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On the nature of the Milky Way satellites

7 September 2009

1 INTRODUCTION

arXiv:0909.1291v1 [astro-ph.GA] 7 Sep 2009

The satellites of the Milky Way (MW) are powerful touchstene
for galaxy formation and evolution theories. Their proxiynia-
cilitates detailed observations and characterisatiorheif tprop-
erties and hence constrains ‘near-field’ cosmology. In taafdi

Yang-Shyang Li*, Gabriella De Luciaand Amina Helmi
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ABSTRACT

We combine a series of high-resolution simulations withisgnalytic galaxy formation mod-
els to follow the evolution of a system resembling the Milkgy\and its satellites. The semi-
analytic model is based on that developed for the Millennimulation, and successfully
reproduces the properties of galaxies on large scales, lhasvihose of the Milky Way. In
this model, we are able to reproduce the luminosity funatitthe satellites around the Milky
Way by preventing cooling in haloes with;, < 16.7kms~! (i.e. the atomic hydrogen cool-
ing limit) and including the impact of the reionization otth/niverse. The physical properties
of our model satellites (e.g. mean metallicities, aged;ligdit radii and mass-to-light ratios)
are in good agreement with the latest observational mea&nis. We do not find a strong
dependence upon the particular implementation of superfemdback, but a scheme which
is more efficient in galaxies embedded in smaller haloesslhallower potential wells, gives
better agreement with the properties of the ultra-faintlftts. Our model predicts that the
brightest satellites are associated with the most masghieadoes, are accreted later{ 1),
and have extended star formation histories, with only 1 jeeit of their stars made by the
end of the reionization. On the other hand, the faintestlgatewere accreted early, are dom-
inated by stars with age 10 Gyr, and a few of them formed most of their stars before the
reionization was complete. Objects with luminosities canable to those of the classical MW
satellites are associated with dark matter subhaloes wigtak circular velocity> 10 kms~1,

in agreement with the latest constraints.

Key words. cosmology: theory — galaxies: Local Group — galaxies: fdioma— galaxies:
dwarf — dark matter

stellar population ¥ 10 Gyr), which likely keeps the imprints of
the young Universe.

In recent years, the number of known satellites around the
MW has doubled, thanks to the discovery of very low surface
brightness dwarf galaxies in the Sloan Digital Sky SurveD$S)

06. 2007: Zuokeal.

their shallow potential wells make them more sensitive foas  (WVilman et al[2008a]t: Belokurov etlal. 20
physical processes such as supernova (SN) feedback (IE83en I—ibooe Llrwin et &l.|_2007; Walsh etial._2007: Belokurov ét al

Dekel & Silk[1986) or to the presence of a photoionizationkbac [2008,[2009). Since the sky coverage of SDSS DRS is about 1/5

ground

2).

Deep images have allowed the construction of colour-
magnitude diagrams (CMD) of the MW satellites, from whick th
star formation histories have been deduced. These studiés i
cate that there is a large variety in the star formation hissoof

of the full sky and the surface brightness limit is abgut~

30 mag arcsec 2 (Koposov et &l. 2008), many satellites are likely
yet to be discovered in the next generations of surveys. E.g.
[Tollerud et al. [(2008) have used sub-samples of the Via laatte
(Diemand et dl._2007) subhaloes to conclude that the total-nu

these galaxie$ (Matéo 1998; Dolphin e al. 2005). The twerighs ber of MW satellites within 400 kpc should be betweeB&00 and

dwarf irregular (dIrr) Magellanic Clouds show on-goingrsfar-

~600 and dominated by satellites fainter thefy = —

mation while the other dwarf spheroidal galaxies (dSphe)gas- The new S2DSS satellites have lower surface brightness (
deficient and show generally little evidence for recent &iema- 27magarcsec” ) compared to the classical satellites, but similar
tion. Modern studies have revealed that all satellitesaioren old physical sizes. They have comparable luminosities to soelads

* Email: ysleigh@astro.rug.nl

tlc globular clusters, but are significantly bigge | .
) The nature of these newly discovered satellltesllsuet

clear They could be the prolongation towards fainter lLosities
of the classical MW satellite’s (Kirby etlal. 2008), tidalfieees (e.g.


http://arxiv.org/abs/0909.1291v1
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Hercules dSph, Coleman etlal. 2007; Sand ket al.|2009), cesept
a completely new class of objects.

Kinematic modelling based on line-of-sight velocity dispe
sions, have demonstrated that the classical MW satellited@m-

ing satellites are those which formed while the Universe stidks
neutral. This study was carried out before the boost at the fa
end of the satellite luminosity function. Although they dicedict
a large number of faint satellites belawW, = —5, after extrapo-

inated by dark matterf (Mateo etlal, 1093; Mafeo 1998). Recent lating their prediction on the luminosity-size space tofdist end,

studies have shown that, under the assumption of virialliequi
rium, the ultra-faint satellites have mass-to-light ratas high as

~ 100 — 1000, implying that these objects are the most dark matter
dominated systems known (elg. Mufioz et al. 2006; Simon &Geh
). The constraint on the total mass inferred by velodisy
persions is still uncertain because of the mass-velociigo#&opy
degeneracy and of the small number of tracers employed gethe
studies. Recent analyses suggest that the MW satellitelsiding

the newly discovered SDSS satellites) have a common maks sca
when considering their innermost regions within 600 or 3@0 p
(Strigari et all 2007, 2008).

The cold dark matter (CDM) hierarchical paradigm suc-
cessfully explains the large scale structures of the Us@&er
I7). Semi-analytic (hereafter SA) gaffaxyna-
tion models coupled with merger trees extracted frafrbody
simulations, represent a useful technique to diagnosedmplex
physics involved in galaxy formation, with modest compiataél

[Benson et dl.’s faint satellites tend to be too small at argaleso-
lute magnitude compared to the ultra-faint satellitesalisced in
SDSS|(Koposov et dl. 2008). More recent studies have tutesd t
attention to the ultra-faint satellites; Maccio’ et al. () have used
three different SA galaxy formation models to study the Itge
population of MW-like galaxies. They have used both analgtid
numerical merging histories of MW-like haloes and showrt tia
three models reproduce the luminosity function of the MW dow
to My = —2, with a hint for a bending aroundify, = —5.

In this paper we combine high-resolution simulations of a
MW-like halo with a SA galaxy formation model to investigdtawv
various astrophysical processes affect the formation saltition
of satellites around the Milky Way. Out study extends theysis.
presented in_De Lucia & Helii (2008), which focused on the for
mation of the MW galaxy and of its stellar halo. We find that bg-p
venting cooling in haloes witf,:, < 10* K (the atomic hydrogen
cooling limit) and including the impact of the reionizatiof the

costs. In recent years, SA models have been proved to successUniverse, our model is able to reproduce the latest measunisof

fully reproduce a number of observational measuremergs{pa-
tial and colour-magnitude distributions) for galaxiesrsaethe lo-
cal Universe and at higher redshift (for a recent reviewl@h
). In spite of the encouraging progress on the large scalv-
ever, CDM still faces severe challenges on the galaxy-saate
below. An example is the ‘missing satellites problem’: ngnibe
substructures resolved in a galaxy-size DM halo signiflgamit-
number the satellites observed around the MW (Klypin £t$89
Moore et al 1999). A number of studies have suggested that as
physical processes such as the presence of a photoioniimi:k-
ground might reconcile this discrepancy (e.g !
11993;| Bullock et all 2000; Benson et bL_zboz_ngdMOO

without invoking modifications on the nature of the DM parti-

the satellite luminosity function by Koposov et al. (2008} show
that the same model reproduces the metallicity distriloftimction
(MDF) of the MW satellites, by including a route to recycletale
produced in newly formed stars through the hot phase. Ouemod
satellites exhibit several scaling relations similar tost followed
by the MW satellites, such as the metallicity-luminositydahe
luminosity-size relations. The properties of the modetKigeds re-
sembling the newly discovered ultra-faint SDSS satelbgsear to
be sensitive to the SN feedback recipe adopted. As we witLdis
in the following, our model suggests that the surviving kites are
generally associated with haloes whose present-day paaNam'
velocity, Vimax, = 10kms™?, total mass exceeded a feW® M

~

atz ~ 10 — 20 and which acquired their maximum dark matter

cles to reduce the power on small scales of the power spectrummass well above the cooling threshold, aftex 6.

(Kamionkowski & LiddI& 2000} Zentner & Bullodk 2003).

