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ABSTRACT

We combine the six high-resolution Aquarius dark matter simulations with a semianalytic galaxy formation model to investigate the properties of the satellites of Milky
Way-like galaxies. We find good correspondence with the observed luminosity function,
luminosity-metallicity relation and radial distribution of the Milky Way satellites. The
star formation histories of the dwarf galaxies in our model vary widely, in accordance
with what is seen observationally. Some systems are dominated by old populations,
whereas others are dominated by intermediate populations; star formation histories
can either be continuous or more bursty. Ram-pressure stripping of hot gas from
the satellites leaves a clear imprint of the environment on the characteristics of a
dwarf galaxy. We find that the fraction of satellites dominated by old populations of
stars matches observations well. However, the internal metallicity distributions of the
model satellites appear to be narrower than observed. This may indicate limitations in
our treatment of chemical enrichment, which is based on the instantaneous recycling
approximation. We find a strong correlation between the number of satellites and the
dark matter mass of the host halo. Our model works best if the dark matter halo of the
Milky Way has a mass of ∼ 8 × 1011 M⊙ , in agreement with the lower estimates from
observations, but about a factor of two lower than estimates based on the Local Group
timing argument or abundance matching techniques. The galaxy that resembles the
Milky Way the most also has the best matching satellite luminosity function, although
it does not contain an object as bright as the SMC or LMC. Compared to other semianalytic models and abundance matching relations we find that central galaxies reside
in less massive haloes, but the halo mass-stellar mass relation in our model is consistent
both with hydrodynamical simulations and with recent observations.
Key words: galaxies: evolution – galaxies: formation – galaxies: dwarf – galaxies:
abundances – galaxies: stellar content – Galaxy: halo
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INTRODUCTION

There is much to be learned about galaxy formation and
evolution from our own ‘backyard’, the Milky Way galaxy
and its satellite system. Resolved stellar spectroscopy of the
Milky Way stellar halo and the satellite galaxies provides
c 0000 RAS

‘archaeological’ evidence of the chemical enrichment of the
interstellar medium back to the earliest times. The details
with which the Milky Way and its satellites can be studied
make them a useful testbed of the cosmological paradigm.
The star formation history of the Milky Way satellites can be derived from the study of stellar popula-
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tions identified in colour magnitude diagrams (CMD) (see
Tolstoy, Hill & Tosi 2009, and references therein). These
studies have revealed large variations in the star formation
histories of Local Group dwarf galaxies, even for those of
similar stellar mass. These range from solely old- to predominantly intermediate-age to even significantly young stellar
populations. Some star formation histories may be bursty,
such as for the Carina dSph (Hurley-Keller, Mateo & Nemec
1998). It is currently not completely understood what physical mechanisms are responsible for the exact star formation
history and how the environment of the galaxy influences
the star formation process.
With additional spectroscopic observations, several
teams have investigated the dynamical and chemical properties of both classical (e.g. Tolstoy et al. 2006; Battaglia et al.
2006; Koch et al. 2007b; Walker et al. 2009; Kirby et al.
2010) and the recently discovered ultra-faint dwarf
spheroidal galaxies (e.g., Kirby et al. 2008; Adén et al.
2009; Norris et al. 2010). The discovery of this new, very
faint class of satellites (Willman et al. 2005; Zucker et al.
2006a,b; Belokurov et al. 2007; Walsh, Jerjen & Willman
2007; Irwin et al. 2007) has revived the interest in the
so-called ‘missing satellites’ problem (Klypin et al. 1999;
Moore et al. 1999), which contrasts the huge number of
dark matter satellites predicted to orbit in Milky Way-sized
haloes with the relatively modest number of luminous satellites observed.
In parallel to observational efforts, large cosmological N-body dark matter only simulations, like the
Aquarius Project (Springel et al. 2008a), Via Lactea II
(Diemand et al. 2008) and GHALO (Stadel et al. 2009),
have greatly improved mass resolution and have now reached
a regime in which the formation and evolution of (satellite)
galaxies can be studied in exquisite detail down to this ultrafaint regime in a ΛCDM Universe.
Following the early suggestion by Efstathiou (1992)
and Kauffmann, White & Guiderdoni (1993) that the
reionization of the intergalactic medium at high redshift could suppress the formation of faint galaxies,
Bullock, Kravtsov & Weinberg (2000) were able to show,
using dark matter halo merger trees and a 1-D gas simulation, that the effects of reionization could indeed help
to reconcile the distribution of subhalo circular velocities expected in the CDM cosmology with inferences from
satellite data. Benson et al. (2002) then developed a detailed treatment of reionization and, using a semi-analytic
model of galaxy formation, showed that the combined
effects of reionization and supernova feedback could account for the observed luminosity function of satellites
in the Local Group. They also predicted the existence
of a large population of ultra-faint satellites. Several recent semi-analytical and hydrodynamical studies have made
use of the new generation of N-body simulations (e.g.,
Muñoz et al. 2009; Okamoto & Frenk 2009; Okamoto et al.
2010; Busha et al. 2011; Cooper et al. 2010; Macciò et al.
2010; Li, De Lucia & Helmi 2010; Wadepuhl & Springel
2011; Font et al. 2011; Sawala, Scannapieco & White 2012;
Guo et al. 2011b) to confirm the importance of reionization,
and also feedback mechanisms, to suppress the formation of
small galaxies within all haloes and reproduce the observed
number of dwarf satellites down to the ultra-faint regime.
However, many issues remain. Relevant questions to

be asked are for instance: ‘How many satellite galaxies are still undiscovered in the Milky Way stellar halo?’
(e.g. Koposov et al. 2008), ‘What was their time of infall?’
(e.g., Li, De Lucia & Helmi 2010; Rocha, Peter & Bullock
2011), ‘What is the mass of the Milky Way dark matter halo?’ (e.g Battaglia et al. 2005; Sales et al. 2007;
Smith et al. 2007; Li & White 2008; Xue et al. 2008;
Guo et al. 2010), ‘Are the luminosity functions of satellites linked to the properties of their host in any
way?’ (e.g. McConnachie & Irwin 2006; McConnachie et al.
2009; Guo et al. 2011a; Lares, Lambas & Domı́nguez 2011;
Wang & White 2012).

In this work, we study the formation and evolution of dwarf galaxies in and around Milky Way-like
galaxies using the N-body simulations of the Aquarius
Project (Springel et al. 2008a). We combine these with semianalytical modelling to study the physical processes associated with the baryonic components of the galaxies. We use
the model described by Li, De Lucia & Helmi (2010), which
has been extended to include new prescriptions to follow the
stellar stripping and tidal disruption of satellites.

Font et al. (2011) also combined the Aquarius simulations with a semi-analytical code to study the properties of
satellite galaxies, but their focus was in particular on a more
sophisticated treatment of reionization, while our interest is
mainly in the star formation histories of the satellites and of
isolated dwarf galaxies. Because the two codes were developed independently, it is instructive to compare their results
on general properties for the satellite population, such as luminosity function, metallicity distribution and radial profile.
A similar semi-analytical model to that of Font et al. (2011)
was used by Cooper et al. (2010) to study the stripping of
satellite galaxies and the formation of galactic haloes in
the Aquarius simulations. Additionally, Guo et al. (2011b)
have used an adapted version of the semi-analytical code of
De Lucia & Blaizot (2007) to study galaxies and satellites
in the Millennium II simulation and show their results to
be consistent with the satellite luminosity function over the
(lower) resolution range in that simulation.

This paper is structured as follows. In Sections 2.1 and
2.2 we describe the Aquarius simulations and the particular
semi-analytical model we use. Some additional prescriptions
have been implemented to account for the tidal stripping
and disruption of satellites, and these are described in detail in Appendix A. In Section 3, we investigate the properties of the modelled main galaxies as well as the luminosity function, the luminosity-metallicity relation, and the
radial and spatial distributions of their satellites. Section 4
is devoted to a more in-depth analysis of the star formation histories of the modelled dwarf galaxies, both satellites
and isolated galaxies, whereas in Section 5 we investigate
the closest model analogs to the dwarf spheroidal galaxies
Sculptor, Carina and Fornax. In Section 6 we discuss our
findings and compare them with other semi-analytical and
hydrodynamical work. We summarise our results in Section
7.
c 0000 RAS, MNRAS 000, 000–000
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Name

mp
(M⊙ )

M200
(M⊙ )

r200
(kpc)

Nr. snapshots
used

Aq-A-5
Aq-A-4
Aq-A-3

3.14 × 106
3.93 × 105
4.91 × 104

1.85 × 1012
1.84 × 1012
1.84 × 1012

246.37
245.70
245.64

128
1024
512

Aq-A-2
Aq-B-2
Aq-C-2
Aq-D-2
Aq-E-2
Aq-F-2

1.37 × 104
6.45 × 103
1.40 × 104
1.40 × 104
9.59 × 103
6.78 × 103

1.84 × 1012
8.19 × 1011
1.77 × 1012
1.77 × 1012
1.19 × 1012
1.14 × 1012

245.88
187.70
242.82
242.85
212.28
209.21

128
128
128
128
128
112

Table 1. Some basic parameters for the Aquarius haloes from
Springel et al. (2008a) (see the original paper for more information). The columns correspond to the simulation name, the particle mass (mp ), the virial mass of the halo (M200 ), the corresponding virial radius (r200 ) and the number of snapshots we use
for each simulation.
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2.1

