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ABSTRACT

We use a series of high-resolution simulations of a ‘Milky Way’ halo coupled to semi-analytic
methods to study the formation of our own Galaxy and its stellar halo. The physical properties
of our model Milky Way, as well as the age and metallicity distribution of stars in the different
components, are in relatively good agreement with observational measurements. Assuming
that the stellar halo builds up from the cores of the satellite galaxies that merged with the
Milky Way over its lifetime, we are able to study the physical and structural properties of this
component. In agreement with previous work, we find that the largest contribution to the stellar
halo should come from a few relatively massive (108~ 10'° M) satellites accreted at early
times. Our ‘stellar halo’ does not exhibit any clear metallicity gradient, but higher metallicity
stars are more centrally concentrated than stars of lower abundance. This indicates that the
probability of observing low-metallicity halo stars increases with distance from the Galactic
Centre. We find that the proposed ‘dual’ nature of the Galactic stellar halo can be explained
in our model as a result of a mass—metallicity relation imprinted in the building blocks of this
component.

Key words: Galaxy: evolution — Galaxy: formation — Galaxy: halo — Galaxy: stellar content.

1 INTRODUCTION

Our own galaxy — the Milky Way — is a fairly large spiral galaxy
consisting of four main stellar components. Most of the stars are
distributed in a thin disc, exhibit a wide range of ages and are
on high angular momentum orbits. A much smaller mass of stars
(about 10-20 per cent of that in the thin disc) reside in a distinct
component which was established about 25 years ago through star
counts (Gilmore & Reid 1983), and which is referred to as the
‘thick disc’. The stars in the thick disc are old, have on average
lower metallicity than those of similar age in the thin disc and are on
orbits of lower angular momentum. The Galactic bulge is dominated
by an old and relatively metal-rich stellar population with a tail to
low abundances. It has a peanut shape (Dwek et al. 1995) and is
kinematically hotter than the Milky Way disc but colder than the
Milky Way halo (Kuijken & Rich 2002). The stellar halo represents
only a tiny fraction of the total stellar mass (~2 x 10° M; Carney,
Latham & Laird 1989) and is dominated by old and metal-poor stars
which reside on low-angular momentum orbits.

While the Milky Way is only one galaxy, it is the one that we can
study in unique detail. Accurate measurements of ages, metallici-
ties and kinematics have been collected over the years for a large
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number of individual stars. Over the next decade, a number of as-
trometric and spectroscopic surveys will provide accurate spatial,
kinematic and chemical information for a much larger number of
stars (e.g. the satellite Gaia — Perryman et al. 2001; the Radial
Velocity Experiment RAVE — Steinmetz et al. 2006 and the Sloan
Extension for Galactic Understanding and Exploration SEGUE —
Beers et al. 2004). This vast fossil information will provide impor-
tant advances in our understanding of the sequence of events which
led to the formation of our Galaxy (Freeman & Bland-Hawthorn
2002).

Historically, chemical and kinematic information were used as a
basis to formulate the first galaxy formation models. In their clas-
sical paper, Eggen, Lynden-Bell & Sandage (1962) analysed the
properties and motion of 221 dwarfs and showed that those with
lower metallicity tend to move on more highly eccentric orbits. The
observed trends were interpreted as a signature that the stars now
observed as a spheroidal halo formed during a rapid radial col-
lapse that later continued to form the stellar disc. About one decade
later, Searle & Zinn (1978) measured the metallicities in a sample
of globular clusters and found no significant abundance gradient
as a function of the galactocentric distance. These observations
led Searle & Zinn to formulate the hypothesis that the stellar halo
formed over a longer time-scale through agglomeration of many
subgalactic ‘fragments’ that may be similar to the surviving dwarf
spheroidal galaxies today observed as satellites of the Milky Way.

© 2008 The Authors. Journal compilation © 2008 RAS
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The observational evidence in support of this scenario has mounted
significantly in the last decade ranging from the detection of sig-
nificant clumpiness in the phase-space distribution of halo and disc
stars (e.g. Majewski, Munn & Hawley 1996; Helmi et al. 1999;
Chiba & Beers 2000; Helmi et al. 2006a) to the direct detection
of satellite galaxies caught in the act of tidal disruption (e.g. Ibata,
Gilmore & Irwin 1994; Martin et al. 2004; Zucker et al. 20006).
The Searle & Zinn scenario and the observational results men-
tioned above are in qualitative agreement with expectations from
the hierarchical cold dark matter (CDM) model which, with the
‘concordance’ set of cosmological parameters (ACDM), boasts a
considerable degree of success in reproducing a large number of
observations at various cosmic epochs, in particular on large scales.
On galactic and subgalactic scales, the success of the model has
not been convincingly demonstrated as yet, and a number of issues
remain subject of a lively debate in the astronomical community.
Among these are the dwarf galaxy counts, the degree of concen-
tration of dark matter haloes and the rotation curves of dwarfs and
low-surface brightness galaxies (e.g. Simon et al. 2003; Kazantzidis
etal. 2004; Stoehr 2006; Strigari et al. 2007, and references therein).
The origin and structure of the stellar halo have been studied
by several authors using a variety of techniques (for a review, see
Helmi 2008). These include cosmological numerical simulations
with and without baryonic physics (e.g. Diemand, Madau & Moore
2005; Abadi, Navarro & Steinmetz 2006) and phenomenological
modelling of the evolution of baryons inside haloes, usually in
combination with N-body simulations that provide the dynamical
history of the system (Bullock & Johnston 2005).
A number of recent studies have raised concerns over the Searle
& Zinn scenario on the basis of the observation that stars in Local
Group dwarf spheroidals (dSph’s) tend to have lower o abundances
than stars in the stellar halo (Shetrone, C6té & Sargent 2001; Tolstoy
et al. 2003; Venn et al. 2004). The observed abundance pattern ex-
cludes the possibility that a significant contribution to the stellar halo
comes from disrupted satellites similar to the present-day dSphs.
It is not entirely unexpected that the surviving satellites might be
intrinsically different from the main contributors to the stellar halo,
given they had a Hubble time to evolve as independent entities.
This argument has been put forward in a recent series of papers by
Bullock & Johnston (2005), Robertson et al. (2005) and Font et al.
(2006) who reproduced the observed chemical abundance pattern
by combining mass accretion histories of galaxy-sized haloes with
a chemical evolution model for individual satellites. In their model,
the agreement with the observed trends is a consequence of the
fact that the stellar halo originates from a few (relatively massive)
satellites accreted early on and enriched in « elements by Type 11
supernovae. The surviving satellites are typically accreted much
later, and have more extended star formation histories and stellar
populations enriched to solar level by both Types II and la super-
novae. A more serious problem with the Searle & Zinn scenario
has been pointed out by Helmi et al. (2006b) who found a signifi-
cant difference between the metal-poor tail of the dSph metallicity
distribution and that of the Galactic halo, demonstrating that the
progenitors of present-day dSphs are fundamentally different from
the building blocks of our Galaxy, even at earliest epochs. One pos-
sible solution discussed in Helmi et al. is that the Galactic building
blocks formed from the collapse of high-o density fluctuations in
the early Universe, while the present-day satellites would originate
from low-o peaks (see also Salvadori, Ferrara & Schneider 2008).
The formation and the evolution of the baryonic component of
galaxies are regulated by a number of non-linear processes oper-
ating on vastly different scales (e.g. shocking and cooling of gas,
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star formation, feedback by supernovae and active galactic nuclei,
chemical enrichment and stellar evolution). Most of these processes
are quite poorly understood even when viewed in isolation. The dif-
ficulties grow considerably when one takes into account the fact
that the physical properties of galaxies are determined by a com-
plex network of actions, back-reactions and self-regulation between
the above-mentioned physical processes. In recent years, different
approaches have been developed to link the observed properties
of luminous galaxies to the dark matter haloes within which they
reside. Among these, semi-analytic models have developed into a
powerful and widely used tool to study galaxy formation in the
framework of the currently standard model for structure forma-
tion. In these models, the evolution of the baryonic component
is modelled invoking ‘simple’, yet physically and observationally
motivated, ‘prescriptions’. These techniques find their seeds in the
pioneering work by White & Rees (1978); they have been laid out in
a more detailed form in the early 1990s (Cole 1991; White & Frenk
1991; Kauffmann, White & Guiderdoni 1993) and substantially ex-
tended and refined in the last years by a number of different groups.
Modern semi-analytic models of galaxy formation take advantage
of high-resolution N-body simulations to specify the location and
evolution of dark matter haloes — which are assumed to be the birth-
places of luminous galaxies (Kauffmann et al. 1999; Benson et al.
2000; Springel et al. 2001a; Hatton et al. 2003). Using this ‘hy-
brid” approach, it is possible not only to predict observable physical
properties, such as luminosities, metallicities, star formation rates,
etc., but also to provide full spatial and kinematical information of
model galaxies, thus allowing more accurate and straightforward
comparisons with observational data to be carried out. In this paper,
we use this hybrid approach to study the formation of the Milky
Way galaxy and its stellar halo.

