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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



1.3. LOCAL GROUP GALAXIES AS A TEST-BED OF GALAXY FORMATION
THEORIES 11

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
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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



1.5. THIS THESIS 15

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



16 CHAPTER 1. INTRODUCTION

‘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.



2
Infall of Substructures onto a Milky

Way-like Dark Halo

Abstract∗

We analyse the dynamical properties of substructures in a high-resolution dark mat-
ter simulation of the formation of a Milky Way-like halo in a ΛCDM cosmology. Our
goal is to shed light on the dynamical peculiarities of the Milky Way satellites. Our
simulations show that about 1/3 of the subhaloes have been accreted in groups. We
quantify this clustering by measuring the alignment of the angular momentum of
subhaloes in a group. We find that this signal is visible even for objects accreted up
to z ∼ 1, i.e. 8 Gyr ago, and long after the spatial coherence of the groups has been
lost due the host tidal field. This group infall may well explain the ghostly streams
proposed by Lynden-Bell & Lynden-Bell to orbit the Milky Way. Our analyses also
show that if most satellites originate in a few groups, the disk-like distribution of
the Milky Way satellites would be almost inevitable. This non-random assignment
of satellites to subhaloes implies an environmental dependence on whether these
low-mass objects are able to form stars, possibly related to the nature of reioniza-
tion in the early Universe. With this picture, both the ‘ghostly streams’ and the
‘disk-like configuration’ are manifestations of the same phenomenon: the hierar-
chical growth of structure down to the smallest scales.

Key words: methods: numerical - Galaxy: formation - galaxies: dwarf - galaxies:
kinematics and dynamics - dark matter.

∗ Based on Li & Helmi 2008, MNRAS, 385, 1365
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2.1 Introduction

IN cold dark-matter (CDM) cosmologies, large galaxies are the result of the aggre-
gation of smaller subunits. Some of these subunits may survive until the present

day in the form of satellites, while some may be completely destroyed in the course
of time, and contribute to the field. In N -body CDM simulations of the formation of
galaxy-size dark-matter haloes, the satellites (often referred to as substructures or
subhaloes) show significantly different properties than those of the ‘luminous’ satel-
lites around galaxies like the Milky Way (MW). An example of this discrepancy is the
‘missing satellite problem’: subhaloes outnumber the bright satellites by factors of
a hundred or more (Kauffmann et al., 1993; Klypin et al., 1999; Moore et al., 1999).
Furthermore, their spatial distribution is typically much shallower than observed
for the luminous satellites (Gao et al., 2004a; Taylor et al., 2004). Therefore, the
relation between resolved substructures/subhaloes in dark matter simulations and
the luminous satellites in galaxy haloes is still unclear. Attempts to reconcile these
two populations, using semi-analytic models of galaxy formation (Kauffmann et al.,
1993; Benson et al., 2002; Kravtsov et al., 2004) or full-fleshed SPH-simulations
(Macciò et al., 2006; Libeskind et al., 2007) have produced interesting results, and
helped us gain insight into the relevant processes on the smallest galactic scales.

In the past ten years new attention has been drawn to the properties of the
satellite population in the Local Group. Starting with Lynden-Bell & Lynden-Bell
(1995), the existence of ghostly streams of satellites (dwarf galaxies and globular
clusters) was proposed. These objects would share similar energies and angu-
lar momenta producing a strong alignment along great circles on the sky (Palma
et al., 2002). Recently, it has been argued that the MW satellites define a disk-
like structure, that is so highly flattened (rms thickness of 10 − 30 kpc) that may
at first sight be inconsistent with CDM models (Kroupa et al., 2005; Metz et al.,
2007). However, sophisticated modelling combining semi-analytic galaxy forma-
tion recipes with dark matter simulations has produced results that are consistent
with observations (Kang et al., 2005; Libeskind et al., 2005; Zentner et al., 2005).

In the past two years, about a dozen low surface brightness dwarf satellite galax-
ies around the MW have been found in the Sloan Digital Sky Survey (Willman et al.,
2005a,b; Belokurov et al., 2006b, 2007; Zucker et al., 2006b,a; Irwin et al., 2007).
This is an increase by a factor of two in the number of known satellites. Because
of the strong selection bias (SDSS focus is on the north galactic pole), it is unclear
whether these satellites confirm the flattened disk-like structure. It is also unclear
whether they help solve the missing satellite problem (Simon & Geha, 2007). Satel-
lites around M31 also show peculiarities in their distribution, such as an excess of
objects on the side closest to the Milky Way (McConnachie & Irwin, 2006), and
possibly a similar degree of alignment (Koch & Grebel, 2006).

These facts have motivated us to revisit the distribution and properties of the
subhalo population in CDM simulations. In particular, here we focus on the infall
of substructures onto a Milky-Way like dark matter halo in a ΛCDM cosmogony.
We use a high-resolution dark-matter simulation that is a variant of the GA series
(Stoehr et al., 2002; Stoehr, 2006) as described in Section 3.2.1. We find evidence
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of group infall onto the MW-like halo, which may explain the ghostly streams pro-
posed by Lynden-Bell & Lynden-Bell (1995). This is discussed in Section 2.2.2.
In Section 2.2.3 we show that the disky configuration of satellites is consistent
with CDM if most satellites have their origin in a few groups. Thus both the
‘ghostly streams’ and the ‘planar configuration’ are manifestations of the same
phenomenon: the hierarchical growth of structure down to the smallest galactic
scales. We present our conclusions in Section 3.4.

2.2 Subhaloes in the dark matter simulations

2.2.1 Description of the simulations

We have analysed the GAnew series of high resolution simulations of a MW-like
halo (Stoehr, 2006). The simulations were carried out with GADGET-2 (Springel
et al., 2001a). The halo was selected from the M3 ΛCDM series (see Ciardi et al.,
2003) with cosmological parameters Ω0 = 0.3,ΩΛ = 0.7, h = 0.7, and Hubble con-
stant H0=100h km s−1 Mpc−1. Candidate haloes in this simulation were selected
according to the following criteria: i) well-resolved, with > 500 particles; ii) envi-
ronment similar to the Local Group (free from nearby rich galaxy clusters); iii) peak
circular velocity approximately 220 km s−1, and iv) no major merger since z = 2 (see
Gilmore et al., 2002). After choosing the best MW-like halo, the zoomed initial con-
ditions technique (Tormen et al., 1997) was used to produce a higher resolution
simulation. The MW-like halo was simulated four successive times with the mass
resolution increased by a factor 9.33 each time. In the highest mass resolution sim-
ulation (GA3new), there are approximately 107 particles within the virial radius.
Each of these re-simulations produced 60 outputs equally spaced in log(1/(1 + z))
between z = 37.6 and z = 0. Table 2.1 summarises the parameters and properties
of the GAnew series.

Virialised structures were identified in the high-resolution region of the simula-
tion using the standard friends-of-friends algorithm linking particles separated by
less than 0.2 of the mean interparticle separation. The SUBFIND algorithm (Springel
et al., 2001a) was then applied to each FOF group to find the gravitationally self-
bound subhaloes. The smallest resolved subhalo contains 10 particles, and its mass
is ∼ 2.7 × 107 M� in GA2new and ∼ 2.9 × 106 M� in GA3new. The number of sub-
haloes present in the final output is 504 for GA2new and increases to 3, 892 for
GA3new. The virial mass of the MW-like halo is 2.4 × 1012h−1 M� and the virial
radius is Rvir = 217 h−1 kpc at present time in GA3new.

2.2.2 Group Infall of Dark Matter Substructures

Infall pattern

The bottom panels of Fig. 2.1 show the present-day spatial distribution of subhaloes
accreted at four different redshifts (zacc) in GA3new. We use the most bound par-
ticle of a subhalo to represent its position and velocity. The accretion epoch of a
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Figure 2.1: Distribution of present-day subhaloes in the Milky Way-like halo in
GA3new. The top panels show their distribution at the redshift of accretion zacc in
the principal axis reference frame defined by the main halo at that epoch, while the
bottom panels corresponds to the present-day. The arrows represent the velocity
vector of each subhalo: its length corresponds to 0.15 of the velocity magnitude
while the orientation is defined by the direction of motion. The dashed, dash dot
and dotted lines in each panel indicate the directions of the major, intermediate
and minor axes of the ellipsoid defined by these subhaloes. The circle denotes the
virial radius of the host at the accretion epoch. Several groups of subhaloes can be
seen in these diagrams, in particular at the time of accretion.

Table 2.1: Numerical parameters for the GAnew-series simulations. The number
of low-resolution particles remains at a roughly constant level of nlr ∼ 1.272× 106.

Name mp [h−1 M�] NHR zstart ε [h−1 kpc]
GA0new 1.677×108 68 323 70 1.4
GA1new 1.796×107 637 966 80 0.8
GA2new 1.925×106 5 953 033 90 0.38
GA3new 2.063×105 55 564 205 60 0.18
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subhalo is determined as the time when its most-bound particle becomes part of
the FOF group in which the MW-like halo is located. The reference frame used in
Fig. 2.1 is defined by the principal axes of the MW-like halo. Its principal axes have
been determined by diagonalising the inertia tensor

Iij =
∑
µ

xµi x
µ
j /ζ

2
µ, (2.1)

where xµi is the i coordinate of the µth particle with respect to a reference frame
centred on the main halo, ζ2

µ = (yµ1 )2 + (yµ2 /s)
2 + (yµ3 /q)

2, and yµi are its coordinates
in the principal axes frame (Dubinski & Carlberg, 1991; Zentner et al., 2005). We
only consider particles with ζ2 ≤ R2

vir, and iterate until s and q have changed by
less than ∼ 10−3. The present time minor-to-major axis ratio of the MW-like halo is
q = 0.6, and it has changed by less than 5% over the last 3 Gyr.

The top row of Fig. 2.1 shows the spatial distribution of subhaloes at the time
they were accreted onto the MW-like halo. The (grey) dashed circles in top panels
show the virial radius at that epoch. There are 789, 231, 133 and 117 subhaloes which
have survived until present time that were accreted at z = 0.06, 0.28, 0.63 and 1.08
respectively. Note that in the first column, we plot for clarity only the first 200 most
massive subhaloes accreted at zacc = 0.063.

The distribution of subhaloes is elongated roughly along the direction of the ma-
jor axis of the MW-like halo at each epoch. The projected major axis orientations of
subhaloes accreted at a given epoch are indicated by the dashed lines in Fig. 2.1.
These are computed using Eq. (2.1) but without resampling1. The alignment be-
tween the host and the subhalo’s major axes is prominent except for the zacc = 0.28
snapshot. At this time the accreted subhaloes are much more isotropically dis-
tributed, preventing a clean determination of the orientation of the principal axes
of inertia (since the intermediate-to-major axis ratio is 0.98).

Fig. 2.1 also shows that the distribution of subhaloes is clumpy on small scales.
These clumps are formed by subhaloes sharing similar velocities (as shown by the
arrows in this figure). This indicates that infall does not occur in isolation but in
groups. This is very reminiscent of the way that clusters of galaxies grow through
the mergers of groups, residing in the intersections of filaments (e.g. Knebe et al.,
2004). What we are seeing here is that also galaxy-size haloes grow via accretion
of ‘subgroup’-size structures.

The clumps of subhaloes seen in Fig. 2.1 share essentially the same angular
momentum at the time of infall. This implies that, even if the spatial clustering is
less prominent after a few orbits inside the main halo, the lumpiness may still be
present in the space of angular momenta, provided these are nearly conserved.

We quantify the degree of clustering by computing the two-point ‘angular cor-
relation function’, ω(α), of the present-day angular momentum of our subhaloes.
The angle α is defined by the relative orientation of the angular momenta of any
two subhaloes, i.e. cosαij = Li · Lj/(|Li||Lj |). Therefore the correlation function

1 When the number of subhaloes is small, as in the right panel of Fig. 2.1, an iterative procedure
quickly leads to a sample with too few points, and hence to unreliable results.
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ω measures the number of pairs with αij < α compared to the expectations of an
isotropic distribution. To compute the expected number of random pairs we aver-
age over 1, 000 realisations of a uniform distribution on the sphere, whose size is
given by the number of ‘observed’ data points. Note that any small scale cluster-
ing in angular momentum such as observed in Fig. 2.1 should manifest itself as an
excess of pairs with small angular separations.

Fig. 2.2 shows the two-point ‘angular correlation function’ computed using the
present-day angular momentum of subhaloes in our simulations. Different colours
correspond to subhaloes accreted at different epochs. We see a clear excess of
pairs with angular momentum orientation separation less than 10◦ (and up to 30◦)
compared to random samples. This implies that the signature of group infall is
preserved in angular momentum even after many Gyr of evolution. This signal is
still discernible even for subhaloes accreted at z ∼ 1. The correlation function
calculated with all surviving subhaloes at present is showed as the (black) dashed
line.

Properties of groups

We now focus on the characteristics of the groups accreted at the various epochs.
To identify groups we link pairs of infalling haloes whose angular momentum orien-
tations are separated by α < 10◦ and with relative distances d < 40 kpc at the time
of accretion. We found that this combination of α and d values results in a robust
set of groups, maximizing their extent while minimizing the number of spurious
links.

We follow the orbits of the groups identified from redshift z ∼ 4.2 until present
time. Fig. 2.3 shows the trajectories of some of the richest groups of subhaloes,
which were accreted 2.43, 1.65 and 0.84 Gyr ago respectively. Each dot represents
the position of a subhalo colour coded from high-redshift (dark) to the present
(light-grey). The crosses correspond to the present-day positions while those at the
time of accretion are shown as open circles. Fig. 2.3 clearly shows that the groups
of subhaloes follow nearly coherent orbits as early as z ∼ 4.2, long before the time
of accretion.

The characteristic size of the groups can be measured by computing the num-
ber function of groups, i.e. how many groups have a given number of subhaloes.
Fig. 2.4 shows the number function of groups accreted in the four most recent
snapshots: present time, 0.84, 1.65, and 2.43 Gyr ago. As can be seen from this
Figure, the shape is quite similar at all times, and most of the groups have a small
number of members.

Fig. 2.5 shows the differential mass function of the groups in Fig. 2.4 down to
our resolution limit (the dashed line, which corresponds to ∼ 5.89× 106 M�). Once
again we find very similar power-law shapes for the mass functions at different
epochs. This power-law shape is reminiscent of the differential mass function of
subhaloes in cluster and galaxy-size dark matter haloes. The slope of the fitted
dN/d logM ∝ Mn relation is n ∼ −0.5 ± 0.2. Note that this is somewhat shallower
than that found for subhaloes, where n ∼ −0.8 ± 0.1 (Stoehr et al., 2003; De Lucia
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Figure 2.2: Two-point ‘angular correlation function’ using the present time angu-
lar momentum orientation of subhaloes accreted in the last 8 Gyr. The excess in
the first bins is indicative of the group infall and shows that this signal can persist
for a very long time.

et al., 2004a; Gao et al., 2004b). This could well be due to insufficient mass res-
olution: the fact that we are not resolving subhaloes below 2.9 × 106 M�, implies
that many subhaloes are accreted in isolation, instead of in pairs or in groups. This
effect is much stronger at the low mass end of the group mass spectrum. For ex-
ample, a group with total mass ∼ 109 M� can consist of ten subhaloes of ∼ 108 M�
or two of ∼ 5 × 108 M�. On the other hand a group of ∼ 107 M� can only be the
result of a pair of subhaloes of 5× 106 M� in our simulation.

Our limited resolution also prevents us from quantifying the mass function in-
side the groups. Nevertheless, and for our largest groups we find that these are
dominated by a few massive subhaloes and many small ones.

The group infall that we have been detecting in our simulation may well be re-
lated to the ghostly streams reported by Lynden-Bell & Lynden-Bell (1995). The
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Figure 2.3: Three examples of the trajectories of groups of subhaloes accreted at
different epochs in the GA3new simulation reference frame. These are some of the
most abundant groups ever accreted. The colour gradients indicate the arrow of
time, from dark at high redshift to light grey at the present. The positions at accre-
tion and present time are highlighted with open circles and crosses respectively.
There is some evidence that these groups themselves are the result of the mergers
of smaller groups, this is especially clear for the group in the right-most panel.
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Figure 2.4: Number counts of groups as function of the number of member sub-
haloes at four accretion epochs plotted in log-log scale. The error bars are Poisso-
nian.

presence of satellites (dwarf galaxies and globular clusters) sharing a common or-
bital plane seems rather plausible in the context discussed here. Instead of the
disruption of a large progenitor (Lynden-Bell & Lynden-Bell, 1995) or the tidal for-
mation of satellites within gas-rich major mergers (Kroupa, 1997), we would be
witnessing the disruption by the tidal field of the Milky Way of a ‘sub-group’-size
object composed by dwarf galaxies. The possible implications of this finding are
discussed in the Conclusions.

Link to the Environment

The present-time distribution of angular momentum orientations of subhaloes re-
flects both the anisotropy of the accretion pattern and the dynamical processes that
affect subhaloes while orbiting the MW-like halo. Fig. 2.6 shows the orientation of
the angular momentum of subhaloes accreted in the last 13 snapshots, from the
present-day (top left) to z ∼ 1.08 (bottom left). Here the angular momentum is
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Figure 2.5: Differential mass function of the groups shown in Fig. 2.4. The power-
law behaviour of the group mass function is similar to that of the subhalo mass
function, albeit with a shallower slope.

calculated using the position and velocity of a subhalo in the simulation box frame
right before it was accreted. Note that only a fraction of these subhaloes will have
survived until the present-time. The small scale clustering visible in this figure
once again highlights the group infall. Note the presence of larger-scale patterns
lasting over several snapshots (in particular in the top row, which corresponds to
the last 2.4 Gyr). This presumably implies that the infall patterns are related with
persistent larger scale structures (filaments) in the tidal field.

To understand this in more detail, we proceed to trace the evolution of the tidal
field around the main halo in our simulation. To this end we select ‘field’ particles,
i.e. those that do not belong to the FOF group of the Milky Way-like halo. The
projected spatial distribution of these particles within a 2h−1 Mpc on a side box is
shown in grey in Fig. 2.7. Like in Fig. 2.6, each panel corresponds to a different
redshift, starting from z ∼ 1.08 in the bottom left panel to the present day in the top
left. The distributions of surviving subhaloes accreted at the corresponding epoch
are overplotted in black.
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Figure 2.6: Distribution of angular momentum orientation for the subhaloes ac-
creted in the last 13 snapshots, i.e. since z = 1.08. The arrow of time in this figure
goes from right to left and from bottom to top, i.e. the bottom left panel corre-
sponds to ∼ 8 ago, while the top left to the present-day. Note the small scale
structure indicative of group infall as well as the large-scale pattern associated
to the filamentary structure of the tidal field. This figure shows that not just one
filament is actively feeding material at any given time.
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Fig. 2.7 shows that the Milky Way like halo is embedded in a larger-scale fila-
mentary pattern. These filaments are comparable in extent to the halo itself (as
e.g. traced by the accreted subhaloes). The lumpy nature of the filaments is also
clearly visible, showing that the infall is not a continuous flow, but is in groups as
discussed above.

Note that the global orientation of the tidal fields near the main halo has not
changed much over the last four snapshots, in agreement with what is observed in
the top row of Fig. 2.6. Furthermore, this large scale pattern is more or less aligned
with the major axis of the main halo, shown by the dashed line in each panel (as in
Bailin & Steinmetz, 2005).

2.2.3 On the Great Disk of Milky-Way Satellites

Kroupa et al. (2005) and Metz et al. (2007) have recently argued that the highly
anisotropic distribution of MW satellites could not have been drawn from a nearly
spherically distributed subhalo population. Motivated by their claim and the results
presented above, we wish to test here under what conditions such a configuration
is likely in a ΛCDM simulation like ours.

There are many possible ways to define the degree of flattening of a distribution.
We shall here concentrate on the following two measures:

1. The minor-to-major axis ratio c/a derived from the eigenvalues of the diago-
nalised inertia tensor defined by the satellites positions.

2. The rms of the distances to the best fit plane to the satellites positions nor-
malized by their median distance from the centre: ∆ = Drms/Rmed (Kroupa
et al., 2005; Zentner et al., 2005).

In what follows the positions are defined with respect to the centroid of the satel-
lites (or subhaloes), rather than with respect to the centre of the MW(-like) halo.
For the first measure (i), we use the inertia tensor defined as

I?ij =
∑
µ

xµi x
µ
j . (2.2)

Note this inertia tensor differs from that previously used in Eq. (2.1) in which the
positions were normalized by their ellipsoidal distance. Our preference for this
new definition is based on the fact that the determination of the ellipsoidal dis-
tance is simultaneous to the determination of the eigenvalues of the inertia tensor
Iij . This means that an iterative algorithm is used, in which outliers are succes-
sively discarded, until the desired level of convergence is reached (see Sec. 2.2.2).
However, when a relatively limited number of data points is available (as in the
case of the MW satellites) this is clearly not desirable. Note as well that the shape
of I?ij is more sensitive to objects at large distances. However, the effect this has
on the measured c/a can be quantified, as we shall see below.

In our analysis, we will only consider the eleven ‘traditional’ Milky Way satel-
lites. This enables us to make a direct comparison to the work of Kroupa et al.
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Figure 2.7: Evolution of the tidal field around the Milky Way-like halo. The grey
dots represent 0.05% of the ‘field’ particles within a box of 2h−1 Mpc on a side in
the simulation reference frame. Like in Fig. 2.6 the top left panel corresponds to
the present-time, while the bottom left to z ∼ 1.08. The black circles denote the
location of the subhaloes accreted at the given epoch. The dashed, dash-dot and
dotted lines indicate the major, intermediate and minor axes of the MW-like halo at
each epoch.
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(2005). On the other hand, it ensures we are not affected by the strong observa-
tional bias in the sky distribution of the new satellites discovered by SDSS, which
reflects the fact that this survey has concentrated on the north galactic cap.

The minor-to-major axis ratio for the set of eleven ‘traditional’ MW satellites
is c/a ∼ 0.18 ± 0.01 where the uncertainty is due to errors in the Galactocentric
distance (which also includes the uncertainty in the distance from the Sun to the
Galactic centre, R� = 8.0±0.5 kpc). The plane containing the major and intermedi-
ate axes is inclined 72.8± 0.7◦ with respect to the Galactic disk, in good agreement
with the value found by Metz et al. (2007).

If we use measure (ii) to quantify the degree of flattening, we find that the
best-fit plane of the MW satellites has an orientation identical to that of the inertia
tensor. The rms distance to this plane is Drms ∼ 18.5 kpc and the plane is offset
from the Galactic centre by 7.83 kpc. The median distance of the satellites is ∼
80 kpc, which implies that ∆ = 0.23 ± 0.01 assuming Gaussian errors of all related
distances (see also Metz et al., 2007).

Overall distribution of subhaloes

The subhaloes in our GAnew simulations show at least two differences in their
distributions in comparison to the Galactic dwarfs: 1) their spatial distribution is
much less anisotropic; 2) their density distribution is much shallower.

The present-day subhalo population of the Milky Way-like halo has a minor-to-
major axis ratio c/a ∼ 0.77, obtained using Eq. (2.2), compared to c/a = 0.74 for
the MW-like halo itself. These values are fairly consistent with those published by
Zentner et al. (2005) and Libeskind et al. (2005). The minor to major axis ratio for
those subhaloes within ∼ 300 kpc is c/a ∼ 0.86. All these values are significantly
larger than the c/a ∼ 0.18 found for the Milky Way satellites.