THE MODEL
The Aquarius simulations

The six Milky Way-like haloes (Aq-A to Aq-F) of the
Aquarius Project were selected from a lower resolution version of the Millennium-II Simulation (Boylan-Kolchin et al.
2009), a cosmological N-body simulation of a cubic region 125h−1 Mpc on a side with parameters Ωm = 0.25,
ΩΛ = 0.75, σ8 = 0.9, ns = 1, h = 0.73 and H0 = 100h km
s−1 Mpc−1 . We refer the reader to Springel et al. (2008a,b)
for further information. The parameters are the same as
those of the Millennium Simulation (Springel et al. 2005)
and were based on the first-year results from the WMAP
satellite. They are no longer consistent with the latest
WMAP analysis (Komatsu et al. 2011), but we do not expect this to affect our results significantly (see Wang et al.
2008, for a comparison of first and third year parameters).
The simulated Milky Way-like haloes have virial masses
(M200 , defined as the mass enclosed in a sphere with mean
density 200 times the critical value) in the range 0.8–
1.9×1012 M⊙ , broadly consistent with the mass estimated
for the Milky Way (e.g. Battaglia et al. 2005; Smith et al.
2007; Li & White 2008; Xue et al. 2008; Guo et al. 2010).
One halo, Aq-A, was simulated at five different numerical
resolution levels (summarised in Table 1). We focus on the
high-resolution level 2 (common to all six haloes) and use
the lower resolution series Aq-5 through Aq-2 to test the
numerical convergence of our model.
Dark matter haloes are identified in the simulations
using a friends-of-friends algorithm (Davis et al. 1985) and
the code subfind (Springel et al. 2001) which identifies selfbound structures within larger structures. Following previous work, we have only considered subhaloes that retain at
least 20 particles.
2.2

The semi-analytical code

We use the Aquarius simulations as a backbone for modelling baryonic processes in galaxies. Subhalo catalogues
are used to construct merger (history) trees for all selfbound haloes and subhaloes in the Aquarius simulations
(Springel et al. 2005; De Lucia & Blaizot 2007) by deterc 0000 RAS, MNRAS 000, 000–000
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mining one unique descendant for each (sub)halo. These
merger trees are combined with semi-analytical modelling to
study the galaxies that reside in such subhaloes. The semianalytical modelling technique follows the relevant physical processes using simple but observationally and astrophysically motivated ‘prescriptions’. One advantage of this
method is that it is applicable to large cosmological simulations and provides relatively fast predictions of galaxy properties. The method, however, does not follow explicitly the
gas dynamics (as is done in hydrodynamical simulations),
and does not usually provide spatially resolved information
about the baryonic components.
The specific model we use in this work is the
‘ejection model’ described in Li, De Lucia & Helmi
(2010), with new prescriptions to follow the stellar
stripping and tidal disruption of dwarf galaxies as
they become satellites. These new prescriptions are described in Appendix A. The model builds upon the
methodology introduced by Kauffmann et al. (1999),
Springel et al. (2001) and De Lucia, Kauffmann & White
(2004) and subsequently updated by Croton et al.
(2006) and De Lucia & Blaizot (2007). The model of
De Lucia & Blaizot (2007) has since been modified to
follow more accurately processes on the scale of the Milky
Way and its satellites by De Lucia & Helmi (2008); Li et al.
(2009); Li, De Lucia & Helmi (2010). In particular, both
Li, De Lucia & Helmi (2010) and this paper use the ‘ejection’ feedback scheme of De Lucia, Kauffmann & White
(2004), which is different from the (default) feedback scheme
adopted in most previous work (e.g., Croton et al. 2006;
De Lucia & Blaizot 2007; De Lucia & Helmi 2008), and
additionally suppress cooling in small haloes (Tvir < 104
K).
A schematic diagram of the main processes modelled, is
shown in Figure 1. Below, we outline the main ingredients
of the model, but for a full description and the analytic expressions we refer the reader to Li, De Lucia & Helmi (2010)
and references therein.

• Reionization is modelled following Gnedin (2000), and
Croton et al. (2006). Reionization causes the baryonic content of a halo to decrease in haloes with mass comparable or smaller than a so-called filtering mass, which evolves
with redshift. The reionization epoch is assumed to last
from z0 = 15 to zr = 11.5. Our reionization prescription
results in a stronger effect than suggested for the global
reionization in Okamoto, Gao & Theuns (2008). However,
Font et al. (2011) show using a detailed treatment of reionization for the Aquarius simulations that the proto-Galactic
region is completely photo-ionized by z = 10 due to the
contribution of local sources. In the end, this results in a
comparable reionization history on the scale of the Milky
Way to that in our model (see Appendix A of Font et al.
2011, and references therein for a complete discussion).
• Cooling of the hot gas is dependent on its metallicity
and temperature. Below Tvir = 104 K (the atomic hydrogen
cooling limit) cooling is forbidden since we are assuming
that cooling via molecular hydrogen is prevented by photodissociation caused by UV radiation from the (first) stars in
most cases (in contrast to other semi-analytical work where
star formation in haloes with Tvir < 104 K is allowed through
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Figure 1. A schematic diagram of the semi-analytical modelling scheme for the central galaxy within a dark matter halo and a satellite
that has just been accreted. The yellow boxes linked to the galaxies represent all different ‘phases’ of the baryons (these are all modelled
analytically) and the red arrows represent all modelled physical prescriptions that affect them.

molecular hydrogen cooling; see for instance, Madau et al.
2008; Salvadori, Ferrara & Schneider 2008).
• Star Formation transforms cold gas, which is assumed
to be in an exponential thin disc with properties given by
the formalism of Mo, Mao & White (1998), into stars. Stars
form in the gas of the disc that is above a critical density
threshold. The star forming disc radius, rdisc , is assumed
to be three scale-lengths. Assuming that the disc has a flat
rotation curve with a rotational velocity equal to the circular
velocity of the halo (V200 , see also Kauffmann 1996) and
the gas velocity dispersion is 6 km s−1 , the critical density
threshold is described by Equation 1 (Kennicutt 1989).
V200 rdisc
Σcrit
/
= 0.59
M⊙ /pc−2
kms−1 kpc

tion of stellar stripping does not have a significant effect on
the luminosity functions, it affects very few galaxies. The
tidal disruption prescription allows us to deal with galaxies
which have ‘lost’ their dark matter subhalo in the simulation (when it is stripped down to fewer than the subfind
resolution of 20 particles) and decide whether the galaxies
themselves should survive the tides of the main galaxy. We
refer to these galaxies as ‘orphans’, in contrast to satellites
which still live in dark matter subhaloes of more than 20
particles. Our implementation of tidal disruption has a significant influence on the shape of the satellite luminosity
function, as we will show in Section 3.2.

(1)
3

The star formation rate is then proportional to the amount
of gas in this state. Star formation can also happen in bursts
during minor or major mergers, when (part of) the cold gas
of the merging galaxies is turned into stars.
• Heating and ejection of gas is due to supernova feedback processes. We use the feedback prescription from the
ejection model described in De Lucia, Kauffmann & White
(2004). The mass of gas reheated by supernovae depends on
2
the depth of the halo potential well (i.e., ∝ 1/V200
), which
implies that smaller haloes (with shallow potential wells)
are more sensitive to the effects of feedback. The material
reheated is put in an ejected component that can be reincorporated into the hot gas at later times.
• Metals are created in star formation events and follow
the flow of the mass between different components. We assume an instantaneous recycling approximation that is appropriate only for elements produced by Type II supernovae.
• If a galaxy becomes a satellite (i.e., its halo becomes a
subhalo) we assume that its hot gas and ejected gas components are stripped and transferred to the central galaxy. This
process crudely models the physical process of ram-pressure
stripping of hot gaseous components. In this paper we have
also added two physical mechanisms that only operate on
satellite galaxies due to interactions with the host halo,
stellar stripping and tidal disruption. The implementation
of these physical processes and their results are described
and shown in Appendix A. We find that our implementa-

3.1

COMPARISON TO THE MILKY WAY AND
ITS SATELLITES: GENERAL PROPERTIES
Milky Way properties

In Figure 2 we show the various properties of the central (Milky Way-like) galaxies residing in the main Aquarius haloes compared to the values observed for the
Milky Way. We show the results of our basic model
(Li, De Lucia & Helmi 2010, filled circles) and the same
model with our additional prescriptions for stellar stripping
and tidal disruption (see Appendix A, open squares). Our
treatment of satellite stripping and disruption changes only
slightly the properties of the main galaxies. The scatter from
main galaxy to main galaxy in the different Aquarius haloes
is clearly visible.
Aquarius galaxies B and E have very similar stellar
masses to the Milky Way, estimated to be in the range of
4.9 − 5.5 × 1010 M⊙ (Flynn et al. 2006), one of the most
robust and important constraints for which the comparison
can be made.
In our models the spheroid refers to both the bulge and
stellar haloes of the galaxies. Since in the case of the Milky
Way the stellar halo contains a very small mass (in comparison to the bulge), we compare the spheroidal component in the model with the bulge component of the Milky
Way. As explained in more detail by De Lucia & Helmi
(2008), spheroid formation can occur in our model through
both mergers and disc instabilities. The treatment of disc
c 0000 RAS, MNRAS 000, 000–000
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due to one quite luminous satellite galaxy that is tidally
disrupted (see Cooper et al. 2011, which includes a movie of
the evolution of this object).
In all models, except Aq-E which shows almost no star
formation at the present day, we find that the current star
formation rate is above the corresponding value for the
Milky Way. This is also true for the total amount of presentday cold gas, which is also above the Milky Way value for
most models (with the exception of Aq-F) (using a total
HI+H2 mass value for the Milky Way of ∼ 6 × 109 M⊙ ,
see Blitz 1997, and references therein). Among the models
showing significant ongoing star formation, halo B and F
give the closest match to the Milky Way.
The two bottom panels of Figure 2 show the average
metallicities obtained for all the stars and just the spheroid
component. Despite the crude approximations made to follow the evolution of metals in our model, the overall metallicities are in reasonable agreement with the Milky Way,
with galaxy B, E, and F showing a fair match to the measured [Fe/H] for the disc, and halo B the closest match to
the bulge stars (Freeman & Bland-Hawthorn 2002).
Altogether, Figure 2 suggests that the galaxy modelled
within halo B is the closest analogue of the Milky Way
galaxy.
3.2

Figure 2. Properties of the central galaxies of the haloes
Aq-A to F both for the ‘satellite-model ejection’ from
Li, De Lucia & Helmi (2010) (filled circles) and our fiducial
model (i.e., extended to include stellar stripping and tidal disruption, open squares). The solid lines show observed Milky Way
values (see text for references). The properties of the Milky Way
bulge are compared to the spheroid component in our models.