This paper is organised as follows. Secfion] 2.1 presents the

Several groups have recently attempted to model the proper- simulations used in this study, and in Section 2.2 we suns®ari

ties of the MW and its satellites in a (semi-)cosmologicatisg.
For example, Kravtsov, Gnedin & Klypin (2004) have analyses
dynamical evolution of substructures in high-resolutidnbody
simulations of MW-like haloes and suggested that all theidlum
nous dwarf spheroidals in the Local Group are descendaritgeof
relatively massive{ 10° M) high-redshift haloes, which were
not significantly affected by the extragalactic ultravtaladiation.

mG) have successfully reproduced the obdetvem-
ical abundance pattern of the MW stellar halo by combiningsna
accretion histories of galaxy-size haloes with a chemicalution
model for individual satellites. It should be noted thattiege stud-
ies, the phenomenological recipes adopted for star foomathd
feedback have been tuned to reproduce some of the propefties
the satellites in the Local Group.

MI.@Z) have used a SA model which success-

fully reproduces the present-day field galaxy luminosityction
to study the properties of dwarf satellite galaxies knowrthat
time. Their model calculates the influence of reionizatieff-s
consistently, based on the production of ionizing photoosifstars
and quasars, and the reheating of the intergalactic mediinis.
same model reproduces quite nicely the luminosity and size d
tributions, gas content and metallicity of the classicaélites of

our semi-analytical galaxy formation model, emphasishegriew
features added to the model presented.in De Lucia & HelmigRoo
In Sectior.B we present our main results and in SeEfion 4 veeisis
the implications of our study. We give our conclusions int®edS.

2 THEHYBRID MODEL OF GALAXY FORMATION
AND EVOLUTION

2.1 ACDM Simulationsof a MW-likehalo

We have used a series of high resolution simulations of a NK&/-|
lo [Stoehr et al. 2002; Stokhr 2D06). We note that thisdsesh
act GAnew series used in previous studlemm008)
IDe Lucia & Helmi (2008) and_Li et all (2009). We therefore only
summarise the basic properties of the simulations hererefed
the reader to the original papers for more details. The sitiaris
were carried out with GADGETIR(Springel et al. 2001) adopting
aACDM cosmological model, witkeg = 0.3,Q24 = 0.7,h = 0.7,
os(z = 0) = 0.9, and Hubble constantd#100h km s~ Mpc™'.

1 The GAnew simulations were in fact carried out using an mttiate

the MW and M31. These authors have suggested that the surviv-version between GADGET and GADGET-2.



The target MW-like halo was simulated at four increasingpres
lution levels (the mass resolution was increased by a facg%
each time). In the highest resolution simulation (GA3nethgre
are approximately0” particles with massn, = 2.063 x 10° Mg
h~! within the virial radius. Each re-simulation produced 108-0
puts, equally spaced logarithmically in time betwees 37.6 and
z = 2.3, and nearly linearly spaced from= 2.3 to present.
Merger trees for all self-bound haloes were constructectas d
scribed in detail in_ De Lucia & Helinl (2008). Virialised sttures
were identified using the standard friends-of-friends (F@lgo-
rithm and linking all particles separated by less thahthe mean
inter-particle separation. The algorithBUBFIND MI.

2001) was then applied to each FOF group to find the gravita-

tionally self-bound substructures. Following Navarrole(997),
we defineR200 as the radius of a sphere enclosing a masgso,

whose average density is 200 times the critical density eithi-
verse at redshift, i.e. :

100H (2)* R0
—

The velocity, Va0, is defined as the circular velocity of the halo at
Raoo (Vaoo = 1/ GMao0/R200). Maoo is directly measured from
the simulations and used to calculd®e,, andV2go. In our mod-
els, we approximate the virial properties of dark matteobs) e.g.
virial radius (Rvir), virial mass (/.i;) and virial velocity (/4ir)

by Ra200, M20o and Vaoo respectively, unless otherwise explicitly
stated.

Following [De Lucia & Helnli [2008), we scaled down the
original outputs by a factor of.42? for the mass and.42 for
the positions and velocities, in order to have a MW-like halo
with Vzoo ~ 150kms™" (Battaglia et al. 2005; Smith etlal. 2007;
8). After the scaling, the smallest resolvdthaloes
(containing 20 particles) have dark matter madsy ~ 2 x
10° Mg in the highest resolution run (GA3new)/pn denotes
the total bound mass at = 0 determined bySUBFIND through-
out this paper. The present-day virial mass and the virdilsafor
the MW-like halo areMspp ~ 10'2 Mg and Rapo = 209 kpc,
respectively.

47TR300
3

Moo = - 2000crit (2) =

2.2 Semi-analytic modelling

We use a semi-analytical galaxy formation model to studyotrg-
onic properties of a MW-like galaxy and its satellites. Tiisdel
has been developed mainly at the Max—Planck—Institut fircA
physik and we refer to it as the ‘Munich model’ later in thettex
The essential ideas of any semi-analytic model can be traaekl

to the works by White & Rees (1978) ahd White & Frehk (1991),
and include physical processes such as the cooling of gagpst
mation and feedback due to supernova explosions. Over trs,ye
the Munich model has been enriched with new ‘ingredientg, e

the growth of supermassive black holes (Kauffmann & Hadhnel
[2000), the inclusion of dark matter substructu

M) chemical enrichment (De Lucia eflal. 2004) and AGNifee
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the physical processes implemented in our model which aigatr
to the properties of the satellites.

2.21 Reionization

Following I.6), we make use of the results by
) who simulated cosmological reionization qunan-
tified the effect of photoionization on the baryon fractidnaw-
mass haloed. Gnetlin found that reionization reduces theoibar
content in haloes whose mass are smaller than a particdtar-fi
ing mass’ scale, that varies with redshift. The fraction afylons,

halo 'in a halo of mas$/,;, at redshiftz, is decreased compared
to the universal baryon fractlﬂr&ccordlng to the ratio of the halo
mass and the filtering mass\/z:

fo

halo _
(2 Mir) = 502600 (2) e

@

For Mr(z), we use the analytical fitting function given in Ap-
pendix B of Kravtsov et al| (2004).

In our fiducial satellite-model, we assume that reionizatio
starts at redshift, = 15 and ends at, = 11.5, while the original
MW-model adoptedty = 8 andz, = 7 (in both models reioniza-
tion lasts for about 0.12 Gyr). For simplicity, we refer te tieion-
ization epochz,.io, aszo hereafter. Our choice of fixing.cio = 15
gives the right shape and the normalisation for the saéllininos-
ity function. We discuss the dependence of the satellitedrlosity
function on different assumptions for the reionization&@pm Sec-

tion[3:1.

2.2.2 Cooling

In our model, the cooling of the shock-heated gas is treased a
classical cooling flow (e.g. White & Frenk 1991), with the tiog
rate depending on the temperature and metallicity of theghet
As in|De Lucia et al.|(2004), we model these dependences using
the collisional ionisation cooling curves

@). For primordial (or low-metallicity) compositiothe cool-
ing is dominated by bremsstrahlung (free-free) emissiohigit
temperature$7 > 10° K) and it is most efficient ai’ ~ 10° K
and~ 1.5 x 10*K (the H and Hé peaks of the cooling func-
tion). Line cooling from heavy elements dominates in1h&-10"

K regime for non primordial compositions. Fat < 10*K, i.e.
below the atomic hydrogen cooling limit, the dominant cotls
molecular hydrogenH3). The virial temperature of a halo can be
expressed as a function of its virial velocity as:

2
Vvir(z)
Toir = . T 7 .
(2) =35 9( kms1>

Therefore, a halo withi, = 10* K corresponds to a virial ve-

locity of Viir = 16.7kms™ !, which is equivalent taMy;, ~

3 x 10" M whenz = 15, and M,i; ~ 2 x 10° M» whenz = 0.
In the MW-model, haloes witi;, lower than10* K, are

@)

back [(Croton et dll_2006). The model we use in this study has able to cool as much gas asla*K halo with the same metal-
been presented in_De Lucia & Helmi_(2008) and builds upon licity. In the satellite-model, we forbid cooling in smalaloes
the model whose results have been made publicly available with T,;, < 10* K, for any metallicities and at all times. This
(De Lucia & Blaizot| 2007). In order to reproduce the propesti is a reasonable approximation since molecular hydrogereng v
of the MW satellites, we have made a few modifications to the sensitive to photo-dissociation caused by UV photons frirst)
original model. In the following, we refer to the model used b
De Lucia & Helmi (200B) as the MW-model and to that used in
this work as the satellite-model. Here we give a brief sunynedr

2 We use thaVMAP 3-year valuef, = 0.17 (Spergel et dl. 2007).
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stellar objects/(Haiman et/al. 2000, see also Kravtsov &G64; An alternative supernova feedback
IKoposov et al. 2009).