We now wish to test the effect of small number statistics in the determination
of the principal axes of the inertia tensor. To this end we randomly select 105

samples of N subhaloes: i) from the simulated Milky-Way like halo population; ii)
from an isotropic distribution with the same radial profile as found in the simula-
tion. In Fig. 2.8 we plot the mean c/a as a function of the number N of subhaloes
selected. The grey dots correspond to those drawn from present-day subhalo pop-
ulation (case i) while the black points are drawn from an isotropic sample (case
ii). The error bars denote the standard deviations of the 105 realisations. This
figure shows that only when N ∼ 103 a reliable estimate of the shape of the par-
ent distribution can be obtained. The mean c/a tends to become smaller, i.e. the
distribution appears more flattened as the number of subhaloes becomes smaller.
This is also true when the parent distribution is completely isotropic. When only
11 subhaloes are selected, the mean c/a ∼ 0.51 ± 0.12 (c/a ∼ 0.52 ± 0.12 for the
isotropic case), quite different from that of the parent sample. Nevertheless, this is
still significantly larger than observed for the MW satellites.

We noted previously that the density distribution of the satellites of the Milky
Way is strongly centrally concentrated. The median radius of the satellite’s distri-
bution is ∼ 80 kpc, comparable to the half-mass radius of the Milky Way (0.29 rvir
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Figure 2.8: Minor-to-major axis ratio of the inertia tensor defined by random sets
containing a varying number of subhaloes. The grey dots are for present-day sub-
haloes within 300 kpc in GA3new, while the black dots have been drawn from an
isotropic distribution. The error bars show the 1− σ level of each distribution. The
c/a obtained by imposing that 11 subhaloes follow the MW satellites radial distri-
bution is denoted by the triangle, while the star symbol corresponds to the c/a for
the 11 MW satellites.
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for a concentration of c = 18 as in Battaglia et al. 2005). On the other hand, the
median radius for the subhaloes (within 300 kpc) in our simulation is much larger,
Rmed ∼ 0.64 rvir.

We now quantify the effect of this highly centrally concentrated distribution
on the shape of the inertia tensor. We proceed by randomly selecting sets of 11
subhaloes from our simulation, but now imposing they follow the observed MW
satellites spherically averaged spatial distribution. The mean minor-to-major axis
ratio obtained in this way is c/a ∼ 0.40 ± 0.10, and is denoted as a triangle in
Fig. 2.8. This exercise shows that the disk-like configuration of the MW satellites is
indeed partially driven by their strongly centrally concentrated density distribution
around the Galaxy (see also Kang et al., 2005; Zentner et al., 2005, for a similar
discussion). However, this is still only marginally consistent with the MW satellites,
i.e. the mean c/a of 105 11-random-subhalo realisations is ∼ 2.2σ away from that
observed.

Distribution of grouped subhaloes

Inspired by the group infall of subhaloes found in Sec. 2.2.2, we now explore how
the presence of such groups of subhaloes can affect the chance of obtaining a
flattened configuration. Naively, we would expect that if their angular momenta is
nearly conserved, the subhaloes would spread along their orbit and give rise to a
planar structure as observed.

Given the large sensitivity of c/a to sample size, we prefer to use the ∆ measure
in what follows. This measure intuitively appears to be more robust since it derives
from a simple plane-fit to a distribution of points.

Of the 3, 246 subhaloes within 300 kpc from the centre of the MW-like halo that
have survived until the present-day, 898 subhaloes fell in as part of a group. 321
different groups have contributed to the present-day population of subhaloes, of
which the earliest two were accreted at z = 3.05. From now on, subhaloes identified
to be part of a group are referred to as ‘grouped’, while those which are not are
termed ‘field’ subhaloes.

We first test how often a disk-like structure is obtained when selecting a set
of 11 subhaloes consisting of a certain number Nsub of subhaloes from one group
(Ngroup = 1) while the rest Nfield are from the ‘field’. Note that Nsub = 2, 3, . . . , 11,
and the condition Nsat = Nfield +Nsub = 11 has to be satisfied. We make 105 realisa-
tions of such subsets and compute the fraction that gives rise to a configuration as
flat as observed, i.e. ∆ ≤ 0.23. The result is shown in the left panel of Fig. 2.9 where
the disk fraction increases from 4.5% to 73% as the number of selected subhaloes
Nsub increases from 2 to 11. In comparison, 11-randomly selected subhaloes (within
300 kpc) gives rise to flattened configurations ∼ 2.2% of the time. This shows that
if the Milky Way satellites fell in together, it would not be very surprising that they
would be in a planar configuration at the present-day.

It is important to note that when Nsub ≥ 6, we select predominantly from just
two groups accreted at relatively high redshift (z = 1.08 and z = 0.84). Other large
groups accreted more recently are still strongly clustered in space, and hence are



2.2. SUBHALOES IN THE DARK MATTER SIMULATIONS 33

2 4 6 8 10  
Nsub

0.0

0.2

0.4

0.6

0.8
di

sk
 f

ra
ct

io
n

  1 2 3 4 5 6
Ngroup

 

 

 

 

 

Figure 2.9: Left: Fraction of disk-like structures obtained in 105 realisations con-
sisting Nsub subhaloes extracted from one group and 11 − Nsub from the ‘field’.
Right: Fraction obtained when 11 subhaloes are extracted from Ngroup different
groups. The fraction increases as more subhaloes from one group are selected,
and as the number of groups contributing decreases. The likelihood of obtained a
highly flattened distribution is always higher than when 11 subhaloes are randomly
selected (dashed lines).

discarded in this exercise since they cannot be considered as a valid representation
of the MW satellite population. Furthermore, although there is a relatively high
chance of obtaining a value of ∆ as low as observed, this is driven more by the
large median distance of the subhaloes than by their RMS distance to the best fit
plane.

A second possibility is to consider only ‘grouped’ subhaloes. That is, we se-
lect randomly 11 subhaloes from Ngroup different groups where Ngroup = 1...5. The
panel on the right of Fig. 2.9 shows the fraction of disk-like configurations obtained
in this way as a function of the number of groups considered. This fraction can be
as high as ∼ 40% when the subhaloes come from only two groups, and of course
reaches 73% when they come from just one group. Note that the fraction when se-
lecting from 5 different groups is still much higher than if one selects 11 subhaloes
randomly.

The reason for the larger number of disk-like configurations when selecting
subhaloes from several groups as in the right of Fig. 2.9, rather than from just one
group and the field, may be understood by examining Fig. 2.10. This shows the
present-day angular momentum orientations for ‘grouped’ (left panel) and ‘field’
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Figure 2.10: Present-time angular momentum orientation of subhaloes located
within 300 kpc from the MW-like host. The left panel shows the subhaloes from
‘groups’ while the right corresponds to (a randomly selected subset from) the
‘field’.

(right panel) subhaloes. The two distributions differ clearly in the sense that the
‘grouped’ subhaloes are generally more clustered (see also Sec. 2.2.2), also on
larger scales. On the contrary, ‘field’ subhaloes tend to have their angular momenta
more isotropically distributed. Therefore, when selecting 11 subhaloes purely from
groups, the chance of picking up subhaloes with similar angular momentum orien-
tations, is higher than when selecting also from the ‘field’. The more isotropically
distributed orbits of ‘field’ subhaloes essentially add noise to the highly correlated
orbits of subhaloes originating in just one group. Therefore the disk signal gets
smeared out quite significantly when more than half of the subhaloes are in the
field in one realisation, as shown on the left of Fig. 2.9.

Given the large fraction of flattened configurations found in our simulations, we
conclude that the spatial distribution of the 11 Milky Way satellites can be repro-
duced within ΛCDM. The requirement is that these satellites fell onto the Galactic
halo in groups.

2.3 Discussion and conclusions

We have analysed a high-resolution cosmological simulation of the formation of a
Milky Way-like halo, focusing on the properties of the satellite population at the
present-day.
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We have found that dark-matter subhaloes are often accreted in groups in our
simulations. Roughly 1/3 of the surviving subhaloes with mass ≥ 2.9×106 M� at the
present epoch share this property. This is clearly a lower limit since we are not be
able to identify accompanying haloes below our resolution limit (this is particularly
severe at high-redshift).

This group infall is apparent as an enhancement in the number of subhaloes
whose angular momentum orientation is similar, particularly at the time of infall.
This signal is measurable also from the present-day angular momentum of sub-
haloes, even for those accreted 8 Gyr ago. These groups of subhaloes share coher-
ent orbits which can be traced back well before the accretion epoch. The differ-
ential group mass function follows a power-law distribution dN/d logM |group ∝Mn

with n ∼ −0.5 ± 0.2. This is reminiscent of the differential mass function of sub-
haloes in both galaxy and cluster-size haloes, albeit with a shallower slope (com-
pared to n ∼ −0.8 as in e.g. De Lucia et al. 2004a; Gao et al. 2004b).

We have also studied the degree of flattening of the spatial distribution of sub-
haloes in our simulation. The mean minor-to-major axis ratio c/a of the inertia
tensor defined by the positions of 11 randomly selected subhaloes with 300 kpc
is c/a ∼ 0.51 ± 0.12. In comparison the c/a of the 11 ‘classical’ MW satellites is
0.18 ± 0.01. Imposing the centrally concentrated MW satellite radial distribution
leads to c/a ∼ 0.4± 0.1 and therefore somewhat alleviates the discrepancy with the
observations (see also Kang et al., 2005).

We have explored also how this planar configuration may be obtained as a re-
sult of the infall of satellites in groups. The observed correlation in the angular
momentum orientation of subhaloes naturally gives rise to disk-like configurations.
For example, we find that if all subhaloes are accreted from just one group, it is
almost impossible to avoid a disk-like distribution (∼80% probability), while for ac-
cretion from just two groups, the likelihood of obtaining a distribution as planar as
observed is 40%.

These results may explain the origin of the ghostly streams proposed by Lynden-
Bell & Lynden-Bell (1995). Out of the streams originally proposed, only two appear
to have survived the rigour of time, after modern and accurate measurements of
proper motions have become available. Palma et al. (2002) confirmed the LMC-
SMC-UMi-Draco stream forms a kinematic group whose angular momentum sepa-
ration is < 18.5◦. More recently Piatek et al. (2005) ruled out with 95% confidence
level UMi as a member using HST proper motions. The latest measurements of the
Fornax proper motion by Piatek et al. (2007) has apparently confirmed the Sculptor-
Sextans-Fornax stream (although previous measurements led to conflicting results,
see Piatek et al. 2002; Dinescu et al. 2004). If some of the luminous satellites are
embedded in dark (sub)haloes that fell in together, such coherent structures would
be a naturally consequence of the hierarchical build-up of galaxies.

In our simulations, such groups remain coherent in angular momentum (i.e. they
share similar orbital planes giving rise to great circle streams) for approximately 8
Gyr. This implies that these groups (or satellites) should have been accreted by the
Milky Way at redshifts z ∼ 1 or below.
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One of the possible implications of the reality of the ghostly streams is that
their member galaxies formed and evolved in a similar environment before falling
into the Milky Way potential. This would have implications on the (earliest) stellar
populations of these objects, such as for example, sharing a common metallicity
floor (Helmi et al., 2006a). On the other hand, this implies that there should be
groups that have not been able to host any luminous satellites. This would hint
at a strong dependence on environment on the ability of a subhalo to retain gas
(Scannapieco et al., 2001), or be shielded from re-ionization by nearby sources
(Mashchenko et al., 2004; Weinmann et al., 2007).

Recent proper motion measurements of the Large and Small Magellanic clouds
by Kallivayalil et al. (2006), as well as the simulations by Bekki & Chiba (2005)
suggest that these systems may have become bound to each other only recently.
This would be fairly plausible in the context of our results. The Clouds may well
have been part of a recently accreted group (see also Sales et al., 2007, for the link
to Leo I) and it may not even be necessary for them to ever have been a binary sys-
tem. This may also have implications on the computations of the past trajectories of
these systems, particularly if both are embedded in a larger common dark-matter
envelope (Besla et al., 2007).

Our analysis shows that the dynamical peculiarities of the Milky Way satellites
can be understood in the context of the concordance cosmological model. Their
properties must be a consequence of both the environment as well as of the hierar-
chical nature of the build up of galactic haloes.
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3
Properties of the satellite population of

a Milky Way galaxy in the ΛCDM
Universe

Abstract∗

We combine a series of high-resolution cosmological simulations with semi-analytic
galaxy formation recipes to follow the evolution of a system resembling the Milky
Way and its satellites. The semi-analytic model is based on that developed for the
Millennium Simulation which successfully reproduces the properties of galaxies on
large scales and as well as those of the Milky Way. In this model, we are able to
reproduce the luminosity function of the satellites around the Milky Way by pre-
venting cooling in haloes with Vvir < 16.7 km s−1 (i.e. the atomic hydrogen cooling
limit) and including the impact of the reionization of the Universe. Our model satel-
lites show good agreement with the observations. In particular, the mean metallic-
ities, half-light radii, stellar populations and mass-to-light ratios are well matched
in our models. We have also investigated how these properties depend on feed-
back. In particular we do not find a very strong dependence upon the particular
implementation of feedback except that a 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.

Key words: cosmology: theory – galaxies: Local Group – galaxies: formation –
galaxies: dwarf – dark matter
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3.1 Introduction

THE satellites of the Milky Way (MW) are powerful touchstones for galaxy forma-
tion and evolution theories. Their proximity facilitates detailed observations

and characterisation of their properties and hence constrains ‘near-field’ cosmol-
ogy. On the other hand, their shallow potential wells make them more sensitive to
some important astrophysical processes such as supernova (SN) feedback (Larson,
1974; Dekel & Silk, 1986) or to the presence of a photoinization background (Babul
& Rees, 1992).

Deep images have allowed the construction of colour-magnitude diagrams (CMD)
of the MW satellites, from which the star formation histories have been deduced.
These studies indicate that there is a large variety in the star formation histories
of these objects (Mateo, 1998; Dolphin et al., 2005). The two gas-rich dwarf irreg-
ular (dIrr) Magellanic Clouds show on-going star formation while the other dwarf
spheroidal galaxies (dSphs) are gas-deficient and show generally little evidence for
recent star formation. Modern studies have revealed that all satellites contain an
old stellar population (> 10 Gyr). With the prevalence of the old stellar populations,
the MW satellites are likely to have kept the imprints of the young Universe.

In recent years, the number of known satellites around the MW has doubled
thanks to the discovery of very low surface brightness dwarf galaxies in the Sloan
Digital Sky Survey (SDSS) (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). These new satellites have lower surface bright-
ness (µ > 27 mag arcsec−2) compared to the classical satellites and have similar
extents. On the other hand, they have comparable luminosities to some Galactic
globular clusters, but are significantly bigger (Belokurov et al., 2007). The nature
of these newly discovered satellites is unclear. They could be the prolongation to-
wards the faint luminosity end of the classical MW satellites, tidal features or a
brand new class of objects.

Kinematic modelling based on the line-of-sight velocity dispersions have demon-
strated that the classical MW satellites are likely embedded in dark matter haloes
(Mateo, 1998). It has also been shown that the ultra-faint satellites have the mass-
to-light ratios as high as ∼ 100 − 1000 under the assumption of virial equilibrium.
This could imply that these are the most dark matter dominated objects known
(e.g. Muñoz et al., 2006; Simon & Geha, 2007). The constraint on the total mass in-
ferred by the velocity dispersions is still uncertain also because of the mass-velocity
anisotropy degeneracy and the small number of tracers employed in these studies.
Recent analyses suggest that the MW satellites (including the SDSS satellites) have
a common mass scale in their innermost regions (600 or 300 pc) (Strigari et al.,
2007, 2008).

The cold dark matter (CDM) hierarchical paradigm successfully explains the
large scale structures of the Universe (Spergel et al., 2007). Semi-analytic (here-
after SA) galaxy formation models coupled with merger trees derived within the
CDM paradigm are a good technique to diagnose the complex physics involved in
the assembly of galaxies with modest computational costs. SA models have suc-
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cessfully reproduced properties of galaxies on large scales, e.g. spatial and colour-
magnitude distributions, for galaxies seen in the local Universe (Croton et al., 2006;
Bower et al., 2006) and at higher redshifts (Kitzbichler & White, 2006). This implies
that galaxy formation and evolution may be understood in detail from first princi-
ples. In spite of the encouraging progress on the large scale, CDM faces its most
severe challenges on the galaxy-scale and below. An example is the ‘missing satel-
lites problem’: namely that the substructures resolved in a galaxy-size DM halo in
high resolution N -body simulations significantly outnumber the satellites observed
around the MW (Klypin et al., 1999; Moore et al., 1999).

Earlier studies using SA models already predicted an excess of faint satellite
galaxies around galaxies like the MW (Kauffmann et al., 1993). This as well as later
works have suggested astrophysical processes such as the presence of a photoion-
ization background to reconcile this discrepancy without invoking modifications on
the nature of the CDM particles (e.g. Bullock et al., 2000; Benson et al., 2002;
Somerville, 2002).

Several groups have more recently attempted to model the properties of the
MW and its satellites in a (semi-)cosmological setting. For example, satellites in SA
models have been shown to reproduce some of the properties of those around the
MW and Andromeda at present-day (Kravtsov, Gnedin & Klypin, 2004) and some of
those accreted very early on could have contributed to the MW stellar halo (Font
et al., 2006). However, these studies adopt simple phenomenological recipes of the
star formation and feedback, whose parameters are tuned to reproduce some of
the properties of the satellites in the Local Group. It is therefore less clear how
strong their predictive power is, or whether these models could also account for
observations of galaxies on larger scales.

Benson et al. (2002) use a SA model which successfully reproduces the present-
day field galaxy luminosity function in the local Universe to study the properties of
dwarf satellite galaxies. Their model calculates the influence of reionization self-
consistently based on the production of ionizing photons from stars and quasars
and the reheating of the intergalactic medium. Using this same model, they show
that their satellites have properties which are in good agreement with those around
the MW and M31, such as their luminosity distribution, size, gas content and metal-
licity. They suggest that the surviving satellites are those which formed while the
Universe was still neutral. The formation of galaxies with small mass that would col-
lapse later is inhibited through a photoinization. They also predict a large number
of faint satellites. However, since their galaxy formation models are coupled with
mergers trees from the extended Press-Schechter formalism (rather than based on
N -body simulations), they have to trace the evolution of the dark matter haloes
which host satellites analytically, which prevents them from following the dynami-
cal histories of these objects self-consistently.

Kravtsov et al. (2004) coupled a SA model with merger trees extracted from N -
body simulations of MW-like haloes. They followed the dynamical evolution of the
dark matter haloes in the potential well of three MW-like haloes. They found that a
significant fraction of present-day satellites had considerably higher masses when
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they formed and therefore could host stars. Though their galaxy formation model
successfully reproduce many of the satellites’ properties, it is calibrated using the
properties of Local Group galaxies, and hence has less predictive power.

In this Chapter, we diagnose the impact of various astrophysical processes on
(sub)galactic scales and gain new insights onto the formation and evolution of satel-
lites around the Milky Way. We combine high-resolution simulations of a MW-like
halo with semi-analytic galaxy formation recipes in a full cosmological context to
follow the evolution of baryons in the host galaxy and its satellites. We find that
by preventing cooling in haloes with Tvir < 104 K (the atomic hydrogen cooling
limit) and including the impact of the reionization of the Universe we are able to
reproduce the latest estimation of the luminosity function of the satellites around
the Milky Way by Koposov et al. (2008). We are also able to reproduce the metallic-
ity distribution function (MDF) of the MW satellites by including a route to recycle
metals produced in newly formed stars through the hot phase. Moreover, our model
satellites follow several scaling relations similar to the MW satellites, such as the
metallicity-luminosity and the luminosity-size relations. Some other properties in-
cluding their stellar populations and mass-to-light ratios are also well reproduced
in our models while preserving the properties of the central host galaxy (which re-
sembles the MW). We have also investigated how the baryonic properties depend
on the SN feedback recipe. In general we do not find a very strong dependence
on the particular implementation used except for the newly discovered ultra-faint
SDSS satellites. As shown in Chapter 4, we find that the common mass scale of
a few times 107 M� seen recently in the MW satellites is a natural outcome of the
CDM galaxy formation and evolution model (Li et al., 2008). We also predict that
the surviving satellites are associated with haloes whose total mass exceeded a few
106 M� at z ∼ 10 − 20 and which acquired their maximum dark matter mass, well
above the cooling threshold, after z ∼ 6.

This Chapter is organised as follows. Section 3.2.1 gives a brief summary of the
cosmological simulations that we use in this study, and in Section 3.2.2 we sum-
marise our semi-analytical galaxy formation models emphasising the new features
added to the sibling model from De Lucia & Helmi (2008). In Section 3.3 we present
our main results and in Section 3.4 we discuss the implications of our work. We
conclude in Section 3.5.

3.2 The hybrid method of galaxy formation and evo-
lution

3.2.1 ΛCDM Simulations of a Milky Way-like halo

We have utilised a series of high resolution simulations of a MW-like halo (Stoehr
et al., 2002; Stoehr, 2006). We note that this is the exact GAnew series used in the
previous studies by Li & Helmi (2008) (Chapter 2), De Lucia & Helmi (2008) and
Li et al. (2008) (Chapter 4). We therefore only recapitulate the basic properties of
the simulations here and refer the reader to the first two above mentioned papers
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for more details. The simulations were carried out with GADGET (Springel et al.,
2001b) in a full cosmological context with Ω0 = 0.3,ΩΛ = 0.7, h = 0.7, and Hubble
constant H0=100h km s−1 Mpc−1. The MW-like halo was simulated four successive
times with the mass resolution increased by a factor 9.33 each time. In the highest
mass resolution simulation (GA3new), there are approximately 107 particles with
mass mp = 2.063×105 M� h

−1 within the virial radius. Each of these re-simulations
produced 108 outputs. These outputs are equally spaced logarithmically in time
between z = 37.6 and z = 2.3 and are nearly linearly spaced from z = 2.3 to the
present time.

Virialised structures were identified using the standard friends-of-friends (FOF)
algorithm linking particles separated by less than 0.2 of the mean interparticle
separation. The SUBFIND algorithm (Springel et al., 2001a) was then applied to each
FOF group to find the gravitationally self-bound subhaloes. Following Navarro et al.
(1997), we define R200 of a sphere enclosing a mass, M200, whose average density
is 200 times the critical density of the Universe at redshift, z, i.e. :

M200 =
4πR3

200

3
· 200δcrit(z) =

100H(z)2R3
200

G
.

The velocity, V200, is defined as the circular velocity of the halo at R200 and V200 =√
GM200/R200. M200 is directly measured from the simulations and used to cal-

culate R200 and V200. In our models, we approximate the virial properties of dark
matter haloes, e.g. virial radius (Rvir), virial mass (Mvir) and virial velocity (Vvir) by
R200,M200 and V200 respectively unless otherwise explicitly stated.

As in De Lucia & Helmi (2008), we scaled down the original outputs by a factor
of 1.423 for the mass and 1.42 for the positions and velocities in order to have a
MW-like halo with V200 ∼ 150 km s−1 (Battaglia et al., 2005; Smith et al., 2007; Xue
et al., 2008). Therefore, after scaling, the smallest resolved subhaloes containing
20 particles have dark matter mass MDM ∼ 2 × 106 M� in GA3new. Here MDM is
the total mass at z = 0 given by the number of bound particles as determined by
SUBFIND. The present-day virial mass and the virial radius for the MW-like halo is
M200 ∼ 1012 M� and R200 = 209 kpc respectively.