instabilities is one of the least constrained physical processes in the model. It is very sensitive to small variations
of the other prescriptions, but nevertheless is a key channel for bulge formation in Milky Way size galaxies (see
Parry, Eke & Frenk 2009; De Lucia et al. 2011, for a comprehensive discussion). The disc and bulge components of
the Milky Way are estimated to have a mass ratio between
0.2 and 0.3 (Bissantz, Debattista & Gerhard 2004) which
implies a bulge mass of 0.8 − 1.3 × 1010 M⊙ . This bulgeto-disc ratio is well reproduced by the Aquarius galaxies,
except in the case of galaxies E and F, which have a very
dominant bulge component.
The slight increase of the total spheroid mass (and thus
also of the bulge/disc ratio) in the models with stripping and
tidal disruption is expected since the stars stripped from the
satellites are added to this component. Additionally, these
processes can affect the details of the disc instability phenomenon through an increase in the cold gas mass of the
disc. However, we find that for all haloes the major source
of the bulge mass increase is the addition of stellar mass
from disrupted and stripped satellites. For instance, the relatively large difference found in Aq-F is almost completely
c 0000 RAS, MNRAS 000, 000–000

Satellite luminosity functions

Figure 3 shows the luminosity function of all satellites of
the main Aquarius galaxies (solid lines of different colours).
Black circles show the cumulative number of Milky Way
satellites. Given that the SDSS footprint covers roughly a
quarter of the sky, we may expect many more galaxies hiding
in the Milky Way that are either outside the SDSS footprint
or too faint and/or too far away to be identified in SDSS
data. The Koposov et al. (2008) (thick dashed black line)
relation takes these uncertainties into account and attempts
to correct for them. However, it should be noted that for
the brightest end (MV < −11) Koposov et al. (2008) use an
average luminosity function of the Milky Way and M31 for
their fit. Since M31 has more bright satellites than the Milky
Way, the relation overpredicts satellites in this regime.
In the top panel of Figure 3 both the satellites still embedded within a dark matter subhalo and the orphan satellites (for which their dark matter subhalo has been stripped
below the resolution limit of the simulation) which survive
according to our tidal disruption prescription (see Appendix
A) are plotted. In the bottom panel these orphan satellites
are not shown. Both the data and the model counts of satellite galaxies are restricted to a distance of 280 kpc from
the centre of the main galaxy, as assumed by Koposov et al.
(2008). This radius is comparable to, but generally a bit
larger than, the virial radii (r200 ) of the main Aquarius
haloes (see Table 1).
The shape of the luminosity function roughly agrees
with the Milky Way data down to MV = −5 where resolution effects are starting to play a role (see Appendix B for the
discussion of this limit, the vertical dashed line in Figure 3)
for all Aquarius haloes. Halo B shows clearly the best quantitative correspondence with the luminosity function derived
by Koposov et al. (2008) in our fiducial model (top panel). It
is interesting that Aquarius B has a similar satellite luminosity function as well as the central galaxy that most closely
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Figure 4. The virial masses of the six different Aquarius dark
matter haloes versus the number of satellite galaxies of the main
galaxy in our model. Open black squares show the number of
satellites brighter than MV =-5 within the corresponding virial
radius.

Figure 3. Cumulative luminosity functions of all satellite galaxies within 280 kpc of the main galaxy for all different Aquarius
haloes (solid lines), for the Milky Way satellites (black filled circles), with corresponding Poisson error bars, and for the Milky
Way satellites as derived and corrected for incompleteness by
Koposov et al. (2008) (dotted black line). In the top panel surviving orphan satellite galaxies are also included, in the bottom
panel they are not shown.

resembles the Milky Way galaxy, as shown in the previous
subsection. However, one should bear in mind that the number of satellites formed around any halo is very sensitive to
the choice of feedback scheme and reionization physics (e.g.,
Guo et al. 2011b; Font et al. 2011).
Most Aquarius haloes do not contain satellites as
bright as the LMC. This has been investigated by
Boylan-Kolchin et al. (2010) and Busha et al. (2011), who
estimate from dark matter simulations that the probability
of finding both an LMC and SMC around a Milky Way-sized
halo is ∼ 10 per cent (up to 25 per cent with a dependence
on the exact Milky Way dark matter halo mass and environment). Liu et al. (2011) find from an analysis of MilkyWay-like hosts in the SDSS DR7 catalogue that only 3.5 per
cent of them have two such bright satellites within 150 kpc
of their host. A further warning against making too strong
a statement about the bright end of the luminosity function comes from Guo et al. (2011a), who find that isolated
host galaxies of luminosity comparable to the Milky Way

and to M31 contain ∼2 times fewer satellites brighter than
MV = −14 (see also Lares, Lambas & Domı́nguez 2011). In
our models, 4 out of 6 haloes have one satellite as luminous
as or slightly more luminous than the SMC (the exceptions
are haloes B and C). Aq-F hosts a satellite galaxy slightly
brighter than the LMC and one of luminosity similar to the
SMC. Halo D hosts three very luminous satellites, but all
fainter than the LMC.
Although all Aquarius haloes have masses consistent
with that of the Milky Way halo, they still span a factor 2.25
in mass. Aquarius B is the least massive with M200 = 8×1011
M⊙ . Figure 3 shows that this range of masses is reflected in
the number of satellites. This was noted also by Macciò et al.
(2010), who remark that the trend between halo mass and
satellite luminosity function does not depend on the particular semi-analytical model used. For our semi-analytical
model this correlation is shown in Figure 4, where the number of satellites brighter than MV =-5 within the virial radius
is plotted against the virial mass of the host halo. The trend
is very clear and the scatter is small, although based on just
a few points. We plan to investigate these results further
using the much larger volume of the Millennium II simulation, where over 7000 Milky Way-sized haloes are found
(Boylan-Kolchin et al. 2010).
Since our model for halo B best resembles both the
properties of the Milky Way and the luminosity function of
satellite galaxies, this would favour a dark matter mass estimate close to 8 ×1011 M⊙ for the Milky Way galaxy in agreement with the work of Battaglia et al. (2005); Smith et al.
(2007); Sales et al. (2007) and Xue et al. (2008), but a factor two less massive than the best estimate of Li & White
(2008) and Guo et al. (2010). In terms of formation history,
halo B forms relatively late, its mass accretion is slower
than that of other Aquarius haloes, in particular at z > 2
(Boylan-Kolchin et al. 2010). In other properties, like spin
c 0000 RAS, MNRAS 000, 000–000
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Figure 5. Luminosity and metallicity for the satellite galaxies
(grey filled circles) and those present only in halo B (black filled
circles). Grey open circles represent satellite metallicities we do
not trust, mainly due to incomplete modelling of first star physics.
Overplotted as red asterisks are the average values for the Milky
Way satellites, corrected to approximate a mass-weighted average
of [Mg/H] for a better comparison to the models (see text for
details and references). The error bars indicate the metallicity
scatter found inside the galaxies.

or concentration, halo B is not special (Boylan-Kolchin et al.
2010).

3.3

Luminosity-metallicity relation

The Milky Way satellites (including the ultra-faint dwarf
spheroidals; Kirby et al. 2008) show a strong correlation between luminosity and metallicity. It is not straightforward
to compare the observed abundances to the metallicities in
our model, since the model adopts an instantaneous recycling approximation that is valid for the majority of alpha
elements formed like O and Mg, but not for Fe (mainly produced by Type Ia SN) which is the most commonly measured
element in stellar spectra.
For our comparison we therefore use Mg. Correcting
the observed average [Fe/H] to [Mg/H] requires knowledge
of [Mg/Fe]. Observations of red giant branch stars in dwarf
galaxies and the Milky Way stellar halo show clear trends
of [Mg/Fe] with [Fe/H], which vary slightly from satellite to
satellite and are distinct from those in the Milky Way stellar
halo, especially at [Fe/H]> −1.5. Nonetheless, we adopt the
following function based on observed satellite data compiled
by Tolstoy, Hill & Tosi (2009) for [Mg/Fe] with [Fe/H]:
[Mg/Fe] = +0.4

for

[Mg/Fe] = −0.4[Fe/H] − 0.4

for − 2 < [Fe/H] < 0

[Mg/Fe] = −0.4

for

total mass in stars. The average observed metallicity to compare with should therefore also be obtained by taking the
logarithm of an average over the ratio of metals to hydrogen, which will be different from the average of [Fe/H]. We
have tested the offset between the two estimates of the mean
metallicity on the data set of the Dwarf Abundances and
Radial velocity Team (DART) (Tolstoy et al. 2004), which
contains (Ca II triplet derived) metallicities for the classical
dwarf spheroidals Fornax, Sculptor, Carina and Sextans. We
found that the average [Fe/H] is on average 0.23 dex lower
than the logarithm of the average over the ratio of Fe to H,
although ranging from 0.15 to 0.4 dex. In Figure 5 we therefore show [Fe/H] corrected by 0.23 dex and subsequently
transformed to [Mg/H] values. For Fornax, Sculptor, Sextans and Carina we do not use the 0.23 correction, but use
the averages directly from the DART data (see Tolstoy et al.
(2006), Battaglia et al. (2008) and Starkenburg et al. (2010)
for a description of the data sets and methods) by taking the
logarithm of the average ratio of Fe to H for all stars.
Figure 5 shows a comparison for those Milky Way satellites which have an average [Fe/H] available from the literature (see, for instance, the compilation in Li 2009). The
mean iron abundances and their dispersions (error bars) in
the plot are taken from Westerlund (1997) for the LMC
and SMC, Cole (2001) for Sagittarius, the DART survey (Helmi et al. 2006; Starkenburg et al. 2010, and references therein) for Fornax, Sculptor, Carina and Sextans,
Harbeck et al. (2001) for Draco and Ursa Minor, Koch et al.
(2007b) for Leo I and Koch et al. (2007a) for Leo II,
Kirby et al. (2008) for most of the ultra-faints; Böotes I and
Segue I are from Norris et al. (2010) and Böotes II from
Koch et al. (2009).
The filled and empty grey circles in Figure 5 show the
average metallicity for the model satellite galaxies within
280 kpc of their hosts. The larger black filled circles represent
the satellites in Aq-B, to highlight the number of satellites
and dispersion in metallicity found in that simulation (which
most resembles the Milky Way).
All model galaxies with an average metallicity below
[Fe/H] =−3 are shown as open grey circles. All of them have
experienced very few star formation events (typically less
than 4). Because of their few star formation episodes these
satellites will enrich very little and not compensate for the
first generation of stars formed with no metals at all, in contrast to higher mass objects which can sustain star formation
for more extended periods. Their very low metallicities could
therefore result mainly from our neglect of any kind of preenrichment, which could be driven by a top-heavy IMF for
the first stars. These events are likely to enrich the galaxy,
or even the intergalactic medium to a metallicity floor of
[Fe/H] ∼ −3 (e.g. Salvadori, Ferrara & Schneider 2008).
The overall slope and normalisation of the metallicityluminosity relation are reproduced well in our models when
considering those galaxies which have sufficient star formation events to enrich above [Fe/H]=-3, as shown in the grey
filled circles.