Since dwarf galaxies have shallow potential wells, thetpgrties
are expected to be particularly sensitive to the adoptecegblfack
2.23 Sar formation and supernova feedback model. To explore this dependency, we have also used anatitex

SN feedback recipe in addition to the ‘standard’ recipe meed
The star formation model used in this work is described imitlet  5p0ve. \We note that this alternative feedback recipe is/algrit to
iniDe Lucia & Helmi (2008), while we refer al (&0 thegjection model described in De Lucia etlal. (2004), and we refer
and| De Lucia et al. (2004) for details on the supernova feeidba g this paper for more details on this particular feedbackiehdn
models. Cold gas is assumed to be distributed in an expathenti the gjection model, the gas reheated by SNe is computed on the

— ase Mt /tayn, 3 4 V2
L/) SF sf/ dyn ( ) AMcheat = ge —‘/?zN AM.,. (9)
whereasr is a free parameter which controls the star formation vir

efficiency,tayn is the disk dynamical time andil; is the gas mass ~ Our choices of the feedback parameters={ 0.05 and Vsn ~
above a critical density threshold. Adin De Lucia & Blaiz2007) 634kms~') imply that galaxies withVe;; < 87kms~' would
and| De Lucia & Helnhi [(2008), we fixxsr at 0.03, and adopt a  have in this model more heated mass per unit of newly fornedd st
Chabrier IMF. The surface density threshold takes a conhgtdne lar mass, compared to the standard recipe[(Eqg. 6). In thihtoe
throughout the disk (see De Lucia & Helmi 2008, for detaifs). material reheated by supernovae explosions in centrakigalés
each time step)t, we calculate the amount of newly formed stars, assumed to leave the halo and to be deposited in an ‘ejeaad’ ¢
ponent that can be re-incorporated into the hot gas at lmest
AM. =9 At. ) The material reheated by SNe explosions in satellite gedaisias-
Massive stars explode as SNe and inject energy in the sur- sumed to be incorporated directly in the hot component desisat:

rounding interstellar medium. In our model, we do not coesttie with the corresponding central galaxy. _
delay between star formation and SN energy (and metal<}iofe We will discuss later how our results for the baryonic preper
i.e. the lifetime of such stars is assumed to be zero. Theygmer ties of the satellites depend on the adopted feedback scheme

jection by SNe per solar mass can be expresséifas= nsn-Esn

wherensny = 8.0 x 1073 M® is the number of SNe per unit solar

mass expected from a Chabrier IfEnd Esx = 1.0 x 10°" erg

is the average energy per SN. The energy released by SNe in theat each time step, the masses exchanged among the four phases

same time interval is: Moty Meora, M., Meject, (i.€. hot gas, cold gas, stars and ejecta)

_ 2 are updated as described in Section 4.7 and Fid. 1 in De Ltiaia e

ABsn = ehato - 0.5VoNAM.. ®) (2004). The metallicity in each phase is denotedZasand is de-

whereenal, represents the efficiency with which the energy is able fined as the ratio between the mass in metals in each component

to reheat disk gas. We assume that the amount of cold gageehea (1) and the corresponding mas/{) where the suffix: is hot,

by SNe is proportional to the newly formed stars: cold, star or eject. In the satellite-model, we include d@edo re-

AM er AM ©) cycle metals produced by newly formed stars through the has@
reheat = Cdisk * of a galaxy. The equations given in Section 4.7 of De Lucidlet a

If this gas were added back to the hot phase without changgng i (2004) modify as follows:

specific energy, the total thermal energy would change by: M% = F(1=R) -t Zeona

2.2.4 Metal recycling through the hot phase

AEhot = 0«5AMrchcat Vv2ir‘ (7)

. . . MZ = - ‘coo -7 o M ac 'Zc‘cc
If AEsn > AEhwot, SN feedback is energetic enough to eject some =~ "°* 1+ Zhot + Mback * Jeject
of the hot gas outside the halo and we assume that: + Z reheat © Zeold) + Fanot - Y - 1

sat
_ 2
Al — AES(?WQAEM _ (Ehab% - edisk> AM.. (8)
Vi vir Mczold = +Mcool . Zhot - (1 - ) . 1/} . Zcold

The ejected material can be re-incorporated into the hotpcem +(1 = Fyhot) - Y - ¢ — Micheat - Zeold

nent associated with the central galaxy as the halo keeps- gro

ing by accreting material from the surroundings_(De Lucialkt ) ) )
[2004;[Croton et al. 2006). For the two parameters which etgul ~ MZec = +Meject - Znot — Miack * Zeject -
the feedbackey a1, andeqisk, we assume the values 0.35 and 3.5 re-

spectively. followin [ (2006) a - A constant yieldY” of heavy elements is assumed to be produced
) |;/ Tyr,1is m\(/evEImd_Qm.tQﬂﬁlfﬁs for galaxies Wit < 200kms—!, and per solar mass of gas converted into stars. The gas fragiomed

by evolved stars i® = 0.43, appropriate for a Chabrier IMF. In the

AMeject > 0. above equations\/coo represents the cooling ratkf, . provides
the re-incorporation rateéf/,neas is the reheating rate by SNe, and
3 This is the fraction of stars with mass larger than8 Mg, per unit of Meject is the rate of mass ejected OUtS'd? the halo. _
stellar mass formed. Note that, since we have adopted amiasieous re- For the alt.ernatlve SN feedback recipe, the reheated gas is a
cycling approximation, it is more appropriate to compare nhetallicities sumed to be ejected from the cold phase directly for cengialxy

of our model galaxies with elements synthesised by Typepéswvae. ies. In this case, the metallicity in the ejecta is updated as



-7 . .
Meject = +Mieheat - Leold — Mback - Zeject«

In the MW-model, all newly produced metals returned to the
cold phase immediately, i.&,1,« = 0. Hydrodynamical simu-
lations byl Mac Low & Ferrafa (1999) suggest that metals can be
blown out from small galaxies with gas mass beltd¥ M, (cor-
responding to a halo aff,;; = 3.5 x 10% Mg,). In our satellite
model, we assume a simple two-state valuefigy,; to account for
the above mass dependence:

Fihot = {

This means that for galaxies with a dark matter halo withaViri
mass less thakix 10'° Mg, 95 per cent of newly produced metals
are deposited directly into the hot phase in this model.

0.0 if Myir =5 x 10 Mg
0.95 otherwise.

2.3 Treatment of satellite galaxies

We follow the convention established along the developroétite
Munich model to classify galaxies according to their asmstamn
with a distinct dark matter substructure. The galaxy asgediwith

The nature of the Milky Way satellites 5

corresponds to the ‘satellite-model’ (the fourth row in [&df). In
this model, reionization starts at= 15, and 95 per cent of the new
metals are deposited directly into the hot component inxieda
with Mir < 5 x 10'° Mg . In all models with the prefix ‘satellite’,
we forbid cooling in haloes witf;, < 10* K.

Below, we briefly discuss the dependence of model results for
the central MW-like galaxy on our changes 0k;., the cooling in
small haloes and metal recycling through hot phase. Thédtsdeu
the satellite galaxies are presented in Se¢fjon 3. Table2suises
the properties of the MW-like galaxies in different SA malat
z=0.

The results corresponding to the MW-model are given in the
first row (see also Fig. 2 of De Lucia & Helini 2008). The only-dif
ference between the MW-model and the satellite-model Aés th
suppression of cooling in small haloes. Comparing the teifl
these two models, we find no significant changes in the proper-
ties of the present-day MW-like galaxy. In satellite-mo@&glwe
also changezeio to 15 and keepF,not = 0. The only signif-
icant effect of an early reionization is to bring down thedila
hole mass by~ 15 per cent compared to the value obtained in
the MW-model. The early reionization also results in a gligh

the most massive subhalo in a FOF group is referred to as ‘Type crease of the stellar mass but this is still well within theelva-

0’ or central galaxy. Other galaxies in a FOF group are uguall
referred to as satellites and are further differentiatéd fype 1’
galaxies, if their dark matter subhalo is still identifiedddType

2', when their subhalo has fallen below the resolution liafithe
simulation.

tional uncertainties /. ~ 5 — 8 x 10'® My). The black hole
massMpr = 6.9 x 10° Mg, from this model is in marginal agree-
ment with the latest measurement of the MW black hole mass

Mgy = (4.5 +0.4) x 10° My, (Ghez et al. 2008).