3.2.2 Semi-analytic modelling

We use a semi-analytical galaxy formation model to study the baryonic properties of
a MW-like galaxy and its satellites at z = 0. This model has been developed mainly
at the Max–Planck–Institut für Astrophysik and we refer to it as the Munich model
later in the text. The essential ideas of the Munich model can be traced back to the
works by White & Rees (1978) and White & Frenk (1991), and include physical pro-
cesses such as the cooling of gas, star formation and feedback due to stars. Over
the years, other important ‘ingredients’ have been incorporated, e.g. the growth
of supermassive black holes (Kauffmann & Haehnelt, 2000), the inclusion of dark
matter substructures resolved in the simulations (Springel et al., 2001a), chemical
enrichment (De Lucia et al., 2004b) and AGN feedback (Croton et al., 2006). The
model we use in this study is based on the recent version summarised in Croton
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et al. (2006) but we assume a Chabrier IMF plus some updates on the galaxy merg-
ers and the dust attenuation as described in De Lucia & Blaizot (2007). Thus our
SA model is essentially the same used by De Lucia & Helmi (2008) to study the
properties of the MW and its stellar halo. However, we have made a few modifi-
cations to account for the properties of the satellites. From now on, we refer to
the model used by De Lucia & Helmi (2008) as the MW-model and that used in this
work as the satellite-model. Here we give a brief summary of the physical processes
implemented in our models which are crucial to the properties of the satellites.

Reionization

As in Croton et al. (2006), we make use of the results of Gnedin (2000) who simu-
lated the impact of reionization caused by stellar sources. Gnedin finds that reion-
ization reduces the baryon content in haloes whose mass are smaller than a par-
ticular ‘filtering mass’ scale at each redshift. The fraction of the baryons in a halo,
fhalob , is decreased compared to the universal baryon fraction (fb = 0.17 from WMAP
3-year data, Spergel et al., 2007) according to the ratio of the halo mass and the
‘filtering mass’, MF :

fhalob (z, Mvir) =
fb

[1 + 0.26MF (z)/Mvir]3
. (3.1)

In practise, we have implemented the analytic formulae of MF (z) given by
Kravtsov et al. (2004) based on Gnedin’s results. In the fiducial satellite-model,
the two reionization parameters which we use are z0 = 15 and zr = 11.5. This
choice translates to a reionization which starts at z0 and is complete by zr while in
the MW-model it was z0 = 8 and zr = 7 (equivalent to a duration of 0.12 Gyr). For
simplicity, we refer to the reionization epoch, zreio, as z0 hereafter.

Cooling

In both MW and satellite models, the cooling of the shock-heated gas is treated as
a classical cooling flow (e.g. Springel et al., 2001a). The cooling rate is a function
of temperature and metallicity of the hot gas given by Sutherland & Dopita (1993).
For primordial (or low-metallicity) composition gas, in the high temperature regime
(T ∼> 106 K), the cooling is dominated by bremsstrahlung (free-free) emission. The
cooling is efficient at T ∼ 105 K and ∼ 1.5×104 K and driven by the atomic hydrogen
H and He+ respectively. For T < 104 K, i.e. below the atomic hydrogen cooling
limit, the dominant coolant is molecular hydrogen (H2). The virial temperature of a
halo is related to its virial velocity as:

Tvir(z) = 35.9

(
Vvir(z)
km s−1

)2

. (3.2)

Therefore, for a halo with Tvir = 104 K, the correspondent virial velocity is Vvir =
16.7 km s−1 which is equivalent to Mvir ∼ 3 × 107 M� when z = 15 and Mvir ∼
2× 109 M� when z = 0.
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In the MW-model, haloes with Tvir smaller than 104 K, are able to cool as much
gas as a 104 K halo with the same metallicity. However, in the satellite-model, we
simply forbid cooling in small haloes with Tvir < 104 K at all times. This is a reason-
able approximation since molecular hydrogen is subject to the photo-dissociation
caused by UV photons from (first) stellar objects (Haiman et al., 2000). This treat-
ment is also implemented in some previous SA models, e.g. Kravtsov et al. (2004).

Star formation and supernova feedback

The star formation model used in both the MW-model and the satellite-model is
described in detail in De Lucia & Helmi (2008) and the supernova feedback in
Croton et al. (2006). We briefly depict the central ideas here. The star formation
rate is modelled in proportion to the available cold gas, assumed to be distributed
in an exponential disk, that is above a certain surface density threshold,

ψ = αSFMsf/tdyn, (3.3)

where αSF is a free parameter which controls the star formation efficiency, and
tdyn is the disk dynamical time. We fix αSF at 0.03 for a Chabrier IMF (De Lucia
& Blaizot, 2007) throughout our modelling. The surface density threshold takes a
constant value throughout the disk and is calculated using the disk size and the
disk circular velocity (in practise approximated with the V200 of the halo). At each
time step, ∆t, we calculate the amount of newly formed stars,

∆M∗ = ψ ∆t. (3.4)

Massive stars explode as SNe and inject energy in the form of feedback. In our
modelling, we do not consider the delay between the formation of these stars and
their corresponding SN feedback, i.e. the lifetime of such stars is assumed to be
zero. The energy injection by SNe per solar mass is described as V 2

SN = ηSN · ESN

where ηSN = 8.0 × 10−3 M−1
� is the number of SNe per unit solar mass expected

from a Chabrier IMF, and ESN = 1.0× 1051 erg is the energy per SN. The energy of
SNe available in the time step is approximated as 0.5∆V 2

SNM∗ and only a fraction
of it, εhalo, is used for feedback:

∆ESN = εhalo · 0.5∆V 2
SNM∗. (3.5)

The amount of cold gas heated by SNe is proportional to the newly formed stars,

∆Mreheat = εdisk ∆M∗. (3.6)

We assume the heated gas is added back to the hot phase and carries the energy

∆Ehot = 0.5∆MreheatV
2
vir. (3.7)

It is possible that SN feedback is energetic enough to eject some hot gas out of the
halo. The energy available for ejecting is ∆ESN−∆Ehot if this difference is positive.
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The energy carried away by the ejecta is assumed to be 0.5∆MejectV
2
vir. If there is

energy present for ejection, the amount of ejected hot gas is

∆Meject =
∆ESN −∆Ehot

0.5V 2
vir

=

(
εhalo

V 2
SN

V 2
vir

− εdisk

)
∆M∗. (3.8)

We assume the ejected gas can fall back and be reincorporated into the cool-
ing cycle as the halo keeps growing by accreting material from the surroundings
(Springel et al., 2001a; De Lucia et al., 2004b; Croton et al., 2006). The two pa-
rameters which regulate the feedback, εhalo and εdisk, are adopted as 0.35 and 3.5
respectively from Croton et al. (2006).

An alternative supernova feedback prescription

Since the dwarf galaxies have shallow potential wells, their properties may be quite
sensitive to SN feedback. This is why it is important to explore different implemen-
tations of SN feedback in the models. We have therefore also tried an alternative
SN feedback recipe in addition to the ‘standard’ recipe mentioned above. This
alternative feedback recipe was implemented in some previous versions of the Mu-
nich model and is known as the ejection model described in De Lucia et al. (2004b).
In the ejection model, the gas reheated by SNe is related to the amount of newly
formed stars as:

∆Mreheat =
4
3
ε
V 2

SN

V 2
vir

∆M∗. (3.9)

This implies, together with our choices of the feedback efficiency ε = 0.05 and
VSN ∼ 634 km s−1 parameters, that haloes with Vvir < 87 km s−1 would have more
heated mass per unit newly formed stellar mass compared to the standard recipe
(Eq. 3.6). The other feature of the ejection model is all the reheated gas is assumed
to always leave the halo and is directly deposited to the ejecta component and can
be reincorporated into the hot halo at later time.

We will show later our results for the baryonic properties of the satellites with
both the standard and alternative SN feedback recipes.

Metal recycling through the hot phase

At each time step, the masses exchanged among the four phases: Mhot, Mcold, M∗,
Meject, (i.e. hot gas, cold gas, stars and ejecta) are updated as described in Sec-
tion 4.7 and Fig. 1 in De Lucia et al. (2004b). The metallicity in each phase is
denoted as Zx and is defined as the ratio between the mass in metals in one com-
ponent (MZ

x ) and the corresponding mass (Mx) where the suffix x is hot, cold, star
or eject. In the satellite-model, we include a route to recycle metals made in newly
formed stars through the hot phase of a galaxy. This is done by assigning a fraction
of the metals, Fzhot, released from the newly formed stars to the hot component
at each time step while keeping the rest in the cold phase. The equations speci-
fying the metal route including the recycling metals through hot phase using the
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standard SN feedback recipe are:

ṀZ
∗ = +(1−R) · ψ · Zcold

ṀZ
hot = −Ṁcool · Zhot + Ṁback · Zeject

+
∑
sat

(Ṁreheat · Zcold) + Fzhot · Y · ψ

ṀZ
cold = +Ṁcool · Zhot − (1−R) · ψ · Zcold

+(1− Fzhot) · Y · ψ − Ṁreheat · Zcold

ṀZ
eject = +Ṁeject · Zhot − Ṁback · Zeject.

A yield Y of heavy elements produces in newly formed stars per solar mass is
assumed. A fraction of R = 0.43 of the mass in stars is also assumed to return
into the cold phase to account for the mass loss during the lifetimes of stars. The
cooling rate of gas in the hot halo is Ṁcool; the reincorporation rate for the ejecta
back to the hot halo is Ṁback; the mass reheated by the SNe per unit time is Ṁreheat;
and the rate of mass ejected out of the halo is Ṁeject.

For the alternative SN feedback recipe, since the reheated gas is assumed to be
ejected from the cold phase directly, the metallicity in the ejecta is updated as:

ṀZ
eject = +Ṁreheat · Zcold − Ṁback · Zeject.

In the MW-model, the metals made are assumed to return to the cold phase
immediately in all galaxies, i.e. Fzhot = 0. However, Mac Low & Ferrara (1999)
using hydrodynamical simulations to study the fate of metals ejected by SNe in
dwarf galaxies, find that metals can be blown out completely from small galaxies
with gas mass below 107 M� (corresponding to a halo of Mvir = 3.5×108 M� in their
modelling). We then assume a simple two-state value for Fzhot to account for the
mass dependence:

Fzhot =
{

0.0 if Mvir ≥ 5× 1010 M�
0.95 otherwise.

This means that for galaxies with a dark matter halo with virial mass less than
5× 1010 M�, 95% of newly produced metals are deposited into the hot phase.

3.2.3 What happens to the satellites in the modelling?

We follow the convention established along the development of the Munich model
to classify galaxies according to their association with a subhalo. The galaxy as-
sociated to the most massive subhalo in a FOF group is a Type 0 galaxy and is
sometimes referred to as the central galaxy. Other galaxies in a FOF group are
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usually referred to as satellites and are further differentiated into Type 1 galaxies
if their dark matter subhalo is still present or Type 2 when their subhalo has fallen
below the resolution limit of the simulation. When a galaxy becomes a satellite, its
M200 is approximated using the number of bound dark matter particles given by
SUBFIND instead of the conventional value as described in Section 3.2.1. The disk
size is fixed at the value it had just before accretion. In our SA modelling, only Type
0 central galaxies are allowed to accrete mass from the ambient medium. Satellite
galaxies do not have hot and ejected components and the cooling is also forbidden,
i.e. Mhot = Meject = Ṁcool = 0. When a galaxy becomes a satellite, its hot and
ejected components are transferred to the corresponding components of the cen-
tral galaxy. As a consequence once matter leaves the cold phase of a satellite, it
does not rejoin the (Type 1 or Type 2) satellite at a later time.

3.2.4 On the modelled central MW-like galaxy

The values of the parameters that enter in the SA model are chosen so as to re-
produce several observations of galaxies on large scales, such as, the I-band Tully-
Fisher relation for Sb/c galaxies. Since the number of parameters is significantly
smaller than possible observables, this implies that the predicting power is not hin-
dered. This same set of values for the parameters was used by De Lucia & Helmi
(2008) to model the MW after coupling to the merger tree of a MW-like halo and
resulted in agreeable properties without any fine-tuning. It is important to empha-
sise that the prescriptions and parameters that describe well galaxy properties on
large scales will not necessarily lead to satisfactory properties of a single MW-size
galaxy and its satellites, particularly because of the simplified treatments of the
various physical processes in the models.

To fix the values of the parameters in the satellite-model, we simply adopt those
from De Lucia & Helmi (2008) except the reionization epoch, zreio, and the metal
fraction to the hot gas, Fzhot. Below we briefly discuss the dependence on our
changes on zreio, cooling in small haloes and metal recycling through hot phase
of the MW-like galaxy properties. We will focus on the baryonic properties of the
central galaxies in different models and discuss the number of satellites in Sec-
tion 3.3.1 where we show our results for the luminosity functions of the satellites.
Table 3.1 summarises the properties of the MW-like galaxies in different SA models
at z = 0.

The results using the MW-model are given in the first row (see also Fig. 2 of De
Lucia & Helmi, 2008). We remind the reader that in the MW-model, haloes with
Tvir < 104 km s−1 are allowed to cool at the rate of a 104K halo, the reionization
epoch is zreio = 8 and the fraction of metals recycled through hot phase is Fzhot = 0.
We refer to the fiducial model which gives best results for the satellites as the
‘satellite-model’. This is the fourth row with zreio = 15 and a fraction of 95% for the
recycling of metals through the hot component for galaxies with Mvir < 5×1010 M�.
In all the models with the name with ‘satellite’, we forbid the cooling in haloes with
Tvir < 104 K. The last two rows in Table 3.1 show results with the alternative SN
feedback recipe and will be discussed in Section 3.3.1 and 3.3.2.
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Table 3.1: Properties of the Milky Way-like galaxy in various semi-analytic models
in the GA3new simulation

Model Name M∗ Mbulge Mcoldgas Log Z∗
Z�

Log Zb
Z�

MB

[1010 M�] [1010 M�] [1010 M�] [dex] [dex] [mag]
(1) (2) (3) (4) (5) (6) (7)
MW-model 5.73 0.64 1.06 −0.05 −0.28 −19.53

satellite-model A 5.75 0.64 1.07 −0.05 −0.28 −19.50
satellite-model B 5.85 0.62 1.11 −0.06 −0.30 −19.52

satellite-model 5.88 0.63 1.11 −0.06 −0.35 −19.52

satellite-model ejection 8.26 2.58 1.09 0.12 0.00 −19.08

satellite-model combined 5.02 0.84 0.95 −0.08 −0.30 −19.53

The descriptions for each column are: (1) the model names; (2) stellar mass; (3) mass of

the bulge; (4) cold gas content; (5) logarithmic value of the total metallicity in stars com-

pared to the solar value; (6) logarithmic value of the total metallicity of the bulge component

compared to the solar value; (7) B-band absolute magnitude considering internal dust atten-

uation.

The only difference between the MW-model and the satellite-model A is in the
cooling of small systems. Comparing the results of these two models, we find no
significant changes in the properties of the present-day MW-like galaxy. In satellite-
model B, we also change zreio to 15 and keep Fzhot = 0. We note that the only
significant impact of an early reionization is to bring down the black hole mass by
∼ 15% compared to that of the MW-model. The early reionization results in an
increase of the stellar mass but this is still within the observational uncertainties.
We note the black hole mass MBH = 6.9 × 106 M� from the satellite-model is still
only in marginal agreement with the latest measurement of the MW black hole
mass MBH = (4.5 ± 0.4) × 106 M� (Ghez et al., 2008). By comparing the satellite-
model B and the satellite-model, it is clear that (our simple implementation of) the
recycling of a fraction of the just formed metals through the hot phase for haloes
with Mvir < 5×1010 M� only makes the bulge slightly more metal-poor (∼ 0.06 dex).

Our fiducial satellite-model gives similar total stellar mass for the central host
as the MW-model, and both models are consistent with the current observational
constraints M∗ ∼ 5− 8× 1010 M�. The results of these two models also agree well
with each other in terms of the mass of the bulge and the cold gas content, albeit
they are slightly higher compared to the MW values. We therefore conclude that
the changes which we have made in the satellite-model only have significant impact
on the properties of dwarf galaxies and are very likely to preserve the properties of
MW-like galaxies.

3.3 Results

We define as SA model satellites of the MW-like galaxy those that satisfy the fol-
lowing conditions at z = 0: i) a satellite has to be in the same FOF group where
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the MW-like galaxy is; ii) the distance to the MW-like galaxy is < 280 kpc; iii) the
galaxy is associated to a dark matter subhalo (Type 1 galaxies in the previous dis-
cussion with N > 20 i.e. MDM ∼ 2 × 106 M�). The distance cut corresponds to the
current observational limits, except it excludes the very distant recently discovered
satellite Leo T at ∼ 420 kpc.

3.3.1 The luminosity function

Our fiducial satellite-model predicts 51 satellites within 280 kpc. This is in good
agreement with the estimated ‘all sky’ number of satellites (∼ 45) brighter than
MV = −5.0 by Koposov et al. (2008). If we remove the above-mentioned distance
constraint, the number of satellites is only increased from 51 to 52 and the number
of subhaloes from 1865 to 1869. We therefore keep the distance cut to make our
results easily comparable with the observations.

The mass functions of model satellites and of surviving subhaloes within 280 kpc
are shown in Fig. 3.1. The mass plotted here is the total associated dark matter
mass at z = 0 determined by SUBFIND. All subhaloes with present-day MDM >

109 M� are populated with galaxies. The mass function of the subhaloes which
host galaxies deviates from the power-law shape mass function of the full subhalo
population and is fairly flat below MDM = 109 M� down to the resolution limit of
MDM ∼ 106.5 M�. We also show the mass function of surviving subhaloes within
the same distant range from the central galaxy in the lower resolution simulation
(GA2new) as the dotted histogram in Fig. 3.1. The smallest subhalo which could
be resolved in GA2new has ∼ 2 × 107 M�. The mass functions for the subhaloes
agree well in the two simulations with different resolutions down to 108 M�, below
which numerical effects start to become important in GA2new. However, note that
number of satellites with MDM < 109 M� is still much less than that of the sub-
haloes resolved in GA2new. This result implies that the decline in the luminosity
function around MV = −5 seen in our highest resolution simulation is not due to
the possibility that GA3new fails to resolve the low mass subhaloes which host the
MW satellites but is more likely a result of how we model the baryonic physics, e.g.
SN feedback, as we will see later.

In Table 3.2, we compare the difference in the number of satellites in the SA
models discussed in Table 3.1. For reference, in the MW-model the number of sur-
viving satellites is 285. The drastic difference between the MW- and the satellite-
model is mostly at the faint end of the luminosity function, and it is due to the
combined effect of an early reionization and no cooling in small haloes. When ap-
plying the cooling threshold alone and keeping zreio = 8, the number of satellites is
reduced from 285 to 88 (see the MW-model and satellite-model A) and affects mostly
the faint end, i.e. MV > −7 mag. The number of satellites is further reduced to 51
when applying zreio = 15 and mostly affects MV ∈ [−7,−10] mag (compare satellite-
model A and satellite-model B). It is known that an earlier reionization helps to
reconcile the ‘missing satellites problem’ because it suppresses the baryon con-
tent of a given halo beforehand (e.g. Somerville, 2002). We note that an even
earlier reionization, e.g. zreio = 20, can give a comparable total number of surviv-
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Figure 3.1: The solid histogram shows the present-day mass function of the model
satellites for the highest resolution simulation. Error bars denote the 1-σ Pois-
son uncertainties. The dashed histogram shows the subhalo mass function for the
highest resolution simulation, which steeply rises up to the resolution limit. The
dotted histogram is the subhalo mass function for a lower resolution simulation
(i.e. GA2new).

Table 3.2: Number of satellites around Milky Way-like galaxy for various SA mod-
els in the GA3new simulation

Model Name Nsat z0, zr Fzhot

(1) (2) (3) (4)
MW-model 285 (8, 7) 0.0
satellite-model A 88 (8, 7) 0.0
satellite-model B 51 (15, 11.5) 0.0
satellite-model 51 (15, 11.5) 0.95, 0.0
satellite-model ejection 51 (15, 11.5) 0.95, 0.0
satellite-model combined 51 (15, 11.5) 0.95, 0.0

The descriptions for each column are: (1) the model names; (2) number of satellites; (3)
reionization epoch; (4) fraction of metals recycled through the hot component.

ing satellites even without applying the threshold for cooling. This is because the
reionization starts to reduce the accretion of baryons in small haloes in the first
place and consequently leaves little room for changes in the cooling to have an
effect. However, the shape of the luminosity function for zreio = 20 is not in good
agreement with the data. Note that besides the cooling, the epoch of reionization
is the only parameter which has an impact on whether a subhalo would host stars;
changes in the metal recycling through the hot component of a galaxy or the SN
feedback implementation are not relevant for the missing satellites problem.

The left panel in Fig. 3.2 shows the luminosity function of the satellites in our
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Figure 3.2: Luminosity function for the MW satellites and for the semi-analytically
modelled satellites around a MW-like galaxy. The left panel compares the MW satel-
lites with satellites from our fiducial model and the right panel from the model with
a more efficient SN feedback for dwarf galaxies (see Section 3.2.2). The integrated
V -band luminosities of MW satellites (dots) are taken from various sources. The
classical dSphs are from Mateo (1998); most of the ultra-faint dwarfs are adopted
from Martin et al. (2008) except Leo T (Ryan-Weber et al., 2008) and Leo V (Be-
lokurov et al., 2008).

fiducial satellite-model (solid histograms) compared with the ‘all sky SDSS’ power-
law luminosity function of satellites within 280 kpc estimated by Koposov et al.
(2008) in dashed. The error bars on the model luminosity function denote the 1-σ
Poisson noise. We have also overplotted the data points of the 22 known satellites
in the MW including the latest ultra-faint satellite Leo V (Belokurov et al., 2008).
The model luminosity function covers a similar luminosity range as the 22 MW
satellites though the model does not predict as many faint satellites with MV > −5
mag when compared to the expected ‘all sky’ luminosity function. Furthermore,
the satellite-model does not have any satellites fainter than MV = −4 mag. On the
other hand, it shows an excess around MV = −10 of 10 - 15 satellites compared
to the data. It also seems that there are fewer very bright satellites in the model,
however, it is the regime where both the data and the simulations suffer from small
number statistics.

We rerun the satellite-model with the alternative SN feedback recipe while keep-
ing all other physical prescriptions and the values of the parameters intact. The
results for the MW-like galaxy and the number of the surviving satellites are given
as the ‘satellite-model ejection’ entry in Table 3.2. It is reassuring that the same
set of 51 subhaloes are populated with galaxies in the SA with the standard and
the alternative SN feedback recipes. This, on the one hand, implies that the SN
feedback alone cannot solve the ‘missing satellites problem’ as has been suggested
in some previous work (Somerville, 2002); on the other hand, it ensures that the
differences in the properties of the satellites are entirely caused by how the feed-



3.3. RESULTS 51

back is implemented. It also implies that the model is robust and that the issue
of which haloes can host stars must be driven by their mass assembly history and
dynamics.

The luminosity function of surviving satellites resulting from the alternative
feedback recipe is shown in the right panel of Fig. 3.2 where we also plotted the
Koposov et al. ‘all sky’ luminosity function and the data for the MW satellites. This
model luminosity function agrees well with the observations. When compared with
that of the standard feedback, the alternative luminosity function extends more to
the faint end reaching MV ∼ −3 mag. The bump at MV ∼ −10 which we saw in the
standard feedback recipe is not present either.