[Fe/H] < −2
(2)

[Fe/H] > 0

The metallicity given by our model is mass-weighted,
i.e. it is the logarithm of the ratio of mass in metals over the
c 0000 RAS, MNRAS 000, 000–000
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3.4

Radial and spatial distribution

In Figure 6 we show the radial distributions of all satellites
brighter than MV =−8.5 within the Milky Way and in each
of the Aquarius haloes. For the (surviving) orphan satellites
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included in the top panel, the position is that of the most
bound particle within the host subhalo before disruption.
For the Milky Way satellites, the distances are from Mateo
(1998), except for Canes Venatici I (Martin et al. 2008). We
have assumed a distance from the Sun to the Galactic centre
of 8.5 kpc. The uncertainty in the radial distribution due to
Poisson noise is indicated by the grey area.
The distribution of satellites is broadly consistent with
that observed in the Milky Way for most Aquarius haloes,
except for the inner regions. If orphan satellites are removed,
the profiles are in general slightly less centrally concentrated,
since the orphan galaxies are mainly found in the inner regions. The bottom panel of Figure 6 shows that the radial
distributions of Aquarius C, D, E, and F match that of the
Milky Way if orphan galaxies are excluded from the analysis.
Such an exclusion could be justified, since orphan galaxies
are almost certainly affected by tides and could have very
low surface brightness, which would hinder their detectability.
Note that the radial distribution of luminous satellites
is different from that of the total population of dark matter
substructures, which has a less centrally concentrated profile
(Gao et al. 2004; Springel et al. 2008a).
One interesting property of the Milky Way satellites is that they seem to lie close to a plane,
rather than being distributed isotropically on the sky
(e.g. Kunkel & Demers 1976; Lynden-Bell 1976; Majewski
1994; Lynden-Bell & Lynden-Bell 1995; Hartwick 2000;
Palma, Majewski & Johnston 2002; Kroupa, Theis & Boily
2005; Metz, Kroupa & Jerjen 2007). In Figure 7 we investigate the anisotropy of the spatial distribution of satellites
with MV < −8.5 in each of the Aquarius haloes. We calculate the flattening using the normalised inertia tensor. The
short-to-long axis ratio (c/a) is computed from the eigenvalues of the diagonalized inertia tensor. In each panel the
flattening of the Milky Way satellite system is indicated by
a dashed vertical line and the flattening of the total system
of bright satellites in the Aquarius haloes is shown as a full
coloured line.
All Aquarius haloes show a spatial distribution less flattened than the Milky Way satellite system. However, all host
a larger number of bright satellites as well, as shown in Figure 3. To investigate the effect of the number of satellites on
this comparison, we have overplotted in all panels in Figure
7 the distribution of c/a when instead of all bright satellites a random subsample of 12 satellites is taken, equal to
the number of classical satellites in the Milky Way. The restriction to a smaller number of satellites greatly enhances
the chances of selecting a more flattened distribution, as can
also be concluded from the bottom panel where 12 points
are selected randomly distributed on a sphere. From a purely
spherical distribution one expects a flattening comparable to
that seen in the Milky Way in ∼1 per cent of the cases if 12
points are drawn randomly.
The chance of getting such a highly flattened distribution as seen in the Milky Way from 12 satellites within
the Aquarius models is low, but can also not be completely
ruled out. In particular, Aquarius B and E show distributions close to the spherical case when 12 satellites only are
selected. It is extremely unlikely for Aquarius B to host a
Milky Way-like flattened system (but notice that Aq-B has
significantly fewer bright satellites in total than the other

Figure 6. Radial distribution of the bright model satellites
(MV < −8.5, solid lines) compared to the radial distribution of
classical Milky Way satellites (dotted black line). The grey area
indicates the Poissonian error bar on the number of Milky Way
satellites. The top panel shows all bright satellites, but in the
bottom panel orphan satellites are excluded.

haloes). Aquarius A, C and F are on average more flattened.
In some of these cases the flattening of the satellite system
follows the shape of the present-day host dark matter halo
and/or large scale structure, most notably in Aquarius A
as illustrated in Figure 8. Aquarius A is found to have a
long, thin filament which is coherent in time, whereas in
some of the other Aquarius haloes the filament is either less
well-defined or broader (such that it encompasses the whole
halo) or changes its orientation over time (for a full discussion of the shapes of the Aquarius dark matter haloes and
their filaments we refer the reader to Vera-Ciro et al. 2011).
Other studies have also indicated that a flattening similar to that of the Milky Way satellites can be reached in
a ΛCDM cosmology, although it is not very common (e.g.
Libeskind et al. 2005; Kang et al. 2005; Zentner et al. 2005;
Li & Helmi 2008; Libeskind et al. 2009; Deason et al. 2011).
c 0000 RAS, MNRAS 000, 000–000
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Figure 8. The spatial distribution of galaxies of −19 <MV <
−8.5 in Aquarius A. Symbols and colours denote the age of the
dominant stellar population: old (red asterisks), or intermediate
(blue diamonds). The grey map shows the underlying density of
dark matter in the same simulation. The frame is rotated such
that the major axis of the main halo is vertical and the minor axis
horizontal. The grey errors show the relative sizes of the major
and minor axis.

Figure 7. Flattening (c/a) of the twelve classical satellites
(MV < -8.5) in the Milky Way (dashed vertical line) and the
distribution of c/a values that can be reached with random selections of twelve MV < -8.5 model satellites for the Aquarius haloes
A-F. For each Aquarius halo also the flattening of all satellites
with MV < -8.5 is overplotted as a coloured vertical line. The
distribution of c/a obtained by taking twelve random points from
a spherical distribution is shown in the bottom panel for comparison.

4
4.1

STAR FORMATION HISTORIES
A comparison to Local Group dwarf galaxies

The resolution for which the stellar ages can be determined
depends on the populations that can be used as tracers.
Overall, the resolution decreases with increasing age and
ranges from a few Myr at the youngest end (ages up to 1
Gyr), to several Gyrs for stars older than a few Gyrs. In
this work we consider three different age bins that can be
well separated in a CMD analysis: an old population (> 10
Gyr), an intermediate population (1-10 Gyr) and a young
population, <1 Gyr (see also Tolstoy, Hill & Tosi 2009).
c 0000 RAS, MNRAS 000, 000–000

In the top left panel of Figure 9 we show the percentage of satellite galaxies that contain observable populations
(defined as >1 per cent of the total mass) in each of the age
bins in the simulations Aq-A to F, where red asterisks correspond to the old, blue diamonds to the intermediate and
green triangles to the young populations of stars.
From this panel we see that ∼9 per cent of all modelled
satellites do not have an old population, whereas all Milky
Way satellites and all isolated dwarf galaxies observed with
sufficiently deep colour-magnitude diagrams do contain old
stars. There are at least two possible explanations for this
difference associated to how we model star formation and
cooling.
Firstly, we do not allow cooling in dark matter haloes
with Tvir < 104 K. If, however, we relax this assumption and
also allow cooling in such haloes with the same efficiency as
a halo of Tvir = 104 K, we find that a larger percentage of all
galaxies (95 per cent of all dwarf galaxies, and 97.5 per cent
of those that are satellites presently) does form an old population. But as a consequence the faint end of the satellite
luminosity function is also much enhanced (most notably at
MV > −5). A proper implementation of the physical processes playing a role in the formation of the first stars would
require many extra assumptions, for instance on the IMF
and the interplay between H2 cooling and H2 dissociation in
the host haloes which we prefer not to include in our models
at this stage.
Another limitation of our semi-analytical model is that
we do not represent the stochasticity of star forming regions.
In our modelling, for stars to form in a disc, the total (global)
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surface density of the disc has to be above the star forming
density threshold. However, in reality star formation processes can be much more local, i.e. one molecular cloud can
have the required density while its surroundings might not.
In the left middle panel we plot the percentage of galaxies for which a given population is dominant (i.e. more than
50 per cent of the stars belong to it) as a function of MV .
Table 2 summarizes the available data for the Milky Way
satellites (the first 5 columns are taken from Table 2 of
Tolstoy, Hill & Tosi 2009). This shows that both modeled
and observed satellites made the bulk of the stars on similar
time-scales. A direct comparison can be made for galaxies in
the luminosity bin −12 <MV < −8.5. Most modeled satellites in this bin are dominated by an old population, while
a significant minority (∼20 per cent) is dominated by an intermediate population of stars. This is very comparable to
the results for the satellite galaxies around the Milky Way,
as can be directly seen from their percentages overplotted
in the left middle panel of Figure 9 as filled circles, where
out of the seven galaxies in this luminosity bin only two are
clearly dominated by an intermediate population.
The left bottom panel of Figure 9 shows the relative
contributions of old, intermediate and young populations
averaged for all galaxies in a particular luminosity bin.
While all left panels show the satellite galaxies of the
main Aquarius galaxy, the right panels of Figure 9 show the
contributions of the various populations for dwarf galaxies outside the main halo, i.e., from 400 kpc to 2 Mpc.
We focus here on slightly brighter dwarf galaxies, with
−19 < MV < −8.5, as these may be observable with current instrumentation. Most of these systems are the main
galaxy within their dark matter halo, which are the only
galaxies fed by cooling. The isolated dwarfs are mostly dominated by intermediate age instead of old populations. Also,
a young population of stars is present much more frequently
(compare the two top panels). Qualitatively, it is clear that
our model produces an age-density relation in agreement
with the observations of Local Group satellites. Gas-poor
and older galaxies are found in overdense regions near bigger galaxies, while the star forming galaxies are found in
isolation. This result is more clearly illustrated in Figure 8,
where we show the location of −19 < MV < −8.5 galaxies
overlaid on the dark matter distribution for the Aquarius A
simulation. (We have checked that the results shown in Figure 8 are not influenced by projection effects.) The galaxies
dominated by an old stellar population show a very different
distribution as function of the density of their environment
than the intermediate age galaxies.
Some galaxies outside the main haloes are dominated
by old populations. In all of these some stars are formed
at intermediate ages as well, but there are fewer of these
than old stars. All show a bursty star formation at intermediate age. Some have never been satellites in their life, so
this behaviour is entirely due to their own internal feedback
processes. In the Local Group we also find a few examples of
old and passively evolving small galaxies, like the Cetus and
Tucana dwarf spheroidals, with no clear association to the
Milky Way or M31, although a past association can not be
ruled out. The existence, or non-existence, of truly isolated
quenched dwarf galaxies in observational data will provide
important constraints on the modelling of the star formation
threshold for dwarf galaxies.