The numerical simulations used in our study are described in
Section 2, while in Section 3, we give a brief introduction to the
adopted semi-analytic technique and details of the specific model
used in our study. In Section 4, we compare model results to the
observed properties of the Milky Way and discuss their dependence
on a number of model parameters. In Section 5, we study the age
and metallicity distribution of the spheroid and disc components
of our model Galaxy. In Section 6, we analyse the formation and
structure of the stellar halo. We discuss and summarize our results
and give our conclusions in Section 7.

2 THE SIMULATIONS

In this paper, we use the resimulations of a ‘Milky Way’ halo
(the GA series) described in Stoehr et al. (2002) and (2003). The
underlying cosmological model is a flat A-dominated CDM Uni-
verse with cosmological parameters: Q,, = 0.3,Q2, = 0.7,Hy =
70kms~! Mpc~!,n =1 and oy = 0.9. The simulations were gener-
ated using the ‘zoom’ technique (Tormen, Bouchet & White 1997)
starting from an intermediate-resolution simulation (particle mass
~108M@) of a ‘typical’ region of the Universe. A ‘Milky Way’
halo was selected as a relatively isolated halo which suffered its
last major merger at z > 2 and with approximately the correct peak
rotation velocity. These choices were intended to select a candidate
for resimulations with properties that closely match the observed
ones: our Galaxy is believed to have had a quiet merging history,
with the last major merging event occurring some 10 to 12 Gyr ago
(Gilmore, Wyse & Norris 2002), and it is a quite isolated galaxy
with the closest cluster (Virgo) lying at a distance of about 20 Mpc.

It is important to note that haloes with such quiet merging
histories are not uncommon in ACDM cosmologies. Using the
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16  G. De Lucia and A. Helmi

Table 1. Numerical parameters of the resimulations used in this study. In
the table, we give the particle mass m,, the number of particles, the starting
redshift zg,re and the gravitational softening €. All these quantities refer to
the particles in the high-resolution region only.

Name mp(h_l MQ) NHR Zstart € (l’l_l kpC)
GAO 1.677 x 108 68323 70 14

GAl 1.796 x 107 637966 80 0.8

GA2 1.925 x 10° 5953033 90 0.38

GA3 2.063 x 10 55564205 60 0.18

Millennium Simulation (Springel et al. 2005), we determined the
epoch of the last accretion event corresponding to an increase in
mass of the main progenitor of a factor of ~0.3 (i.e. a ‘major
merger’) for haloes with present-day mass in the range 1to3 x
10'2 M. We find that about 57 per cent of these haloes experi-
enced their last ‘major merger’ at a redshift larger than 2. The
estimated fraction should be considered as an upper limit, as part
of the accretion might occur through diffuse material. Lower, but
still significant, fractions (about 45 per cent) have been found in a
recent analysis by Stewart et al. (2008), and in other independent
studies (Boylan-Kolchin, private communication).

The selected halo was then resimulated at a series of four pro-
gressively higher resolution simulations using the code GADGET
(Springel, Yoshida & White 2001). The numerical parameters used
in the high-resolution regions of these resimulations are summa-
rized in Table 1.

Simulation data were stored in 108 outputs from z = 37.6 to 0.
These are approximately logarithmically spaced in time down to
z = 2.3, and approximately linearly spaced in time thereafter. For
each simulation snapshot, we constructed group catalogues using a
standard friends—of—friends (FOF) algorithm with a linking length
of 0.2 in units of the mean particle separation. Each group was then
decomposed into a set of disjoint substructures using the algorithm
SUBFIND (Springel et al. 2001a). As in previous work, we consider
to be genuine substructures only those with at least 20 bound par-
ticles which set the subhalo detection limit to 4.79 x 10°,5.13 x
108,5.5 x 107 and 5.89 x 10° M for the four simulations used
in our study. Substructure catalogues were then used to construct
merger history trees for all self-bound haloes as described in detail
in Springel et al. (2005) and De Lucia & Blaizot (2007). We re-
call that the merger tree construction is based on the determination
of a unique descendant for any given halo. In order to determine
the appropriate descendant for each halo we find all haloes in the
following snapshot that contain its particles, and then count the par-
ticles giving higher weight to those that are more tightly bound in
the halo under consideration. As a reference, Springel et al. (2005)
gave about three times more weight to the half most bound par-
ticles of a halo of 100 particles. (The relative weight of the half
most bound particles increases with particle number.) For our anal-
ysis, we are interested in tracing well the cores of the accreted
satellites (see Section 6), and we noted that the tree construction
adopted in previous work leads to occasional premature mergers. In
order to avoid these events, we have slightly increased the weight
of the most bound particles (four times more weight is given to
the half most bound particles of a 100-particle halo). The merger
trees constructed as described above represent the basic input
needed for the semi-analytic model which is described in the next
section.

Table 2. M>pp and Vnax for the four simulations used in this study.

Name MaoMp) Vinax(kms™!)
GAO 3.35 x 102 250.71
GAl 3.28 x 1012 246.60
GA2 3.21 x 10'2 247.05
GA3 2.98 x 10'2 251.20

In Table 2, we list the masses (M,yy) and maximum velocities
for the main halo in the four simulations used in this study.! Lat-
est observational results give Vi ~ 180-220kms~! and a mass
Muw ~ 1 x 10" M (Battaglia et al. 2005; Smith et al. 2007). Our
simulated haloes therefore appear more massive than the Milky
Way halo. Following Helmi, White & Springel (2003), we scale our
simulations to a ‘Milky Way’ halo by adopting a scaling factor in
mass Moy /Myw = y> = 2.86. This implies that we scale down
the positions and velocities by the same factor y = 1.42 in all four
simulations.

Fig. 1 shows the projected density distribution of the dark matter
for the simulation GA3 at six different redshifts. The box atz =0 is
centred on the most bound particle of the GA3 halo, while those at
higher redshift are centred on the most bound particle of the main
progenitor of the GA3 halo at the corresponding redshift.

3 THE HYBRID MODEL OF GALAXY
FORMATION

A complete review of semi-analytic techniques is beyond the scope
of this paper. For a pedagogical and historical introduction to semi-
analytic methods, we refer the interested reader to the recent review
by Baugh (2006). In this section, we briefly summarize how a semi-
analytic model is grafted on to high-resolution N-body simulations,
and give a brief account of those aspects of the physical model
which are relevant for the present study.

The basic assumption is that galaxies are formed when gas con-
denses at the centre of dark matter haloes. Star formation, feedback
processes, chemical enrichment, etc. then take place according to
analytic laws which are based on theoretical and/or observational
arguments. By adopting this formalism, it is possible to express the
full process of galaxy evolution through a set of differential equa-
tions that describe the variation in mass as a function of time of the
different galactic components (e.g. stars, gas, metals), and which
are coupled to the merger history of the dark matter haloes extracted
from the N-body simulations (e.g. see fig. 1 and section 4.7 in De
Lucia, Kauffmann & White 2004b). Given our limited understand-
ing of the physical processes that regulate galaxy formation and
evolution, the equations describing these processes contain ‘free’
parameters whose value is typically chosen in order to provide a
reasonably good agreement with the observational data in the local
Universe.

The semi-analytic model used in this study builds on the method-
ology originally introduced by Springel et al. (2001a) and De Lucia
et al. (2004b), and has been recently updated to include a model
for the suppression of cooling flows by ‘radio-mode’ active galactic
nuclei (AGN) feedback as described in detail in Croton et al. (2006).
Details about the modelling adopted for various physical processes

! Msqo is defined here as the mass within a sphere of density 200 times the
critical density.
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Figure 1. Projected density distribution of the dark matter for the simulation GA3 at six different redshifts (from top left-hand to bottom right-hand panel:
10.4, 4.8, 2.0, 1.0, 0.5 and 0). The box at z = 0 is centred on the most bound particle of the GA3 halo, while those at higher redshift are centred on the most
bound particle of the main progenitor of the GA3 halo at the corresponding redshift. For all panels, the depth of the box is 500 kpc comoving. As explained in
the text, positions are scaled by a factor y = 1.42.
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18 G. De Lucia and A. Helmi

considered can be found in Croton et al. (2006) and De Lucia &
Blaizot (2007).

We recall that our approach follows explicitly dark matter haloes
when they are accreted into larger systems. This allows the dynam-
ics of satellite galaxies residing in the infalling haloes to be properly
followed until their parent dark matter substructures are completely
destroyed by tidal truncation and stripping (Ghigna et al. 2000; De
Lucia et al. 2004a; Gao et al. 2004). When this happens, the satellite
galaxy residing at the centre of the substructure under considera-
tion is assumed to merge on to the central galaxy after a residual
surviving time that is estimated from the relative orbit of the two
merging objects at the time of subhalo disruption,

2

Tmerge =1 17ffudge ll’lrsx‘éq;/zm .