The differences in the results of these two models can be understood from the
fact that the amount of heated gas scales as 1/V 2

vir in the ejection model, and for
a galaxy with Vvir < 87 km s−1, more gas is heated with the alternative recipe than
with the standard recipe. In contrast, in the standard feedback recipe, the amount
of gas heated by SNe is only proportional to the newly formed mass in stars. There-
fore, in this case, for galaxies with low star formation rates (always the case for
galaxies that live in small subhaloes), only very little gas is heated. This is most
likely the reason why we see an excess of satellites around MV ∼ −10 mag in the
luminosity function of our fiducial model. In contrast, in the alternative feedback
model, when star formation occurs in a central galaxy, the ejected gas has to wait
several dynamical timescales to be reincorporated into the hot halo, which there-
fore delays the subsequent star formation. Furthermore, the impact on the star
formation of a satellite associated to a subhalo with Vvir < 87 km s−1 is more drastic
also in this model since satellites have neither a hot halo nor ejecta, which implies
that once the gas is heated/ejected by the SN feedback, it is lost completely from
these satellites. Small satellites therefore run out of fuel for star formation due to
the SN feedback much more rapidly.

Let us now focus on what happens to the central host galaxy with the alterna-
tive feedback recipe. Since the amount of reheated gas (or ejecta) is proportion
to 1/V 2

vir, massive systems like the MW counterpart in our model are much less
effected by the alternative SN feedback for a given amount of newly formed stars
compared to the standard feedback recipe. This is why the MW-like galaxy now has
a much higher stellar mass, bulge mass and is more metal-rich (see Table 3.1).

3.3.2 The metallicity distribution

We compare the metallicity distribution of the model satellites in the fiducial satellite-
model with that observed in the left panel of Fig. 3.3. The metallicity in our model
is mass-weighted and is defined as the ratio between the mass of metals in stars
and total stellar mass:

Z∗ = MZ
∗ /M∗.

Since we do not distinguish in the modelling the long-lived main iron contributors
(SN Ia ) from the short-lived α-elements enrichers (SN II ), a direct comparison of
Z to [Fe/H] might not be completely valid. Nevertheless, here we assume that the
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Figure 3.3: Histogram of the mean iron abundance [Fe/H] determined for red giant
branch stars in the MW satellites. For the semi-analytically modelled satellites we
plot log(Z∗/Z�). The left panel compares the MW satellites with model satellites
from our fiducial model and the right panel from the model with a more efficient
SN feedback for dwarf galaxies (see Section 3.2.2). Data for the MW satellites
are take from various sources: LMC and SMC from Westerlund (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 does not have a published measurement. For the rest of the
ultra-faint satellites, we take the measurements from Kirby et al. (2008) except for
Böotes I for which we use Muñoz et al. (2006) and Böotes II from Koch et al. (2008).

logarithmic value of the mass-weighted metallicity normalised to the solar value
(Z� = 0.02) can be compared qualitatively with the [Fe/H] derived from spectra of
Red Giant Branch stars in the MW satellites.

Among the 51 surviving satellites in the satellite-model, four of them are free of
metals since they have only made stars once from pristine gas. Those four metal-
free satellites all have present-day MDM ∼< 109 M� and M∗ of 104 − 105 M�. We do
not include these ‘metal-free’ satellites in the left panel of Fig. 3.3 and related dis-
cussions. The distribution of the mean [Fe/H] of stars in the 11 classical MW satel-
lites is the dotted-dashed histogram while that including also 10 ultra-faint satel-
lites is the dashed histogram. The metallicity distributions of the model satellites
and those in the MW cover similar ranges. However, the metallicity distribution
for the 21 MW satellites is more uniform compared to that in the satellite-model.
The excess of model satellites in the range of −2 < log(Z∗/Z�) < −0.5 corresponds
to the bump of MV = −10 seen in the luminosity function as we will show in the
metallicity-luminosity relation in the following section. If we set Fzhot = 0, the
predicted metallicity distribution would be shifted towards higher metallicity with
37 of them more metal-rich than log(Z∗/Z�) = −1 and only 10 of them having
log(Z∗/Z�) < −1. Note that in our fiducial model satellites with Mvir < 5× 1010 M�
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deposit 95% of newly made metals into their hot components, but since these sys-
tems do not have associated hot haloes according to the SA recipe, most of the
metals therefore leave the satellites and do not enrich their cold gas reservoir.

In the right panel of Fig. 3.3 we plot the metallicity function of 381 satellites
in the satellite-model ejection using the alternative SN feedback. This metallic-
ity distribution also shows good agreement with the observations and has a more
even distribution compared to that of the standard recipe. As we discussed in Sec-
tion 3.3.1, satellites with Vvir < 87 km s−1 loose more of their cold gas reservoir, and
more importantly since most of the cold gas including the metals are mostly heated
and join the ejecta of the central galaxy, a much higher fraction of the metals leaves
the satellites in the ejection model. This explains why in this model satellites have
a lower metallicity on average.

The above analysis suggests that a SN feedback recipe which reduces cold gas
more efficiently yields better agreement with observations of the satellites around
the MW. This leads us therefore to propose a combination of these two feedback
recipes in the hope to reproduce most properties for both MW and the satellites.
This new ‘combined’ SN feedback recipe works as follows:

Mreheat =

{
4
3ε

V 2
SN
V 2

vir
∆M∗ if V 2

vir <
4
3

ε
εdisk

V 2
SN

εdisk∆M∗ otherwise.

The reheated gas is treated as in the ejection model and is to be added to the
ejecta component of a central galaxy and lost for a satellite. The ‘satellite-model
combined ’ entry in Table 3.1 lists the properties of the MW-like galaxy with this
recipe. As expected, the stellar mass, the metallicity for the entire galaxy and for
the bulge, as well as the total luminosity are now very similar to what we get with
the standard feedback recipe, albeit the bulge (and the black hole) are now more
massive. We have also checked the properties of the satellites, and find that again
the combined feedback recipe populates the same set of 51 subhaloes with stars,
and that the luminosity function and the metallicity distribution are almost identical
with those obtained using the ejection model.

3.3.3 Star formation histories

In Fig. 3.4 we present the evolution of the stellar mass and the SUBFIND dark
matter mass predicted in our satellite-model. The satellites are sorted by their
present-day luminosity into three bins, i.e. high: −16 < MV < −13, similar to Sagit-
tarius and Fornax, intermediate: −12 < MV < −10 (Leo I and Sculptor) and low:
−10 < MV < −8 (Leo II, Sextans, Carina, UMi and Draco) from the top to the bot-
tom panels. Note that in the current model, we do not model the tidal stripping of
stars while the dark matter mass is traced explicitly with N -body simulations. We
therefore do not include the two model satellites (one in the high and one in the
intermediate luminosity bin) which have more stellar mass than dark matter mass
at z = 0 due to significant tidal interactions with the central galaxy. The loss of the

1 i.e. 13 satellites are ‘metal-free’ in this case.
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cold gas reservoir is not modelled either so we also refrain from considering sys-
tems which form > 50% of stars after becoming satellites of the MW-like halo. The
later criterion reduces the number of satellites from 16 to 13 in the intermediate
bin and from 14 to 7 in the low luminosity bin.

The Local Group satellites all posses old stellar populations with age > 10 Gyr
(Dolphin et al., 2005; Orban et al., 2008). It is encouraging that the model satellites
also present such a feature regardless of their luminosity. When we examine the
evolution of stellar mass sorted by the luminosity, we find that the most luminous
satellites build up their stellar content over a longer period compared to the faintest
ones as also seen in the Local Group satellites (Dolphin et al., 2005). These most
luminous satellites are also associated with massive dark matter subhaloes with
MDM > 109 M�. We plot the fraction of the old stars as a function of the present-day
total luminosity in Fig. 3.5. Although the scatter in the fraction of old stars in the
two brightest luminosity bins is big, there is a trend that the faintest satellites have
a larger fraction of old stellar populations. The five systems that are accreted the
earliest (> 9 Gyr), are also associated with fainter satellites and have a significant
fraction of old stars. This indicates that these satellites stopped forming stars soon
after the accretion. Note as well that the faint satellites do not show significant
young stellar populations (of 1− 2 Gyr age). It is also discernible that all the bright
satellites consist of less than 1% of stars made by the end of the reionization while
a few of the faint ones have > 50% of such very old stars.

We should bear in mind that the star formation history is coupled with the dark
matter mass assembly history and the dynamics in our model. Subhaloes which
fell in early have experienced a greater mass loss than those fell in later due to
the interaction with the MW-like halo. A dark matter halo is also prevented from
accreting mass from the ambient medium and from further cooling after it has
become a satellite. It is then reasonable to see that none of the currently bright
(and also massive) satellites fell in before z ∼ 1, that they are also the most massive
and that they show extended star formation histories.

3.3.4 Other properties of the satellites

Radial distribution

Fig. 3.6 shows the cumulative radial distribution of the MW satellites as the dashed
line and of the model satellites with the solid line. Note that the median distances
of the two distributions agree well. For comparison, we also plot the distribution of
all the surviving dark matter subhaloes (with or without stars) as the dotted line. It
is clear that the radial distribution of all the subhaloes is much less concentrated
compared to that of the MW satellites and to the model ones. The reason why our
model satellites show a similar cumulative radial distribution to the MW satellites
can be understood from Fig. 3.7. This figure shows the present-day MDM as a
function of the accretion time. The small grey circles are for the dark satellites,
and the bigger black ones are for those which host galaxies. It is clear that the
bulk of dark satellites (i.e. subhaloes without stars) in the mass range of 106 M� <
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Figure 3.4: Evolution of the stellar mass (solid lines) and dark matter mass
(dashed lines) for satellites in the fiducial satellite-model. Satellites are sorted by
MV (z = 0) into three panels: −16 < MV < −13 (top); −12 < MV < −10 (middle);
−10 < MV < −8 (bottom). t = 0 represents the present time. Stellar masses are
normalised by the present-day values, M∗(z = 0). Different colours correspond to
different satellites, and the arrows indicate the accretion time defined as when a
satellite was identified as a central galaxy for the last time. The same colour is
used to plot the stellar and the dark matter mass for a given satellite in a panel.
The vertical dashed lines mark the end of the reionization zr = 11.5.
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Figure 3.5: The mass fraction of old (> 10 Gyr) stellar population for the model
satellites discussed in Fig. 3.4. Triangles are satellites accreted earlier than 9 Gyr
ago.
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Figure 3.6: Normalised cumulative radial distributions of the MW satellites
(dashed lines) compared with that for the model satellites (solid lines) and the dark
matter subhaloes (dotted lines) at z = 0.
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Figure 3.7: Present-day bound dark matter mass as a function of the time since
accretion. Black symbols are the surviving model satellites, and the grey ones
denote dark matter subhaloes which failed to form stars.

MDM < 107 M� has been accreted in the last two Gyr, which implies that they are
preferentially found in the outskirts (for this mass scale, dynamical friction is not
important, Ghigna et al. 2000; De Lucia et al. 2004a; Gao et al. 2004a). Since
these small dark satellites dominate by number, this leads to a much more even
distribution with radius than for the luminous satellites. Note that in contrast, half
of the satellites were accreted more than 7 Gyr ago, and the most massive ones
(e.g. MDM > 109 M�) at z = 0 are all accreted after z ∼ 1 (see also Fig. 3.4). There
is also a clear bias for the least massive subhaloes hosting stars to have fallen in
the earliest as mentioned in Section 3.3.3.

Luminosity-size relation

Here we compare the size of the model satellites with the observed distribution
as a function of the total V -band absolute magnitude. The left panel in Fig. 3.8
is for the standard SN feedback recipe and right for the alternative recipe. The
size of a satellite in our models is obtained assuming the stars are distributed in an
exponential disk and, is roughly proportional to the virial radius of the associated
dark matter subhalo, i.e. r1/2 ≈ 1.2λRvir

1, where λ is its spin parameter. In Fig. 3.8
we distinguish the classical dSphs and the ultra-faint satellites with asterisks and
diamonds respectively, and the circles are the model satellites. The half-light radii
of the ultra-faint satellites are from the recent systematic study by Martin et al.

1 with r1/2 ≈ 1.68 rD for an exponential disk and rD is approximated to be rD = λ√
2
Rvir to first

order.
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Figure 3.8: The luminosity-half-light radius distributions for the MW semi-
analytically modelled satellites around a MW-like galaxy. The half-light radii for
MW satellites are taken from various sources: For the classical dSphs, data are
from the compilation of van den Bergh (2000). For the ultra-faint dwarfs, from
Martin et al. (2008) except for Leo V, which is taken from Belokurov et al. (2008).
See the caption of Fig. 3.2 for the sources of the total V -band luminosity.

(2008) while the classical ones are drawn from van den Bergh (2000).
The model satellites with either feedback recipe have sizes between ∼ 30 to

2000 pc, generally in a good agreement with the MW satellites especially with the
classical ones. But the lack of faint satellites beyondMV = −5 in the satellite-model
makes the comparison with the ultra-faint satellites inconclusive. The compact
satellites in the satellite-model with r1/2 < 100 pc are a few magnitudes brighter
than the ultra-faint MW satellites of similar size. The satellite sizes obtained with
the alternative feedback recipe are a bit larger than those observed and also than
in the standard feedback model. This is expected as in the alternative feedback
recipe, more gas is ejected by SNe in small galaxies which is only reincorporated
later after the halo has grown in mass and in size. Since the alternative feedback
recipe pushes the luminosity function towards the fainter end, the comparison with
the ultra-faint satellites is in better agreement than in the standard recipe.

Metallicity-luminosity relation

The classical satellites in the MW are known to follow a metallicity-luminosity re-
lation: the faint satellites are metal-poor and luminous ones are metal-rich (Ma-
teo, 1998). Fig. 3.9 shows the distribution of the model satellites (circles) in the
metallicity-luminosity plane. The satellites in the satellite-model are in black, and
the grey ones correspond to the ejection model. Here again, we compare Z∗/Z�
for the model satellites with the averaged [Fe/H] for stars in the MW satellites.
The error bars on the [Fe/H] values indicate the spread of the distributions rather
than measurement uncertainties. The model satellites in the fiducial model follow
a similar trend as the classical MW satellites. It is not possible to compare the
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Figure 3.9: Metallicity-luminosity relation for the model and MW satellites. Black
circles are the model satellites in the fiducial model, and grey circles are for the
ejection model. For the model satellites, the logarithmic values of the total metal-
licity in stars normalised to the solar value ( Z� = 0.02) are plotted. For the MW
satellites, the mean [Fe/H] is used and the error bars denote the dispersions of
[Fe/H] in each galaxy. See the captions of Fig. 3.2 and Fig. 3.3 for the data sources.

model satellites to the ultra-faint satellites since the satellite-model does not pre-
dict galaxies with luminosity less than LV ∼ 104 L� (see also Fig. 3.2). Note how-
ever the large spread in the metallicity around LV ∼ 105 L�. The excess of model
satellites seen in the luminosity function (Fig. 3.2 left panel) around MV ∼ −10
mag corresponds to objects with log(Z∗/Z�) in [−1.5,−1.0] dex, and hence are also
responsible for the bump in the metallicity distribution mentioned earlier.

With the alternative SN feedback recipe, the model satellites also follow the
relation of the classical satellites but with a hint that when LV > 106 L�, the model
satellites are a bit more metal-rich compared to the observations. At the faint
luminosity end there is better agreement with the ultra-faint satellites, since the
alternative feedback recipe predicts fainter and metal-poor satellites below LV =
105 L�.

Cold gas content

The majority of the dSph satellites of the MW are gas deficient. In Fig. 3.10, we
compare the cold gas content as a function of the luminosity for our model satellites
with the observations.

It is clear that the modelled satellites from either feedback model are much
more gas-rich than the observed counterparts by factors of a few hundred except
at the brightest end. The satellites from the alternative feedback recipe populate
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Figure 3.10: Cold gas content as a function of V -band absolute magnitude. Black
circles are for the standard feedback and grey for the alternative feedback. The H I
masses for the classical dSphs are taken from Mateo (1998) and for the Magellanic
Clouds are from Brüns et al. (2005). Apart from the gas rich Magellanic Clouds,
most of classical dSphs are only constrained with upper limits (indicated by the
downward pointing arrows) except Sculptor. The distant Leo T is the only one with
a clear detection of MH I = 2.6 × 105 M� among the newly discovered ultra-faint
satellites (Ryan-Weber et al., 2008).

a similar region as those from the standard recipe but there are some with only
104 M� cold gas. We have checked in the modelling that altering the reionization
epoch or star formation efficiency does not have a significant impact on the present-
day cold gas mass of these objects.

We note again that we do not model the loss of the satellites’ cold gas component
due to the interaction with the host galaxy. It has been known that Local Group
galaxies show a morphological segregation in the sense that gas-deficient dSphs
are closer to the giant spirals while the gas-rich dIrrs are more evenly distributed
(Mateo, 1998). This morphological segregation is a hint that the environment plays
a role in the evolution of the satellites. From a theoretical point of view, the gas
content of a satellite is very likely to be largely affected through the ram-pressure
stripping caused by the presence of a hot gas component in the host. (See Grebel
et al. 2003 for a discussion of possible gas removal mechanisms including the in-
ternal, e.g. star formation, and external, e.g. ram-pressure and tidal stripping by
Mayer et al. 2006.)
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3.3.5 Dark matter halo mass and the dynamical properties

The M/L ratio and the distribution of dark matter mass

Recent work by Strigari et al. (2007) suggests that mass within 0.6 kpc, M0.6, for
a satellite is robustly measured via analyses of the velocity dispersions using Jeans
equation.

For each satellite in our model, two methods can be applied to measure theM0.6:
1) to directly sum up bound dark matter particles within 0.6 kpc from the centre of
mass determined with the 10% most bound particles in each associated subhalo; 2)
to assume the inner density profiles are fit by Einasto profiles. As in Li et al. (2008),
we trace the evolution of Vmax, MDM and the directly measured M0.6 in the last 2
Gyr for each satellite and identify satellites which are more tidally disturbed. We
assign M0.6 with the second method for satellites which show signatures of tidal
perturbation and use the directly summation of bound particles within 0.6 kpc for
the rest. Before we start to address the dark matter content of our model satellites,
we note that we exclude the two model satellites which have experienced severe
tidal stripping from the analyses here as their M∗ > MDM. The mass-to-light ratio
usingM0.6 and the integrated V -band absolute magnitudes as a function of absolute
magnitude is shown in Fig. 3.11 for our model satellites. The data points for the
eight classical MW dSph measured by Strigari et al. (2007) are overplotted in this
Figure with (blue) asterisk symbols. The lower and middle dashed lines correspond
to constant mass values of M0.6 = 6 × 106 M� and M0.6 = 7 × 107 M� and indicate
the upper and lower limits for the observed M0.6 by Strigari et al. (2007).

Fig. 3.11 shows that M0.6/LV for the model satellites is in agreement with what
is observed. Our model predicts that the faint satellites are the most dark matter
dominated objects in the satellite population asM0.6/LV increases as their luminos-
ity decreases. It is also encouraging that the data points and the model satellites
follow a similar trend and the spread in the mass-to-light ratio is also comparable.
This result favours the idea that the MW satellites are embedded in dark haloes
whose mass is ∼ 107 M� within the optical extent as proposed by Mateo (1998), de-
spite the fact that their luminosities span nearly five orders of magnitude (Strigari
et al., 2008).

Datasets which cover large radius as well as internal proper motions for stars in
these systems are crucial for drawing further conclusions on the total mass content
of the MW satellites. But we should note that from our modelling of the baryonic
physics, we expect a minimum dark matter halo mass of galaxies before accretion
onto a MW-like host (with a equivalent Vvir = 16.7 km s−1) which is introduced by
the atomic hydrogen cooling limit (see also the discussion in Section 3.4.2).

The distance to the central galaxy at emergence

It is interesting to ask where the satellites nowadays in the MW-halo typically were
formed. For each of the model satellites, we have traced the associated main sub-
halo back in time until its mass is smaller than 2 × 106 M�, i.e. it falls below the
resolution limit. We then mark its distance and denote this time as the time of
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Figure 3.11: Mass-to-light ratio of 8 Milky Way classical dSphs and model satel-
lites as a function of luminosity. The mass corresponds to the dark matter mass
within 0.6 kpc. For the MW dSphs, data are taken from Strigari et al. (2007) and
plotted with asterisks. The lower and middle dashed lines correspond to constant
values of M0.6 = 6× 106 M� and 7× 107 M� indicating the upper and lower limits of
the measured M0.6 for the MW dSphs.

‘emergence’. Fig. 3.12 shows the distance as a function of the emergence/detection
redshift. The curve represents R200(z) of the central galaxy. The surviving satellites
are all detected early around the epoch of reionization (zreio = 15 in the satellite-
model) and most emerged before the end of reionization. The distance of the model
satellites to the MW-like galaxy at emergence is typically around ∼ 100 kpc.

3.4 Discussions and Implications

3.4.1 Number of satellites

Spectra of distant quasars constrain the reionization to be completed by z = 6
(Fan et al., 2002), yet the exact duration and processes by which the Universe
was reionized are not well understood. Our choice of zreio = 15 is consistent with
the current observational constraints and gives a number of surviving satellites
within 280 kpc down to MV = −5 that is comparable to the latest estimates of
the luminosity function of the MW satellites. Recent hydrodynamical simulations
of reionization have suggested that the value of the ‘filtering mass’ MF given by
Gnedin (2000) may be too large (Hoeft et al., 2006; Okamoto et al., 2008). This
could imply that our results may underestimate the number of surviving satellites,
especially at low or intermediate luminosities.
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Figure 3.12: ‘Emergence’ distance to the central galaxy as a function of the ‘emer-
gence’ redshift. The ‘emergence’ epoch is defined when the subhalo of a surviving
model satellite exceeded the resolution limit. The curve represents R200(z) of the
central galaxy.

It is worthwhile mentioning here that we do not include the loss of stellar com-
ponents due to tidal stripping in our modelling, which could lead to an overestima-
tion of the present-day luminosity of satellites as well as to the number of surviving
satellites down to a certain luminosity level. However, we have carefully checked
the evolution of the bound dark matter mass (MDM) and M0.6 for the model satel-
lites and find that only ∼ 10 of them show significant evolution in both these quanti-
ties in the last 2 Gyr. We therefore suspect that the total number of surviving model
satellites, but especially their luminosity, should not change much if we include the
tidal stripping of stars.

Another process that we have not included, and which is potentially important
is ram pressure stripping. We plan to do so in the near-future. A more careful
modelling that includes how baryons are affected by the interactions with the MW-
like galaxy is clearly needed.

3.4.2 What dark matter substructures can form stars?

In this Section we shall refer to the subhaloes with stars as the luminous satellites
and those without as the dark satellites. Apart from how we model the baryonic
physics, there is also a hint that the difference between the luminous and dark
satellites depends on the properties of the associated dark matter haloes them-
selves. We have seen in Fig. 3.12 that all the surviving luminous satellites emerged
before z = 11 (roughly at the end of reionization) while the dark ones have emerged
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Figure 3.13: Maximum (virial) mass against present-day bound dark matter mass
for luminous (black) and dark (grey) satellites in the modelling.

throughout the Hubble time.