Figure 9. The percentage of galaxies in each luminosity bin
which have >1 per cent (top panels) old (red asterisks), intermediate (blue diamonds) and/or young (green triangles) populations. In the middle panels the lines with similar symbols indicate whether the old, intermediate or young populations are the
dominant one in the galaxy (that is, more than 50 per cent of
their stars originate from this epoch). In the bottom panels we
show the fractions of the old, intermediate and young stars averaged over all galaxies in the luminosity bin. In all left panels the
satellite galaxies, within 280 kpc of the main halo are displayed,
in all right panels the isolated galaxies. Overplotted in the left
middle panel are the percentages of these Milky Way satellites
with −12 <MV < −8.5 dominated by either old or intermediate
population as filled red and blue circles respectively for a direct
comparison.

A more quantitative comparison between isolated
dwarfs in our models and in the nearby Universe is difficult.
Many of the well studied galaxies outside the Milky Way
are still associated with its nearest neighbour, Andromeda,
or with the Local Group environment as a whole. Beyond
the Local Group, at ∼ 1.3 Mpc, the observational CMDs
are much harder to interpret, since only the giant branch is
bright enough to be resolved. We have made a tentative comparison with the ANGST survey, a project measuring the
star formation histories of galaxies outside the Local Group
out to 4 Mpc in a systematic manner (Dalcanton et al. 2009;
Weisz et al. 2011). Only three galaxies have reliable measurements of the dominant population in their sample from
1.3 to 2 Mpc. Of these three galaxies, two are dominated by
c 0000 RAS, MNRAS 000, 000–000
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Figure 10. Mass-weighted age as a function of their distance of
the satellite to the main galaxy. The black circles show all Aquarius satellites with MV < −5 and the grey line represents the mean
in this sample. Red asterisks represent mass-weighted ages for the
Milky Way satellites from Orban et al. (2008). Note that these are
derived from HST observations and, because of the limited field of
view and population gradients known in dwarf galaxies, might be
biased towards lower mass-weighted ages. The two blue triangles
are the Magellanic Clouds. The smaller red asterisk representing
a lower limit is the Sagittarius galaxy, which has been severely
stripped and therefore will have lost preferentially part of its older
population.

an intermediate population and just one by an old population (Weisz et al. 2011).
Figure 10 shows that there is a clear trend in massweighted age with distance from the host. Systems dominated by intermediate populations are found preferentially
in the outskirts of the host halo while older systems are
found closer in. We see a similar trend in the Milky Way
satellites, where the galaxies dominated by intermediate
populations are located at greater distances than ∼ 100
kpc as indicated in Table 2 (with the exception of the
Magellanic Clouds and the heavily disrupted Sagittarius
galaxy). Note that the mass-weighted ages for the Milky
Way satellites plotted here are derived from HST observations, with a relative small field of view. These massweighted ages will therefore be biased towards the more
concentrated younger population if a radial age gradient
is present in the galaxy and metallicity and age gradients
have been observed in many dwarf spheroidal systems (e.g.,
Harbeck et al. 2001; Tolstoy et al. 2004; Battaglia et al.
2006; Bernard et al. 2008; de Boer et al. 2012) as well as
along the Sagittarius stream (Bellazzini et al. 2006, e.g.).
4.2

The physics shaping the modeled star
formation histories

Figure 11 illustrates the variety of star formation histories
found for the different satellites in Aquarius halo B. The 18
most luminous satellites are shown down to a magnitude of
c 0000 RAS, MNRAS 000, 000–000

Name

MV

Detected Pops
old
im
yng

Dom. Pop

ref

LMC
SMC

-18.1
-16.2

yes
yes

yes
yes

yes
yes

old
im

[1]
[2]

Sagittarius
Fornax

-13.4
-13.2

yes
yes

yes
yes

no
no

?
im

[3][4]
[5][6]

Leo I
Sculptor
Leo II
Sextans
Carina
Ursa Minor
Draco
CVn I

-11.9
-11.1
-9.6
-9.5
-9.3
-8.9
-8.8
-8.6

yes
yes
yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
yes
yes
yes

no
no
no
no
no
no
no
no

im
old
?
old
im
old
old
old

[3][7][8]
[3][9]
[3][7][10]
[11][12][13]
[3][7][14]
[3][7][15]
[3][16]
[17]

Hercules
Bootes
UmA I
Leo IV

-6.6
-6.3
-5.5
-5.0

?
yes
?
?

?
yes
?
?

?
no
?
?

?
old
?
?

CVn II
Leo V
UmA II
Com Ber
Boo II
Willman 1
Segue 1

-4.9
-4.3
-4.2
-4.1
-2.7
-2.7
-1.5

?
?
yes
?
?
?
?

?
?
yes
?
?
?
?

?
?
no
?
?
?
?

?
?
old
?
?
?
?

[17]

[17]

Table 2. Populations in Milky Way satellite galaxies. References are: [1] Harris & Zaritsky (2009) (but note that
the intermediate and old stars are almost contributing
equally in the LMC SFH), [2] Harris & Zaritsky (2004),
[3]
Dolphin
(2002),
[4]
Bellazzini, Ferraro & Buonanno
(1999), [5] Coleman & de Jong (2008), [6] Gallart et al.
(2005),
[7]
Hernandez, Gilmore & Valls-Gabaud
(2000),
[8] Gallart et al. (1999), [9] (de Boer et al. 2012), [10]
Gullieuszik et al. (2008), [11] Mateo et al. (1992), [12]
Bellazzini, Ferraro & Pancino (2001), [13] Lee et al. (2003),
[14] Hurley-Keller, Mateo & Nemec (1998), [15] Carrera et al.
(2002), [16] Aparicio, Carrera & Martı́nez-Delgado (2001), [17]
de Jong et al. (2008).

MV =-7.9. The star formation rates have been normalized
in this figure to the highest peaks, but the absolute values
range approximately from 0.2 M⊙ /yr in the top row to 0.005
M⊙ /yr in the bottom row. As can be seen from the figure,
most stars in our satellites are made after reionization (at
z = 11.5 in our models), but before the time that the galaxy
fell into the main halo (and thus became a satellite) as indicated by the vertical dashed blue lines. Taking all the stars
in satellites brighter than MV = −5 and within 280 kpc
in Aquarius haloes A-F, we find that 99.7 per cent of the
stars formed after reionization, and 96.8 per cent before the
satellite fell into the halo. The small satellites make a larger
percentage of their stars before reionization. This is because
they have just a few small bursts of star formation each of
which contributes a significant fraction of the stars. In the
larger galaxies the star formation rate is much higher and
it extends over longer periods so that the initial episode of
star formation (i.e. before reionization) is not important in
a relative sense. On the other hand the quenching of star
formation after infall ensures that a relatively small amount
of stars will be made afterwards.
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Figure 11. The relative SFRs as a function of lookback time for the most luminous satellite galaxies in Aquarius B (black solid lines).
We have indicated the infall time (vertical dotted line). In the top left corner of each panel, the absolute V-band magnitude of that
particular galaxy is given and the scaling factor by which the star formation rates have been multiplied to obtain the normalized values.

Infall onto a host system in our model quenches star
formation, because we assume the hot halo of a galaxy is
stripped as soon as the galaxy becomes a satellite and the
hot component is added to that of the host. Some models
follow ram pressure stripping processes more gradually (e.g.
Font et al. 2008; Weinmann et al. 2010; Guo et al. 2011b).
Font et al. (2008) and Guo et al. (2011b) show that their
implementation does not make a significant difference for
small systems as considered here. Some fully hydrodynamical simulations have also shown that the remaining gas in
the satellite galaxies is (almost) completely stripped once a
galaxy falls into the main halo (e.g. Okamoto & Frenk 2009;
Okamoto et al. 2010) and that the cooling of gas onto satellites seems to be small and important only for massive systems (Saro et al. 2010). A satellite can still make some stars
after infall, but only as far as its cold gas reservoir allows
it. We find that the amount of cold gas still present in the
modeled satellite galaxies, is in almost all cases larger than
is observed within satellite galaxies in the Milky Way halo
(e.g. Grcevich & Putman 2009). However, because this gas
is below the star formation threshold, it does not form any
stars. It is quite possible that ram-pressure stripping of cold
gas might have removed some of this remaining gas from
the observed satellite galaxies. Additionally, a more realistic model of star formation, not based on a global density
threshold, but following the local density of the gas, might
also alter the amount of gas left in these galaxies. The fact
that all the classical dwarf spheroidals have a detected intermediate population, whereas this population is not always

present in the models (see top left panel of Figure 9) hints
that our model might shut off star formation too soon after
infall.
A change in the value of the threshold density for star
formation, equivalent to a more stochastic implementation
to reflect molecular cloud physics, will not lead to continuous star formation histories for most satellites, since the
density of cold gas is too far below the threshold most of
the time. However, there are some cases where the star formation threshold is barely not met, and a small change in
the value of the threshold, could significantly change the
star formation history. The most bursty star formation histories are found in the galaxies which are constantly close,
but mostly below, the star formation threshold.