In the above equation, My, is the mass of the substructure at the last
time it is identified, ry, is the distance between the merging halo
and the centre of the structure on which it is accreted, V., is the
virial velocity of the accreting structure, and we approximate the
Coulomb logarithm with In A = (1 + M, /M, ). We therefore allow
the satellite galaxy to further sink in through dynamical friction even
after its dark matter halo has fallen below the resolution limit of our
simulations. When a halo is accreted on to a larger structure, its mass
is reduced by tidal stripping and its orbit is shrunk by dynamical
friction, until the substructure can no longer be identified as a self-
bound overdensity orbiting the smooth dark matter background of
the larger system. This ‘disruption’ of the dark matter substructure
typically occurs at rg > 0.1 R,; which can be much larger than
the separation from which the galaxy merger is expected to happen.
Finally, we note that previous work has shown that this treatment
of orphan galaxies is required in order to reproduce the correlation
signal at small scales (Wang et al. 2006; Kitzbichler & White 2008).

Mild variations of the above formula are used in different semi-
analytic models with differences entering mainly the way each
model treats the orbital distribution, In A and ffyq,. (see discussion
in Boylan-Kolchin, Ma & Quataert 2008). In this work, we have
followed De Lucia & Blaizot (2007) and used fage = 2, which is
in better agreement with recent numerical work indicating that the
classical dynamical friction formulation tends to underestimate the
merging times measured from simulations (Boylan-Kolchin et al.
2008; Jiang et al. 2008). Results of these studies, however, are still
quantitatively different and additional work is needed in order to
calibrate the correct pre-factor and/or corrections to apply to the
classical formula.

The stellar mass of the satellite galaxies is assumed to be un-
affected by the tidal stripping process that reduces the mass of its
parent halo. However, such tidal effects may well dominate the dis-
ruption process of satellites orbiting in a galaxy halo (Pefiarrubia &
Benson 2005). Therefore, our implementation could lead to an un-
derestimation of the stellar mass in diffuse form and overestimation
of the number and/or luminosity of satellite galaxies. We will see,
however, that this does not affect our conclusions in any significant
way.

As in previous work (Croton et al. 2006; De Lucia et al. 2006),
we assumed that spheroid formation occurs through both mergers
and disc instability. In the case of a ‘minor’ merger, we transfer
the stellar mass of the merged galaxy to the spheroid of the central
galaxy. The cold gas of the satellite galaxy is added to the disc of
the central galaxy, and a fraction of the combined cold gas from
both galaxies is turned into stars as a result of the merger. Any
stars that formed during the burst are also added to the disc of
the central galaxy. The photometric properties of the galaxy are

updated accordingly using the same method described in De Lucia
etal. (2004b). If the mass ratio of the merging galaxies is larger than
0.3, we assume that we witness a ‘major’ merger that gives rise to a
more significant starburst and destroys the disc of the central galaxy
completely, leaving a purely spheroidal stellar remnant. The galaxy
can grow a new disc later on provided it is fed by an appreciable
cooling flow. Note that the modelled spheroidal component includes
both the bulge and the stellar halo.

Following Mo, Mao & White (1998), we assume that a stellar
disc becomes unstable when the following condition is verified:

Vinax
— <L
(G mise /Faise)"/

This condition is based on the numerical work by Efstathiou, Lake
& Negroponte (1982) who used N-body simulations to investigate
the development of global instabilities in exponential discs embed-
ded in a variety of haloes. In this work, we assume that each time
a galaxy meets the above criterion, a fixed fraction (Fi,y) of the
stellar mass in the disc is transferred to the central spheroid com-
ponent. The instability criterion is applied only to disc-dominated
systems (M gpheroia/Mior < 0.1). This choice is motivated by numer-
ical studies which showed that a spheroid component can stabilize
the disc against bar formation, giving the galaxy an inner Lind-
blad resonance which does not allow swing amplification of waves
through the centre (e.g. Sellwood 1989; Sellwood & Moore 1999).
The parameter Fj, is chosen so as to get a morphological mix that
is in reasonable agreement with the observational measurements
for the local Universe? and is assumed to be equal to 0.5. We note
that, according to the above condition, the occurrence of disc in-
stability episodes follows essentially from the way the disc mass
builds up relative to the total mass of the halo, and that the con-
dition M gpheroia/Mior < 0.1 efficiently suppresses the occurrence of
late instability episodes even in galaxies with modest bulge-to-total
ratios.

Admittedly, our modelling of disc instability is very simplified
and gives a very crude description of the complex phenomenology
associated to bar formation and evolution, which is the subject of
current active research (Martinez-Valpuesta, Shlosman & Heller
2006; Berentzen et al. 2007; Curir, Mazzei & Murante 2007, and
references therein). We are, for example, neglecting the possibility
that bar formation produces an inflow of gas towards the centre
that could fuel starburst/AGN activity, and can eventually lead to
bar disruption. In addition, present simulations do not provide clear
indications about the fraction of disc mass that gets redistributed
and on how this depends on the halo/galaxy properties. We therefore
consider the results of our simple modelling as just indicative and,
in the following, we also comment on results obtained when the
disc instability channel for bulge formation is switched off.

In this paper, we adopt an improved model to estimate the disc
radii. Assuming conservation of specific angular momentum, we
assume that when hot gas cools at the centre of dark matter haloes, it
settles in a rotationally supported disc with exponential scalelength
given by

A R
'p = /2 200

where A is the halo spin parameter (Mo et al. 1998). Following
Hatton et al. (2003), we recompute the scalelength at each time-
step by taking the mass-weighted average gas profile of the disc and

2 The morphological mix resulting from the adopted model has been com-
puted for the Millennium Simulation.
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that of the new material being accreted. The scalelength of the disc
is not altered after a galaxy becomes a satellite.

As in previous work, we assume that the star formation occurs at
arate given by

¥ = aspMst/tayn,

where f4yn = Fgise/Vvir is the dynamical time of the galaxy and we
assume that the star-forming region (rgi.) extends to about 3 x rp.
The parameter «sr regulates the efficiency of the conversion of gas
into stars, and My represents the amount of gas available for star
formation which can be expressed as

Ferit
My = 271/ Xp(r)rdr,
0

where r;, is the radius at which the gas surface density drops below
the following critical value (Kennicutt 1989):

il M@ pe?] = 0.59 V[kms™"]/rgi [kpel.

For a complete summary of the model parameters adopted in our
fiducial model, we refer to table 1 of Croton et al. (2006). As ex-
plained in De Lucia & Blaizot (2007), the adoption of the Chabrier
Initial Mass Function led to slight modifications of some of these
parameters. We refer to these papers for more details about the
parametrization adopted for the various physical processes explic-
itly taken into account in our model, and for a complete characteri-
zation of model parameters.

4 DEPENDENCY ON MODEL PARAMETERS
AND NUMERICAL RESOLUTION

In order to provide an illustration of how model results are affected
by different choices of model parameters, we show in Fig. 2 how
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different physical properties of our model Milky Way galaxy vary
on a limited model grid where we have altered only the values
of the star formation and supernovae feedback efficiencies. These
correspond to the parameters ‘asg’ and ‘€gis.” in table 1 of Croton
et al. (2006) and regulate the amount of cold gas that is converted
into stars in a disc dynamical time and the amount of cold gas
reheated by supernovae explosions. As explained in the previous
section, our fiducial model uses the same combination of model
parameters adopted in De Lucia & Blaizot (2007), and is indicated
by the vertical solid line in Fig. 2.

In the figure, different colours for filled circles correspond to
different values for the star formation efficiency parameter: 0.03
(red), 0.08 (green), 0.13 (blue). Different colours for open circles
correspond to different values for the supernova (SN) feedback
efficiency: 1.5 (green), 3.5 (red), 5.5 (blue). Red horizontal lines in
each panel indicate the observational measurements. Fig. 2 shows
results from our highest resolution simulation (GA3), but similar
trends are obtained for the lower resolution simulations used in this
study (see below).

