 which implies that the reionization was completed
by this time (Fan et al., 2002), yet the exact duration and the reionization process
itself are not well constrained.

One of the most characteristic features of the CDM cosmogony is that structures
are built up through mergers of smaller systems (White & Rees, 1978). Mergers
should be especially frequent in the early Universe and such interactions can lead
to changes in the galaxies’ morphologies transforming rotationally supported disks
into dispersion-dominated ellipticals. If gas is involved in the mergers, such tidal
interactions can induce bursts of star formation and therefore change a gas-rich
system in to a gas-deficient one (see, for example, Springel & Hernquist, 2005, and
references therein).

Formation of small galaxies

Dwarf galaxies are sensitive to a variety of astrophysical processes which regulate
their formation and evolution due to their shallower potential wells. Theoretical
studies have suggested that SN feedback may have a strong impact on the star for-
mation and on the chemical enrichment for galaxies below a mass scale of approxi-
mately 1011 M� due to their (partial) inability to retain gas and metals (Dekel & Silk,
1986; Mac Low & Ferrara, 1999). A photoionizing background may also suppress
the formation of galaxies in small haloes (Efstathiou, 1992; Gnedin, 2000) as dis-
cussed above. Gas stripping through tides or ram-pressure forces as a small galaxy
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becomes a satellite may also explain the morphological segregation observed for
example in the Local Group. Here we find that dSphs are more clustered around
their host giants while the dIrrs are more evenly distributed. This implies that
the morphology and the baryon content of dwarf galaxies are also shaped by the
environment (Mayer et al., 2007).

1.3 Local Group galaxies as a test-bed of galaxy for-
mation theories

Eggen, Lynden-Bell & Sandage (1962) were the first to combine kinematic and
metallicity information of nearby stars to conceptualise the processes which have
shaped our Galaxy. In their data, they found that metal-poor stars are on more ec-
centric orbits. Their results are usually interpreted as implying the Galaxy formed
from a primordial gas cloud which collapsed on a short timescale of ∼ 108 years.
This is usually referred to as the monolithic collapse model, and predicts a smooth
halo with a small dispersion in stellar age and implies a metallicity gradient should
be present (where metal-rich stars should be found closer to the Galactic cen-
tre/plane).

Searle & Zinn (1978) measured the metallicities of RGB stars in 19 Galactic
globular clusters. They found that Galactic globular clusters in the outer halo (r >
8 kpc) show no significant gradient in their mean iron abundance and that there is
a spread of the mean iron abundances of clusters at all radii. Based on this, they
postulated a scenario in which the stellar halo was built through the accretion of
objects with mass ∼ 108 M�.

As mentioned earlier, in a Universe dominated by CDM, structures form ‘hierar-
chically’ as small objects merge to produce larger ones. This hierarchical formation
picture is qualitatively similar to the Searle & Zinn scenario. Because of the suc-
cess of the ΛCDM model, especially on large scales, it is then logical and crucial to
test it on the scale of a single galaxy like the Milky Way given the vast amount of
detailed observations that are coming to light.

The discovery of the 11th MW satellite, the Sagittarius dwarf galaxy (Sgr), in
1994 by Ibata, Gilmore & Irwin is a great example of how a detailed map can
revolutionise a field and more importantly question our knowledge of how a galaxy
like the MW came into being. Despite its closeness - its heliocentric distance is only
∼ 25 kpc - Sgr was only identified in 1994 via the distinctive mean motions of the
member stars in comparison to those of the MW. This is because Sgr was lurking
in very crowded regions close to the Galactic plane and bulge. Its elongation was a
clear indication that it was being torn apart by tidal interactions with the MW (Ibata
et al., 1995). Sgr has proved to be the living evidence that small galaxies are being
cannibalised (by the MW) at the present day, as expected within the hierarchical
structure formation picture.

Since then, many prominent substructures in the halo have been identified
thanks to large sky surveys (e.g. Yanny et al., 2000; Newberg et al., 2002) includ-
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Figure 1.2: ‘Field of streams’ in the SDSS Data Release 6. Substructures of the
stellar halo like the Sagittarius stream, Orphan stream and the Monoceros ring
together with a few ultra-faint satellites are visible. These substructures are the
remnants of galactic cannibalism. A globular cluster, Palomar 5, is currently un-
dergoing disruption and shows clear tidal features of stars which were unbounded
in the last ∼ 2 Gyr (Odenkirchen et al., 2003). Courtesy of Vasily Belokurov.

ing the Sgr stellar streams across nearly 360 degrees of the sky (Majewski et al.,
2003), the Monoceros Ring (Ibata et al., 2003), the Virgo over-density and recently,
the stunning ‘Field of Streams’ (Belokurov et al., 2006a, see also Fig. 1.2). In ad-
dition to these substructures in the outer halo (i.e. r > 20 kpc), Helmi et al. (1999)
demonstrate that debris resulting from ancient accretions may also be found in the
solar neighbourhood where the dynamical timescales are much shorter compared
to those in the outer halo.