Our fiducial satellite-model gives a total stellar mass Eimi

When a galaxy becomes a satellite, the dark matter mass of theto that obtained from the MW-model and in agreement witheutrr

parent subhalo is approximated using the number of bounkl dar
matter particles given bgUBFIND. The disk size is fixed at the
value it had just before accretion. In our model, only Typebtral
galaxies are allowed to accrete the material that cools franhot
gas associated with the parent FOF group. Satellite galadenot
have hot and ejected components and the cooling is forbjdaen
Mot = Meject = Meoor = 0. When a galaxy becomes a satellite,
its hot and ejected components are transferred to the pomding
components of the central galaxy. As a consequence, ondermat
leaves the cold phase of a satellite, it does not rejoin tgpgT

or Type 2) satellite at a later time, but it can be accreted ¢ime
corresponding central galaxy.

2.4 Mode improvements and the central MW-like galaxy

The values of the parameters that enter in the SA model were ch
sen so as to reproduce several observations of galaxieg iloth
cal Universe, in particular the local galaxy luminosity €tion and
the mass and luminosity of MW-like galaxies (
[2004; Croton et al. 2006; De Lucia & BlaiZot 2007). It is tHere
not entirely surprising that this same parameter set pesvidsults
that are in nice agreement with observational propertiesioMW
galaxy (De Lucia & Helmi 2008). In order to obtain a good agree
ment with the observed properties of the MW satellites, hare
we found that we had to implement some slight modifications.

In our satellite-model, we adopt the same parameter sefised
De Lucia & Helmi (2008) except for the reionization epoehyio,
and fraction of metal ejected into the hot componébt,... Table 1
introduces the SA models that we employ in this study. In thVg-M
model by De Lucia & Helmil(2008), reionization occurs:ati, =
8, haloes withT,;, < 10* K are allowed to cool at the same rate
of a10” K halo with the same hot gas metallicity, a ‘standard’ SN
feedback recipe is adopted and all new metals are kept indlde ¢
gas phaseH,not = 0). Our fiducial model for the satellite galaxies

ta

observational constraints. The results of these two matelsiso
very close in terms of the mass of the bulge and the cold gas con
tent. The ejection of metals into the hot component in smedfug

ies (satellite-model B) only makes the bulge slightly moretai
poor (~ 0.06 dex). Results listed in Tab[d 2 show that the mod-
ifications discussed above influence only the propertiesnafrid
galaxies, while preserving the properties of the MW-likéagaes
discussed i i i 8).

The 5th row in Tabl€]l and 2 corresponds to a model which
incorporates the ‘alternative’ (gection) SN feedback scheme de-
scribed in Sectioh 2.2.3. When compared to the ‘standalrirse
described above, the dependency of the amount of reheased ga
on 1/VZ2, in this scheme results in a more efficient feedback for
small galaxies and in a less efficient ejection for more mvassys-
tems like the MW galaxy. These galaxies tend to have largdast
masses in this scheme, a more massive bulge and tend to be more
metal-rich. As we will show in Sectidd 3, however, this ait@tive
feedback scheme is able to better match the properties dfitkie
satellites.

We therefore propose a combination of these two feedback
recipes to account for the properties of galaxies on largesamall
mass scales. This model corresponds to the ‘satellite-hruode
bined’, and in this scheme, we calculate the amount of gas reheated
by SNe depending on the local potential well (mass of theasso
ated subhalo):

4, Yoy 12 o 4_e 12
Mreheat - 36 Vv2ir AM* If VV" < 3 €disk VSN
€disk AM., otherwise.

The reheated gas is treated as indj@etion scenario, i.e. itis added
to the ejected component of a central galaxy and lost intdhtie
component for a satellite. The ‘satellite-modeimbined’ entry in
Table[2 lists the properties of the MW-like galaxy in this scte.
As expected, the stellar mass, the total and bulge metgllias
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Table 1. Nomenclature and features of the semi-analytic models instinis study.

Model Name 20,2r cooling forVi;, < 16.7kms~! SN feedback Fohot

@ @ (©)] 4 ®)
MW-model 8,7) Yes Standard 0.0
satellite-model A 8,7) No Standard 0.0
satellite-model B (15, 11.5) No Standard 0.0
satellite-model (15, 11.5) No Standard (0.95, 0.0)
satellite-modekjection (15, 11.5) No ejection (0.95, 0.0)
satellite-modetombined (15, 11.5) No combined (0.95, 0.0)

Different columns list: (1) the model names; (2) the reiatizn epoch; (3) the adopted cooling recipe in haloes ®ith < 10* K; (4) the adopted feedback
recipe; (5) the fraction of metals injected directly inte tmot component.

Table 2. Properties of the Milky Way-like galaxy in the semi-anadymodels employed in this study, for the GA3new simulation.

Model Name M Myuige Meoldgas Log gg Logg—l‘? Mp
[101°Mg]  [10"°Mg] [10'0 Mg] [dex] [dex] [mag]
1) (2 3 4) (5) (6) (7
MW-model 5.73 0.64 1.06 —0.05 —0.28 —19.53
satellite-model A 5.75 0.64 1.07 —0.05 —0.28 —19.50
satellite-model B 5.85 0.62 1.11 —0.06 —0.30 —19.52
satellite-model 5.88 0.63 1.11 —0.06 —0.35 —19.52
satellite-modekjection 8.26 2.58 1.09 0.12 0.00 —19.08
satellite-modektombined 5.02 0.84 0.95 —0.08 —0.30 —19.53

Different columns list: (1) the model name; (2) stellar m&8y mass of the bulge; (4) cold gas content; (5) logarithwaitie of the total stellar metallicity;
(6) logarithmic value of the bulge metallicity; (B-band absolute magnitude corrected for internal dust w@digon.

well as the total luminosity are now very similar to what we ge  [2007) 2008 Walker et &l. 2009). Since Type 2 galaxies in olur fi

with the standard feedback scheme, albeit the bulge (anoldc& cial model, reach a maximum virial mass during their evoluti
hole) are now slightly more massive. The last two modelsdish larger thar6.8 x 10" M, this means that these galaxies have lost
Table[d populate the same set of subhaloes with stars, witbsil more than97 per cent of their dark matter by present. Therefore
identical properties. For simplicity, we will not discuseetresults it is quite unlikely that a bound stellar core would surviueis
of the combined scheme for satellite galaxies, and will concentrate a severe tidal stripping. We will discuss more about Type @eho
on the results obtained using the satellite-model and ttedlisa: galaxies in Section 4 2. Throughout this paper, we willrédesub-
modelgjection. haloes that host stars as ‘luminous satellites’ or simpyetites’,
and will refer to those that do not host any star as dark gatelr
subhaloes.

3 THE MILKY-WAY SATELLITES

In this Section, we define as SA model satellites of the MVg-lik 31 Thesaliteluminosity function

galaxy those that satisfy the following conditions zat= 0: i) Our fiducial satellite-model gives 51 luminous satelliteihin
a satellite has to belong to the same FOF group where the MW- 280 kpc. This is in good agreement with the estimated ‘all sky
like galaxy is; ii) the distance to the MW-like galaxy must be number of satellites~ 45) brighter thanMy = —5.0 by
< 280 kpc; iii) the galaxy is associated with a dark matter sub- |[Koposov et al.[(2008). If we remove the distance constraire,
halo (i.e. it has to be Type 1 galaxies). The distance cuteeorr number of satellites is only increased by one, and the nurober

sponds to the current observational limits, but we includeur subhalos varies from 1865 to 1869.

comparison the very distant and recently discovered gatebo T The mass functions of model satellites and of surviving sub-

(at~ 420 kpc from the Milky Way). haloes within 280 kpc are shown in the top panel of Eig. 1. The
We do not consider here satellites that had their dark matter mass plotted here is the dark matter mass at 0 determined by

haloes tidally stripped below the resolution limit of thensiation SUBFIND. All subhaloes with present-day/py > 10° Mg, host

(Type 2 galaxies). This selection is motivated by the faat thhile luminous galaxies. The mass function of these subhalo¢$dsa

resolved, our Type 1 galaxies are dark matter dominated iatchi galaxies deviates from the power-law shape mass functidheof