Interestingly, in Fig. 3.1, the mass range of 108 − 109 M� is populated with sub-
haloes both with and without stars. The question upon us now is why some massive
subhaloes have failed to form stars. To address this we trace the evolution of the
dark matter mass for all satellites and mark the maximum mass and epoch when
this is reached. Fig. 3.13 shows the maximum mass against the present-day mass
MDM, where the luminous satellites are in black and the dark ones in grey. It is
clear that most of the subhaloes associated with the luminous satellites were once
much more massive (see also Fig. 3.4). On the other hand, the dark satellites (in
this mass range) have present-day masses similar to their peak values (see also
Kravtsov et al., 2004).

We plot the maximum mass as a function of the redshift when a galaxy reached
its maximum mass, tm, in Fig. 3.14. The minimum mass defined by the cooling via
atomic hydrogen as a function of redshift is indicated by the solid curve. Notice
that most of the dark satellites were below the threshold and not able to cool gas
even when they reached their peak mass. In contrast, the luminous satellites live
in subhaloes which have been massive enough and managed to have sufficient cold
gas to fuel star formation. We also notice that no luminous satellites achieved their
maximum mass before z = 6.

Font et al. (2006) suggest that surviving satellites were accreted up to 9 Gyr
ago and therefore have been through a different chemical enrichment history com-
pared to those accreted very early on and which contributed to the stellar halo.
However, in our model there are a few objects that became satellites more than
10 Gyr ago and which have survived the tidal interactions with the MW-halo (see
Fig. 3.4 and Fig. 3.7). Typically, however, their peak masses are smaller than those
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Figure 3.14: Maximum (virial) mass as a function of the redshift when the maxi-
mum mass occurred for luminous (black) and dark (grey) satellites in the modelling.
The minimum mass of cooling via atomic hydrogen as a function of redshift is indi-
cated as the curve.

of the objects that contributed significantly to the build up of the stellar halo (De
Lucia & Helmi, 2008).

3.5 Conclusions

We use a hybrid model of galaxy formation and evolution to study the satellites of
the Milky Way in a cosmological context. Our method combines high resolution
N -body simulations which allow us to trace the evolution and the dynamics of dark
matter haloes directly, and phenomenological prescriptions to follow the evolution
of baryons. Our adopted semi-analytical recipes and values for the relevant param-
eters result in models that reproduce the properties of galaxies on large scales as
well as those of the MW. We have however, made a few modifications to the model
to accommodate properties of dwarf galaxies.

With the presence of a reionization background that reduces the baryon content
of subhaloes around z = 15 and the suppression of cooling for haloes with Vvir <

16.7 km s−1, our model can reproduce the total number and the luminosity func-
tion observed for the satellites of the MW. Our fiducial SA model also shows good
agreement with the metallicity distribution and the metallicity-luminosity relation
thanks to the improvement on the recycling of metals from newly formed stars
through the hot component of a galaxy. It also shows good agreement with other
properties shared by the MW satellites, e.g. the radial distribution, luminosity-size
relation and the star formation histories. It also reproduces many properties of the
central host galaxy as compared to those of the MW. However, our fiducial model
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produces an excess of satellites with MV ∼ −10 mag and log(Z∗/Z�) ∼ −1 and
does not predict ultra-faint satellites with the total luminosity below LV ∼ 105 L�.

We have also tested an alternative SN feedback recipe which is stronger for
galaxies with Vvir ∼< 90 km s−1 compared to the standard feedback recipe. With this
alternative feedback recipe, our model predicts the same number of surviving satel-
lites (which populate the same set of subhaloes as the standard feedback model).
The alternative feedback model predicts satellites with MV < −5 which also follow
the metallicity-luminosity relation traced by the classical and the ultra-faint SDSS
MW satellites (Kirby et al., 2008) down to [Fe/H] ∼ −2.5 and LV ∼ 103 L�.

In addition to the baryonic properties, our hybrid model also gives us insights
into the characteristics of the present-day dark matter haloes of the satellites. Our
model satellites are embedded in haloes with innermost masses between 6×106 M�
and 7 × 107 M�, in very good agreement with the estimates for the classical MW
dSphs derived by Strigari et al. (2007). This demonstrates that the existence of
a common scale for the innermost mass is a natural outcome of the CDM galaxy
formation and evolution model (see also Chapter 4 and Macciò et al. 2008). The
mass-to-light ratio using M0.6 and total integrated V -band luminosity for the model
satellites is similar to those observed in the dSphs in the MW. It shows that these
satellites are dark matter dominated even within the optical extent, and that the
faint satellites are the most dark matter dominated objects amongst all satellites.
Our surviving model satellites are associated with ancient haloes which by z ∼
10 − 20 already had masses of a few 106 M� and acquired their maximum dark
matter mass after z ∼ 6.

Although our model satellites are in very good agreement with the latest obser-
vations in terms of luminosity, metallicity and the innermost dark matter content,
the agreement with the ultra-faint galaxies is less conclusive. Note that the al-
ternative feedback recipe seems to give a better fit to the properties of ultra-faint
satellites. This could imply that the ultra-faint satellites of the MW are associated
with dark matter haloes with lower Vvir compared to the classical ones (i.e. they
are more sensitive to SN feedback). However, until we model the loss of baryons
due to tidal stripping and ram pressure in these small systems, and until we obtain
more observational constraints on these objects, their nature will probably remain
unclear.

Acknowledgements

YSL is grateful to the Netherlands Foundation for Scientific Research (NWO), Leids
Kerkhoven-Bosscha Fonds (LKBF) and MPA for the financial support to visit MPA.
The computing support and hospitality of MPA are also acknowledged for the con-
tributions to her work. This work was supported by a VIDI grant to AH from NWO.



4
On the common mass scale of the Milky

Way satellites

Abstract∗

We use a hybrid approach that combines high-resolution simulations of the forma-
tion of a Milky Way-like halo with a semi-analytic model of galaxy formation to study
the mass content of dwarf galaxies in the concordance ΛCDM cosmology. We find
that the mass within 600 pc of dark matter haloes hosting luminous satellites 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. Dwarf
irregular galaxies like the Small Magellanic cloud are predicted in our model to
have a similar, if only slightly larger dark matter mass within 600 pc.

Key words: cosmology:theory – dark matter – galaxies:general – galaxies:dwarf

∗ Based on Li, Helmi, De Lucia & Stoehr 2008, submitted to MNRAS Letters on 7th October, 2008
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4.1 Introduction

THE dwarf satellite galaxies of the Milky Way are the most dark matter dominated
systems known to date in the Universe. They represent a heterogeneous pop-

ulation in terms of their stellar properties such as luminosity, star formation and
chemical enrichment histories (Mateo, 1998; Dolphin et al., 2005; Martin et al.,
2008). Yet, the mass enclosed within a radius of 300 (or 600) pc appears to be
roughly constant (Gilmore et al., 2007; Strigari et al., 2007, 2008). This could
imply a minimum mass scale for the existence of dwarf spheroidal galaxies, as orig-
inally suggested by Mateo (1998). It is currently unclear whether this is due to the
microphysics of the dark matter particles, or to astrophysical processes that inhibit
star formation on small scales.

For Weakly Interacting Massive Particles (WIMPs), free streaming is expected
to cut off the power spectrum at masses of ∼ 10−6 M� (e.g. Green et al., 2005)
or smaller. Then, in models which assume these as dark matter particles (e.g.
WDM, ΛCDM), a minimum mass scale for dwarf spheroidals can only result as
a consequence of astrophysical processes that affect the collapse of baryons and
the formation of stars on small galactic scales. For example, the presence of a
strong photo-ionizing background (possibly associated to the reionization of the
Universe) can suppress accretion and cooling in low-mass haloes. This is because
the heating of the gas will raise its pressure and therefore may suppress its collapse
in haloes with virial velocities . 30− 50 km s−1 (e.g. Efstathiou, 1992; Quinn et al.,
1996; Thoul & Weinberg, 1996; Gnedin, 2000; Okamoto et al., 2008, and references
therein). This has often been considered as a possible solution to the excess of
small scale structures found in CDM and in particular in N -body simulations of
galaxy size systems (Kauffmann et al., 1993; Klypin et al., 1999; Moore et al., 1999;
Bullock et al., 2000; Somerville, 2002; Benson et al., 2002). In addition, in systems
with virial temperature below 104 K gas cannot cool via hydrogen line emission,
and must rely on the highly inefficient cooling through collisional excitations of H2

molecules (Haiman et al., 2000; Kravtsov et al., 2004).

In this Chapter we discuss the existence of a common mass scale for Milky
Way satellites using results from high resolution N -body simulations of galaxy-size
haloes coupled with semi-analytic techniques to model the evolution of the bary-
onic component of galaxies. This approach allows us to identify the dark matter
substructures that host stars and to characterise their stellar properties. At the
same time, the high resolution of the simulations used in this study permits a reli-
able determination of the internal dynamical properties of these satellites. As we
shall describe below, we find that the dark matter mass within 600 pc for the model
satellites shows very little scatter from object to object. This is in very good agree-
ment with the observational results by Strigari et al. (2007, 2008). Interestingly,
our model also reproduces the very wide range of luminosities observed for the
satellite galaxies around the Milky Way.
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4.2 The Simulation and the Galaxy Formation Model

In this study, we use a high-resolution resimulation of a ‘Milky Way’ halo from the
GA series described in Stoehr et al. (2002) and Stoehr et al. (2003). The candidate
‘Milky Way’ halo was selected as a relatively isolated halo with a ‘quiet’ merging
history (last major merger at z > 2) and with maximum rotational velocity close
to ∼ 220 km s−1. The halo, selected from an intermediate resolution cosmological
simulation, was then re-simulated at four progressively higher resolutions using the
‘zoom’ technique (Tormen, Bouchet & White, 1997). The underlying cosmological
model is a flat Λ-dominated CDM Universe with cosmological parameters: Ωm =
0.3, ΩΛ = 0.7, H0 = 70 km s−1 Mpc−1, n = 1, and σ8 = 0.9. In this study, we use
the highest resolution simulation of the series - GA3new - which contains ∼ 107

particles within the virial radius.
As explained in De Lucia & Helmi (2008), the simulated halo is more massive

(M200 ∼ 3× 1012 M�) than recently estimated for our Galaxy (Battaglia et al., 2005;
Xue et al., 2008). Following Helmi et al. (2003), we then scale our ‘Milky Way’
halo by adopting a scaling factor in mass M200/MMW = γ3 = 2.86. This implies
that we scale down the positions and velocities by a factor γ = 1.42. The Plummer
equivalent softening length for the scaled simulation is 0.18 kpc. The scaled particle
mass is 1.03× 105 M�.

Simulation data (stored in 108 outputs between z = 37.6 and z = 0) were anal-
ysed using a standard friends-of-friends algorithm and the substructure finder al-
gorithm SUBFIND (Springel et al., 2001a). As in previous work, we have considered
all substructures retaining at least 20 self-bound particles - which sets the sub-
structure mass limit to 2.06× 106 M�, for the scaled simulation. Finally, these halo
catalogues have been used to construct the halo merger trees that represent the
basic input for the galaxy formation model used in this study. For details on the
post-processing, we refer the interested reader to Springel et al. (2005) and to De
Lucia & Blaizot (2007).

The galaxy formation model used in our study is a refinement of the model de-
scribed in De Lucia & Helmi (2008), who have studied the predicted physical prop-
erties of the Milky Way and of its stellar halo using the same set of re-simulations
used here. This model builds upon the methodology introduced in Springel et al.
(2001a) and De Lucia et al. (2004a) and has been further refined in later years.
The interested reader is referred to Croton et al. (2006), De Lucia & Blaizot (2007),
and De Lucia & Helmi (2008) for a detailed account of the modelling of the various
physical processes considered. In order to obtain a better agreement with the ob-
served properties of the Milky Way satellites, a few refinements were made to the
model used in De Lucia & Helmi (2008). For completeness, we give here a short
description of these refinements that are described in detail in Chapter 3.

• As described in Croton et al. (2006), reionization was modelled using the for-
mulation provided by Kravtsov et al. (2004) and was previously assumed to
start at redshift 8 and to be completed by redshift 7. In the study presented
here, we assume an ‘early’ reionization which starts at redshift 15, and is
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complete by redshift 11.5 (Spergel et al., 2007).

• In previous studies, haloes with virial temperature below 104 K were allowed
to cool at the rates corresponding to 104 K. In this study, we completely sup-
press cooling in these low-mass haloes (e.g. Haiman et al., 2000).

• In previous implementations of our galaxy formation model, all metals pro-
duced by new stars were instantaneously mixed to the cold gas (De Lucia
et al., 2004a; De Lucia & Helmi, 2008). Inspired by the numerical simulations
of Mac Low & Ferrara (1999), in this study we assume that for galaxies em-
bedded in haloes with virial mass below 5 × 1010 M�, most of the new metals
(95%) are ejected into the hot gas phase.

As we haven shown in Chapter 3, these refinements result in a satellite popu-
lation with physical properties that closely resemble those observed for the Milky
Way satellites, while leaving essentially unaltered the characteristics of the model
Milky Way discussed in De Lucia & Helmi (2008).

4.3 Results

Fig. 4.1 shows the mass function of all substructures identified at redshift zero
within 280 kpc from the central galaxy and lying in the same FOF group (dashed
histogram), and the corresponding mass function of satellites (i.e. subhaloes host-
ing stars) in our model (solid histogram). The subhalo masses plotted in Fig. 4.1
are computed summing up the masses of all self-bound particles, and scaled as dis-
cussed in Sec. 4.2. Fig. 4.1 shows that the dark matter masses of our satellites span
a relatively large range from ∼ 5× 106 M� to ∼ 5× 1010 M�, and that the distribu-
tion is nearly flat between 107 and 109 M�. In contrast, the subhalo mass function
continues to rise steeply up to the resolution limit of our simulation. The simulation
used in this study contains almost 2000 subhaloes in the considered region, but our
model predicts that only 51 of them host stars. This is still larger (by a factor of
about 2) than the number of Milky Way satellites currently known. However, when
corrections due to incompleteness are considered, this discrepancy in number is
eliminated (Koposov et al., 2008).

The high resolution of the simulation used in this study allows us to measure
the satellite’s dark matter mass enclosed within a (small) given radius. Following
Strigari et al. (2007), we measure the mass within 600 pc, which corresponds to
3.33 (scaled) softening lengths. We do not attempt to measure the mass within 300
pc, as done in the more recent analysis by Strigari et al. (2008), as this would be
beyond reach for the GA3new simulation.

In order to measure the mass within 600 pc (M0.6 hereafter), we compute the
centre of mass position for each subhalo using its 10 per cent most bound particles.
We then count the number of bound particles located within 600 pc from the centre
of mass of each subhalo, and multiply this number by the particle mass. We find
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Figure 4.1: The solid histogram shows the present-day mass function for the satel-
lites in our model. Error bars show the corresponding 1 - σ Poisson uncertainties.
The dashed histogram shows the subhalo mass function, which steeply rises up to
the resolution limit of our simulation.

that our subhaloes have on average ∼ 380 particles within this distance, and in nine
cases . 100 particles.

Numerical effects will in general tend to artificially lower the mass in the inner
regions of subhaloes. We believe, however, that our measurements are robust and
are not strongly affected by the limited numerical resolution. In order to quan-
tify the effect of numerical resolution on our estimates of M0.6, we assume that
the inner density profiles of subhaloes are well fit by Einasto profiles, as recently
demonstrated by Springel et al. (2008) using the very high-resolution simulations of
the Aquarius project. The Einasto profile can be fully characterised with 3 parame-
ters, namely the logarithmic slope α, the peak circular velocity Vmax and the radius
rmax where this peak value is reached. Springel et al. (2008) find α ∼ 0.15 − 0.25,
with an average value of ∼ 0.18. Assuming this value for α, and measuring Vmax

and rmax directly from the simulation used in this study, we obtain an independent
estimate of M0.6.

When we compare the M0.6 values derived using the Einasto profile with those
directly measured in the simulation, we find at most a factor two increase, but in
most cases the difference is less than 40%. The largest deviation is found for a
subhalo nearing disruption and whose circular velocity curve is particularly noisy.
For this object, as well as for those subhaloes with rotation curves within 600 pc
(and M0.6) that have evolved significantly in the last 2 Gyrs (these are in general
the least massive objects), we always indicate both the direct measurement of M0.6

as well as the value derived using the Einasto profile. For the rest of the systems,
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Figure 4.2: Mass within 600 pc as a function of the V -band luminosity for our
model satellites (black and grey solid circles), and for the eight brightest dwarf
spheroidal galaxies of the Milky Way (asterisks), where the Sagittarius dwarf has
been excluded because it is clearly not in dynamical equilibrium. Black solid circles
correspond to M0.6 measured via direct particle counting. For the model satellites
which show clear signs of tidal disruption of the associated subhaloes, we also plot
the Einasto M0.6 estimates shown with grey symbols.

we keep the direct measurements only. It is important to note that the corrections
derived from the Einasto model are nevertheless smaller than the scatter found in
the values of M0.6 within the population of model satellites.

Fig. 4.2 shows the measured M0.6 for satellites as a function of the total V -
band luminosity predicted by our galaxy formation model. Black symbols show
the values of M0.6 measured directly from the simulations. As discussed above,
for satellites with signs of tidal disruption we also show the corresponding values
estimated assuming an Einasto profile with α = 0.18. These are the grey symbols
linked to the direct measurement by dotted lines. In this Figure we have excluded
two objects whose stellar masses, as derived from the galaxy formation model, are
larger than the dark matter mass of the associated subhalo. These objects are
nearly fully disrupted in the numerical simulation, but since we do not follow the
tidal stripping of the stars in our model, we overestimate their current luminosity
by an unknown factor.

Our model satellites span more than four orders of magnitude in luminosity,
which is comparable to that observed for the dwarf galaxies around the Milky Way
when one includes the recently discovered ‘ultra-faint satellites’. In contrast, their
dark matter masses within 600 pc do not differ by more than one decade. The
asterisks in Fig. 4.2 show the estimates given by Strigari et al. (2007) for the clas-
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Figure 4.3: Mass within 600 pc as a function of the total mass estimated by SUB-

FIND. The two dashed lines correspond to the upper and lower limits for the ob-
servational estimates of M0.6 for the 8 classical MW dSphs (Strigari et al., 2007).
Symbols are the same as in Fig. 4.2.

sical dwarf spheroidal satellites of the Milky Way. Our results are therefore entirely
consistent with previous analyses claiming the existence of a minimum mass scale
of the order of 107 M�, and no (or very few) subhaloes (in equilibrium) hosting
stars below this threshold (Mateo, 1998; Strigari et al., 2007; Gilmore et al., 2007;
Strigari et al., 2008). We note that the correlation between M0.6 and the V -band
luminosity in the model is somewhat stronger than in the real data. In the con-
text of our model, satellites with smaller M0.6 values could exist, but these would
generally expected to be strongly tidally perturbed, i.e. out of dynamical equilib-
rium. Note that in Fig. 4.2 we have also included model satellites that could be
the counterparts of systems like the Small Magellanic Cloud (i.e. gas-rich). In our
model, such luminous objects are expected to be embedded in the most massive
subhaloes at the present time. Hence Fig. 4.2 shows that we predict that the Small
Magellanic Cloud should have only slightly larger values of M0.6, namely ∼ 108 M�,
in comparison to the dwarf spheroidals surrounding the Milky Way.

An intriguing question is whether this result implies that the Milky Way satel-
lites reside in dark matter haloes of the same total mass. We address this question
in Fig. 4.3 where we show the estimated M0.6 as a function of the total dark matter
mass given by SUBFIND for the objects shown in Fig. 4.2. While for most model
satellites M0.6 varies in the range ∼ 107 − 108 M�, their total mass spans three or-
ders of magnitude (from ∼ 107 to ∼ 1010 M�). Therefore, in our model, a common
mass within 600 pc does not imply the same total mass. This is because this scale
is generally too small compared to the full extent of dark matter subhaloes hosting



74 CHAPTER 4. ON THE COMMON MASS SCALE OF THE MW SATELLITES

luminous satellites. In other words, satellites are not embedded in dark matter
subhaloes that can be characterised by a single parameter, since the relationship
between concentration and virial mass is not very tight for these objects.

Our model satellites are found to be embedded in dark matter haloes whose
present total mass is larger than ∼ 107 M�. Strigari et al. (2008) have suggested
that this could imply that these objects had a characteristic mass of ∼ 109 M� at
the time of accretion (i.e. when they became satellites of the Milky Way). In our
model, we find a broad range of total dark matter mass at the time of accretion
for our luminous satellites, that extends from ∼ 3× 108 M� up to 6× 1010 M�. The
existence of a minimum mass scale for model satellites is essentially the result
of a combination of the two aforementioned physical processes: cooling is strongly
inhibited for haloes with Tvir < 104 K, and reionization prevents the further collapse
of gas onto low-mass haloes.

The wide range of total dark matter masses observed today reflects in part
the initial broad range of masses of the satellites’ haloes. Furthermore, the tidal
field of the Galaxy halo will act to increase the difference in present-day mass of
these objects depending on when they were accreted as well as on their orbits (De
Lucia et al., 2004a; Gao et al., 2004b). For example, our faintest objects, which
are typically also the least massive today, were accreted earlier and have suffered
significant stripping. On the other hand the brightest satellites reside in the most
massive haloes, have typically been accreted only recently and therefore have not
been significantly affected by tides.

4.4 Conclusions

We have used a high-resolution simulation of the formation of a Milky Way-like halo
in combination with a semi-analytic model of galaxy formation in order to study
the mass content of subhaloes hosting luminous satellites. The galaxy formation
model used in this study shows considerable agreement with a large number of ob-
served galaxy properties (see discussion in De Lucia & Helmi 2008 and references
therein). With the few refinements discussed in Section 4.2, the same model is able
to reproduce quite well the physical properties of the observed Milky Way satel-
lites (Chapter 3) while leaving essentially unaltered the level of agreement with
observational data shown in previous work.

The key result of this Chapter is that our model predicts naturally a common
dark matter mass scale within 600 pc for the luminous satellites. Our model satel-
lites span nearly five orders of magnitude in luminosity, while their dark matter
masses within 600 pc vary only by one decade (between ∼ 107 and ∼ 108 M�), in
very good agreement with recent observational measurements. The total dark mat-
ter masses of our luminous satellites, however, span about three orders of magni-
tude with the scatter reflecting the lack of a tight concentration-virial mass relation,
the different accretion times, and the different amounts of tidal stripping suffered
by the parent substructures once they have fallen onto the Milky Way halo. The
existence of such a scale in the context of our model results from the strong sup-
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pression of accretion and cooling of gas by low-mass haloes after reionization, as
well as from the atomic hydrogen cooling threshold at Tvir = 104 K. These physical
processes then inhibit the formation of stars in objects that never reached virial
velocities above ∼ 17 km s−1.

We note that our analysis has been carried out considering the mass within
600 pc, and an even tighter distribution may be expected when measuring the
mass within 300 pc as used in the most recent study by Strigari et al. (2008). This
mass scale is beyond the resolution limit of the simulation used in this Chapter but
is within reach of the new generation of ultra-high resolution simulations like those
carried out within the Aquarius project.
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5
Masses for the Local Group and the

Milky Way

Abstract∗

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. From a large number of isolated
spiral-spiral pairs similar to the Milky Way and Andromeda system, we find the
interquartile range of the ratio of timing mass to true mass to be a factor of 1.8,
while the 5% and 95% points of the distribution of this ratio are separated by a
factor of 5.7. Here we define true mass as the sum of the ‘virial’ masses M200 of
the two dominant galaxies. For current best values of the distance and approach
velocity of Andromeda this leads to a median likelihood estimate of the true mass
of the Local Group of 5.27× 1012 M�, or logMLG/M� = 12.72, with an interquartile
range of [12.58, 12.83] and a 5% to 95% range of [12.26, 13.01]. Thus a 95% lower
confidence limit on the true mass of the Local Group is 1.81 × 1012 M�. A timing
estimate of the Milky Way’s mass based on the large recession velocity observed
for the distant satellite Leo I works equally well, although with larger systematic
uncertainties. It gives an estimated virial mass for the Milky Way of 2.43× 1012 M�
with a 95% lower confidence limit of 0.80× 1012 M�.