5
5.1

MILKY WAY DWARF ANALOGS
Star formation histories

In Figure 12 we show some model satellite galaxies that
are comparable in either brightness, average metallicity and
star formation histories, or several of these properties, to
the Carina, Sculptor and Fornax dwarf spheroidals. For each
galaxy we show three examples to illustrate the scatter in
these properties.
In the bottom panels of Figure 12, we plot the observed star formation history for each dwarf spheroidal.
Even though it is possible to observe all three galaxies
c 0000 RAS, MNRAS 000, 000–000
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Figure 12. Star formation histories for models which resemble
the three classical dwarf galaxies Carina, Sculptor and Fornax
(top panels). The stars formation histories are shown both in the
original binning of the simulation (grey lines) and rebinned to
bins of 1 Gyr, to provide an easier comparison to the observations. In both cases the star formation histories are normalized
to their peak value. Overwritten within the panels are the metallicity, luminosity and the scaling factor by which the model star
formation rates have been multiplied to get the normalized values
shown here. Division by this scaling factor thus returns the model
star formation rate values, for the non-rebinned model (grey lines)
in M⊙ /yr. In the bottom panels we show observational star formation histories for the same galaxies (see text for references).

down to their main sequence turnoff magnitudes, large differences are found in derived star formation rates due to
incomplete spatial coverage or the set of model isochrones
used (see for example Gallart et al. 2005). We have chosen to show here the star formation histories as obtained by Coleman & de Jong (2008) for Fornax and by
de Boer et al. (2012) for Sculptor, because these are the
most recent analyses, derived from photometry which covers (nearly) the entire galaxy. For Fornax, we also show,
with a dashed line, the star formation as compiled by
Grebel (1998). The star formation history of Carina matches
the one derived by Hurley-Keller, Mateo & Nemec (1998),
with its characteristic three peaks. Other studies claim
slightly different star formation histories (Dolphin 2002;
Hernandez, Gilmore & Valls-Gabaud 2000). Of course, one
c 0000 RAS, MNRAS 000, 000–000
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needs to bear in mind that the error bars on age are quite
large for the observations (generally in the order of Gyrs for
the regime we are most interested in), so the studies are not
necessarily inconsistent.
For Carina, we show several candidates selected on luminosity (−10.5 <MV < −8.5) and their distinct bursty star
formation with a majority of the stars formed at intermediate age. Amongst all our Aquarius simulations, we only
find six candidates that have a dominant intermediate population in the corresponding luminosity bin. In Figure 12
we show three candidates which have a very bursty star formation history. It is interesting that also bursty Carina-like
galaxies are produced. In our models Carina’s very bursty
star formation history occurs before it becomes a satellite
and is the result of an interplay between gas density and
star formation threshold, and is clearly not due to tidal interactions with the host (such as suggested by Pasetto et al.
2011). All of these Carina-analogs fall into the main halo
quite late. As discussed before in Section 4.2, most of these
model galaxies find themselves close to the threshold of cold
gas needed to make stars, and are only above the threshold occasionally. This explains the bursty nature of these
star formation histories in our model. We have explicitly
checked their merging history, but found no significant merging events causing or preceding any of the bursts. The Carina model shown in the bottom panel of Figure 12, depicts
a star formation history that matches best the observed general properties of Carina, i.e. also matches the metallicity.
Also this galaxy has a strong intermediate age burst of star
formation, but a lower peak at a young age.
For Sculptor we found many analogs for the star formation history, since a great majority of our model satellite
galaxies are dominated by an old population. However, most
candidates of comparable luminosity have a slighter higher
metallicity than Sculptor. Three typical examples of comparable luminosity, and also average metallicity (the largest
offset is 0.5 dex), are shown in the middle column of Figure
12.
The Fornax candidate model shown on the bottom
panel of the right column of Figure 12 matches very well the
observed star formation history from Coleman & de Jong
(2008) and the general properties of the galaxy. On the other
hand the models shown in the top and middle panels have
star formation histories which match better older observations of Fornax in which the peak of star formation occurs
at an older age, such as that compiled by Grebel (1998).
All examples shown here were chosen to have a comparable luminosity and average metallicity (the largest offset in
metallicity is 0.2 dex).
5.2

Metallicity distributions

Figure 13 shows the metallicity distributions for the same set
of model galaxies chosen to be relatively close analogs of the
Milky Way dwarf spheroidals Carina, Sculptor and Fornax
shown in Figure 12. The bottom panels show the observed
metallicity distributions for these dwarf spheroidals as taken
from the DART data sets. The black histograms correspond
to the observed [Fe/H] distribution as derived from the Ca
II triplet calibration of Starkenburg et al. (2010). The grey
histograms give the metallicity distributions corrected for
[Mg/H] using the simplified relation of [Mg/Fe] discussed in
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Figure 13. Metallicity distributions for the models displayed in
Figure 12 which resemble the three classical dwarf galaxies: Carina, Sculptor and Fornax (top three panels). In the bottom panels we show observational metallicity distributions for the same
galaxies (see text for references) in [Fe/H] from CaT samples
(black solid lines), or corrected for a global relation to [Mg/H]
values (grey solid line).

Comparison to the galform code

The Durham semi-analytic model of galaxy formation,
galform (e.g. Cole et al. 2000; Bower et al. 2006), has
also been run on the same six Aquarius haloes by
Cooper et al. (2010) and by Font et al. (2011). The latter
implemented a novel and detailed treatment of both local and global reionization and compared the luminosity
functions of their model and the satellite ejection model of
Li, De Lucia & Helmi (2010). This is identical to the one
presented here in the bottom panel of Figure 3, since in
the comparison no orphan galaxies are considered and our
stellar stripping mechanism does not significantly alter its
shape. Font et al. (2011) concluded that both models are
quite similar in methodology as well as results, including
our treatment of reionization which is much less sophisticated as theirs.
Our model and those resulting from galform show
some interesting differences however. For example the total stellar mass in the main galaxies are generally lower in
the galform models, ranging from 7 × 109 M⊙ to 1 × 1011
M⊙ (compare Table 1 from Font et al. (2011) and Figure
2 in this work). The number of satellites around the main
halo are very similar, although there clearly are fewer very
luminous satellites (brighter than MV = −15) present in
the galform models. This seems to be due to their slightly
stronger feedback in this regime. In general the galform
satellite luminosity function is slightly steeper, but consistent with Koposov et al. (2008) and our results, in particular
for luminosities fainter than MV = −15. Their luminositymetallicity relation flattens out significantly at the fainter
end (see their Figure 5, right panel), which is an interesting
result directly related to their saturated feedback scheme,
which is clearly distinct from the feedback scheme used in
this work. Unfortunately, the errors on the available data
are too large to test this prediction.

6.2

Section 3.3. We regard this as a more direct comparison to
our model, which assumed instantaneous recycling.
In general, the metallicity distribution functions of the
model dwarfs are narrower, although a typical error on the
observed metallicities is 0.2 dex, which will broaden the distribution. There is also a lack of extremely metal-poor stars
in most metallicity distributions of our models. In the case of
the Carina model shown in the top left panel however, too
many very metal-poor stars are produced and the global
metallicity is too low. This also is probably driven by our
crude modelling of the first generations of stars, as discussed
in Section 4. Since the first peak of star formation is very
small, it will only enrich the galaxy by a small amount leading to the formation of very low-metallicity stars in the second burst.
Overall, Figure 13 shows that the form of the distribution can vary significantly, depending on the exact star
formation history of the system.

DISCUSSION

A stellar mass-halo mass relation: comparison
to abundance matching and hydrodynamical
simulations

An interesting issue in the context of the ΛCDM
paradigm is which galaxies reside in which haloes. Several groups have quantified the relationship between stellar mass and halo mass using N-body simulations combined with (semi-analytical) models or observations (e.g.
Frenk et al. 1988; Navarro & Steinmetz 2000; Dekel & Woo
2003; Yang, Mo & van den Bosch 2003; Wang et al. 2006;
Yang, Mo & van den Bosch 2008; Conroy & Wechsler 2009;
Moster et al. 2010; Guo et al. 2010). This comparison is
made under the assumption that the dark matter halo mass
and the stellar mass of a central galaxy follow a monotonic relation, taking into account some amount of scatter. For example Guo et al. (2010) combined the abundance of galaxies with stellar masses in the range 108 M⊙ <
M∗ < 1012 M⊙ from SDSS (Li & White 2009), and the dark
matter halo abundances from the Millennium Simulations
(Springel et al. 2005; Boylan-Kolchin et al. 2009). The relation derived from this analysis predicts a dark matter mass
for a Milky Way-type galaxy of ∼ 2 × 1012 M⊙ , which is
c 0000 RAS, MNRAS 000, 000–000
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Figure 14. The relation between stellar masses and dark
matter halo masses for all central haloes within 2.5 Mpc
from the main halo in the Aquarius simulations (black filled
circles). The red symbols are results from hydrodynamical simulations, as compiled in Sawala et al. (2011), from
Pelupessy, van der Werf & Icke (2004); Stinson et al. (2007);
Governato et al. (2010); Sawala et al. (2011). The blue asterisks
are galaxies from an SDSS sample for which stellar masses were
derived from spectroscopy and dark matter virial halo masses
from weak gravitational lensing by Mandelbaum et al. (2006); the
error bars give the 95 per cent confidence intervals. The black solid
line represents the stellar mass-halo mass relation as derived by
Guo et al. (2010), constrained by SDSS DR7 data. The extrapolation into the low-mass regime is indicated by the black dashed
line, whereas the light grey area shows the maximum dispersion,
σlogM∗ = 0.2 dex. The stellar mass-halo mass relation derived
by Moster et al. (2010), including a scatter of σlogM∗ = 0.15 dex
(dark grey area), is shown as a black dashed-dotted line and its
extrapolation into the low-mass regime is given by the dotted
black line.