(see Sectiofi 3l5, and in agreement with observations ofitste full subhalo population and is fairly flat below/py = 10° Mg,

around the MW and M31, e.g._Simon & Géha 2007; Strigari et al. down to the resolution limit{/pyn ~ 10%° Mg). The dotted his-
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Figure 1. Top: The solid histogram shows the present-day mass funofio
model satellites for the highest resolution simulatiomoEbars denote the
1-0 Poisson uncertainties. The dashed histogram shows thelsuiviass
function for the highest resolution simulation, which gigeises up to the
resolution limit. The dotted histogram is the subhalo masetion for a
lower resolution simulation (i.e. GA2new). Bottom: Preséday mass func-
tions (solid histograms) for dark matter subhaloes asstiwith satel-
lites predicted from the first three semi-analytic modedsetil in Tabld11.
The dashed histogram again indicates the subhalo massofurfot the
GA3new simulation.

togram shows the mass function of surviving subhaloes,invitie
same distance range from the central galaxy, from the loe®r r
olution simulation GA2new. The smallest subhalo which ddu
resolved in GA2new had/pum ~ 2 x 107 M. The subhalo mass
functions from the two simulations agree well down1i@® M.
At lower masses, numerical effects start to become impbftan
GA2new. However, the number of satellites withon < 10° Mg

is still lower than the number of the subhaloes resolved ir2 G,
which suggests that numerical resolution should not besareiand
that the observed decline of luminous satellites is a resufiow
we model the baryonic physics, e.g. SN feedback, as we véll se
later.

In Table[3, we list the number of luminous satellites in the
different SA models used in this study. Fig. 2 shows the lasin
ity functions of the first three SA models listed in the tablbe
(red) dashed line shows the ‘all sky SDSS’ power-law lumityos
function of satellites within 280 kpc, estimated .

(2008). For satellite-model B, we show thes1Poisson noise.
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Table 3. Number of satellites around the model MW galaxy for différen
SA models used in this study for the GA3new simulation.

Model Name Nsat 20, 2r Fznot
1) (@) (3) (4)
MW-model 286 8,7 0.0
satellite-model A 88 8,7) 0.0
satellite-model B 51 (15,11.5) 0.0
satellite-model 51 (15,11.5) (0.95,0.0)
satellite-modekjection 51 (15,11.5) (0.95,0.0)
satellite-modetombined 51 (15,11.5) (0.95,0.0)

Different columns list: (1) the model name; (2) the numbetumhinous
satellites; (3) the adopted reionization epoch; (4) thetiva of metals
ejected directly into the hot component.

The filled circles show the luminosity function of the 22 krrow
satellites of the MW, including the latest ultra-faint dkte Leo
V (Belokurov et all 2008). As a reference, in the MW-model the
number of surviving satellites is 286. The drastic diffe@rbe-
tween the MW- and the satellite-model A/B is mostly at theafai
end of the luminosity function, and it is due to the combinéda
of an early reionization and no cooling in small haloes. Incet
with no cooling in small haloes and a later reionization,nibenber
of satellites is 88 (compare the MW-model and the sateftitelel
A). The number of satellites is further reduced to 51 whemmss
ing an earlier reionization epoch.{, = 15), with a reduction of
galaxies in the luminosity rang#/yy € [—7,—10] compared to
a model with a later reionization. The satellite mass fuordifor
these three models are shown in the bottom panel ofFig. 1.2 h
also experimented values foy.;, at redshift 10 and 12 and found
a number of surviving satellites &¥s.. = 79 and58, respectively.
To summarise, these choices ofi, = [8,10,12,15] all give a
number of satellites down td/yy = —5 which is consistent with
the estimation by Tollerud et al. (2008) (see their Fig. &wiver,
after examining the shape of the luminosity functions wiffedent
Zreio, We decided to use.i, = 15 in our fiducial model, as this
choice gives both the right normalisation and a shape wisich i
better agreement with the observational measurementseWdd r
that our results are based on only one halo, with mass coivlpara
to that estimated for our Milky-Way. A certain scatter in rebdre-
dictions, due e.g. to the assembly history of the parent, iglex-
pected and this might be significantly larger than the Poissise
plotted in Fig[2.

The left panel in FiglI3 shows the luminosity function of the
satellites in our fiducial satellite-model (solid histogs), com-
pared to the ‘all sky SDSS’ luminosity function mt
(2008) and the observational data for the 22 known MW stslli
The model luminosity function covers a similar luminosignge
as the 22 MW satellites though the model predicts a lower num-
ber of faint My > —5) satellites with respect to the expected ‘all
sky’ luminosity function. In fact, the satellite-model dorot pre-
dict any satellite fainter than/yy = —4 mag. On the other hand,
it shows an excess with respect to the data of-1@5 satellites
aroundMy = —10. These satellites in excess are all within a dis-
tance of 200 kpc from the host galaxy and have half-lightitaeli
tween 100 and 500 pc. They should therefore have appearkd in t
‘all-sky’ SDSS luminosity function if they existed (provd the
distribution for these bright satellites is isotropic, aswmed by
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Figure 3. Luminosity function for the observed MW satellites (filledotes and red dashed line) and for the model satellitecktiiesstograms). The left panel
is for our fiducial model and the right panel is for the modeihwa more efficient SN feedback for small galaxies (see S8&ia.3). Data are the same as

those in Fig[R.
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Figure 2. Luminosity function of the observed MW satellites and foe th
model satellites around a MW-like galaxy, for the first threedels listed
in Table[3. The integratetf -band luminosities of MW satellites (dots) are
taken from various sources. The classical dSphs are W)
most of the ultra- famt dwarfs are from Martin et -Oexpept Leo T

Rvan-Weber et &l. 2008) and Leo [V (Belokurov €f al. 2008).

[Koposov et all_2008). It also seems that the model underigised
the number of very bright satellites. This is, however, thgime
where both the data and the simulations suffer from smallbarm
statistics.

In the satellite-modedjection, the same 51 subhaloes are pop-
ulated with luminous galaxies. This suggests that the SN-fee
back alone is unlikely to solve the ‘missing satellites peoty
2), and that the presence/absence of a twsin
galaxy within a dark matter substructure is due to the palgic
assembly and dynamical history of the halo, and to the re@ni
tion history of the Universe. The luminosity function of giving
satellites resulting from the alternative feedback schanshown
in the right panel of Fid.J3 where we also plottede
luminosity function and the data for the MW satellites. Timadel
luminosity function agrees very well with the observationen

compared with that from the standard feedback scheme, tie al
native luminosity function extends to fainter luminositieeaching
My ~ —3 and does not show any excess\ér ~ —10.

These different results are entirely due to the SN scheme
adopted. In th@jection scheme, the amount of gas reheated by
SNe scales a$/V2,, and for a galaxy witt,;, < 87kms™",
more gas is heated by per unit of newly formed stars with @spe
to the standard scheme, where the amount of gas heated bysSNe i
only proportional to the amount of newly formed stars. Iisthiter
case, for galaxies with low star formation rates (as is thse dar
galaxies that live in small subhaloes), only very little gmheated.

As long as the density threshold for star formation is mets¢h
galaxies keep forming stars. This is most likely the reasby eur
fiducial model exhibits an excess of satellites arofigd ~ —10
and a lack of ultra faint objects in the luminosity functidn.the
alternative feedback model, when star formation occurs éera
tral galaxy, some cold gas is ejected outside the halo, asdda
wait several dynamical time-scales to be reincorporatéal time
hot halo, delaying any subsequent star formation. Furtbeenthe
impact on the star formation of a satellite galaxy assodiatih

a subhalo withV,;, < 87kms™"' is more drastic in this model,
because the ejected gas cannot be re-incorporated ontattie s
lite any longer. Small satellites therefore consume theid gas
reservoir more efficiently in thigjection scenario, which causes
the surface densities of the cold gas to fall below the éatefor
forming stars.

3.2 Themetallicity distribution

The left panel of Figll4 compares the metallicity distribatiof
model satellites in our fiducial satellite-model with thesebved
distribution. The metallicity in our model is mass-weigh@nd is
defined as the ratio between the mass of metals in stars aid tot
stellar mass:

Z. = MZ?/M..

Since our model does not distinguish the long-lived main on-
tributors (SN la) from the short-lived-elements enrichers (SNII),
a direct comparison of to [Fe/H] is questionable. Nevertheless,
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Figure 4. Histogram of the mean iron abundanfié:/H] determined for red giant branch stars in the MW satellites. the model satellites we plot
log(Z«/ Z). The left panel compares the MW satellites with model saslifrom our fiducial model and the right panel from the modih a more

efficient SN feedback for dwarf galaxies (see Sedfion P.Daja for the MW satellites are taken from various sourcédCland SMC fron_Westerluhd
); Sgr frol); Ursa Minor and Draco fiom Hatbet al. 1); Sextans, Sculptors, Carina and Fornax fhenDART surveyl.