Key words: Galaxy: formation – galaxies: kinematics and dynamics – Local Group
– dark matter.

∗ Based on Li & White 2008, MNRAS, 384, 1459
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5.1 Introduction

DURING the 1970’s it became generally accepted that most, perhaps all, galaxies
are surrounded by extended distributions of dark matter, so-called dark haloes

(Einasto et al., 1974; Ostriker et al., 1974). These were soon understood to play
an essential role in driving the formation and clustering of galaxies (White & Rees,
1978). With the introduction of the Cold Dark Matter (CDM) paradigm, these ideas
took more concrete form, allowing quantitative predictions to be made both for the
population properties (Blumenthal et al., 1984) and for the large-scale clustering
(Davis et al., 1985) of galaxies.

Measurements of the fluctuation spectrum of the Cosmic Microwave Background
(Smoot et al., 1992; Spergel et al., 2003) and of the apparent acceleration of the
cosmic expansion (Riess et al., 1998; Perlmutter et al., 1999) elevated the CDM
model, in its variant with a cosmological constant (ΛCDM), to the status of a stan-
dard paradigm. At the same time improving numerical techniques and faster com-
puters have enabled detailed simulation of the formation and evolution of the galaxy
population within this paradigm throughout a significant fraction of the observable
Universe (Springel et al., 2005). Nevertheless, direct observational evidence for
haloes as extended as the paradigm predicts around galaxies like our own has so far
come only from statistical analyses of the dynamics of satellite galaxies (e.g. Zarit-
sky et al., 1997; Prada et al., 2003) and of the gravitational lensing of background
galaxies (e.g. Seljak, 2002; Mandelbaum et al., 2006) based on large samples of
field spirals.

The earliest observational indication that the effective mass of the Milky Way
must be much larger than its stellar mass came from the Timing Argument (here-
after TA) of Kahn & Woltjer (1959). These authors noted that the Local Group is
dominated by the two big spirals, and that these are currently approaching each
other at about 100 km s−1. (The next most luminous galaxy is M33 which is prob-
ably about a factor of 10 less massive than M31 and the Galaxy.) This reversal of
the overall cosmic expansion must have been generated by gravitational forces,
and since the distance to the nearest external bright galaxy is much greater than
that between M31 and the Milky Way, these forces are presumably dominated by
material associated with the two spirals themselves.

Kahn & Woltjer set up a simple model to analyse this situation – two point
masses on a radial orbit. These were at pericentre (i.e. at zero separation) at
the Big Bang and must have passed through apocentre at least once in order to
be approaching today. Clearly this requires an apocentric separation larger than
the current separation and an orbital period less than twice the current age of the
Universe. Together these requirements put a lower limit on on the total mass of
the pair. A more precise estimate of the minimum possible mass is obtained from
the parametric form of Kepler’s laws for a zero angular momentum orbit:

r = a(1− cosχ) (5.1)
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where r is the current separation, dr/dt is the current relative velocity, a is the
semi-major axis, χ is the eccentric anomaly, t is the time since the Big Bang (the
age of the universe) and M is total mass (Lynden-Bell, 1981). Given observationally
determined values for r, dr/dt and t, these equations have an infinite set of discrete
solutions for χ, a and M labelled by the number of apocentric passages since the
Big Bang. The solution corresponding to a single apocentric passage gives the
smallest (and only plausible) estimate for the mass, which is about 5 × 1012 M�
for current estimates of r, dr/dt and t. Note that this is still a lower limit on the
total mass, even within the simple point-mass binary model, since any non-radial
motions in the system would increase its present kinetic energy and so increase the
mass required to reverse the initial expansion and bring the pair to their observed
separation by the present day (see Einasto & Lynden-Bell, 1982).

As Kahn & Woltjer realised, this timing estimate of the total mass of the Local
group exceeds by more than an order of magnitude the mass within the visible re-
gions of the galaxies, as estimated from their internal dynamics, in particular, from
their rotation curves. Thus 90% of the mass must lie outside the visible galaxies
and be associated with little or no detectable light. Modern structure formation
theories like ΛCDM predict this mass to be in extended dark matter haloes with
M(r) increasing very roughly as r out to the point where the haloes of the two
galaxies meet. Such structures have no well-defined edge, so any definition of their
total mass is necessarily somewhat arbitrary. In addition, their dynamical evolu-
tion from the Big Bang until the present is substantially more complex than that of
a point-mass binary. Thus the mass value returned by the Timing Argument cannot
be interpreted without some calibration against consistent dynamical models with
extended dark haloes.

A first calibration of this type was carried out by Kroeker & Carlberg (1991)
using simulations of an Einstein-de Sitter CDM cosmogony. Here we use the very
much larger Millennium Simulation (Springel et al., 2005) to obtain a more refined
calibration based on a large ensemble of galaxy pairs with observable properties
similar to those of the Local Group. 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.

Zaritsky et al. (1989) attempted to measure the halo mass of the Milky Way alone
by measuring radial velocities for its dwarf satellites and assuming the population
to be in dynamical equilibrium in the halo potential. They noted, however, that
one of the most distant dwarfs, Leo I, has a very large recession velocity and as a
result provides a interesting lower limit on the Milky Way’s mass by a variant of the
original Timing Argument. To reach its present position and radial velocity, Leo I
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must have passed pericentre at least once since the Big Bang and now be receding
from the Galaxy for (at least) the second time.

Applying the point-mass radial orbit Equations (5.1) – (5.3) to this case gives
a lower bound of about 1.6 × 1012 M�. This seems likely to be a significant un-
derestimate, since Leo I could not have passed through the centre of the Milky
Way without being tidally destroyed so its orbit cannot be purely radial. Below we
calibrate the Timing Argument for this case also, finding it to work well although
with significantly more scatter than for the Local Group as a whole. This is be-
cause the ΛCDM paradigm predicts that the dynamics on the scale of Leo I’s orbit
(∼ 200 kpc) is typically more complex than on the scale of the Local Group as a
whole (∼ 700 kpc).

This Chapter is organised as follows. In Section 5.2, we briefly describe the
Millennium Simulation and the selection criteria we use to define various samples
of ‘Local Group-like’ pairs and of ‘Milky Way-like’ haloes. In Section 5.3, we plot
the ratio of true total mass to Timing Argument mass estimate for these samples,
and we use its distribution to define an unbiased TA estimator of true mass with
its associated confidence ranges. In Section 5.3.2 this is then applied to the Local
Group in order to obtain an estimate its true mass with realistic uncertainties.
Section 5.3.3 attempts to carry out a similar calibration for the TA-based estimate
of the Galaxy’s halo mass from the orbit of Leo I. We conclude in Section 5.4 with a
summary and brief discussion of our results.

5.2 The Millennium Simulation

The Millennium Simulation is an extremely large cosmological simulation carried
out by the Virgo Consortium (Springel et al., 2005). It followed the motion of
N = 21603 dark matter particles of mass 8.6× 108 h−1 M� within a cubic box of co-
moving size 500 h−1 Mpc. Its comoving spatial resolution (set by the gravitational
softening) is 5 h−1 kpc. The simulation adopted the concordance ΛCDM model
with parameters Ωm = 0.25,Ωb = 0.045, h = 0.73,ΩΛ = 0.75, n = 1 and σ8 = 0.9,
where, as usual, we define the Hubble constant by H0 = 100h km s−1 Mpc−1. The
current age of the universe is then 13.6 × 109 yr. The positions and velocities of
all particles were stored at 63 epochs spaced approximately logarithmically in ex-
pansion factor at early times and at approximately 300 Myr intervals after z = 2.
For each such snapshot a friends-of-friends group-finder was used to locate all viri-
alised structures, and their self-bound substructures (subhaloes) were identified
using SUBFIND (Springel et al., 2001a). Haloes and subhaloes in neighbouring out-
puts were then linked in order to build formation history trees for all the subhaloes
present at each time. These data are publicly available at the Millennium release
site1. A ‘Milky Way’ halo at z = 0 typically contains a few thousand particles and
several resolved subhaloes.

Galaxy formation was simulated within these merging history trees by using
semi-analytic models to follow the evolution of the baryonic components associated

1 http://www.mpa-garching.mpg.de/millennium

http://www.mpa-garching.mpg.de/millennium
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with each halo/subhalo. Processes included are radiative cooling of diffuse gas, star
formation, the growth of supermassive black holes, feedback of energy and heavy
elements from supernovae and AGN, stellar population evolution, galaxy merging
and effects due to a reionising UV background. The z = 0 galaxy catalogue we
analyse here corresponds to the specific model of Croton et al. (2006) and details
of its assumptions and parameters can be found in that paper. Data for the galaxy
population at all redshifts are available at the Millennium web site for the updated
model of De Lucia & Blaizot (2007), as well as for the independent galaxy formation
model of Bower et al. (2006). All these models are tuned to fit a wide variety of data
on the nearby galaxy population, and in addition fit many (but not all!) available
data at higher redshift (see, for example, Kitzbichler & White, 2006). The details
of the galaxy formation modelling are not, however, important for the dynamical
issues which are the focus of our own work.

At z = 0 there are 18.2× 106 haloes/subhaloes identified in the simulation to its
resolution limit of 20 particles. The galaxy formation model populates these with
8, 394, 180 galaxies brighter than an absolute magnitude limit of MB = −16.7 above
which the catalogue can be considered reasonably complete. These catalogues
list a number of properties for the haloes, subhaloes and galaxies which will be
important for us. Galaxies are categorised into three types according to the nature
of their association with the dark matter. A Type 0 galaxy sits at the centre of the
dominant or main subhalo and can be considered the central galaxy of the halo
itself (formally, of the FOF group). A Type 1 galaxy sits at the centre of one of the
smaller non-dominant subhaloes associated with a FOF group. Finally, a Type 2
galaxy is associated to a specific particle and no longer has an associated subhalo
because the object within which it formed was tidally disrupted after accretion onto
a larger halo. Such galaxies merge with the central galaxy of their new halo after
waiting for a dynamical friction time.

Each galaxy in the catalogue has an associated ‘rotation velocity’ Vmax. This is
the maximum of the circular velocity Vc(r) = (GM(r)/r)1/2 of its subhalo for Types
0 and 1; for Type 2 objects Vmax is frozen to its value at the latest time when the
galaxy still occupied a subhalo. Type 0 and 1 galaxies also have an associated mass
Mhalo which is the mass of the self-bound subhalo which surrounds them. Finally,
haloes of Type 0 galaxies have a conventional ‘virial mass’M200, defined as the total
mass within the largest sphere surrounding them with an enclosed mean density
exceeding 200 times the critical value. Below we will consider both Mhalo and M200

as possible definitions for the ‘true’ masses of M31 and the Galaxy.

We use the Millennium Simulation to construct samples of mock Milky Way or
Andromeda galaxies and of mock Local Groups as follows. We begin by identifying
all Type 0 or Type 1 galaxies with characteristic ‘rotation velocity’ either in the nar-
row range 200 ≤ Vmax < 250 km s−1 or in the wider range, 150 ≤ Vmax < 300 km s−1.
This produces samples of 166, 090 and 699, 177 galaxies respectively. The exclusion
of Type 2 galaxies reduces the samples by about 5-6% in each case, but the ex-
cluded galaxies are in any case not plausible analogues for the Local Group giants
since they are almost all members of large groups or clusters. We also consider
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subsamples in which the morphologies predicted by the semianalytic model are
forced to approximate those of M31 and the Galaxy. Specifically, we require a
bulge-to-total luminosity ratio in the range 1.2 ≤ MB,bulge −MB,total < 2.5 so that
the disks are 2 to 9 times brighter than the bulges in the B-band. This morphol-
ogy cut reduces the samples in the two Vmax ranges to 62, 605 and 271, 857 galaxies
respectively.

We then identify Local Group analogues in each of these four samples by identi-
fying isolated pairs with separations in the range of 500− 1, 000 kpc and with nega-
tive relative radial velocities. (Note that this is the true relative velocity rather than
the relative peculiar velocity, i.e. we have added the Hubble expansion to the rela-
tive peculiar velocity and have required the result to be negative.) We identify iso-
lated pairs by keeping only those which have no ‘massive’ companion, defined as a
galaxy with Vmax ≥ 150 km s−1, within a sphere of 1 Mpc radius centred on the mid-
point of the binary, and no nearby cluster, defined as a halo with M200 > 3×1013 M�
within 3 Mpc of the mid-point of the binary. These cuts ensure that the dynamics
are dominated by mass associated with the two main systems, as appears to be the
case for the Local Group. For galaxies selected in the narrower Vmax range we then
find 178 pairs when the morphology cut is applied and 1, 128 pairs when it is not.
For the wider Vmax range the corresponding numbers are 2, 815 pairs and 16, 479
pairs respectively.

When calibrating the TA estimator it proves advantageous to use simulated pairs
with dynamical state quite close to that of the real Local Group. As we will see
below, this eliminates some systems where the dominant motion is not in the radial
direction and the TA therefore significantly underestimates the mass. We therefore
make one final cut which requires the approach velocity of the two galaxies to lie
between 0.5 and 1.5 times the value measured for the real system (−130 km s−1).
This results in our final sets of Local Group lookalikes. For the narrower Vmax

range we end up with 117 pairs when the morphology cut is applied and 758 pairs
when it is not, while for the wider Vmax range the corresponding numbers are 1, 273
pairs and 8, 449 pairs respectively.

When we study the application of the Timing Argument to the Milky Way–Leo
I system, we consider individual galaxies from both our Vmax ranges. We require
these to be isolated by insisting that there should be no bright nor massive com-
panion (with luminosity exceeding 10% of that of the host or Vmax > 150 km s−1)
closer than 700 kpc and no massive group (defined as above) closer than 3 Mpc.
This produces samples of 137, 926 and 266, 229 potential hosts in the cases with and
without the morphology cut for the wider Vmax range, and 29, 245 and 57, 816 po-
tential hosts for the narrower range. We then search for Leo I analogues around
these hosts by identifying companions in the separation range 200 to 300 kpc with
Vmax(comp) ≤ 80 km s−1, MB < −16.7 and Vra ≥ 0.7Vmax(host) where Vra is the rel-
ative radial velocity of the two objects and the last condition reflects the fact that
Leo I is useful for estimating the Milky Way’s mass only because its recession ve-
locity is comparable to the Galactic rotation velocity (Vra ∼ 0.8Vmax(host) for the
real Leo I–Milky Way system). Pairs sharing the same MW-like host are excluded in
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the final list.
With these cuts we find 344 and 896 satellite-host pairs in the samples with

and without the morphology cut for the looser Vmax range, and 168 and 374 for the
tighter range. These relatively small numbers reflect the fact that only about 10% of
potential hosts actually have a faint companion in this distance range which is still
bright enough to be resolved, and fewer than 5% of these satellites are predicted
to have positive recession velocities comparable to that observed.

5.3 Results

5.3.1 Calibration of the Timing Argument mass for the Local
Group

For each simulated Local Group analogue the separation and relative radial velocity
of the two galaxies can be combined with the age of the Universe (taken to be
13.6 Gyr) to obtain a Timing Argument mass estimate MTA (Equations (5.1) to
(5.3)). The true mass of the pair Mtrue is harder to define because of the extended
and complex mass distributions predicted by the ΛCDM model. The mass of an
individual dark halo is often taken to be M200 the mass within a sphere of mean
density 200 times the critical value, so a natural choice for Mtrue is the sum of M200

for the two galaxies. The Millennium Simulation database only lists M200 for Type 0
galaxies, those at the centre of the main subhalo of each friends-of-friends particle
group. Many of our LG analogues lie within a single FOF group. One of the pair is
then a Type 1 galaxy, the central object of a subdominant subhalo, and so has no
listed value for M200. In such cases we have gone back to the particle data for the
simulation in order to measure M200 directly also for these galaxies.

An alternative convention is to define Mtrue as the sum of the values of Mhalo,
the maximal self-bound mass of each subhalo; this is included in the database for
both Type 0 and Type 1 galaxies. In the following we use the notation Mtr,200 and
Mtr,halo to distinguish these two definitions. For either we can calculate the ratio
of true mass to Timing Argument estimate,

Ax = Mtr,x/MTA, (5.4)

where the suffix x is 200 or halo depending on the definition adopted for Mtrue. If
the Timing Argument is a good estimator of true mass, our samples of LG analogues
should produce a narrow distribution of A values. This distribution then allows the
TA mass estimate for the real Local Group to be converted into a best estimate of
its true mass, together with associated confidence intervals.

Our preferred sets of Local Group analogues contain simulated galaxy pairs
which mimic the real system in terms of morphology, isolation, pair separation and
pair approach velocity. In addition, they require the haloes of the simulated galax-
ies to have Vmax values within about ±10% and ±35% of those estimated for M31
and the Galaxy for the tight and loose ranges of Vmax, respectively. In order to un-
derstand the influence of these constraints we give results below not only for our
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‘best’ samples but also for samples where the various constraints are relaxed. Thus,
we consider samples in which 1) both morphology and isolation requirements are
applied (our preferred case), 2) the isolation requirement is removed, 3) the mor-
phology requirement is removed, and 4) both morphology and isolation require-
ments are removed. For each case, we compare results for the two allowed ranges
of Vmax and we also examine the effect of loosening the radial velocity constraint to
Vra < 0.

Fig. 5.1 gives histograms of the distribution of A200 for a sample in the nar-
row Vmax-range with our preferred isolation, morphology and radial velocity cuts,
as well as for three samples with the same Vmax and Vra cuts but with reduced
morphology and isolation requirements. Fig. 5.2 presents these same distribu-
tions in cumulative form and compares them with the corresponding distributions
for samples with the loosened circular velocity requirement, 150 km s−1 ≤ Vmax <

300 km s−1. In both plots black curves refer to class (1) samples for which both
isolation and morphology cuts are imposed, while red, green and blue curves refer
to samples in classes (2), (3) and (4) respectively. Results for the broader Vmax

selection are indicated by dashed curves in Fig. 5.2. We give numerical results for
various percentile points of these distributions in Table 5.1, and repeat all these in
Table 5.2 for samples where the separation velocity requirement has been loosened
to Vra < 0.

The first and most important point to note from these these figures and tables
is that the median value of A200 is very robust and only varies between 0.98 and
1.34 for our full range of sample selection criteria. With our preferred cuts the
median values are 1.15 and 0.99 for the narrow and wide Vmax samples respectively.
The best estimate of the true mass of the Local Group (for this definition) is thus
very similar to its Timing Argument mass estimate, and depends very little on the
calibrating sample of simulated pairs.

The second important point is that the width of the distribution of A200 does
depend on how the calibrating sample is defined. In particular, it is narrower for
samples with the more restrictive Vmax range, and for given Vmax range it is smallest
for samples with our preferred cuts, those which match the dynamical and morpho-
logical properties of the Local Group most closely. For the narrow Vmax sample the
interquartile range is a factor of just 1.6, and the upper and lower 5% points are
separated by a factor of 3. For the wider velocity range the interquartile range is
a factor of 1.8 and the 5% points are separated by a factor of 5.7. This shows the
Timing Argument to be remarkably precise for systems similar to the Local Group.

The broadening of the distribution as the selection requirements are relaxed
is easy to understand. Removing the isolation requirements allows third bodies
to play a significant role in the dynamics. This can extend the upper tail of the
A200 distribution if mass from the third body falls inside R200 for one of the pair
galaxies or if the gravity of the third galaxy produces a tidal field which opposes
the attraction between the pair members. It can extend the lower tail if the mass
of the third body lies between the pair members but outside their R200 spheres,
thus enhancing their mutual attraction without adding to their mass. Removing
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Figure 5.1: Normalised histograms of A200, the ratio of true mass to Timing Ar-
gument estimate, for samples of Local Group analogues with 200 km s−1 ≤ Vmax <

250 km s−1 and −195 km s−1 < Vra < −65 km s−1. The black histogram refers to
our preferred selection where both isolation and morphology requirements are im-
posed. For the red histogram the isolation requirement has been removed, for
the green histogram the morphology requirement, and for the blue histogram both
requirements.
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Figure 5.2: Cumulative distributions of A200 the ratio of true mass to Timing Ar-
gument estimate for Local Group analogues with −195 km s−1 < Vra < −65 km s−1.
The solid curves correspond to the four samples already plotted in Fig. 5.1 while
the dashed curves are for samples with 150 km s−1 ≤ Vmax < 300 km s−1. The colour
coding is the same as in Fig. 5.1; black indicates samples with our preferred isola-
tion and morphology constraints.

the morphology constraint moves the whole distribution towards larger values and
this effect is most pronounced in the large A200 tail. This is because objects with
more dominant bulges have more complex merger histories. They typically form in
denser regions and their haloes tend to be more massive and to have more complex
structure.

Loosening the requirements on Vmax affects the distribution in a complex way.
There is a tight relation between Vmax and M200 (also Mhalo) in the ΛCDM structure
formation model (e.g. Navarro et al., 1997). Thus if we place tight restrictions on
the Vmax values of our galaxies, we will obtain a sample of Local Group analogues
with a narrow range of Mtrue values. If, in addition, we force the parameters which
enter in the Timing Argument (the pair separation and relative radial velocity) to
lie in narrow ranges, then the TA mass estimate itself is tightly constrained. The
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Table 5.1: Percentage points of the A200 distribution for samples of Local Group
analogues with −195 km s−1 < Vra < −65 km s−1

5% 25% 50% 75% 95% # of pairs
Vmax ∈ [200, 250] km s−1

morphology, isolation 0.67 0.93 1.15 1.47 2.05 117
morphology, no isolation 0.61 0.93 1.14 1.52 2.09 155
no morphology, isolation 0.67 0.97 1.20 1.50 2.32 758
no morphology, no isolation 0.63 0.96 1.22 1.55 2.54 1015
Vmax ∈ [150, 300] km s−1

morphology, isolation 0.34 0.72 0.99 1.27 1.93 1273
morphology, no isolation 0.33 0.68 0.98 1.29 2.00 1650
no morphology, isolation 0.41 0.81 1.09 1.40 2.21 8449
no morphology, no isolation 0.35 0.77 1.08 1.43 2.41 11838

distribution of A200 is thus forced to be narrow as a consequence of our selection
criteria.

A second effect is that most of the new pairs added by widening the requirement
on Vmax have at least one galaxy with 150 km s−1 ≤ Vmax < 200 km s−1, thus with
relatively low Mtrue. This simply reflects the strong dependence of halo abundance
on Vmax. Given that halo mass scales approximately as V 3

max it is striking that the
addition of so many pairs containing a ‘low mass’ galaxy reduces the median value
of A200 by just 15%. The low tail of the distribution is more strongly affected, by
almost a factor of 2 at the lower 5% point, but the upper end of the distribution is
barely affected at all. This demonstrates that the main body of the distribution is
weakly affected by restrictions on Vmax, but that the lower tail (which is needed to
place a lower limit on the true mass of the Milky Way) is suppressed if Vmax is not
allowed to take small values.