Increasing asr (red, green, blue filled circles) and keeping € gis.
constant (open circles of the same colour) produces an increase
of total stellar mass and a corresponding decrease in the amount
of cold gas available. As explained in De Lucia et al. (2004b),
metals are exchanged between different components proportionally
to the exchanged mass so that the increase in mass is reflected
in a parallel increase in the amount of metals (bottom left-hand
panel in Fig. 2). The mass of the spheroid component (top left-hand
panel) varies in a non-monotonic way with increasing star formation
efficiency because disc instability episodes (see previous section)
occur at different times. In our model, black holes grow primarily
during mergers, both by merging with each other and by accretion
of cold gas (see section 3.4 of Croton et al. 2006). The black hole
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Figure 2. Physical properties of our model Milky Way galaxy from the simulation GA3, as a function of different combinations of the star formation efficiency
(ask), and of the supernovae feedback efficiency (egisc). Different colours for filled circles correspond to different values for the star formation efficiency
parameter: 0.03 (red), 0.08 (green), 0.13 (blue). Different colours for open circles correspond to different values for the SN feedback efficiency: 1.5 (green),
3.5 (red), 5.5 (blue). The vertical black line (corresponding to model number 4) indicates our fiducial model. Red horizontal lines in each panel indicate
observational estimates. Note that in the bottom right-hand panel, we compare the metallicity of the spheroid in our models to that of the Galactic bulge.
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20  G. De Lucia and A. Helmi

mass therefore decreases with increasing star formation efficiency
(middle left-hand panel) as a consequence of the decrease of the
cold gas available.

Increasing €45 (green, red, blue open circles) and keeping asg
constant (filled circles of the same colour), the final amount of gas
stays almost constant because gas ejected by satellite galaxies is
rapidly re-incorporated,® and because the higher level of enrichment
of the hot gas component causes a more efficient cooling. As a
consequence, the total stellar mass increases (top left-hand panel)
and the black hole mass decreases slightly (middle left-hand panel).

For our reference model, the total stellar mass is ~6 x 10'° Me,
in very good agreement with the estimated value of ~5-8 X
10'® M. The mass of the spheroidal component is instead slightly
lower than the observed value (assumed to be ~25 per cent of the
disc stellar mass, or 1.25-1.6 x 10' M; Bissantz, Debattista &
Gerhard 2004). Studying the proper motion of Galactic Centre stars,
Schodel et al. (2002) estimated a central point mass of (3.7 £
1.5) x 10° Mg, which is lower than the value obtained for our
Milky Way in the reference model. This is not surprising given that
our model for the formation of black holes was tuned to match
the local relation between black hole mass and bulge mass (Croton
et al. 2006), and that the value measured for the Milky Way is offset
from this relation. The total mass of H, in the Milky Way galaxy
is ~1 x 10° Mg and the total mass of H1 gas is ~5 x 10° Mg
(Blitz 1997, and references therein). Fig. 2 shows that our fiducial
model gives a gas mass which is about twice the estimated value,
and that this ‘problem’ could be alleviated by increasing the star
formation efficiency. The stars of the Galactic bulge are found to
peak at near solar value ([Fe/H]~ —0.15), with a relatively wide
spread, while the stars in the disc have [Fe/H]~ —0.1 (Freeman
& Bland-Hawthorn 2002, see also Section 5). The corresponding
metallicities for the galaxy in the reference model are not far from
the observed values. Note, however, that the metallicities shown in
Fig. 2, and in the rest of this paper, refer to total metallicities (and
not only to [Fe/H]). It should be stressed that our model assumes
an instantaneous recycling approximation, i.e. we neglect the delay
between star formation and the recycling of gas and metals from
stellar winds and supernovae. The model is therefore not able to take
into account the evolution of different element abundances, and in
particular it does not describe well the elements around the iron
peak, which are mainly produced by supernovae Ia and typically
return their products on longer time-scales. We will come back to
this issue later.

Overall, Fig. 2 demonstrates that our reference model is in rela-
tively good agreement with observational measurements (although
there are other combinations of model parameters that also provide
a reasonable agreement). This is not entirely surprising given that
model parameters are tuned to reproduce the local galaxy luminos-
ity function and the mass and luminosity of ‘Milky Way’ galaxies
(see De Lucia et al. 2004b). In previous work, we have shown
that our fiducial model is in quite good agreement with the ob-
served relations between stellar mass, gas mass and metallicity (De
Lucia et al. 2004b), the observed luminosity, colour and morphol-
ogy distributions (Croton et al. 2006; De Lucia et al. 2006) and
the observed two-point correlation functions (Springel et al. 2005;

3 Following De Lucia et al. (2004b), we assume that the material that is
ejected outside the haloes as a consequence of supernovae explosions can
be re-incorporated into the hot gas component after a time-scale that is
proportional to the dynamical time-scale of the halo. Our default model
adopts the same re-incorporation efficiency as in Croton et al. (2006).

Wang et al. 2008). Kitzbichler & White (2007) have recently shown
that it also agrees reasonably well with the observed galaxy lumi-
nosity and mass functions at higher redshift. In the following, we
will therefore focus on results from our fiducial model. It is worth
mentioning at this point that our default model, which assumes a
redshift of re-ionization z ~ 7 (Croton et al. 2006), overpredicts
the number of observed satellites. The situation is significantly im-
proved when adopting an earlier epoch of re-ionization that does
not significantly affect the model Galaxy and the results presented
in this paper. We will present a more detailed analysis of the satellite
population for our model Milky Way in a forthcoming paper.

Fig. 3 shows the evolution of different mass and metallicity com-
ponents for the model Milky Way galaxies in the four simulations
used in this study (lines of different colours). The histories shown
in panels (a) to (f) are obtained by tracking the evolution of the
‘main progenitor’, which is obtained by linking the galaxy at each
time-step to the progenitor with the largest stellar mass. For our
model Milky Way, the galaxies merging on to the main branch
have stellar masses that are much smaller than the current mass of
the main progenitor, over most of the galaxy’s lifetime, explaining
the smooth increase of the stellar mass component. In these cases,
the main progenitor branch does indeed provide a quite good ap-
proximation of the evolution of the galaxy itself (see discussion in
De Lucia & Blaizot 2007).

Fig. 3 shows that approximately half of the final mass in the dark
matter halo is already in place (in the main progenitor) at z ~ 1.2
(panel a) while about half of the final total (disc + spheroid) stellar
mass is only in place at z ~ 0.8 (panel b). About 20 per cent of
this stellar mass is already in a spheroidal component (panel c).
The mass of the spheroidal component grows in discrete steps as
a consequence of our assumption that it grows during mergers and
disc instability events, and approximately half of its final mass is
already in a spheroidal component at z ~ 2.5. The cold gas mass
content,* in contrast, varies much more gradually (panel d). Fig. 3
also shows that there is a very weak increase of the stellar metallicity
at late times: it only varies from ~0.75 solar to ~0.9 solar over the
last 5 Gyr (panel e), while the gas-phase metallicity varies from ~1
solar to ~1.3 solar over the same interval of time. The more efficient
enrichment of the gas component is due to the fact that in our model
all metals produced by new stars are instantaneously returned to the
cold phase, i.e. we are assuming a 100 per cent mixing efficiency
of the metals with the cold gas already present at the time of star
formation.

Interestingly, our model produces consistent evolutions for all
four simulations used in our study, despite a very large increase
in numerical resolution (see Table 1). This is particularly true for
the stellar mass (panel a) and for the stellar metallicity (panel e).
The amounts of gas (panel d) and metals in the gas phase (panel f)
exhibit a much more noisy behaviour, but the overall evolution is
still very similar. We note, however, that some panels (e.g. panels b,
e and f) do not show convergence of the results and this is driven by
the lack of complete convergence in the N-body simulations (panel
a shows a clear difference between GA3 and the lowest resolution
simulations).

Fig. 4 shows the star formation history for the model Milky Way
galaxies from the four simulations used in this study (colour coding
as in Fig. 3). The star formation histories shown in Fig. 4 exhibit
a quite bursty behaviour with several broad periods of enhanced

4 Note that in our model there is no cold gas in the spheroidal component.
So all gas in panel (d) of Fig. 3 is associated to the disc.
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Figure 3. Evolution of the dark matter mass (panel a), total stellar mass (panel b), spheroid mass (panel c), cold gas mass (panel d), stellar metallicity
(panel e) and gas metallicity (panel f) for the model Milky Way galaxies in the four simulations used in this study (different colours).
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Figure 4. Star formation history of the model Milky Way galaxies from the
four simulations used in this study (different colours).

star formation. In our models, these bursts are triggered by minor
merger events. This intermittent behaviour is in qualitative agree-
ment with the trend recovered by chromospheric age distributions of
late-type dwarfs (Rocha-Pinto et al. 2000, and references therein).
Fig. 4 also shows that the star formation rate declined slightly
over the last ~4 Gyr and has a current value of ~5Mc yr~'. This
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Figure 5. Cumulative fraction of the mass in the spheroidal component
coming from minor mergers (solid lines) and disc instability events (dashed
lines), for the four simulations used in our study (different colours).

trend is also in qualitative agreement with observational measure-
ments (e.g. Hernandez, Valls-Gabaud & Gilmore 2000; Bertelli &
Nasi 2001), but the level of star formation activity is significantly
higher than the <1 Mg yr~! estimated for the mean star formation
rate in the Milky Way disc over the last few Gyr (Just & Jahreiss
2007). Although the general behaviour is very similar for all four
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simulations used in this study, there is again no perfect convergence
of the results, reflecting the behaviour of the available cold gas
(panel d in Fig. 3).