); Leo Il fro |.|_(TQ_®7); Leo | fro

. For the newly discovered SDSS ultra-faint dwarfs, we tdhe measurements from

Kirby et all [200B), except for Bootes | for which we lise Mafet al. [(2006), Bootes 1 frol Koch etldl. (2009) and Leo dhitWalker et al.[(2009).

here we assume that the logarithmic value of the mass-wezght
metallicity normalised to the solar valuB4 = 0.02) can be com-
pared qualitatively with théFe/H] derived from spectra of Red
Giant Branch stars in the MW satellites.

Among the 51 surviving satellites in the satellite-modelrf

standard recipe. As discussed in Seclion 3.1, this is dueetfatt
that satellites with/,;, < 87kms~* loose more of their cold gas
reservoir (and a larger fraction of their metals, see Seia.4) in
this model with respect to the standard feedback scheme.

of them are free of metals since they have only made stars once

from pristine gas. Those four metal-free satellites allehpresent-
day Mpm < 10° Mg and M. of 10* — 10° M. We do not in-
clude these ‘metal-free’ satellites in the left panel of.Egnd re-
lated discussions. Fifll 4 shows the histograms of the rfieg(i]

of resolved stars in each MW satellite. The distributionted 1.1
classical MW satellites is shown by the dotted-dashed diata,
while the corresponding distribution including also 1lra#faint
satellites is given by the dashed histogram. The metalldiitri-
butions of model (thick solid histogram) and MW satelliteser
similar ranges. However, the peak of the metallicity disttion for
the 22 MW satellites is shifted to lower values with respecthie
corresponding distribution from the satellite-model. Bxeess of
model satellites in the range ef2 < log(Z./ Zy) < —0.5 corre-
sponds to the bump at/yy ~ —10 seen in the luminosity function.
By setting F,not = 0 (thin solid histogram), the predicted metal-
licity distribution is shifted towards higher metallicjty6 satellites
are more metal-rich thalog(Z./ Z») = —1, and only 11 of them
havelog(Z./Zs) < —1. We recall that, in our fiducial model,
galaxies withM.;, < 5x10'° M, deposit 95 per cent of the newly
made metals into the hot component. For a central galaxgyijrii
plies that the enrichment of the cold gas phase is delayepamd
to the F,1o+ = 0 case. As explained earlier, no hot component is
associated with satellite galaxies in our model, so the s @i@-
duced during their lifetime as satellites do not take patid ithe
chemical enrichment of their cold component.

In the right panel of Figi]4 we plot the metallicity function
of the 38 non metal-fréksatellites in the satellite-modejection.
The peak of this distribution is also shifted to slightly inég values
than observed, but it has a more even distribution comparéukt

4 i.e. 13 satellites are ‘metal-free’ in this case.

3.3 Star formation histories

In Fig.[3 we present the evolution of the stellar mass andthg-
FIND dark matter mass predicted in our fiducial satellite-model.
We remind that this model does not give any satellite faittian
My = —4, and gives only 2 satellites fainter thafy, = —5. We
therefore restrict our comparisons to the classical MWli#at®
and we sort them by their present-day luminosity into thries:b
luminous (16 < My < —13, similar to Sagittarius and Fornax),
intermediate {12 < My < —10 like Leo | and Sculptor), and
faint (10 < My < -8 i.e. Leo ll, Sextans, Carina, UMi and
Draco). Satellites belonging to these three bins are shown fop
to bottom in Fig[h. We do not include here the two model siasl|
(one in the luminous and one in the intermediate luminosiity b
which have more stellar mass than dark matter mass-at), due
to significant tidal interactions with the main halo. We ietaat
in our model, we do not account for tidal stripping of stard éor
the loss of the cold gas due to e.g. ram-pressure. Thereferalso
refrain from considering systems which form50 per cent of their
stars after becoming satellites of the MW-like halo. Thisichk is
motivated by the prevalence of old stars (€10 Gyr) seen in the
MW dSphs|(Dolphin et al. 2005; Orban eflal. 2008). When exclud
ing these galaxies, the number of satellites is reduced fr6rto
13 in the intermediate bin; 14 to 7 in the low luminosity bineW
will later see that faint satellites are mostly accretecbbef = 1
thus their gas should have been reduced due to the intaraetith
the central galaxy and the star formation should have (oregeg
ceased shortly after being accreted.

It is encouraging that the model satellites show in Elg. 5 all
contain stars older than 10 Gyr regardless of their lumigosi
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Figure5. Evolution of the stellar mass (left) and dark matter maggjifor satellites in the fiducial satellite-model. Sated are sorted byi/y- (= = 0) into
three groups=16 < My < —13 (top panel);—12 < My < —10 (middle panel);—10 < My < —8 (bottom panel). Stellar masses are normalised by
the present-day valued/. (z = 0). Different colours correspond to different satellitesgl #ime arrows indicate the accretion time, defined as whereditat
was identified as a central galaxy for the last time. The sast@icis used to plot the stellar and the dark matter mass fivem satellite in the panel aside.
The vertical dashed lines mark the end of the reionizatipns== 11.5, in the satellite-model.

good agreement with observatiBhndhe most luminous satellites  (Dolphin et all 2005). The five systems that have been acteste

build up their stellar content over a longer period of timeneo liest (> 9 Gyr), are associated with fainter satellitdgy > —12),

pared to the faintest ones as observed in the Local Grouliteste and are dominated by old stars, which means that these galaxi
stopped forming stars soon after the accretion. The moshtwumns
model satellites are associated with massive dark matidradoes

5 In the full sample of model satellites, 43 out of 51 made tfiest gen- (Mpa > 10° M) at present time. The Figure also shows that all
eration of stars?, 10 Gyr ago. Those that are not dominated by old stellar  bright satellites consist of less than 1 per cent of starsenhgdhe
populations are excluded in the analysis here with theriitethat half of end of the reionizationz( = 11.5 equivalent to a lookback time

the stars were in place before the accretion.
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Figure 6. Normalised cumulative radial distributions of the MW stities$
(dashed line) compared with that for model satellites ¢slotie) and for the
dark matter subhaloes (dotted line)zat 0.

of ~ 13 Gyr), while a few of the faint ones contain 50 per cent

of such very old stars. None of the most luminous satellitas w
accreted before ~ 1, and they have the most extended star for-
mation histories and reside in the most massive haloes.i3tss
natural consequence of the fact that subhaloes that weretedc
early, have typically experienced a more significant mass fban
those accreted later (De Lucia etlal. 2004; Gao &t al. 200gxA
plained earlier, no cooling is allowed on satellite galaxie our
model. After accretion, these galaxies keep forming staits, the
size of their gaseous disk fixed at the value when they were ac-
creted. The surface density of the gas soon drops below tistgde
threshold for star formation, therefore rapidly quenchamy fur-
ther star formation in these galaxies.

3.4 Other propertiesof the satellites
3.4.1 Radial distribution

Fig.[d@ shows the cumulative radial distribution of the MWesat
lites as a dashed line, and of the model satellites as a soéd |
Here we only compare our model results with satellites ofeser
within a galactocentric distance of 280 kpc (i.e. excludieg T).
The median distances of the two distributions agree wetl cBm-
parison, we also show the distribution of all surviving darktter
subhaloes (with or without stars) as a dotted line. It isrctaat
the radial distribution of subhaloes is much less concesdreom-
pared to that of the MW and the model satellites. The reasgn wh
our model satellites show a cumulative radial distributsomilar

to that of the MW satellites can be understood from Elg. 7sThi
figure shows the present-ddypn as a function of the accretion
time. The small grey circles are for the ‘dark’ satellitesdahe
larger black symbols are for those subhaloes which hostrlousi
satellites. The bulk of dark satellites (i.e. subhaloebatit stars) in
the mass range a° Mg < Mpm < 107 Mg have been accreted
in the last two Gyr, and are preferentially found in the oirtslof
the MW halo as, for this mass scale, dynamical friction isinoet
portant. Since these small dark satellites dominate by euntis
leads to a much more even distribution for subhaloes thathéor
luminous satellites. Half of the satellites were accretedarthan

7 Gyr ago, and the most massive ones (@ > 10° M) at

z = 0 were all accreted after ~ 1 (see also Fid.]5). There is also a
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Figure 7. Present-day bound dark matter mass as a function of thetiaccre
time. Black symbols represent the luminous model satgllitehile grey
symbols mark dark matter subhaloes which failed to fornsstar

clear bias for the least massive subhaloes hosting staevéoldeen
accreted earlier (as mentioned in Seclion 3.3).