Theoretical studies and observational data have shown that the MW stellar halo
is consistent with having been fully built from the mergers of a few massive satel-
lites (Johnston, 1998; Helmi & White, 1999; Bullock et al., 2001; Bullock & John-
ston, 2005; Bell et al., 2008; De Lucia & Helmi, 2008). Substructures in the disks
showing distinct kinematic and chemical properties have also been identified indi-
cating possible accreted origins (e.g. Helmi et al., 2006b).

1.4 Challenges to the ΛCDM paradigm regarding
galaxies in the Local Group

The success of the ‘concordance’ cold dark matter cosmogony on large-scales has
rendered it an appealing foundation theory of galaxy formation and evolution. The
ΛCDM theory faces some of its greatest challenges on galactic and subgalactic



1.4. CHALLENGES TO THE ΛCDM PARADIGM REGARDING GALAXIES IN THE
LOCAL GROUP 13

scales. The most well-known discrepancies between the model and the observa-
tions are the ‘missing satellites problem’ and the apparent need for cored density
profiles (as opposed to the predicted cusps) to explain the dynamics of the most
dark matter dominated galaxies.

Nearly a decade ago, CDM N -body simulations overcame the ‘over-merging’
problem introduced by the lack of good mass and force resolutions. Since then,
simulations have revealed a large number of self-gravitating clumps (usually called
substructures or subhaloes) orbiting in virialised systems representing clusters or
galaxy-size haloes. The number of substructures in a galaxy-size halo outnumbers
the observed satellites around the Galaxy or M31 by a factor of ∼ 10− 100. If each
dark matter substructure would host a galaxy, hundreds or thousands of satellites
would be expected in the Local Group. This is the well-known ‘missing satellites’
problem (Klypin et al., 1999; Moore et al., 1999).

As indicated by the velocity dispersions of stars in the Local Group dSphs, these
galaxies are dark matter dominated even within the optical range (Mateo, 1998;
Gilmore et al., 2007). They are therefore ideal laboratories for testing the predicted
properties of cold dark matter. Simulations of CDM showed that for a wide range
of masses, the density profiles of simulated dark matter haloes are well fit by a
two-parameter function known as the NFW profile with moderate scatter (Navarro,
Frenk & White, 1996, 1997). The NFW profile is cuspy with a slope for the inner
region of ρ ∝ rα and α = −1. Studies of galaxies in clusters and in the field have
shown that the mass distributions of these objects can often be well described with
a NFW profile (Navarro et al., 1996). However, a cuspy density profile has been
demonstrated to poorly account for the rotation curves of the dark matter domi-
nated low surface brightness galaxies (e.g. de Blok et al., 2001, and references
therein). Recent analyses of the line-of-sight velocity dispersions of satellites in the
MW using the Jeans equation, as well as the presence of substructures in these sys-
tems, have also suggested the need for a cored profile (Kleyna et al., 2003; Goerdt
et al., 2006; Battaglia et al., 2008).

Recently, the highly anisotropic distribution of the satellites around the MW
(and the M31) has also been argued to be inconsistent with the more isotropic dis-
tribution of subhaloes resolved in ΛCDM simulations (Kroupa, Theis & Boily, 2005;
Metz, Kroupa & Jerjen, 2007). However, this anisotropic distribution is statistically
common in CDM simulations provided the satellites were accreted in a few groups
(Li & Helmi, 2008, Chapter 2).

Another challenge comes from the fact that stellar haloes are naturally pro-
duced in the hierarchical paradigm from disrupted satellites. If the ‘building blocks’
of a big galaxy like the MW were similar to the dSphs seen at the present day,
one would expect to find stars with similar abundance patterns in the field as in
the dwarf galaxies. However, although the halo and (classical) MW dSphs cover
a similar range of [Fe/H], halo stars are typically more enriched with α-elements
(Shetrone et al., 2001; Venn et al., 2004) compared to the stars in the dwarfs for
[Fe/H] > −2. The lack of extremely metal-poor stars with [Fe/H] < −3 in four lu-
minous dSphs has also been used to argue against the progenitors of the present-
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day satellites being related to the building blocks of the stellar halo (Helmi et al.,
2006a).

Further questions are raised by the ultra-faint dwarfs regarding their mass con-
tent. Recent estimations of the innermost masses of dwarf galaxies in the Local
Group have suggested a common mass scale of ∼ 107 M�, something proposed
originally by Mateo (1998). Strigari et al. (2007, 2008) show that the masses en-
closed within 600 or 300 pc for the MW satellites (including the ultra-faints) are
roughly constant while their luminosities span about five orders of magnitude. It
is then important to establish what could lead to the existence of a common mass
scale at present and whether this scale also reflects a common total mass at earlier
epochs.