In Table 5.2 we show the effect of weakening the cut on relative radial velocity to
require only that the two main galaxies be approaching. Again this has remarkably
little effect on the median A200 values. A comparison with Table 5.1 shows them
all to be increased by about 10%-15%. The effects on the tails of the distributions
are more substantial. The 95% point is typically increased by about a factor of 2.
This is because the sample now includes a substantial number of pairs with small
Vra (and thus smaller TA mass estimate) for which tangential motion is important
for their current orbit. The 5% point of the distribution is significantly reduced,
reflecting the fact that our restrictions on relative approach velocity exclude a non
negligible number of systems with approach velocities larger than 195 km s−1, and
thus with large TA mass estimates. Such systems must have more mass outside the
conventional virial radii of the two galaxies than do typical Local Group analogues
in our samples.

In conclusion, we believe our most precise and robust estimate of the distribu-
tion of A200 to be that obtained with our preferred morphology, isolation and radial
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Table 5.2: Percentage points of the A200 distribution for samples of Local Group
analogues with Vra < 0

5% 25% 50% 75% 95% # of pairs
Vmax ∈ [200, 250] km s−1

morphology, isolation 0.54 0.97 1.33 1.66 3.93 178
morphology, no isolation 0.45 0.94 1.26 1.66 3.93 241
no morphology, isolation 0.54 1.01 1.34 1.82 4.62 1128
no morphology, no isolation 0.42 0.96 1.34 1.93 5.11 1596
Vmax ∈ [150, 300] km s−1

morphology, isolation 0.28 0.85 1.19 1.64 3.30 2815
morphology, no isolation 0.22 0.77 1.16 1.64 3.38 3532
no morphology, isolation 0.31 0.89 1.23 1.76 4.06 16479
no morphology, no isolation 0.18 0.79 1.19 1.78 4.46 23429

velocity cuts for 150 km s−1 ≤ Vmax < 300 km s−1, and we will use this distribution in
the next section to estimate the true mass of the Local Group. Although the tails of
the distribution are suppressed still further for a narrower range of Vmax, this is at
least in part due to the artificial effects mentioned above. In addition the number
of Local Group analogues is too small in this case for the tails of the distribution to
be reliably determined. From Table 5.1 we see that the best estimate of the true
mass of the Local Group (which we take to be that obtained using the median value
of A200) is almost identical to the direct TA estimate. The most probable range of
true mass (given by the quartiles of A200) extends to values about 30% above and
below this, while the 95% confidence lower limit on the true mass (given by the 5%
point of the A200 distribution) is a factor of 2.9 smaller.

5.3.2 Application to the Local Group

The three observational parameters needed to make a Timing Argument mass esti-
mate for the Local Group are the separation between the two main galaxies, their
radial velocity of approach and the age of the Universe. The latter is now deter-
mined to high precision through measurements of microwave background fluctu-
ations. Spergel et al. (2007) give 13.73 ± 0.16 Gyr. The distance to M31 is also
known to high precision. We adopt the value 784 ± 21 kpc given by Stanek & Gar-
navich (1998) based on red clump stars, noting that it agrees almost exactly with
the slightly less precise value obtained by Holland (1998) from fits to the colour-
magnitude diagrams of M31 globular clusters. Although the heliocentric reces-
sion velocity of M31 is known even more precisely (−301 ± 1 km s−1 according to
Courteau & van den Bergh 1999) the approach velocity of the two giant galaxies
is less certain because of the relatively poorly known rotation velocity of the Milky
Way at the Solar radius. van der Marel & Guhathakurta (2008) go through a care-
ful analysis of the uncertainties and conclude that Vra = 130 ± 8 km s−1. Inserting
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these modern values into Equations (5.1) to (5.3) we obtain our Timing Argument
estimate of the mass of the Local Group:

MLG,TA ≈ 5.32± 0.48× 1012 M� , (5.5)

where the uncertainty is dominated by that in the relative radial velocity. This
uncertainty is still small in comparison to the scatter in the ratio of true mass to
TA estimate, so we will neglect it in the following. The apocentric distance of the
implied relative orbit of the two galaxies is 1103± 30 kpc.

We now combine this Timing Argument estimate with the distribution of A200

obtained in the last section for our most precise and reliable sample of Local Group
analogues (the sample with our preferred morphology, isolation and radial velocity
cuts and with the wider allowed range of Vmax) to obtain our best estimate of the
true mass of the Local Group, defined here as the sum of the M200 values of the two
main galaxies:

MLG,true = 5.27× 1012 M� , (5.6)

or logMLG,true/M� = 12.72. The most plausible range for this quantity is then
[12.58, 12.83] with a 95% confidence lower limit of 12.26, i.e. MLG,true > 1.81 ×
1012 M� at 95% confidence.

5.3.3 Application to the Milky Way

We now calibrate the Zaritsky et al. (1989) Timing Argument which estimates the
mass of the Milky Way from the position and velocity of Leo I. This again assumes
a radial Keplerian orbit, but Leo I is taken to have passed through pericentre and
to be currently moving towards apogalacticon for the second time. Equations (5.1)
to (5.3) then give a unique mass estimate MMW,TA for the system for any assumed
distance and radial velocity. This is taken as the Milky Way’s mass since the mass
of Leo I is negligible in comparison.

Proceeding as for the Local Group, we select Milky Way – Leo I analogues from
the Millennium Simulation in order to study the relation of this TA estimate to the
true mass of the Milky Way, which we again take to be M200. Thus we define the
ratio

B200 = M200/MMW,TA (5.7)

and investigate its distribution in various samples of analogue host-satellite sys-
tems. In particular, we consider samples of isolated host galaxies (as defined in
Section 5.2) using both our looser and tighter Vmax ranges, both with and with-
out cuts on central galaxy morphology, and requiring the distance, radial velocity
and maximum circular velocity of the satellite to satisfy 200 kpc< r < 300 kpc,
Vra ≥ 0.7Vmax(host) and Vmax(comp) ≤ 80 km s−1.

Results for these four samples are given in Table 5.3 and the corresponding
cumulative distributions ofB200 are plotted in Fig. 5.3. Scatter plots ofM200 against
MMW,TA for the four samples are shown in Fig. 5.4. The behaviour is quite similar
to that of the Local Group TA mass estimator A200. The median value of B200 is
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Table 5.3: Percentage points of the B200 distribution for samples of MW – Leo I
analogues with Vra ≥ 0.7Vmax(host)

5% 25% 50% 75% 95% # of pairs
Vmax(host) ∈ [200, 250] km s−1

morphology 0.71 1.27 1.71 2.01 2.62 168
no morphology 0.71 1.25 1.67 2.01 2.55 374
Vmax(host) ∈ [150, 300] km s−1

morphology 0.39 1.04 1.50 1.89 2.47 344
no morphology 0.51 1.14 1.55 1.98 2.66 896

robust and varies very little as the definition of the analogue sample is changed.
Again it is 10 – 15% smaller for samples with the looser Vmax selection. Unlike
the Local Group case, the median value of B200 is about 1.6 and so is significantly
larger than unity. This shows that MMW,TA is biased low as an estimator of true
Milky Way mass, reflecting the fact that tangential motions are often significant for
satellites at the distance of Leo I. Assuming a purely radial orbit then results in an
underestimate of the mass.

The width of the distribution of B200 is significantly greater for samples with
the looser Vmax selection, primarily through an extension of the tail towards low
values. This resembles the behaviour we saw above for A200 but it must have a
different cause, since our selection criteria for Milky Way analogues put no upper
bound on Vra, instead placing a lower limit on Vra/Vmax. As a result they do not
force an upper limit on MMW,TA of the kind imposed on MLG,TA by our upper limit
on Vra for Local Group analogues. Fig. 5.4 shows that the tail of low B200 values for
the wider Vmax range is caused by a relatively small number of systems for which
MMW,TA is anomalously large. These are objects with anomalously large values of
Vra and seem to occur preferentially at small M200, corresponding to values of Vmax

below 200 km s−1.

The bulk of the points in Fig. 5.4 scatter fairly symmetrically about the median
relation M200 = 1.6MMW,TA which we show as a dashed straight line. Their mean
slope is somewhat steeper than strict proportionality because our distance con-
straint on "Leo I’s" is expressed in units of kpc rather than of R200 or Vmax/H0.
Distant outliers occur only at the low M200 side of this relation, suggesting that
they may be a consequence of resolution problems in the Millennium Simulation.
For Vmax ∼ 150 km s−1, typical haloes are represented by fewer than 1, 000 particles
and it seems likely that difficulties in describing the dynamics of their satellite sub-
structures may begin to surface. In addition, the sample sizes are relatively small,
particularly when we impose a morphology cut, so that the estimates of the tails
of the distributions may be noisy. This may explain in part the apparent excess of
outliers in the morphology-selected sample with the wider Vmax range.

The observational data needed to obtain the TA estimate of the Milky Way’s mass
are the age of the Universe and the Galactocentric distance and radial velocity of
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Leo I. As above, we take the age of the Universe to be 13.73±0.16 Gyr from Spergel
et al. (2007). For the heliocentric distance to Leo I we adopt 254 ± 19 kpc from
Bellazzini et al. (2004). The heliocentric radial velocity of Leo I is very precisely
determined, 283±0.5 km s−1 according to Mateo et al. (2008). Based on an assumed
Galactic rotation speed at the Sun of 220 ± 15 km s−1, we derive a corresponding
Galactocentric radial velocity of 175 ± 8 km s−1. When substituted into Equations
(5.1) to (5.3), these parameters produce a TA estimate for the Milky Way’s mass of

MMW,TA = 1.57± 0.20× 1012 M� . (5.8)

As was the case for the Local Group, the fundamental observational quantities are
so well defined that the uncertainty of this estimate is much smaller than the ex-
pected scatter in B200. We will therefore neglect it in the following. The implied
apocentric distance of Leo I is 619± 26 kpc. Since this is about half the apocentric
distance of the M31 – Milky Way relative orbit in the TA model of Section 5.3.2,
perturbations of the orbit of Leo I due to the larger scale dynamics of the Local
Group seem quite likely.

For the reasons discussed above, we consider our most precise and robust
estimate for the distribution of B200 to be that obtained for host galaxies with
150 km s−1 ≤ Vmax(host) < 300 km s−1 and with no morphology cut. The median
of this distribution then gives our best estimate of the true halo mass of the Milky
Way:

M200,MW = 2.43× 1012 M� , (5.9)

or logM200/M� = 12.39. The quartiles of the distribution imply [12.25, 12.49] for the
most probable range of this quantity, while the 5% point implies a lower limit of
11.90 at 95% confidence. Thus the implied mass of the Milky Way is roughly half
that of the Local Group as a whole, as might be expected on the basis of the simi-
larity of the two giant galaxies. It is quite similar to other recent estimates based
on applying equilibrium dynamics to the system of distant Milky Way satellites and
halo stars (e.g. Wilkinson & Evans, 1999; Sakamoto et al., 2003). A significantly
smaller estimate came from the analysis of the high-velocity tail of the local stellar
population by Smith et al. (2007), but we note that such analyses, in reality, only
place a lower limit on the mass of the halo, since the distribution of solar neigh-
bourhood stars may well be truncated at energies significantly below the escape
energy.

5.3.4 An alternative mass measure?

The halo masses we have quoted so far have been based on the ‘virial masses’
M200 of simulated haloes. This choice is, of course, somewhat arbitrary, and it may
not correspond particularly well to the radii within which individual isolated haloes
are approximately in static equilibrium. As an alternative convention, we here
consider defining the mass of an individual halo to be that of the corresponding
self-bound subhalo identified by the SUBFIND algorithm of Springel et al. (2001a).
This algorithm typically includes material outside the radiusR200 within whichM200
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Figure 5.3: Cumulative distributions of B200 the ratio of true Milky Way mass
(taken to be M200) to TA estimate for four samples of isolated Milky Way – Leo I
analogues from the Millennium Simulation. The red curve refers to Milky Way ana-
logues with 200 km s−1 ≤ Vmax(host) < 250 km s−1 and with morphology matching
the Milky Way. For the black curve the circular velocity requirement is loosened to
150 km s−1 ≤ Vmax(host) < 300 km s−1, for the blue curve the morphology require-
ment is removed, and for the green curve both requirements are relaxed. In all
cases we require Vra ≥ 0.7Vmax(host).
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Figure 5.4: Scatter plots of the TA estimate of the “Milky Way’s” mass against
its true mass, M200. The left panel is for isolated host galaxies with morphology
matching that of the real Milky Way, while the right panel is for samples with no
such morphology restriction. In both panels red dots refer to simulated host galax-
ies with 200 km s−1 ≤ Vmax(host) < 250 km s−1, while black dots indicate other hosts
in the broader range 150 km s−1 ≤ Vmax(host) < 300 km s−1. In all cases the ana-
logue of Leo I is required to have 200 kpc < r < 300 kpc, Vra ≥ 0.7Vmax(host)
and Vmax(comp) ≤ 80 km s−1. The straight dashed lines in the two panels show the
approximate median relation M200 = 1.6MMW,TA

is measured, but it excludes any material which is identified as part of a smaller
subhalo orbiting within the larger system. In this Chapter we denote this subhalo
mass as Mhalo.

In the left panel of Fig. 5.5 we plot Mhalo against M200 for all haloes in our
preferred sample of Local Group analogues, that with our preferred morphology,
isolation and radial velocity cuts and with 150 km s−1 ≤ Vmax < 300 km s−1. Black
and red points in this plot refer to Type 0 and Type 1 subhaloes respectively. The
right panel of Fig. 5.5 is a similar plot for the ‘Milky Way’ haloes in our preferred
sample of Milky Way – Leo I analogues, again the sample which is matched in
morphology and which has the wider Vmax range. In both panels it is clear that
the correspondence between the two mass definitions is quite tight, and that Mhalo

tends to be somewhat larger than M200. In addition the left panel shows that Type
1 haloes have smaller Mhalo for given M200 than do Type 0 haloes, as would naively
be expected. The average value of logMhalo/M200 for the haloes in the left panel is
0.100 for the Type 0’s and −0.004 for the Type 1’s, while it is 0.079 for the ‘Milky
Way’ haloes in the right panel.

This close correspondence between the two mass definitions carries over to the
distribution of our ratios of ‘true’ mass to timing mass. In Table 5.4 we give per-
centage points of the Ahalo distribution for the 8 samples of Local Group analogues
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Figure 5.5: In the left panel we plot Mhalo against M200 for all the galaxy
(sub)haloes in our sample of Local Group analogues with our preferred morphology,
isolation and radial velocity cuts and with 150 km s−1 ≤ Vmax < 300 km s−1. Type 0
subhaloes are plotted black while Type 1 subhaloes are red. The diagonal line is
the one-to-one relation. The right panel is a similar plot for the ‘Milky Way’ haloes
in our preferred sample of Milky Way – Leo I analogues.

already considered above. They can be compared directly with the numbers given
in Table 5.1 for these samples. To a good approximation the distribution of Ahalo

agrees with that of A200 except that all values are shifted upwards by about 16-20%.

The same is also true for estimates of the Milky Way’s mass obtained using the
TA applied to Leo I. This can be seen from Table 5.5 which repeats Table 5.3 except
that we now give percentage points for Bhalo rather than B200. Clearly it is of rather
little importance which definition of halo mass we adopt: the results obtained with
our two definitions are very similar.

5.4 Discussion and conclusions

The statistical argument underlying the analysis of this Chapter is more subtle than
it may at first appear, so it is worth restating it somewhat more formally in order
to understand what is being assumed in deriving the mass estimates for the Local
Group and for the Milky Way given above.

We believe that the mass distributions around galaxies are much more extended
than the visible stellar distributions, and that these have been assembled from
near-uniform ‘initial’ conditions in a manner at least qualitatively resembling that
in a ΛCDM universe. Thus the assembly histories of the Local Group and of the
Milky Way’s halo differ in major ways from those assumed by the original Timing
Arguments of Kahn & Woltjer (1959) and Zaritsky et al. (1989). In addition, the
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Table 5.4: Percentage points of the Ahalo distribution for samples of Local Group
analogues with −195 km s−1 < Vra < −65 km s−1

5% 25% 50% 75% 95% # of pairs
Vmax ∈ [200, 250] km s−1

morphology, isolation 0.78 1.11 1.36 1.72 2.38 117
morphology, no isolation 0.69 1.14 1.36 1.77 2.39 155
no morphology, isolation 0.76 1.17 1.44 1.75 2.74 758
no morphology, no isolation 0.71 1.15 1.44 1.82 2.97 1015
Vmax ∈ [150, 300] km s−1

morphology, isolation 0.41 0.88 1.20 1.53 2.26 1273
morphology, no isolation 0.38 0.84 1.19 1.54 2.38 1650
no morphology, isolation 0.49 0.99 1.31 1.67 2.60 8449
no morphology, no isolation 0.37 0.92 1.30 1.71 2.85 11838

Table 5.5: Percentage points of the Bhalo distribution for samples of MW – Leo I
analogues with Vra ≥ 0.7Vmax(host)

5% 25% 50% 75% 95% # of pairs
Vmax ∈ [200, 250] km s−1

morphology 0.90 1.53 1.98 2.40 3.14 168
no morphology 0.90 1.50 1.97 2.39 3.21 374
Vmax ∈ [150, 300] km s−1

morphology 0.42 1.25 1.81 2.31 3.09 344
no morphology 0.61 1.37 1.88 2.36 3.23 896

meaning of the derived mass values needs clarification. We wish to use the Mil-
lennium Simulation to calibrate the TA estimates against conventional measures of
halo mass, and to test the general applicability of the Timing Argument. However,
we want to do this in a way which avoids any significant dependence on the details
of the ΛCDM model, for example, on the exact density profiles, abundances and
substructure properties which it predicts for haloes.

Our method uses the simulation to estimate the distribution of the ratio of ‘true’
mass to TA mass estimate for samples of objects whose properties ‘resemble’ those
of the observed Local Group and Milky Way – Leo I systems. Our restrictions on
separation and radial velocity implement this similarity requirement in a straight-
forward way, but our constraints on Vmax have a more complex effect. Although
the true Vmax values for M31 and the Milky Way are very likely within our looser
range (150 km s−1 ≤ Vmax < 300 km s−1) the simulation exhibits a tight correlation
between Vmax and M200 . Imposing fixed limits on Vmax is thus effectively equiva-
lent to choosing a fixed range of M200. As a result, we are in practice estimating
the distribution of A200 or B200 for systems of given true mass, subject to the as-
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sumed constraints on separation and radial velocity. However, when we apply our
results to estimate true masses for the Local Group and the Milky Way, we implic-
itly assume that our distributions of A200 and B200 are appropriate for samples of
given TA mass estimate, again subject to our constraints on separation and radial
velocity. It is thus important to understand when these two distributions can be
considered the same.

The relation can be clarified as follows. From the simulation we compile the
distribution of Mtrue/MTA, or equivalently of ∆ ≡ lnMtrue − lnMTA, for systems
with lnMtrue in a given range. We then implicitly assume that this distribution does
not depend on Mtrue, at least over this range, so that the result can be taken as an
estimate of the probability density of ∆ at given Mtrue. Bayes Theorem then gives
us the probability density function (pdf) for ∆ at fixed MTA:

f [∆| lnMTA] =
f [∆, lnMTA]
f [lnMTA]

=
f [∆, lnMtrue]
f [lnMTA]

=
f [∆| lnMtrue] f [lnMtrue]

f [lnMTA]
= f [∆| lnMtrue] (5.10)

The first line here simply writes the conditional pdf of ∆ at given MTA in terms of
the joint pdf of the two quantities and the pdf of MTA. The second line then rewrites
the joint pdf in terms of the equivalent variables ∆ and Mtrue, using the fact that the
Jacobian of the transformation is unity. The third line re-expresses the joint pdf as
the product of the pdf of ∆ at given Mtrue times the pdf of Mtrue. The final line then
follows from the normalisation condition, provided that f [lnMtrue] is constant and
f [∆| lnMtrue] is independent of Mtrue. Thus, when estimating Mtrue from MTA, we
assume a uniform prior on lnMtrue and that the distribution of ∆ does not depend
on true mass. Both these assumptions appear natural and appropriate.

The analysis underlying the Timing Argument (Equations (5.1) – (5.3)) assumes
that the relative orbit of the two objects is bound and has conserved energy since
the Big Bang. Recently, Sales et al. (2007) have shown that in ΛCDM models this
assumption is significantly violated for a substantial number of satellites within
haloes comparable to that of the Milky Way. In particular, they demonstrate the
presence of a tail of unbound objects which are being ejected from haloes as a
result of 3-body ‘slingshot’ effects during their first pericentric passage. These
objects are typically receding rapidly from their ‘Milky Way’, as assumed in the
Zaritsky et al. (1989) argument, but they violate its assumption that the present
orbital energy can be used to infer the period of the initial orbit (i.e. the time
from the Big Bang to first pericentric passage). Clearly such objects should also be
present in the Millennium Simulation, although lack of resolution might make them
under-represented in comparison to the simulations analysed by Sales et al. (2007).
Thus our analysis takes the possibility of such ejected satellites into account, at
least in principle. Objects of this type will show up as systems with anomalously
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Figure 5.6: Scatter plot of A200 versus transverse velocity for Local Group ana-
logues in our sample with preferred morphology, isolation and radial velocity cuts
and with 150 km s−1 ≤ Vmax < 300 km s−1. The vertical dashed line indicates the
median |Vtr|. The distributions on either side of this line are each further split in
half at the median values of |Vtr| (the solid horizontal lines.) There is essentially
no correlation in this plot, indicating that a measurement of the transverse velocity
will not significantly improve the TA mass estimate.

large TA estimates for their halo mass, and Fig. 5.4 shows a number of outliers
which could well be explained in this way. Issues of this kind do not effect TA-based
estimates of the mass of the Local Group since the two big galaxies are currently
approaching for the first time.

The only kinematic information about the relative orbit of M31 and the Milky
Way used in our analysis is their current approach velocity. van der Marel &
Guhathakurta (2008) show that geometric arguments can already constrain the
transverse component also, and future astrometry missions such as SIM might al-
low Vtr to be measured directly. Thus it is interesting to ask if our TA mass estimate
could be significantly refined by measuring the full 3-D relative motion of the two
galaxies, rather than just its radial component. We address this in Fig. 5.6 which
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plots A200, the ratio of true mass to TA estimate, against Vtr for a sample of Lo-
cal Group analogues with our preferred morphology, isolation and radial velocity
cuts, and with 150 km s−1 ≤ Vmax < 300 km s−1. The median Vtr for this sample is
86 km s−1, comparable to the van der Marel & Guhathakurta estimate for the real
system. There is no apparent correlation of A200 with Vtr, and indeed, the medians
of A200 for the high and low Vtr halves of the sample are both close to 1 and do not
differ significantly. Pairs with high Vtr do show larger scatter in A200 than pairs on
near-radial orbits. For given separation, radial velocity and age, the Kepler model
implies a mass which increases monotonically with Vtr. The absence of a detectable
trend in Fig. 5.6 shows that uncertainties in Vtr do not dominate the scatter in our
TA mass estimate, and that a measurement of Vtr will not substantially increase the
precision with which the true mass can be measured.