3.4.2 Luminosity-sizerelation

Here we compare the half-light radii; /», of model satellites with
the observed distribution as a function of the tdtaband absolute
magnitude. The left panel in Figl 8 is for our fiducial modehile
the right panel is for the alternative feedback scheme. Teedf a
satellite in our models is obtained assuming the stars atefited
in an exponential disk and is roughly proportional to theaVira-
dius of the associated dark matter subhaloyi.g, ~ 1.2AR200 ﬁ
where )\ is the spin parameter of the associate DM halo. In[Hig. 8
we show the classical dSphs and the ultra-faint satelliiéls &s-
terisks and diamonds respectively. The black circles shadeah
satellites. The half-light radii of the ultra-faint sateds are from
the recent study B@OS) based on SDSS daiite wh
those of the classical ones are from van den Bergh (2000).

Model satellites with either of the feedback recipes hazessi
between~ 30 to 2000 pc, in quite good agreement with the MW
satellites, especially the classical ones. For the lunsrsatellites,
both models extend to larger sizes. The lack of faint sésllbe-
low My = —5 in the fiducial model makes the comparison with
the ultra-faint satellites inconclusive. The compact lgge with
r1/2 < 100 pc are a few magnitudes brighter than the ultra-faint
MW satellites of similar size in this model.

If we compare the sizes of galaxies associated with the same
DM halo in the two feedback schemes, those given by the altern
tive feedback recipe (right panel) are a bit larger than engtan-
dard feedback model. This is expected as in the alternateaifack
scheme, more gas is ejected by SNe in small (central) galaxie
this is reincorporated later, after the halo has grown ingvaasd
size. Since the alternative feedback recipe pushes thenbsity
function towards the fainter end, the comparison with theaul
faint satellites is in better agreement than in the standecipe.
In addition, there are some faint satellites that are latigen the
observed ultra-faint systems with central surface brigésrfainter

6 r1/2 ~ 1.68 rp for an exponential disk, andp is the scale length of

the disk which is computed ag, ~ %RQOO to the first order.
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Figure 8. Luminosity as a function of the half-light radius for the M\WWdamodel satellites. Observational measurements are fet@rnvarious sources: For

the classical dSphs, data are from the compilation_of varBeeah (2000). Data for the ultra-faint dwarfs are from Maet al. (2008), except for Leo V

which is taken fro|

than the current observational limit, ~ 30 magarcsec™ > (see
dotted lines in the Figure).

3.4.3 Metallicity-luminosity relation

The classical MW satellites are known to follow a metallieit
luminosity relation with metallicity increasing with ineasing lu-
minosity 8). Fid-19 shows the distribution of miode
satellites (circles) in the metallicity-luminosity plariegether with
the observational measurements for classical (asterasid)new
(diamonds) MW satellites. Black circles are for the fiducreddel
with the standard feedback scheme, and grey circles arefased
thegjection model with the alternative feedback scheme. Again, we
compareZ../ Z¢ for the model satellites with the averagéd /H]

for stars in the MW satellites so care is needed when interpre
ing these results. The error bars on {Re/H] values indicate the
spread of the distributions in each MW satellite rather threea-
surement uncertainties. The model satellites in the fiduccdel
follow a similar trend as the classical MW satellites, whils not
possible to compare results from this model to the bulk afault
faint satellites since the model does not predict galaxiés vmi-
nosity less tharLy ~ 10*° L, (see also Fid.]3). The excess of
model satellites seen in the luminosity function (fy. 3 [&inel)
aroundMy ~ —10 corresponds to objects withg(Z./ Zy) in
[—2.0,—1.0] dex, and also produces a ‘bump’ in the metallicity
distribution.

With the alternative SN feedback recipe, model satellites a
follow the relation of the classical satellites with somathifor
metallicities larger than observed fér- > 10° L. At the faint
luminosity end, there is better agreement with the ultiatfsatel-
lites, since the alternative feedback recipe predictstdaimand
metal-poor satellites beloviyy = 10° L. From our model re-
sults, it is not clear whether the luminosity-metalliciglation has
a lower limit since we are affected by the resolution at theyve
low mass end. It is also not clear whether the predictedioslat
deviates from the ultra-faint satellites bela, = 10° L. It
is interesting to note that if we follow the ridge of the obaat
luminosity-metallicity relation from the high and metathr end
down to Ly = 10° L, the correspondingFe/H] is ~ —2.5
which happens to be the lower limit for the empirical relatio

@08). See the captibRig.[3 for the sources of the tot&f-band luminosity.
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Figure 9. Metallicity-luminosity relation for model and MW sate#i.
Black circles show model satellites in the fiducial modeld amey cir-
cles are used for thgection model. For the model satellites, the logarith-
mic values of the total metallicity in stars normalised te #olar value
(Ze = 0.02) are plotted. For the MW satellites, shown in (blue) asksris
and diamonds, the medhe/H] is used, and error bars denote the disper-
sions of[Fe/H] in each galaxy. See the captions of [ig. 2 and[Hig. 4 for the
data sources.

convert the equivalent width of Ca Il triplet tid'e/H] for RGB

stars in dSph galaxies (Battaglia el al. 2008).

3.4.4 Cold gas content

The majority of the MW dSph satellites (including the ulfeant
ones, see Grcevich & Putman 2009) are gas deficient. ITFlg. 10
we show the cold gas content as a function of the luminosity fo
our model satellites and compare model results with obtenal
measurements. The figure shows that model satellites (fithrare
feedback model) are much more gas-rich than the observed cou
terparts, by factors of a few hundred, except at the brigteed.
The satellites from the alternative feedback recipe pdpdasimi-

lar region as those from the standard recipe but there are gaiim
significantly lower (only10* M) cold gas. We have verified that




1010 T T T T T T T
|l % classical MW sat.
oleoT . X *
10°|- e SAM sat. . -
L]
I fees™
E, % LIS S ".. S o
T 10F "o ;8 eg. "% .
5 o
4 L
s H*
Eo 104_ I I I -
10°+ % I e
-6 -8 -10 -12 -14 -16 -18
MV

Figure 10. Cold gas content as a function bf-band absolute magnitude.
Black circles are used for the standard feedback schemegragyccircles
for the alternative scheme. HI masses are taken Bjifor the

et
classical dSphs, and from_Bruns et @005) for the Magél Clouds.
Apart from the gas rich Magellanic Clouds and Sculptor, nodstiassical
dSphs are only constrained with upper limits (indicated h®y downward
pointing arrows). The distant Leo T is the only one with a clégtection of
M1 = 2.6 x 10° M among the newly discovered ultra-faint satellites
8). The other ultra-faint satelltese no detected
HI or an upper limit of M1 < 102 Mg mg) and
are not plotted here.

altering the reionization epoch or star formation efficiedoes not
have a significant impact on the present-day cold gas masdedf s
lite galaxies. This means that most of the cold gas in stislivas
already in place when they were central galaxies, and timgts
has not been affected much by star formation and/or feedisek
recall that in our model, star formation only occurs whenrttean
surface density of the cold gas is above a certain thresBoidng
supernova feedback can in principle reduce the gas comtahei
cold phase, but most of the satellites form stars at very &es; so
SN feedback will be less important. In addition, increadimg su-
pernova efficiency would reduce the luminosity (and metial) of
the model galaxies, ruining the agreement with observatidata
shown earlier in this study.

It is known that Local Group galaxies show a morphological
segregation in the sense that gas-deficient dSphs are tboer
giant spirals (the MW and M31), while the gas-rich dirrs areren
evenly distributed (Matéb 1998). Recent studies, basedeepat
HI surveys by Grcevich & Putmah (2009) also show that theee is
clear correlation between galactocentric distance anehtient for
dwarf galaxies in the Local Group. These are interpreteddisa-
tions that the Local Group environment influences the gateobn
of satellites through tidal stripping and ram-pressuripging (see
e.g. Grebel et al. 20D3; al. 2D06). The excessivek gas
associated with our model satellites might be due to oureatiglg
of gas removal mechanisms, or to a simplified calculatiorhef t
surface density threshold (particularly for those satsdlivhich are
away from the giant disks, where environment is expecteday p
a less important role).