1.5 This thesis

In this thesis, I make use of N -body simulations evolved in a Λ cold dark matter
Universe in combination with semi-analytic galaxy formation models to investigate
the nature and the processes behind the properties of galaxies in the Local Group.

Key questions that addressed in this thesis

1. How does a galaxy-size dark matter halo assemble? (Chapter 2)

2. Are the properties of dark matter substructures in a galaxy-size halo consis-
tent with those of the satellites around the Milky Way? (Chapter 2, Chapter 3
and Chapter 4)

3. What kind of galaxy formation model can reproduce the properties of Local
Group galaxies? What are the important processes that shape Local Group
galaxies? (Chapter 3)

4. What are the innermost masses of the dwarf galaxies, the characteristic present-
day total mass and how are these related to the mass when they were ac-
creted? Does ΛCDM predict a common mass scale? (Chapter 3 and Chap-
ter 4)

5. What are the masses of the Milky Way and the Local Group inferred by the
classical Timing Argument using modern measurements of the observables,
i.e. the age of the Universe, separations and radial velocities? What mass does
the Timing argument really measure? Is M31 on a radial orbit approaching
the Galaxy? (Chapter 5)

Outline of the thesis

In Chapter 2, we present analyses of the GAnew series, a set of high-resolution
N -body simulations of a MW-like dark matter halo in a cosmological context. In the
highest resolution simulation, we are able to trace the dynamical properties of the
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subhaloes down to a mass limit of∼ 2.9×106 M�. We find that although the present-
day distribution of subhaloes are fairly isotropic, their distribution at the time of
accretion is usually lumpy. This indicates that the hierarchical assembling that is so
characteristic of the formation of clusters of galaxies also happens on (sub)galactic
scales. We show that this group infall signature is preserved in the angular mo-
mentum of the subhaloes over many Gyr. A large fraction of the surviving sub-
haloes appear to have been accreted in this way. Inspired by the highly anisotropic
distributions of classical satellites and Lynden-Bell & Lynden-Bell (1995) ghostly
streams, we ask how this group infall of subhaloes could explain these dynamical
peculiarities.

In Chapter 3, we combine the same series of high-resolution simulations used
in Chapter 2 with semi-analytic recipes of galaxy formation to follow the evolution
of baryons in a system resembling the MW and the satellites. The semi-analytic
model that we use is based on that developed for the Millennium Simulation and
can reproduce properties of galaxies on large scales and as well as those of the MW
(Croton et al., 2006; De Lucia & Helmi, 2008). We find that by preventing cooling in
haloes with Vvir < 16.7 km s−1 (the atomic hydrogen cooling limit) and including the
impact of the reionization of the Universe, which reduces their baryon content, we
can reproduce the luminosity function of the satellites around the Milky Way and
hence solve the ‘missing satellites problem’. Our model satellites have baryonic
properties in good agreement with those observed, i.e. mean metallicities, half-light
radii, stellar populations and mass-to-light ratios. We have investigated how the
baryonic properties depend on the SN feedback recipe. In general we do not find a
very strong dependence, except that the SN feedback recipe which is more efficient
in galaxies embedded in smaller haloes, i.e. shallower potential wells, gives better
agreement with the properties of the ultra-faint satellites.

In Chapter 4, we report a study of the innermost mass of the model satellites
presented in Chapter 3. We find that the mass within 600 pc of dark matter haloes
hosting luminous satellites in our models has a median value of ∼ 3.2×107 M� with
very little object-to-object scatter. In contrast, the present day total luminosities of
the model satellites span nearly five orders of magnitude. These findings are in very
good agreement with the results recently reported in the literature for the dwarf
spheroidal galaxies of the Milky Way (Gilmore et al., 2007; Strigari et al., 2007,
2008). We conclude therefore that the intriguing common mass scale is expected
in the ΛCDM paradigm. We have also investigated whether the common innermost
mass scale of our model satellites reflects a common total mass scale at present
day or at the accretion epoch.

In Chapter 5, we use the very large Millennium Simulation of the concordance
ΛCDM cosmogony to calibrate the bias and error distribution of Timing Argument
estimators of the masses of the Local Group and of the Milky Way. Using a large
number of isolated spiral-spiral pairs similar to the Milky Way and Andromeda sys-
tem, we find the interquartile range of the ratio of timing mass to the sum of the
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‘virial’ masses of the two dominant galaxies is a factor of 1.8. We find that the
standard timing estimate is, in fact, an almost unbiased estimate of the sum of the
conventionally defined virial masses of the two large galaxies. We also apply our
calibrations to estimate the masses for the Local Group and the Milky Way to be
MLG = 5.27+1.49

−1.47 × 1012 M� and MMW = 2.43+0.68
−0.64 × 1012 M� with an interquartile

range. We give the statistical prediction of the transverse velocity of M31 relative
to the Galactic centre.