a factor of two larger than the favoured result from our
semi-analytic model, but within the current observational
constraints.
Sawala et al. (2011) noticed that current hydrodynamical simulations of isolated dwarf galaxies produce an order of magnitude larger stellar masses than the expected
relation from Guo et al. (2010) extrapolated to the lower
halo mass end. In Figure 14 we show the relation from
Guo et al. (2010) and Moster et al. (2010) as well as the
results predicted by our model for all the central galaxies in the Aquarius simulations1 and the hydrodynamical simulations from Pelupessy, van der Werf & Icke (2004);
Stinson et al. (2007); Governato et al. (2010); Sawala et al.
(2011), as compiled by Sawala et al. (2011, see also their
Figure 4.).
We see a strong correlation between stellar mass and
dark matter halo mass (taken as their virial mass at z = 0, as
in Guo et al. 2010) for the central galaxies in our model. Our
results are in agreement with Mandelbaum et al. (2006),
who used SDSS to derive stellar masses from spectroscopy
and virial halo masses from weak gravitational lensing. However, the relation predicted from our model and the one
1

We have used a distance limit of 2.5 Mpc from the centre of
the box to stay well within the high-resolution region of our simulations.
c 0000 RAS, MNRAS 000, 000–000
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predicted by Guo et al. (2010) and Moster et al. (2010) are
clearly offset: at a given luminosity our model galaxies reside
in smaller dark matter haloes. The difference is greatest for
the lower mass objects, for which the Guo et al. (2010) and
Moster et al. (2010) relations are extrapolations (i.e. these
scales are poorly constrained by the data used by these authors; and are indicated by the dashed and dotted lines in
Figure 14), but also at the regime of the main central galaxies (our ‘Milky Way’s) there is a significant difference (with
the exception of the main galaxy in Aquarius E).
Both Moster et al. (2010) and Guo et al. (2010) demonstrate that the relation for the most likely stellar mass within
a given dark matter halo changes with different assumptions about scatter. The scatter within the Aquarius haloes
is larger than the predictions from either Guo et al. (2010)
and Moster et al. (2010), certainly at the lowest masses, raising the question of whether environmental stochastic effects
(such as those associated to the time of formation, the mass
at reionization, the cold gas density and the star formation
threshold) may play a more important role for low mass
systems. Interestingly, while being offset from the results of
Guo et al. (2011b) and the relation from Guo et al. (2010),
our model predictions are consistent with most hydrodynamical simulations shown.
Using an extension of the De Lucia & Blaizot (2007)
model, Guo et al. (2011b) obtain a good correspondence
with the relation derived by Guo et al. (2010) for SDSS
galaxies and consistency with galaxy luminosity functions over a large range in magnitudes in various bands.
For example, Guo et al. (2011b) show that the model
of De Lucia & Blaizot (2007) significantly overpredicts the
number of galaxies with stellar masses between 107 and
1010 M⊙ . In order to obtain a better match with the luminosity functions over a large range in magnitude and the
abundance matching, the Guo et al. (2011b) model adopts
a supernova feedback ejection efficiency which depends on
the circular velocity of the underlying dark matter halo with
an exponent β1 = −3.5, whereas in our model β1 = −2. Our
model is based on De Lucia & Blaizot (2007), but several
changes have been made since that paper. These changes
are focused on improving the modelling on low mass scales,
but a careful analysis of its impact on more massive galaxies
will be part of future work.

7

CONCLUSIONS

In this work we have confirmed that a semi-analytic model
of galaxy formation applied to a high resolution cosmological N-body simulation is able to match observed relations on
the scale of the Milky Way and its satellites simultaneously.
We have compared the results for the luminosity function,
luminosity-metallicity relation and radial and spatial distribution to observations of dwarf galaxies around the Milky
Way and investigated the age-density relation and star formation histories within the model.
We find that the same Aquarius halo in which we found
the closest Milky Way-like galaxy analogue, halo B, also
provides us with the best matching satellite system in terms
of its luminosity function. This galaxy does not resemble
the Milky Way in every respect. For example the radial
distribution of satellites within this particular simulation
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is more centrally concentrated than the observed distribution of satellites around the Milky Way and it does not
show the same degree of spatial flattening. It also does not
host a galaxy with a luminosity comparable to the LMC or
SMC. Of course, the Milky Way, although in many ways
the best studied galaxy we know, is just one example and it
might be unusual in several respects (e.g., Flynn et al. 2006;
Guo et al. 2011a).
We find a clear relation in our models between the
number of bright satellites and the host dark halo mass.
With our current feedback and reionization prescriptions,
our best Milky Way analogue has a dark halo close to 8
×1011 M⊙ , in agreement with the lower estimates from observations (Battaglia et al. 2005; Smith et al. 2007; Xue et al.
2008), but a factor of two lower than the best estimates
from Li & White (2008); Guo et al. (2010). Additionally,
over the mass range probed by the Aquarius simulations,
we find a different relation between dark matter halo mass
and stellar mass of the central galaxies than that derived by
Guo et al. (2010) and Moster et al. (2010), and reproduced
by Guo et al. (2011b).
Based on their star formation histories, we find model
satellites analogous to the Sculptor, Fornax and Carina
dwarf spheroidals, although none of the model galaxies provides a match of all observable properties. However, the
metallicity distributions for these galaxies are generally too
narrow compared to the observations and they lack an (extremely) metal-poor population. It is unclear at the moment
whether this can be completely ascribed to the lack of a detailed prescription of the chemical evolution of different elements and to the adoption of the instantaneous recycling approximation. This topic will be the subject of further work.
Also our model does not allow cooling via H2 in haloes below the Hydrogen atomic cooling limit, and hence does not
provide a fully physical model for the formation of the first
stars. Another shortcoming of our current model is that our
modeled satellite galaxies have too much cold gas compared
to observations. This could perhaps be (partly) solved by
including ram-pressure stripping of the cold gas when an
object becomes a satellite.
However, various predictions can be made from our
model that are expected to be independent of these shortcomings. We predict the ratio between galaxies dominated
by old- or intermediate populations of stars to be close to 1:2
beyond the Local Group. We also expect a large majority
of the satellite galaxies that are dominated by intermediate
age stellar populations, to have fallen into the main halo relatively late, including galaxies with a bursty star formation
like Carina. Generally, a very small percentage of stars in a
satellite is formed after its infall-time, due to stripping of the
satellite’s hot halo which prevents further gas from cooling
and forming stars. However, some galaxies within the model
have stopped star formation several Gyrs before their infall, due to internal processes, such as supernova feedback,
which have expelled their gas. Our model thus predicts the
last major star formation event within a (classical) satellite
to rather provide a lower limit on the time elapsed since
infall.
The brighter galaxies amongst the ultra-faint satellites
(e.g −8.5 <MV < −5), which could be well resolved in our
model, have formed a larger percentage of their stars in a
single burst, because feedback has a larger impact and pre-

vents a continuous mode of star formation. These model
ultra-faint galaxies are generally older than the more luminous counterparts, and hence contain a higher fraction of
stars formed around, and even before, the epoch of reionization.
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Macciò A. V., Kang X., Fontanot F., Somerville R. S., Koposov S., Monaco P., 2010, MNRAS, 402, 1995
Madau P., Kuhlen M., Diemand J., Moore B., Zemp M.,
Potter D., Stadel J., 2008, ApJ, 689, L41

18

E. Starkenburg et al.

Majewski S. R., 1994, ApJ, 431, L17
Mandelbaum R., Seljak U., Kauffmann G., Hirata C. M.,
Brinkmann J., 2006, MNRAS, 368, 715
Martin N. F. et al., 2008, ApJ, 672, L13
Mateo M., Suntzeff N., Nemec J., Terndrup D., Weller W.,
Olszewski E., Irwin M., McMahon R., 1992, in IAU Symposium, Vol. 149, The Stellar Populations of Galaxies,
B. Barbuy & A. Renzini, ed., p. 455
Mateo M. L., 1998, ARA&A, 36, 435
McConnachie A. W., Irwin M. J., 2006, MNRAS, 365, 1263
McConnachie A. W. et al., 2009, Nature, 461, 66
Metz M., Kroupa P., Jerjen H., 2007, MNRAS, 374, 1125
Mo H. J., Mao S., White S. D. M., 1998, MNRAS, 295, 319
Monaco P., Fontanot F., Taffoni G., 2007, MNRAS, 375,
1189
Moore B., Ghigna S., Governato F., Lake G., Quinn T.,
Stadel J., Tozzi P., 1999, ApJ, 524, L19
Moster B. P., Somerville R. S., Maulbetsch C., van den
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APPENDIX A: IMPLEMENTATION OF
STELLAR STRIPPING AND TIDAL
DISRUPTION
A1

Stellar stripping

In our simulations, the dark matter subhalo of a satellite
may be so heavily tidally stripped that also its stellar component should be affected. Here we implement an approach to
ensure that no very extended satellite galaxies reside within
much smaller, heavily stripped dark matter subhaloes. This
approach is thus only used on satellites which still have a
dark matter component.
The half-mass radius of an exponential disc is related
to its scale-length through R∗1 = 1.67 × Rd . At each time2

step we now compare the half-mass radius of the stars (and
cold gas), R∗1 , to the half-mass radius of the dark matter
2

. The value of RDM
is measured by the subsubhalo, RDM
1
1
2

2

find algorithm (Springel et al. 2001) directly using the dark
matter particles belonging to the satellite. If through tidal
stripping in the simulations RDM
< R∗1 , we remove the stars
1
2

2

(and corresponding cold gas) up to RDM
. This implies that
1
2
after stripping the disc now has a mass given by



Md−new = 2Md 1 − 1 +

RDM
1
 −RDM
1 /Rd 
2
e 2
.
Rd

(A1)