In conclusion, our analysis shows the Timing Argument to produce robust es-
timates of true mass both for the Local Group and for the Milky Way, as long as
‘true mass’ is understood to mean the sum of the conventional masses of the major
haloes. For the Local Group as a whole, the estimate and confidence limits given
in Section 5.3.2 and in the Abstract appear reliable given the excellent statistics
provided by the Millennium Simulation, the lack of any substantial dependence on
our isolation and morphology cuts, and the relatively simple dynamical situation.
Although the results based on Leo I’s orbit also appear statistically sound, the more
complex dynamical situation offers greater scope for uncertainty, particularly when
trying to place a lower limit on the mass of the Milky Way’s halo. On the other hand,
our best estimate of this mass is just under half of our estimate of the sum of the
halo masses of M31 and the Galaxy. Thus the picture presented by the data appears
quite consistent, and gives no reason to be suspicious of the Milky Way results.
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Nederlandse samenvatting

ONS eigen sterrenstelsel, de Melkweg, bevindt zich niet in een isolement, maar
is omgeven door ongeveer 20 (dwerg-) satellietstelsels. Deze dwergstelsels

zijn kleiner en ook veel lichtzwakker dan de Melkweg. Verder weg vinden we nog
een spiraalstelsel, het sterrenstelsel Andromeda (ook wel bekend als M31). Andro-
meda lijkt erg op de Melkweg en heeft zijn eigen systeem van satellietstelsels. Al
deze sterrenstelsels samen vormen een belangrijk deel van de Lokale Groep. Hun
waarneembare eigenschappen kunnen ons inzicht verschaffen in hun ontstaansge-
schiedenis.

Links: Afbeelding in zichtbaar licht van het dichtstbijzijnde grote spiraalstelsel, M31, in

het sterrenbeeld Andromeda. Onze Melkweg lijkt erg op M31 (maar er zijn ook verschillen

tussen de twee stelsels). Rechts: De Grote Magelhaense Wolk in zichtbaar licht. Dit is het

grootste satellietstelsel van de Melkweg.

Zelfs in het nabije heelal zien we een grote verscheidenheid aan sterrenstel-
sels. Elk van de dwergstelsels rondom de Melkweg en Andromeda heeft zijn eigen
karakteristieke eigenschappen die het uniek maken. Hoewel de dwergstelsels af-
zonderlijk dus heel verschillend lijken, volgen ze toch ook verscheidene wetmatig-
heden. Hieruit kunnen we concluderen dat de ontstaansgeschiedenissen van deze
kleine systemen beïnvloed moeten zijn door simpele fysische wetten, die nu terug
te vinden zijn in hun waarneembare eigenschappen.

Een voorbeeld hiervan is dat de sterren in de meest heldere satellieten rondom
de Melkweg over het algemeen meer zware elementen in hun atmosfeer hebben.
Dit staat ook wel bekend als het ‘Metaal-helderheids verband’ voor dwergstelsels.
Om de chemische compositie van een ster te meten, bekijken astronomen het spec-
trum van de ster. Sterren worden vaak voorgesteld als ‘zwarte stralers’, waarvan
de sterkte van de emissie als functie van de golflengte beschreven wordt door een
Plank functie die alleen afhangt van de temperatuur aan de oppervlakte van de
ster. Echter, als je beter kijkt naar een spectrum, blijkt het vele ‘dipjes’ of lijnen
te bevatten. Deze dipjes worden veroorzaakt door atomen en moleculen van zwa-
re chemische elementen (door astronomen ‘metalen’ genoemd, een benaming die
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wordt gegeven aan alle elementen zwaarder dan H en He) die een interactie aan-
gaan met fotonen in de atmosfeer van de ster. Dankzij de komst van grote telesco-
pen en gevoelige CCD’s, kunnen we nu spectra van honderden sterren in naburige
dwergstelsels bekijken en bestuderen hoe de hoeveelheden zware elementen in de
sterren (ook wel ‘chemische abundanties’ genoemd) zich verhouden tot de andere
eigenschappen van een dwergstelsel.

De bewegingen van sterren in een sterrenstelsel worden alleen bepaald door de
zwaartekracht. Zoals de planeten in ons zonnestelsel om de zon bewegen, zo zijn
de snelheden en versnellingen van sterren afhankelijk van de hoeveelheid massa
in het sterrenstelsel. Daarom kunnen we, door de bewegingen van sterren in de
satellietstelsels te bestuderen, de (totale) massa van het satellietstelsel afleiden.

Al deze informatie (over chemische abundanties, massa en andere waarneemba-
re entiteiten) stelt ons in staat om een onderscheid te maken tussen verschillende
modellen die beschrijven hoe sterrenstelsels vormen, door hun voorspellingen te
vergelijken met waarnemingen. Het uiteindelijke doel hiervan is om die fysische
processen te identificeren die de verscheidenheid aan sterrenstelsels om ons heen
gecreëerd hebben. Omdat we in de Lokale Groep de individuele sterren en hun ei-
genschappen kunnen meten, biedt deze ons een unieke mogelijkheid om de evolutie
van sterrenstelsels te bestuderen.

De koude donkere materie (CDM) structuurvormingstheorie is een populaire
fundamentele theorie die veel waarnemingen van sterrenstelsels in het Universum
met succes kan verklaren. In deze theorie wordt het Universum gedomineerd door
deeltjes die haast geen interacties aangaan met wat voor substantie dan ook, be-
halve door middel van zwaartekracht, daarom noemen we ze ‘donker’. In het heel
vroege Universum konden gebieden met een relatief hoge dichtheid aan donkere
materie (ten opzichte van de gemiddelde dichtheid van het Universum) meer mate-
rie aantrekken en uiteindelijk ineenstorten tot structuren die we ‘halo’s’ noemen.
In deze theorie vormen kleinere structuren eerst, waarna deze met elkaar samen-
smelten en zo grotere halo’s vormen. De baryonische materie (in de vorm van gas)
volgt in het vroege Universum de verdeling van de donkere materie. Wanneer een
halo eenmaal is gevormd, heeft het gas erin de mogelijkheid af te koelen en sterren
te vormen. Op deze manier zijn de eerste sterrenstelsels gevormd.

Complexe en gedetailleerde simulaties die gebaseerd zijn op de koude donkere
materie theorie zijn in staat geweest om zelfs de meest verbazingwekkende astro-
nomische fenomenen van het Universum op grote schaal te reproduceren. Echter,
dezelfde theorie komt voor verscheidene lastige uitdagingen te staan als de voor-
spellingen van de modellen worden vergeleken met de waarnemingen op de schaal
van sterrenstelsels. De volgende figuren illustreren één van deze problemen.
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Links: Afbeelding van de donkere materie halo’s van de Melkweg en zijn satellieten in een

koude donkere materie simulatie (met dank aan Felix Stoehr). Rechts: Een schematische

weergave van de locatie van de satellietstelsels rondom de Melkweg (met dank aan James

Bullock).

Het linker figuur laat de verdeling van donkere materie zien rondom een groot
sterrenstelsel (in het midden van het figuur) dat veel gelijkenis vertoont met onze
Melkweg. De verdeling van de donkere materie satellietstelsels zoals voorspeld
door de simulatie is zichtbaar als kleine, lichte stippen rondom het grote sterren-
stelsel. Het rechter figuur is een 3D illustratie van de locatie van de ongeveer 20
satellietstelsels die tot dusverre ontdekt zijn. Een vergelijking van beide figuren
laat zien dat er veel meer satellietstelsels voorspeld zijn in de simulaties dan we in
werkelijkheid zien aan de hemel.

Dit proefschrift: De sterrenstelsels in de Lokale Groep in een kosmologisch
kader

Het onderwerp van dit proefschrift is een studie van de sterrenstelsels in de Lokale
Groep inclusief de Melkweg en zijn satellieten en het sterrenstelsel Andromeda. Ik
begin met de analyse van satellietstelsels in een donkere materie halo die waar-
schijnlijk veel gelijkenis vertoont met die van de Melkweg (Hoofdstuk 2). Eén van
de doelen van dit onderzoek is om een relatie te leggen tussen de donkere mate-
rie satellieten in de simulatie en de satellieten (en in het bijzonder hun donkere
materie halo’s) die we waarnemen rondom de Melkweg. Hebben de gesimuleerde
satellieten bijvoorbeeld vergelijkbare eigenschappen wat betreft locatie en kine-
matica met de satellieten van de Melkweg? De volgende stap die ik neem is om
deze donkere materie simulaties te combineren met fenomenologische formules
om ook de evolutie van de baryonen die bij de satellieten horen te kunnen volgen
(Hoofdstuk 3). De essentiële vragen die ik hierbij stel zijn: Waarom zien we maar
ongeveer 20 satellieten rond de Melkweg terwijl de simulaties voorspellen dat het
er zoveel meer moeten zijn? Welke fysische processen hebben een belangrijke rol
gespeeld en de satellieten gemaakt tot hoe we ze nu zien? In Hoofdstuk 4 ga ik
verder in op de dynamische eigenschappen van de satellieten in de modellen en
vergelijk ik hun massa in de binnenste regio’s met de informatie die we hebben
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over de massa in Melkweg satellieten uit recente waarnemingen. In Hoofdstuk 5
maak ik een schatting voor de totale massa in de Lokale Groep en de Melkweg aan
de hand van een simulatie van het Universum.

De vorming van het satellietsysteem van de Melkweg

Een opvallend gegeven van het systeem van de Melkweg satellieten (en mogelijk
ook van het systeem van satellieten rond Andromeda) is dat ze haast in een vlak
lijken te liggen. Dit is vreemd, omdat men in eerste instantie zou verwachten ze in
willekeurige richtingen in de ruimte te vinden.

In Hoofdstuk 2 hebben we een aantal bijzonder nauwkeurige kosmologische
donkere materie simulaties geanalyseerd om de dynamische eigenschappen van
satellietsystemen te bestuderen. De kleine donkere materie satellieten in de simu-
latie bleken vaak in groepen te bewegen. Eerder onderzoek had al aangetoond dat
clusters van sterrenstelsels samengesteld worden uit groepen van sterrenstelsels,
maar het was tot nu toe niet duidelijk of hetzelfde fenomeen zich ook voordeed op
kleinere schaal, namelijk dat van individuele sterrenstelsels. Dat de kleinere ster-
renstelsels in groepen bewegen is vooral duidelijk zichtbaar wanneer ze voor het
eerst in een baan om het grotere stelsel gaan bewegen. Later kan deze ruimtelijke
coherentie weer vernietigd worden als de groep van satellieten verspreid wordt
door het grote stelsel. Echter, uit het impulsmoment van de satellieten kan de
oorspronkelijke groepering nog steeds worden teruggevonden, ook al is de groep
lang geleden ingevallen (tot wel acht miljard jaar geleden). Omdat onze simulaties
laten zien dat ten minste 1/3 van de satellieten in groepen ingevallen is, lijkt dit
fenomeen vrij algemeen voorkomend te zijn. Het gevonden resultaat, dat kleinere
objecten in groepen invallen in het grotere stelsel, is belangrijk voor ons begrip
van de opvallende verspreiding van satellieten rondom ons sterrenstelsel.

De gelijkenissen en verschillen tussen de dwergstelsels van de Melkweg

Zoals gezegd zien we grote verschillen tussen de individuele eigenschappen van
de stelsels in de lokale groep terwijl ze ook verscheidene wetmatigheden en an-
dere karakteristieken gemeen hebben. Een interessante vraag is of al deze eigen-
schappen verwacht zijn en gereproduceerd kunnen worden door modellen die de
ontstaansgeschiedenis van sterrenstelsels nabootsen. In andere woorden, gegeven
de waargenomen eigenschappen van stelsels, welke astrofysische processen zijn
belangrijk geweest in hun vorming en evolutie?

In Hoofdstuk 3 proberen we de vorming en evolutie van satellieten rond de
Melkweg te ontrafelen. We gebruiken donkere materie simulaties van een halo
waarvan gedacht wordt dat deze lijkt op de Melkweg (dezelfde simulatie als ge-
bruikt in Hoofdstuk 2) en we koppelen deze simulaties met semi-analytische (fe-
nomenologische) modellen. De semi-analytische modellen die we gebruiken zijn
in eerder onderzoek toegepast om verscheidene fenomenen te verklaren (en te
voorspellen) die we zien op grotere schaal, maar zijn in slechts een paar gevallen
toegepast op de schaal van een enkel sterrenstelsel als de Melkweg en zijn satel-
lieten. Het is bemoedigend om te zien dat de gemodelleerde satellieten veel van de
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eigenschappen van de satellieten rond de Melkweg weten te reproduceren, hoewel
de gebruikte formules wel enige (fysisch gemotiveerde) aanpassingen vergden.

Recentelijk gemeten snelheden van de satellieten rond de Melkweg geven aan
dat de massa in donkere materie voor hen allemaal hetzelfde zou kunnen zijn. Dit is
zeer opmerkelijk, omdat de satellieten een grote spreiding in helderheid laten zien.
Wij hebben in Hoofdstuk 4 getest of onze modellen voor de vorming van sterren-
stelsels ook een dergelijke eenduidige massa kunnen produceren. We vinden dat
dit inderdaad mogelijk is, en dat het wordt veroorzaakt doordat de gemodelleerde
satellieten geassocieerd worden met donkere materie halo’s waarin genoeg massa
aanwezig is om koeling door middel van waterstofatomen mogelijk te maken.

Het meten van de massa van de Lokale Groep en de Melkweg

De huidige kennis over de leeftijd van het Universum, afgeleid uit de eigenschap-
pen van de kosmische achtergrondstraling, de afstand tussen en de relatieve radia-
le snelheid van het sterrenstelsel Andromeda ten opzichte van de Melkweg kunnen
gebruikt worden om een schatting te maken van de massa van de Lokale Groep. Dit
idee werd oorspronkelijk naar voren gebracht door Kahn & Woltjer in 1959 en staat
bekend als het ‘Timing Argument’. Met de toenmalige metingen en enkele simpele
aannames concludeerden Kahn en Woltjer dat beide stelsels in de orde van 1012 M�
bevatten, veel meer dan de totale massa die we waarnemen in sterren en gas in de-
ze twee stelsels. In Hoofdstuk 5 gebruiken we paren van sterrenstelsels die lijken
op de Melkweg en Andromeda uit een hele grote kosmologische simulatie, bekend
als de Millennium Simulatie, om het Timing Argument te kalibreren. We vinden
dat de massa’s die afgeleid worden met behulp van het Timing Argument goed in
overeenstemming zijn met de totale hoeveelheid donkere materie in de paren in
onze simulatie. Omdat we in de simulatie een grote hoeveelheid paren sterrenstel-
sels tot onze beschikking hebben, hebben we de verdeling van de conversiefactor
tussen de massa zoals berekend door middel van het Timing Argument en de massa
direct uit de simulatie kunnen bepalen. Met behulp hiervan hebben we de massa
van de Lokale Groep met 95% zekerheid kunnen bepalen op 5.27× 1012 M�.



110 Summary



Summary

OUR Galaxy, the Milky Way, is not isolated but is surrounded by approximately 20
dwarf satellite galaxies. The dwarf galaxies are smaller in size and are much

fainter compared to the Milky Way. Further away, we find another disk galaxy, the
Andromeda galaxy (also known as M31) which is similar to the Milky Way and has
its own satellite system. All these galaxies form a major part of the Local Group.
Their observational characteristics can give us insights into their origin.

Left: Image of the nearest giant disk galaxy, M31, in the constellation Andromeda seen in the

visible light. Our Galaxy is similar (but not identical) to M31. Right: The Large Magellanic

Cloud in the visible light. This is the biggest satellite galaxy of the Milky Way.

Even in the local Universe, we see a large variety of galaxies. Each of the dwarf
galaxies around the Milky Way and the Andromeda galaxy has a set of characte-
ristics which makes them unique. Even though the dwarf galaxies appear to be
different from each other, they also follow several relations. This means that the
formation of these small galaxy systems must have been influenced by some basic
physical laws, which are now reflected in their observable properties.

One example is that stars in the more luminous satellites around the Milky Way
tend to have more heavy chemical elements in their atmospheres. This is known
as the ‘Metallicity-luminosity relation’ for the dwarf satellites. To measure the che-
mical composition of a star, astronomers take a spectrum. Stars are thought to
be good examples of black bodies, for which the strength of the emission at each
wavelength is described by the Plank function which only depends the surface tem-
perature of a star. A closer look at the stellar spectra, however, reveals ‘dips’ or
lines. These dips are caused by atoms and molecules of heavy chemical elements
(i.e. also known as ‘metals’ by astronomers, which are all elements heavier than
H and He) interacting with the photons in the stellar atmosphere. Thanks to the
advent of big telescopes and sensitive CCDs, we can now take spectra of hundreds
of stars in the neighbouring dwarf galaxies and study how chemical abundances
correlate with other properties of a dwarf galaxy.
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The motions of stars in a galaxy are governed only by the gravity. In a similar
way to how the solar planets revolve around the Sun, the velocities and accele-
rations of stars depend on how much mass there is in the galaxy. Therefore, by
measuring the motions of stars in the satellites, we learn about the mass content
of these systems.

This information, (e.g. chemical abundance, mass as well as other observables)
allows us to discriminate different models of galaxy formation by comparing the
observations with the predictions of models. And eventually, we might be able to
find out the exact processes which have shaped galaxies into the variety that we
see today. Our Local Group galaxies provide us a unique opportunity to learn about
galaxy evolution because we can directly observe individual stars and measure
their properties.

The cold dark matter structure formation theory is a popular foundation theory
which is successful at explaining many observations of the galaxies that we see in
the Universe. In this theory, the Universe is dominated by particles which hardly
interact with any other substance except through gravity and therefore are ‘dark’.
In the very early Universe, denser regions of dark matter (compared to the average
density of the Universe) may attract more matter and finally collapse to structures
that are called ‘haloes’. In this theory, small haloes form first and they merge to
form bigger haloes. In the early Universe baryonic matter (i.e. gas) follows the
distribution of the dark matter. Once a halo has formed, gas can cool to give rise to
stars, and the first galaxies will be formed.

Elaborate and sophisticated simulations based on the CDM theory have been
able to reproduce the most stunning astronomical phenomena of the Universe on
large scales. However, this theory has faced its most critical challanges when com-
pared with observations on the scale of galaxies. One of these challenges is demon-
strated with the following figures.

Left: Illustration of the dark matter haloes of the Milky Way and its satellites in a cold dark

matter simulation (Courtesy: Felix Stoehr). Right: A schematic diagram showing the location

of the satellites observed around the Milky Way (Courtesy: James Bullock).

On the left of this Figure, the distribution of dark matter surrounding a big
galaxy (in the centre) similar to the Milky Way is shown. The dark matter distri-
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bution of the satellites (depicted by the small blobs) is also shown, as predicted by
simulations based on the cold dark matter theory. The Figure on the right is a 3D il-
lustration of the location of approximately 20 satellites that we have observed thus
far. This comparison serves to illustrate that many more satellites are predicted in
the simulation than have been observed on the sky.

This thesis: The galaxies in the Local Group in a cosmological context

This thesis focuses on the galaxies in the Local Group including the Milky Way and
its satellites and the Andromeda galaxy. I start with the analyses of satellites in
a dark matter halo presumably similar to that of the Milky Way (Chapter 2). One
of the goals is to establish the relation between the dark matter satellites seen in
the simulations and the satellites (and especially their dark matter haloes) we see
around the Milky Way. For example, do the simulated satellites have similar pro-
perties in terms of spatial distribution and kinematics to those of the Milky Way? I
then take a further step to combine these dark matter simulations with phenome-
nological recipes to follow the evolution of the baryons that may be associated to
the satellites (Chapter 3). The essential questions that I address here are: why the-
re are only approximately 20 satellites around the Milky Way while many more are
predicted in the simulations? What physical processes have affected the satellites
and led them to have the variety of properties we observe today? In Chapter 4, I
delve into the dynamical properties of the model satellites and compare the mass
content in the innermost regions with the recent observational constraints for the
Milky Way dwarfs. In Chapter 5, I estimate the masses of the Local Group and the
Milky Way using a novel simulation of the Universe.

The assembling of the satellite population of the Milky Way

One peculiarity of the satellites of the Milky Way (and possibly those of Andromeda)
is that they appear to lie almost on a plane. This is puzzling because one would
naïvely expect to see them in all directions in space.

In Chapter 2, we have analysed a series of high-resolution cosmological dark
matter simulations to study the dynamical properties of satellites. The small dark
matter satellites are found to often come in together in groups. Past research
has shown that clusters of galaxies are built of groups of galaxies but it was not
clear until now whether a similar picture also applies at the scale of galaxies. The
clustering of small objects in space is most prominent at the time they begin to
orbit the host galaxy. But later on, the spatial coherence of groups of satellites may
disappear as they drift through the host. However, the original clustering is still
discernible in the angular momenta of the satellites even for events that took place
a very long time ago (up to eight billion years ago). This phenomenon appears to
be rather common since at least 1/3 of the satellites have fallen in groups in our
simulations. This phenomenon of small objects coming to join the big galaxy in
groups has important implications for understanding the peculiar distributions of
satellites around our Galaxy.
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The similarity and the diversity of the Milky Way dwarf galaxies

As mentioned earlier, the galaxies in the Local Group show a large variety of pro-
perties while also sharing several relations and other characteristics in common.
It is then an intriguing question whether all these characteristics are expected and
can by reproduced by the galaxy formation models. Or in other words, given the
observed properties of galaxies, what kind of astrophysical processes are important
in the formation and evolution of the dwarf satellites?

In Chapter 3, we present an attempt to disentangle the formation and evolu-
tion of the satellites around the Milky Way. We employ dark matter simulations
of a halo thought to resemble that of the Milky Way (those we used in Chapter 2)
and couple these simulations with semi-analytical (phenomenological) models. The
semi-analytic models we use have been applied elsewhere to explain (and to pre-
dict) many phenomena that we see on larger scales but in only few occasions on
the scale of a single Milky Way-like galaxy and its satellites. It is encouraging that
the modelled satellites appear to reproduce many of the properties of those around
the Milky Way, albeit those recipes required some slight (physically motivated) mo-
difications.

Recently measured velocities of stars in the Milky Way satellites suggest that
dark halo masses of the systems may be the same for all of them. This is intriguing
because satellites show a large variation in their intrinsic brightness. We have
tested whether our galaxy formation models also produce such a common mass
scale in Chapter 4. We find that this is indeed the case, and that it is due to the
fact that the modelled satellites are associated with dark matter haloes which are
massive enough to allow cooling via atomic hydrogens.

Measuring the mass of the Local Group and the Milky Way

One can use the current knowledge about the age of the Universe estimated on the
basis of the characteristics of the cosmic microwave background, the separation
and the relative radial velocity of the Andromeda galaxy with respect to the Milky
Way to estimate the mass of the Local Group. This idea was firstly proposed by Kahn
& Woltjer in 1959 and is known as the ‘Timing Argument’. With the measurements
they had at the time and some simple assumptions, Kahn & Woltjer concluded that
the mass is ∼ 1012 M� much larger than the mass that would be derived on the ba-
sis of the stars and gas that we observe in these two galaxies. In Chapter 5, we use
galaxies pairs which are similar to the Milky Way and Andromeda extracted from
the very large cosmological simulation, known as the Millennium Simulation, to
calibrate the Timing argument. We find that the masses derived using the Timing
Argument are in good agreement with the total the amount of dark matter associ-
ated to the galaxy pairs in our simulation. Because of the large sample of galaxy
pairs, we have derived the distribution of the conversion factor between the mass
calculated using the Timing Argument and that directly measured in simulation.
We estimate the Local Group mass to be 5.27× 1012 M� with 95% confidence level.
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