For our default model and for the four simulations used in this
study, the spheroid mass varies between 6.4 x 10° and 7.3 x
10° M which is slightly lower than but still compatible with the
observational estimate. As explained in the previous section, our
model includes different channels for the formation of a spheroidal
component: mergers (both minor and major) and disc instability.
Fig. 3 (panel c) shows how the total mass in the spheroidal compo-
nent grows as a function of redshift. In Fig. 5, we show the cumula-
tive fraction of the mass in the spheroidal component coming from
minor mergers (solid coloured lines) and disc instability (dashed
lines). Our model Milky Way galaxies do not experience any major
merger during their lifetimes. In all four simulations used in our
study, there are two episodes of disc instability, the first ~12 Gyr
ago and the second ~1 Gyr later. Disc instability contributes in the
range of 48 (GA1) to 58 (GA2) per cent of the final stellar mass in
the spheroidal component. Minor mergers contribute to the remain-
ing stellar mass in the spheroidal component, and all occur at later
times with respect to the disc instability episodes. As explained in
Section 3, the stars formed during the bursts accompanying minor
merger events are added to the disc component. As a consequence,
no spheroid star is formed in situ in our models.

As noted in Section 3, our model for disc instability is quite
simplified and, given the uncertainties involved, the fraction of mass
contributed by this channel should be considered as indicative. The
results shown in Figs 2 and 5 indicate that our default model would
not produce a spheroid that is as massive as observed if the disc
instability channel is switched off. On the other hand, it is now fairly
well established that the Milky Way is a barred galaxy (Gerhard
2002, and references therein). Since global disc instabilities are
commonly considered as the main mechanism for the formation of
abar, the presence of a bar in the Milky Way is a direct indication that
it has experienced episodes of disc instability during its lifetime.

5 METALLICITY AND AGE DISTRIBUTIONS

As mentioned in Section 1, accurate measurements of ages, metal-
licity and kinematics have been collected for a large number of
individual stars of our Galaxy, and a large amount of new observa-

tional measurements are expected in the near future. The available
information is nicely summarized in fig. 2 of Freeman & Bland-
Hawthorn (2002).

The available data are indicative of a significant population of
stars in the local disc with ages < 8 Gyr, and metallicity distribu-
tion (mostly from G/K dwarfs) that peaks at [Fe/H]~ —0.1. From
an analysis of the main-sequence turn-off stars in the Hipparcos
data set, Binney, Dehnen & Bertelli (2000) obtained a best-fitting
age for the oldest disc stars of 211 Gyr. The properties of the
thick disc are relatively well known only within a few kpc from
the Sun. In this region, typical thick disc stars have ages as old as
~12 Gyr and intermediate metallicities ([Fe/H]~ — 0.6). For the
Galactic bulge, deep Hubble Space Telescope and Infrared Space
Observatory (ISO) colour-magnitude diagrams suggest a domi-
nant old (2 10Gyr) population (Feltzing & Gilmore 2000; van
Loon et al. 2003). The ISO data also suggest the presence of a
small intermediate-age component which is traced by OH/IR stars
(Sevenster 1999), but the interpretation is complicated by thin-disc
contamination. Bulge stars have a metallicity distribution that peaks
at [Fe/H]~ — 0.15 dex, with a broad range and a tail to low abun-
dances (McWilliam & Rich 1994; Zoccali et al. 2003; Fulbright,
McWilliam & Rich 2006).

Fig. 6 shows the age and metallicity distribution of all the stars
(left-hand panel) and the stars in the spheroidal component (right-
hand panel) of our model Milky Way galaxy from the highest res-
olution simulation used in this study (results for lower resolution
simulations are very similar). In each panel, black and white con-
tours enclose the regions containing 99.6 and 60 per cent of the
stars. On the right-hand panel, solid contours refer to our fiducial
model where stars can be transferred from the stellar disc compo-
nent to the spheroid through disc instability. Dashed lines refer to a
model with the same combination of parameters but with the disc
instability channel switched off. Fig. 6 shows that the model galaxy
contains stars of all ages —which reflects the prolonged star forma-
tion history shown in panel (g) of Fig. 3 — and covering a relatively
limited range of metallicities centred around solar. All the stars
in the spheroidal component have very old ages (2 11 Gyr), and
their metallicity distribution peaks at subsolar value and exhibits a
pronounced tail of low-metallicity stars. If spheroid growth through
disc instability is switched off, the stars in the spheroidal component
have a broader tail towards low and high abundances. The left-hand
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Figure 6. Age—metallicity distribution for all (left-hand panel) and spheroid (right-hand panel) stars of the model Milky Way from the highest resolution
simulation used in this study (GA3). Black and white contour lines show regions that include 99.6 and 60 per cent of the stars used to build the corresponding

map.
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panel of Fig. 6 shows a very shallow age—metallicity relation with
a broader tail towards lower metallicities for older stars, in qualita-
tive agreement with observational measurements (Nordstrom et al.
2004, see also Holmberg, Nordstrom & Andersen 2007). We cau-
tion the reader that the results shown in Fig. 6 represent a global
average while observed samples represent a ‘local sample’. In addi-
tion, the model age—metallicity distributions are not convolved with
typical observational errors, which naturally tend to broaden the
distributions.

The metallicity distributions (i.e. the projections along the y-axis
of the maps shown in Fig. 6) of the stars in the disc and spheroid of
our model galaxies are shown in Fig. 7. The left-hand panels show
the metallicity distribution of all the stars (black histograms) and the
stars in the disc (blue histograms) compared to the observational
measurements by Wyse & Gilmore (1995) (orange histogram in
the top panel) and Nordstrom et al. (2004) (green histogram in the
bottom panel). The sample of Wyse & Gilmore (1995) is a volume
sample of long-lived thin disc G stars, while that of Nordstrom et al.
(2004) contains a large (~14 000) number of F/G dwarfs in the solar
neighbourhood (located at distances <100 pc). In both these studies,
metallicities were derived using a photometric calibration based on
arelationship between [Fe/H] and Stromgren colours (e.g. Schuster
& Nissen 1989).

Fig. 7 thus shows that the metallicity distribution of disc stars
in our model Milky Way peaks at approximately the same value
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as observed, but it exhibits a deficiency of low-metallicity stars. In
comparing the model and observed metallicity distributions, how-
ever, two factors should be taken into account: (1) the observa-
tional metallicity measurements have some uncertainties (~0.2 dex)
which tend to broaden the true underlying distribution and (2) the
metallicity estimate used is an indicator of the iron abundance,
which is mainly produced by supernovae la and therefore not well
described by the instantaneous recycling approximation adopted in
this study. In order to estimate the importance of this second caveat,
we have converted the measured [Fe/H] into [O/H] using a linear
relation, which is obtained by fitting data for thin disc stars from
Bensby, Feltzing & Lundstrom (2004). The result of this conversion
is shown by the dashed orange histogram in the top panel of Fig. 7
for the original measurements by Wyse & Gilmore. The observed
[O/H] metallicity distribution is now much closer to the modelled
log[Z/Z ] distribution.

The right-hand panels in Fig. 7 show the metallicity distribution
of the spheroid stars in our fiducial model (red histogram) and in
a model where the disc instability channel is switched off (dashed
black histograms). In what follows, it may be useful to associate the
stars originating in the disc instability to the bulge and the rest of the
spheroid stars to the stellar halo. Model results are compared to the
observational measurements by Zoccali et al. (2003) (orange his-
togram in the top panel) and recent results by Lecureur et al. (2007)
and Zoccali et al. (2008) based on a sample of about 400 K-giants
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Figure 7. Metallicity distribution for stars in the disc (blue histograms in the left-hand panels) and spheroid (red histograms in the right-hand panels) of
the model Milky Way from the highest resolution simulation in this study (GA3). The solid black histograms in the left-hand panels show the metallicity
distribution for all stars in the model galaxy, while the dashed black histograms in the right-hand panels show the metallicity distribution of stars in the
spheroidal component for our fiducial model if spheroid growth through disc instability is suppressed. Solid orange and green histograms show observational
measurements by Wyse & Gilmore (1995, top left-hand panel), Zoccali et al. (2003, top right-hand panel ), Nordstrom et al. (2004, bottom left panel) and
Zoccali et al. (2008, bottom right-hand panel). The dashed orange histogram in the top left-hand panel has been obtained converting the [Fe/H] scale of the
original distribution by Wyse & Gilmore into an [O/H] scale by using the observed [O/H]-[Fe/H] relation for thin disc stars by Bensby et al. (2004).
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in two Galactic bulge windows, all observed with high-dispersion
spectra (R > 20 000) with GIRAFFE on VLT (green histogram in the
bottom panel). These panels show that the metallicity distribution
of the model spheroid peaks at lower value than observed and that
it contains a smaller fraction of high-metallicity stars. Comparison
between the solid red and the black dashed histogram shows that
the disc instability is responsible for the pronounced peak around
log[Z/Z ]~ — 0.25 due to the transfer of a large fraction of disc
stars into the spheroidal component, which may be associated to
the Galactic bulge component (Figs 3 and 5 show that the mean
metallicity of the stellar component is ~0.6 Z¢, at the time of the
major episode of disc instability.). The same caveat discussed above
applies to the metallicity distribution of the spheroidal component.
We note that a conversion from [Fe/H] to [O/H] of the observed
metallicity scale would bring most of the observed bulge stars to
[O/H] 2 — 0.2 suggesting that our model spheroid is significantly
less metal rich than the observed Galactic bulge. However, we note
that Fulbright et al. (2006) found a slightly more metal-poor dis-
tribution for the ‘Baade’s Window’ as compared to the distribution
found for the same field by Zoccali et al. (2008, plotted in the bottom
right-hand panel of fig. 7). In addition, an outer bulge field (located
at b = —12°) from Zoccali et al. (2008) peaks at lower metallicity
as compared to the metallicity distribution from the other two fields
presented in the same study. This suggests that the uncertainties (as
well as field-to-field variations) in the metallicity distribution of the
bulge may alleviate the disagreement with our model results.