The updated exponential disc, consisting of the leftover cold
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gas, has a half-mass radius set by R∗1 −new = RDM
and
1
2
2
the new scale radius for the disc is therefore Rd−new =
RDM
/1.67.
1
2
The cold gas and stars stripped from the satellite, are
transferred respectively to the cold gas disc and spheroidal
stellar component, which includes the bulge and stellar halo,
of the main galaxy.
Although the assumption that 50 per cent of the stars
should at least be contained within the dark matter halfmass radius seems like a natural first guess, there are very little direct observational constraints on the exact ratio. However there is general agreement that the dark matter halo
indeed has to be severely stripped before stars are affected.
For instance, the scale length of the Milky Way stellar thin
disc is ∼ 3 kpc, whereas its dark matter half-mass radius
is thought to be in the order of 100 kpc. For a more in
dept discussion of tidal stripping in disc galaxies, and the
influence of parameters as galaxy mass, orbit and disc inclination from numerical simulations we refer the reader to
Villalobos et al. (2012).

host galaxies can be affected. In most cases, the changes are
small and mainly affect the bulge-to-disc ratio and the mass
of the central black hole.
For the disruption mechanism we compare the density of these satellites, at the time they become a orphan galaxy, to the density of the host galaxy at pericenter. In the case that density of the satellite is not sufficiently high compared to the environment, they are (assumed to be) completely disrupted. A similar tidal disruption mechanism was already followed in several semianalytical codes (e.g. Monaco, Fontanot & Taffoni 2007;
Henriques, Bertone & Thomas 2008; Guo et al. 2011b). The
approach described here is in essence most comparable to the
implementation of Guo et al. (2011b), but there are some
significant differences, most importantly we use a NFW profile for the host halo whereas Guo et al. (2011b) assume an
isothermal sphere.
To establish whether a orphan satellites will survive or
not, we need to estimate its density at the pericenter of its
orbit. This distance may be derived numerically from:
Etot =

A2

Tidal disruption

In our tree files a dark matter subhalo is ‘lost’ when it is
stripped down to less than 20 particles (corresponding to a
dark matter mass of ∼ 2.7 × 105 M⊙ in the Aquarius A halo
simulated at level 2 Springel et al. 2008a). We refer to these
galaxies as ‘orphan’. The question arises, when their dark
matter subhalo disappears, what should be their fate.
We assume that the satellite galaxies residing at the
centres of the fully (below the resolution limit) stripped
subhaloes will merge with the central galaxy after a dynamical friction time scale, as explained by De Lucia & Helmi
(2008). However, for low mass galaxies this time scale will
be longer than the Hubble time. In some previous work on
semi-analytical models of Milky Way haloes (e.g. Li et al.
2009; Li, De Lucia & Helmi 2010; Font et al. 2011) these orphan satellites galaxies were not taken into account, since
they were believed to get completely stripped. However this
needs to be checked explicitly and in some cases we can
expect the galaxies to survive the tidal forces.
Here we improve further the code, by comparing the average mass density of orphan satellites to that of their host
system and determine whether they will survive. We do this
only for those orphan galaxies that would otherwise survive,
so will not merge on a dynamical friction time-scale with
the central galaxy before z = 0. This means we treat the
more and less massive orphan galaxies via different mechanisms. The more massive orphans are dragged in and merge
with the central at the dynamical friction time-scale, the less
massive might disrupt within the halo (or not, depending on
their density). Differences between the two implementations
appear firstly in the time-scale of merging (which is set at
the dynamical friction time-scale for the massive orphans
and just taken as the first snapshot at which they become
orphans for the less massive galaxies) and secondly their impact on the host galaxy: only within the merging prescription black hole growth and the impact of major mergers
are modeled (which can induce starbursts and morphological changes). Tests showed that if all orphans be treated
such to disrupt within the halo, the final properties of the
c 0000 RAS, MNRAS 000, 000–000
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1 L2
+ ΦNFW (Rperi ),
2
2 Rperi

(A2)

here the total energy, Etot , and angular momentum, L, are
those from the last recorded time.
Subsequently the density of the satellite, hρsat i is compared to the average density of the host, hρhost i, at the pericenter distance:
hρhost i =

Mhalo (Rperi ) + M∗ + Mgas
.
3
Rperi

(A3)

Since the satellite’s dark matter content has fallen below the
resolution limit of the N-body simulation it is not possible to
evaluate its density precisely. Here we adopt two approaches
to bracket the true density of the satellite.
• To provide an upper limit to hρsat i, we measure the
in the last snapaverage dark matter density within RDM
1
2
shot the satellite was still detected within the simulation.
To compute the satellite’s average density, we also take into
account a fraction of the stellar and cold gas mass of the
satellite galaxy. This fraction of baryonic mass within RDM
1
2
is determined as:
Md (RDM
)
1
f=

hρsat i =

2

Md



= 1− 1+

RDM
1
 −RDM
1 /Rd 
2
e 2
,
Rd

gas
∗
M DM
1 ,sat + f Msat + f Msat
2

3
(RDM
1 ,sat )

.

(A4)

(A5)

2

• To obtain a lower limit to the satellite’s density, we
assume all dark matter is stripped and we take as the average
satellite density that given by the full stellar and cold gas
mass of the galaxy within five disc scale lengths (within
which 95 per cent of the stars should be contained). In this
case:
hρsat i =

∗,gas
Msat
.
(5Rrmd,sat )3

(A6)

We consider the satellite galaxy to be disrupted when
hρsat i < hρhost i, where hρsat i is given by either Eq. (A5)
or (A6). The cold gas component of the disrupted satellites
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Figure A1. Mass (left) and luminosity (right) functions for all
satellite galaxies within 280 kpc of the main galaxy in Aq-A-2.
Different models are used: the default model (‘ejection’ model of
Li, De Lucia & Helmi 2010, thick grey solid line), only the galaxies with a dark matter subhalo within the default model (grey
dashed line), default model now including stellar stripping (black
dotted line), and default model including both stripping and tidal
disruption with or without dark matter (providing an upper and
lower limit to the luminosity function, black dashed and solid line
respectively).

is added to that of the main galaxy. We tested that the addition of this gas to either the cold or the hot gas component
of the main galaxy does not significantly affect the properties of the main galaxies, since it might not be completely
physical to assume that all the cold gas from the satellite
flows into the cold gas reservoir of the host. The stars from
the disrupted satellites are added to the spheroid component
(which includes the stellar halo of the main galaxy).

A3

The effects of the stripping and disruption
prescriptions

In Figure A1 we show the effect of the stellar stripping and
tidal disruption prescriptions, introduced in Section A1, on
both the mass function and the luminosity function in AqA-2. Overall, the stripping mechanism implemented in the
model has a small effect on the total luminosity function,
only affecting a small percentage of the bigger satellite galaxies (MV ∼ −10). This is still true if we relax our assumption
on the percentage of stars to be contained within the dark
matter half-mass radius, and change this from 50 per cent
to 20 or 80 per cent. In Aq-A-2, just 3 present-day galaxies with MV < −5 are affected by the stripping mechanism.
Nonetheless, the stellar stripping criterion is an important
addition for the study of individual galaxies since it prevents
the unphysical presence of too massive galaxies within very
heavily stripped dark matter subhaloes in the model. It also
strips down galaxies which will become orphan’s eventually,
making the comparison of their densities to that of the halo
more realistic.
The implementation of tidal disruption affects orphan
satellites, but not all of them. By comparing the galaxies
with a dark matter subhalo in the default models (the grey
dashed line in Figure A1) to results including tidal disruption (black dashed and solid lines) it is clear that preferentially the orphan satellites with larger masses the last time
they were identified with a dark matter subhalo (i.e. the
satellites which are losing mass quickly) are fully disrupted
within the main halo.

Figure B1. Luminosity function for Aquarius A levels 2-5 for
the two ways of estimating the average density of a satellite for
tidal disruption (see Section A1). In the top panel the density
estimate includes the contribution of the dark matter, while in the
bottom panel it does not. The dashed vertical line and grey area in
the bottom panels indicate the luminosity of satellite galaxies at
which Aq-A-2 and Aq-A-3 start to deviate and thus the numerical
resolution be considered to affect the results.

APPENDIX B: THE EFFECTS OF
NUMERICAL AND TIME RESOLUTION
B1

Numerical resolution

The Aquarius Project haloes have been run at different numerical resolution levels and these runs show remarkable
good convergence on the properties (mass, position and kinematics) of the simulated haloes (Springel et al. 2008a). This
enables us to explore the effects of numerical resolution on
our models very directly. Figure B1 shows the effect of numerical resolution for both tidal disruption approaches on
the luminosity functions. The luminosity functions of Aq-A2 and Aq-A-3 start to diverge significantly for MV > −5.
This justifies the choice used throughout the article to use
this magnitude limit in our comparisons to the Milky Way
satellites, which includes many of the (brighter) ultra-faint
satellites.
We also choose to use the disruption prescription without dark matter (i.e., based on the lower limit estimate of the
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density of the satellite) in the rest of this work. Either choice
would be an approximation, due to the intrinsic uncertainties in the modelling of orphan galaxies. However Figure A1
shows that the tidal disruption without dark matter shows
a convergence between Aq-A-2 and Aq-A-3 down to fainter
magnitudes. At the level of MV = −5 the lower limit approach predicts the disruption of 20 additional galaxies (see
Figure A1), while in Aq-B the difference is only 7 systems,
since this halo has a much smaller population of orphan
galaxies.

APPENDIX C: RESOLUTION OF TIMESTEPS
Additionally, we test the dependence of the star formation
histories obtained in the model for their dependence on the
resolution of timesteps taken. We use Aq-A-4 for this purpose, which has a very large number of snapshots and can
thus be rebinned into different time resolutions. We find that
the less luminous galaxies, which often have the more bursty
star formation histories, are the most vulnerable to a change
in the number of time-steps taken in the simulation. By
changing the time resolution in the simulation by a factor of
two and rebinning the final output to the lowest time resolution, typically ∼30 per cent of the stars in a dwarf galaxy
will be formed in a different snapshot. For the galaxies with
MV < −8.5 only, this shrinks to 25 per cent. In all cases,
this has hardly any effect on the characterization of the star
formation history in old, intermediate, or young bins as used
in this paper. Only typically ∼1 per cent of stars ever will
change between these bins in the tests. We have also checked
the time resolution within the semi-analytical model itself
and found that the resolution used is sufficient; i.e. by increasing the number of time steps by a factor 2, changes to
the results as used in the paper are negligible.

c 0000 RAS, MNRAS 000, 000–000

21