The metallicity distribution of the remainder spheroid stars (i.e.
those originating in minor mergers) is relatively broad and more
metal-rich than observed for the Galactic stellar halo.

6 THE STELLAR HALO

As mentioned in Section 1, the stellar halo of our Galaxy has a mass
that is less than about 1 per cent of the total stellar mass (i.e. about
10° M¢@). Most of its stars are very old (probably older than 12 Gyr)
and metal-poor with enhanced values of the elemental abundance
ratio [«/Fe]. The currently accepted scenario is that the stellar halo
formed (at least in part) from stars stripped from satellite galaxies
that were accreted by the Galaxy over its lifetime (the Searle &
Zinn scenario discussed in Section 1). In this section, we study the
formation and structural properties of this galactic component in
the framework of the model discussed above.

Our working hypothesis is that the stellar halo builds up from the
cores of the satellite galaxies that merged with the Milky Way (or
better its main progenitor — see below) over its lifetime.’ In order
to identify the stars that end up in the stellar halo, we construct the
full-merger tree of our model Milky Way galaxy, and identify those
galaxies that merge on to the ‘main branch’, i.e. the branch that is
obtained by connecting the system to its most massive progenitor at
each node of the tree (see section 4.1 of De Lucia & Blaizot 2007).
We then trace back each of these galaxies until they are for the last
time central galaxies, and save the information (identification num-
bers and positions) of a fixed fraction of the most bound particles of
their parent haloes at this time. We refer to these as ‘star particles’
and ‘tag’ them with the stellar metallicity of the galaxies residing
at their centres.

5 Note that some fraction of these galaxies may also contribute to the bulge
component, particularly those with the highest density.
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Figure 8. Full-merger tree of our model Milky Way galaxy from the lowest
resolution simulation used in this study (GAO). The area of the symbols
scales with the number of particles of the associated halo, and their colour
indicates different galaxy types: blue for galaxies sitting at the centre of the
main halo (those on which cooling is allowed), green for satellites galaxies
associated to distinct dark matter substructures and red for ‘orphan’ galaxies
(see text). The black circles mark the galaxies accreted on to the main branch
of the model galaxy, traced back until the last time they are central galaxies.

The procedure outlined above is illustrated in Fig. 8 which shows
the full-merger tree of our model Milky Way galaxy from the low-
est resolution simulation used in our study (GAO). The Milky Way
galaxy is shown at the top of the plot and all its progenitors and
their histories are shown downwards going back in time. In this
figure, the area of the symbols scales with the number of particles
in the associated halo, while different colours are used for different
‘types’ of galaxies. Central galaxies (the only ones on which cool-
ing is allowed) are shown in blue. Green symbols indicate galaxies
associated to a distinct dark matter substructure and red symbols
indicate ‘orphan’ galaxies, i.e. galaxies whose parent halo has been
reduced below the resolution limit of the simulation. For visualiza-
tion purposes, we have kept constant the mass of the dark matter
substructure when a galaxy becomes orphan. The black circles in
Fig. 8 mark the galaxies accreted on to the main branch of the model
galaxy (the leftmost branch in the figure), traced back until the last
time they are central galaxies. In the following, we refer to this
time as the time of accretion. Fig. 8 shows that the star particles
that make up the stellar halo in GAO are old: the majority of the
satellites building up the stellar halo were ‘accreted’ at lookback
times larger than ~9 Gyr (although about half of them ‘merge’ on to
the main branch much later). Only one (relatively massive) satellite
was accreted at lookback time ~8 Gyr, and it merges on to the main
branch only at lookback time ~1 Gyr. For the simulations GA2 and
GA3, all accretions occur at lookback times larger than ~11 Gyr. As
we tag our star particles using the stellar populations of the central
galaxies at the time of accretion, all stars in the stellar halo of these
model galaxies have ages larger than 11 Gyr.

Fig. 8 illustrates that once dark matter haloes are accreted on to
a larger system, they survive as distinct dark matter substructures
for a relatively short time (e.g. De Lucia et al. 2004a), but the
galaxies residing at their centre merge on to the main progenitor of
the Milky Way galaxy much later. As discussed in Section 3, our
model galaxies are not affected by the tidal stripping and truncation
that efficiently reduces the mass of the dark matter substructures
(Ghigna et al. 2000; De Lucia et al. 2004a; Gao et al. 2004). If
this effect is important, the survival time-scales of orphan galaxies
as well as the stellar mass of survived satellites are likely to be
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Figure 9. Stellar masses (top panel) and metallicities (middle panel) for all
galaxies accreted on to the main branch for the simulation GA3 as a function
of the lookback time of the galaxy’s merger. The solid red lines in the top
and middle panels show the evolution of the stellar mass and metallicity in
the main progenitor of the Milky Way. The bottom panel shows the number
of particles associated to the dark matter halo at the time of accretion, again
as a function of the merging time of the galaxy that is located at its centre.
Red symbols indicate objects associated to substructures with more than
500 particles. Red open symbols correspond to red filled circles but are
plotted as a function of the time of accretion.

overestimated. Work is underway to calibrate stellar tidal stripping
using hydrodynamic simulations.

Fig. 9 shows the stellar masses (top panel) and metallicities (mid-
dle panel) of all galaxies accreted on to the main branch for the
highest resolution simulation used in our study (GA3), as a func-
tion of the lookback time of the galaxy’s merger. Note that stellar
masses and metallicities correspond to those at the time of accre-
tion. The solid red lines in these panels show the evolution of the
stellar mass and metallicity in the main progenitor of the Milky Way
galaxy (as in Fig. 3). The bottom panel of Fig. 9 shows the number
of particles associated with the dark matter haloes before accretion,
again as a function of the merging time of the galaxies that reside
at their centre. Red symbols indicate objects belonging to haloes
with more than 500 bound particles before accretion. Note that for
these objects we have indicated both the time of accretion (open
symbols) and the merger time (solid symbols; given by the dynam-
ical friction time-scale as described above). The figure shows that
most of the galaxies that merge on to the main branch have stellar
masses and metallicities that are much smaller than the current mass
of the main progenitor over most of the galaxy’s lifetime. Most of
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the accreted galaxies lie in quite small haloes and only a handful of
them are attached to relatively more massive systems. These are the
galaxies that contribute most to the build-up of the stellar halo. The
red symbols in the bottom panel of Fig. 9 show that most haloes
with more than ~500 particles were all disrupted more than ~6 Gyr
ago. These haloes contain the few galaxies with stellar mass larger
than 10° M which merge on to the main branch over the galaxy’s
lifetime (top panel). The stellar metallicities are generally relatively
low, with a median value of ~0.3 Z¢,, with larger values associated
to larger galaxies (see below). The results illustrated in Fig. 9 are
in good agreement with those by Font et al. (2006) who find that
one or a few more satellites in the range 10°~10'"" M can make
up 50-80 per cent of the stellar halo and most of them are accreted
early on (#ycer > 9 Gyr).

Fig. 10 shows the projected distribution of the star particles that
end up in the stellar halo of the highest resolution simulation used
in our study (GA3). For this figure, and the results presented in
the following, we use 10 per cent of the most bound particles of
every accreted halo, but similar results are obtained if 5 per cent
of the particles are selected. We obtain 4188 star particles for the
simulation GA2 and 31 716 for GA3. The star particles in Fig. 10 are
colour coded as a function of their metallicity, as indicated in the top
left-hand panel, and their spatial distribution is shown at the same
redshifts used for Fig. 1. The star particles that end up in the stellar
halo extend over a projected region of ~1 Mpc? comoving at redshift
~10. At redshift ~1, the star particles are already assembled in a
single relatively elongated component which becomes progressively
more spherical with decreasing redshift (see below). We note that
the ‘stellar halo’ of the simulation GA3 is dominated by particles
contributed by a single object that merged ~7 Gyr ago (and whose
dark halo was accreted 11 Gyr ago) and with metallicity 0.53 Z¢,
(see Fig. 9). This single galaxy contributes 19 921 star particles (i.e.
about 60 per cent of all the star particles in the stellar halo).

The lower panels of Fig. 10 seem to suggest a slight concentra-
tion of the most metal-rich stars, but no clear correlation between
metallicity and distance, with low- and high-metallicity stars dis-
tributed at various distances. It is interesting that in some cases
there is a clear difference between the mean metallicity of stars in a
given satellite (pockets of stars of different colours) — which is the
basis of the ‘chemical tagging’ argument discussed in Freeman &
Bland-Hawthorn (2002). The resolution of the simulations used in
this study is, however, too low to see any spatially coherent stellar
streams in the halo at the present day.

The absence of a clear metallicity gradient® is illustrated more
explicitly in Fig. 11 which shows the metallicity of the star particles
as a function of the distance from the most bound particle in the
Milky Way halo for the simulations GA2 (blue) and GA3 (red).
Filled and empty circles connected by solid lines indicate the mean
and the median of the distributions, respectively. Dashed lines
correspond to the 15th and 85th percentiles. In both simulations,
the mean metallicity decreases from log[Z/Z5] ~ —0.4 at the
centre to ~ —0.8 at a distance of ~40kpc. The median and upper
85th percentile of both distributions are approximately flat around
~ —0.5. The lower 15th percentile exhibits a certain decline with
increasing distance from the centre, suggesting that the inner region
is largely dominated by high-metallicity stars while the contribu-
tion from lower metallicity stars becomes more important when
moving to the outer regions. We recall, however, that both distribu-
tions are dominated in number by star particles associated to one or a

© We have verified that an age gradient is also absent.
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Figure 10. Projected distribution of the star particles that end up in the stellar halo of the highest resolution simulation used in our study (GA3), at the same
redshifts as in Fig. 1, and colour-coded as a function of their metallicity as indicated in the top left-hand panel. If we assume [«/Fe]~ + 0.4 dex, the highest
metallicity bin could be translated into —0.7< [Fe/H], while the lowest to [Fe/H] < —1.6 (Salaris, Chieffi & Straniero 1993). As for Fig. 1, the box at z =
0 is centred on the most bound particle of the GA3 halo, while those at higher redshifts are centred on the most bound particle of the main progenitor at the
corresponding redshift.
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Figure 11. Mean (filled circles) and median (empty circles) metallicities of
star particles as a function of the distance from the most bound particle in
the Milky Way halo for the simulations GA2 (blue) and GA3 (red). Dashed
lines correspond to the 15th and 85th percentiles of the distributions.

few accreted galaxies with relatively high metallicity (hence the
flat behaviour of the median and upper percentile): 58 per cent of
the stellar halo particles in GA2 have metallicity > —0.4, and this
fraction rises to 67 per cent for the simulation GA3. As discussed
previously, the metallicity of our stellar halo is higher than what is
known for the Galactic halo near the Sun. This could be reflecting
that the metallicity of the accreted galaxies may be too high (see
below).

From the observational viewpoint, it is interesting to ask where
the most metal-poor stars of the stellar halo are located. We address
this question in Fig. 12 which shows the projected density profiles
(solid black lines) of the star particles for the simulations GA2
(top panel) and GA3 (bottom panel) obtained by stacking the three
projections on the xy,xz and yz plane. The dashed black lines in
Fig. 12 show the projected density profile of the dark matter halo.”
In agreement with previous findings (Bullock & Johnston 2005), we
find that the profile of the stellar halo is steeper and more centrally
concentrated than the dark matter profile. The half-mass radius
of the stellar halo in GA3 is located at ~4.3 kpc, i.e. well within
the solar circle, as estimated for the Milky Way (Frenk & White
1982). The solid orange and green lines show the projected profiles
of star particles with metallicity larger and smaller than 0.4Z¢),
respectively. Fig. 12 shows that star particles with metallicity larger
than 0.4Z ¢ are more centrally concentrated than star particles of
lower abundances. This implies that the probability of observing
low-metallicity stars increases if one looks at larger distances from
the Galactic Centre (210-20kpc) where the contribution from the
innermost metal-rich star particles is less dominant.

Interestingly, our results appear to be in qualitative agreement
with the measurements by Carollo et al. (2007). These authors
have analysed a large sample of over 20000 stellar spectra from
the Sloan Digital Sky Survey, and demonstrated that the stellar
halo of the Milky Way can be considered as the superposition of
two components which are spatially, kinematically and chemically

7 We use only the particles in the ‘main halo’, i.e. the self-bound part of the
FOF halo.
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Figure 12. Projected density profile of the stellar halo (solid black lines)
and the dark matter halo (dashed black lines) for the simulations GA2 (top
panel) and GA3 (bottom panel). The solid green and orange lines show
the projected density profiles for star particles with metallicity smaller and
larger than 0.4 Z ), respectively. The blue and red dashed lines show Sérsic
fits to the profiles of star particles in the two metallicity bins.

distinct. One component, which they call ‘inner halo’, dominates
the population of stars found at distances up to 10-15kpc from
the Galactic Centre and peaks at higher metallicity than the ‘outer
halo’, which dominates in regions beyond 15-20 kpc.

In order to understand this ‘duality’, we turn to our simulations.
From the middle panel of Fig. 9, we see that stellar metallicity does
not correlate with the time of the merger of the galaxies that con-
tribute to the stellar halo. Rather, the ‘duality’ of our model stellar
halo originates from a correlation between the stellar metallicity and
the stellar mass of accreted galaxies, as shown in Fig. 13. Since the
most massive galaxies can decay through dynamical friction to the
inner regions of the host halo, this is where higher metallicity stars
will be found preferentially. Note that the mass—metallicity relation
in our simulations appears to be offset from that observed in the

810Z Jaqwieoa( 6| U0 Jasn uabuiuols) Jo Ausiaaiun Aq 02891 L L/ L/L/LBEAOBASHE-8o1LE/SEIUW/WO0D dNO"dIWapEIE//:SdNY WOl POPEOJUMO(]



28  G. De Lucia and A. Helmi

0.6 T T T T T T E
R ]
0.5 3
L]
04f-----mmmm o]
g ¢
N .
[ )
% 0.3 . 3
S8 J
Nm .o. F) :.g . °
0.2 o %o 3
0.1F %0 ®oee E
" f
0.0 a8 **~, . . . . E

10* 10° 10® 10" 10® 10° 10"
M

stars

Figure 13. Stellar metallicity as a function of stellar mass for the galaxies
contributing to the stellar halo in the simulation GA3.

sense that the accreted galaxies are too metal-rich, explaining why
our stellar halo also has too high metallicity. This might be due to
a too efficient mixing of metals with the intergalactic medium (we
recall that we are using a 100 per cent mixing efficiency), and/or an
inefficient feedback in the building blocks of the stellar halo. We
will analyse this in further detail in a future paper where we will
study the satellite population of our model Milky Way.

A large fraction of the galaxies accreted on to the main branch
contribute to the star particles in the inner halo,? i.e. r < 10kpc, but
only a few systems contribute significantly to the population of star
particles in this region. For both simulations, about 65 per cent of
the star particles in the inner region come from one single system
that merged on to the main branch ~8 Gyr ago for the simulation
GA2 and ~7 Gyr ago for GA3. Another ~20 per cent of the star
particles in the inner 10 kpc are contributed in approximately equal
fractions from other three galaxies that merged between ~8 and
~10.5 Gyr ago for the simulation GA2, and a bit earlier (between
~10 and ~11.5 Gyr ago) for the simulation GA3.

The blue and red dashed lines in Fig. 12 show Sérsic fits to
the star particles with metallicity larger and smaller than 0.4 Z¢),
respectively (corresponding to the orange and green lines). The
fitted function is given by

2(R) = Zerexp [—bu[(R/Rer)™ — 11] ,

where Ry is the radius containing half the light and Xy is the
surface brightness at that radius. The results of the fit are given
in Table 3. For both simulations, the profile of star particles with
metallicity lower than 0.4Zq) is well fit by a Sérsic profile with
index n ~ 3 and half-light radius ~4 kpc. For the star particles
with larger metallicity, the characteristic radius is comparable and
the Sérsic index is smaller (the distribution falls off more steeply).
The logarithmic slope of the corresponding density profile at Res
is y ~ — 3.3 for the metal-rich component and y ~ — 3.1 for
the metal-poor stars, in very good agreement with those measured
for the stellar halo of the Milky Way at a similar galactocentric
distance.

870 and 95 per cent of the accreted galaxies contribute at least one particle to
this region of the stellar halo for the simulations GA2 and GA3, respectively.

Table 3. Results of the Sérsic fit (see text) to the
projected profiles of star particles with metallicity
larger and smaller than 0.4 Z (orange and green
lines in Fig. 12).

Z<04Zp Refr (kpe) n
GA2 4.1 3.3
GA3 4.9 3.0
Z>04 Z@ Regr (kpC) n
GA2 4.7 1.9
GA3 44 1.6

Table 4. Axial ratios for the stellar and the dark mat-
ter halo of the Milky Way galaxy for the simulations
GA2 and GA3 used in this study.

Stellar halo cla c/b
GA2 0.51 0.74
GA3 0.45 0.89
Dark matter halo cla c/b
GA2 0.70 0.80
GA3 0.72 0.85

In order to characterize the three-dimensional shape of the stellar
halo, we have assumed that its isodensity surfaces can be approxi-
mated by triaxial ellipsoids of the form
XX X2 X ,
aT"'ﬁ"’?:lWlthazbzc’
where a,b and c are the lengths of the three axes and X, (with
a = 1,2,3) is the coordinate with respect to the « axis and relative
to the position of the most bound particle of the Milky Way halo.
The directions and lengths of the major axes can then be computed
by finding the eigenvectors and eigenvalues of the matrix Mg,

M, = Z XL X

where «, 8 = 1, 2, 3. In Table 4, we list the resulting axial ratios c/a
and c/b for the stellar and the dark matter halo for the simulations
GA?2 and GA3. The principal axes of the stellar and the dark matter
halo are plotted as thin and thick solid lines in Fig. 14. The top panel
corresponds to the simulation GA2, while the bottom panel is for
the simulation GA3. In both the panels, orange and green points are
star particles with metallicity larger and smaller than 0.4 Z,

The value of the short-to-long (c/a) axis ratio measured for the
dark matter halo is in good agreement with previous numerical
studies in a ACDM cosmology by Bullock (2002) who found typical
axis ratios to be c¢/a ~ 0.6-0.8 for Milky Way sized haloes. The
stellar halo has a short-to-long axis ratio ~0.45-0.5, slightly lower
than observational measurements (Chiba & Beers 2000; Bell et al.
2008, and references therein). Interestingly, for both simulations, the
minor axis of the stellar halo is quite well aligned with the minor
axis of the dark matter halo: the angle between these two axes is only
~10° for the simulation GA2 and ~30° for GA3. For the highest
resolution simulation (GA3), also the major and intermediate axes
of the stellar halo are well aligned with the corresponding axes of
the dark matter halo (the angular distance is ~9° and ~30° for
the other two axes). For the simulation GA2, the angular distance
between the major and intermediate axes of the stellar halo and the
corresponding axes of the main halo is ~75°.
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Figure 14. Three-dimensional distribution of the star particles from the
simulations GA2 (top panel) and GA3 (bottom panel). Green symbols refer
to particles with Z/Z < 0.4, while orange symbols refer to star particles
with Z/Z > 0.4. Red, blue and green lines represent the principal axes of
the stellar halo (thin lines) and dark matter halo (thick lines). Red is used
for the long axis, blue for the intermediate and green for the short axis.

7 DISCUSSION AND CONCLUSIONS

During the last decade, a number of observational tests of the stan-
dard cosmological model have ushered in a new era of ‘precision
cosmology’. While the basic theoretical paradigm for structure for-
mation is now well established, our understanding of the physical
processes governing galaxy formation and evolution is far from
being complete. Modern advances in ground- and space-based ob-
servational capabilities have enabled us to study the resolved stellar
populations of Local Group galaxies (and beyond) in unprecedented
detail. For our own Galaxy and a number of the brightest members
of the Local Group, a wealth of observational data about the ages
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and chemical abundances of their stars is now available. Much more
data will become available over the next decade, providing impor-
tant tests for current models of galaxy formation and evolution.

In this paper, we have discussed the formation of the Milky Way
and its stellar halo in the context of a hybrid cosmological approach
that combines high-resolution simulations of a ‘Milky Way’ halo
with semi-analytic methods.

Our approach is similar to that adopted by Bullock & Johnston
(2005), but the two methods differ in a number of details. Bul-
lock & Johnston have used mass accretion histories of Milky Way
sized haloes using the extended Press—Schechter formalism. For
each accretion event in the analytic merger trees, they have run
N-body simulations following the dynamical evolution of the ac-
creted dark matter satellite in an analytic parent galaxy + host halo
potential. The stellar distribution and properties of each satellite
are constructed using a variable mass-to-light ratio to each dark
matter particle (Font et al. 2006), and the chemical evolution of the
satellites is modelled taking into account the enrichment from both
Types II and Ia supernovae (Robertson et al. 2005). In our work,
we have used a set of increasing resolution N-body simulations
of a Milky Way like halo, combined with a semi-analytic method
that allows us to model the stellar distribution of the galaxies self-
consistently during the N-body simulation. While our approach is
based on a fully numerical simulation, the numerical resolution
for each accreted satellite is lower than that achieved by Bullock
& Johnston. In addition, our chemical evolution model assumes an
instantaneous recycling approximation which is appropriate for ele-
ments produced by Type II supernovae, but wrong for the iron-peak
elements which are mainly produced by Type Ia supernovae.

The galaxy formation model employed in this work has been
studied in a number of previous papers, and it has been shown
to successfully reproduce a number of observational results for
the global galaxy population in the local Universe and at higher
redshifts. The physical properties of our model Milky Way galaxies
are in quite nice agreement with the observational results, and the
predicted evolutions are very similar, over the entire numerical range
covered by the simulations used in our work (from ~2 x 10% to
~3 x 10°M¢ dark matter particle mass). This is the first time
to our knowledge that model convergence has been shown on a
galaxy-by-galaxy basis.’?

Our model Milky Way galaxy is arelatively young system (50 per
cent of the stars are assembled in a single object only at redshift
~0.8) with a very old spheroidal component (50 per cent of the
stars in the spheroid are in place at redshift ~3), which is formed
through a series of minor mergers and a few episodes of disc insta-
bility occurring early on during the galaxy’s lifetime. All the stars
in the spheroidal component are old (2 11 Gyr) while the stars in
the disc have a much larger spread in age, reflecting a prolonged
star formation activity which is in qualitative agreement with ob-
servational determinations. A detailed comparison between model
and observed metallicity distributions is complicated by the use of
the instantaneous recycling approximation, which does not allow a
direct comparison with the observed iron distributions. Using the
observed relation between oxygen and iron abundances, we obtain
a metallicity distribution which is similar to the observed one for
the disc component, but a spheroidal component which is less en-
riched than the observed Galactic bulge (although small changes in

9 Springel et al. (2001a) discussed the convergence of model results in
statistical sense using a set of four high-resolution N-body simulations of
galaxy clusters.
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the parameters of the semi-analytic model are able to remove this
discrepancy without significantly affecting the remaining properties
of the simulated galaxy; see e.g. Fig. 2).

Assuming that the stellar halo builds up from the cores of the
satellite galaxies that merged with the Milky Way over its lifetime,
we are able to study the physical and structural properties of this
Galactic component. Our model stellar halo is made up of very
old stars (the majority of the stars formed earlier than 10 Gyr ago)
with low metallicity (0.5 Z), although relatively high in compar-
ison with the Galactic halo near the Sun. A few relatively massive
(108-10""M(») satellites accreted early (> 9 Gyr) contribute to the
largest fraction of the star particles that end up in the stellar halo,
in agreement with previous results by Font et al. (2006). There is
no evidence of a metallicity gradient for halo stars, but we find evi-
dence for a stronger concentration of higher metallicity stars. This
implies that the probability of observing low-metallicity halo stars
increases with distance from the Galactic Centre (=>20kpc). The
‘duality’ that we find for our model stellar halo does not originate
from a correlation between metallicity and accretion time, rather
from the fact that the main contributors to the stellar halo (satellites
with larger mass) have preferentially higher metallicity than lower
mass systems. We find that the three-dimensional distribution of
halo stars is well described by a triaxial ellipsoid with short-to-long
axis ~0.5-0.6, in agreement with observational measurements, and
whose axes are well aligned to those of the parent dark matter halo.

A more accurate treatment of chemical enrichment will allow us
to carry out a more detailed comparison with observed chemical
compositions and establish similarities and differences between the
present-day satellites and the Galactic building blocks. The numer-
ical resolution of the simulations used in this work, however, is
too low for studies of spatially and kinematically coherent stellar
streams in the present-day stellar halo. Higher resolution simula-
tions are therefore needed for these studies. These are all much
needed steps to interpret the outcome of large surveys such as
SEGUE, RAVE and ultimately Gaia, with the goal of unrevealing
the evolutionary history of our Galaxy.
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