3.5 Dark matter halo mass and the dynamical properties

AsinlLietall (2000), we trace the evolution Bf,.. (i.e. the peak

circular velocity of the associated dark matter hal@); s and the
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Figure 11. Vinax as a function of thé/-band integrated magnitude for
the non tidally disturbed model satellites. Black symbdisve predictions
for the fiducial model, and grey symbols are used fordjeetion model.
Data for eight classical MW dSphs are taken f).
The lower limits onVi,ax are indicated with the upward arrows except for
Fornax dSph whos®nax is better constrained.

directly measuredV/y ¢ in the last 2 Gyrs for each satellite. 16
out of 51 model satellites are classified as tidally distdraed
these include those two model satellites which have expesid
severe tidal stripping, i.eM.. > Mpwm atz = 0. Fig.[11 shows
Vmax as a function of\/y for those 35 model satellites that do not
show signs of tidal disturbance. Black circles are for tlendard
feedback scheme, while grey ones are for the alternativebfeazk
scheme. The latest constraints Bn.x for 8 classical MW dSphs
based on Jeans/MCMC analysislby Walker et al. (2009) arershow
as asterisks. Under the assumption of constant velocisoamopy,
their data could constraiVi,,.x for Fornax, while only lower limits
were derived for the other dSphs (upwards arrows in the Ejgur
Assuming that classical MW satellites are not tidally disad, our
models predict that they are associated with dark matteelsatith
Vinax = 10kms™*, regardless the choice of SN feedback recipe.
This is fairly consistent with the constraints .
(2008) and Walker et al. (2009).

Fig.[12 shows the mass-to-light ratios calculated usingsems
within 0.6 kpc, Mo.¢ /L, as a function of absolute magnitude. The
luminosities shown are from our fiducial model. The data fsdfior
the eight classical MW dSph (i.e. excluding Sgr dSph) messhy
.7) are overplotted as (blue) asteriske lower
and middle dashed lines correspond to constant mass vafues o
Mos = 6 x 10° Mg andMps = 7 x 10” M and indicate the
upper and lower limits for the observéd, s. For each satellite in
our model, two methods can be applied to measuréfhe: 1) to
directly sum up bound dark matter particles within 0.6 kparfthe
centre of mas§ 2) to assume that the inner density profiles are fit
by Einasto profiles. FoIIowinI09), we computh ¢
by employing the second method for satellites which showasig
tures of tidal perturbatiﬁ) and use the direct summation method
for the other satellites.

Our model predicts that the faintest satellites are the ohargt

7 determined with the 10 per cent most bound particles in essbciated
subhalo

8 The two model satellites with/,. > Mpy; atz = 0 are excluded from
this analysis.
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Figure 12. Mass-to-light ratio of 8 Milky Way classical dSphs and model
satellites as a function of luminosity. The mass correspaidthe dark
matter mass within 0.6 kpc. For the MW dSphs, data are takem fr
Strigari et al.[(2007) and plotted as asterisks. The lowerraitdle dashed
lines correspond to constant values M ¢ = 6 x 10 Mg and 7 x
107 M, and mark the upper and lower limits of the measukdgls for
the MW dSphs.

matter dominated, in agreement with observational meeasemts.
Itis encouraging that the data points and the model sa&efiitlow
a similar trend, and that the spread in the mass-to-ligit imalso
comparable. These results can translate inta\fhe - Ly plot pre-
sented and discussed.in Li et al. (2009) and are consistémtive
claim that the MW satellites are embedded in dark haloes &hos
mass is~ 107 M, within the optical extent as proposed 0
@), despite the fact that their luminosities span mpearé or-
ders of magnitud08). The same conahsdiold
when we use the luminosities predicted by the alternatiediiack
scheme, and the only difference is that there are more fatiellises
(M > —5) which have3, 000 < Mo.¢/Lv < 20,000 [M/L] .
Datasets which cover large radius as well as internal proper
motions for stars in these systems are crucial for drawimthéu
conclusions on the total mass content of the MW satellitesmF
our modelling of the baryonic physics, we expect a minimumkda
matter halo mass of galaxies before accretion onto a MWHo&t
(equivalentV;, = 16.7 kms™ '), introduced by the atomic hydro-
gen cooling limit (see also the discussion in Sediioh 4.3).

4 DISCUSSION AND IMPLICATIONS
4.1 Number of satellites

Spectra of distant quasars suggest that reionization wapleted
by z =6 2), yet the exact duration and processes
by which the Universe was reionized are not well underst@nd.
choice ofzeic = 15 is consistent with the current observational
constraints ofzieio = 11.0 + 1.4 given by theWMAP 5-year
data, which are obtained assuming the reionization ocdurre
stantaneously (Hinshaw et/al. 2009). In our model, the sgsion

of cooling in haloes with/,;, < 16.7kms™! is the most crucial
mechanism which alleviates the discrepancy in the numbesuef
viving dark and luminous satellites. The number of luminsate!-
lites is 1774 in a model that does not take into account re&itn
and in which haloes with;, lower than10* K, are able to cool
as much gas as B0* K halo with the same metallicity. If cooling

is forbidden in these haloe#is.; reduces to 121. In a model that
includes only reionization (no suppression of the coolimgmall
haloes)Ngat = 286 if zreioc = 8, aNd Ny = 73 Whenzyeio = 15.
Forbidding cooling in small haloes, the number of luminoatek
lites varies from 88 to 51 when changing.;, from 8 to 15. The
dependence aWVsat 0N zreio iN OUr model appears slightly stronger
than in other recent studies, e.g. by Kravtsov étlal, (2004 a
M.ac&ig,_e_t_al- I(.ZD_dg) BothVsat (Zreio = 15) and Nsag (Zreio = 8)
from our modelling are, however, consistent with currergeslia-
tional constraints, especially when the possible anigatrdistri-
bution of the satellites is taken into acco ).
The dependence o13.;, found in our model appears to be consis-
tent with recent results ﬂm MOOQ).

Recent hydrodynamical simulations of reionization havg su
gested that the work & |-OO) might have overestichat
the value of the ‘filtering mass’_(Hoeft etlal. 2006; Okamatake
M). We acknowledge that this could imply that our modey ma
underestimate the number of surviving satellites, espigctlow
or intermediate luminosities. Maccio’ etl&l. (2009) shoawever,
that effect on the luminosity function of lowering the vahfdilter-
ing mass can be compensated with an earlier epoch of retmriza
We remind the reader that our study could not address the scat
ter in the luminosity function expected as a result of haldvalo
variation| Maccio’ et dl. show that the number of satellitkanges
by about a factor of two in each luminosity bin owing to theivar
ations of merging histories of host galaxies in the masseafg
0.8—1.2x 10"2h~" Mg,. Their study also suggests that more mas-
sive central galaxies (with/ = 2.63 x 1022~ M) would host
a larger number of satellites. These studies can be addresse
ing new high-resolution simulations of MW-like haloes coxg a
range of total masses and merging histories with high résaolsi
(e.g. the Aquarius proje EOOS).

Our model does not take into account the loss of stars due
to tidal stripping. We have, however, analysed the evatutibthe
bound dark matter masd4pn) and My 6 for the surviving model
satellites, and found that oty 10 of them show significant evolu-
tion in the last 2 Gyrs. Since baryons are much more condedtra
than dark matter, we do not expect this process to affecifsign
cantly the luminosity of our satellites.

Another process that we have not included, and which is po-
tentially important for the satellite luminosities is ramepsure
stripping of the cold gas. This is likely to be a stronger eiffia
our fiducial satellite-model than in thgection, where SN feed-
back itself is strong enough and thus reduces the cold gas con
tent of satellite galaxies. The impact of ram-pressue omibst
luminous satellites is also expected to be weak as thesgyare t
ically associated with the most massive subhaloes, tha¢ wer
creted most recently. A more careful modelling that inckitlew
baryons are affected by the interactions with the MW-likiaggis

clearly needeO6).

4.2 Satellitesassociated with small dark matter haloes and
ultra-faint satellites

In our study, we have excluded satellite (Type 2) galaxiesseh
associated dark matter subhalo was reduced below the tiesolu
limit of the simulation (i.e< 2 x 105 Mg). In our fiducial satellite-
model, there are 72 Type 2 galaxies, that cover a wide range of
present day luminosities (similar to that covered by siéésllasso-
ciated with a distinct dark matter substructure but extdrtdethe
fainter end). By tracing their position using the most bopadti-

cles of their parent haloes at the last time they were idedtifive
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Figure 13. Luminosity functions for the MW satellites (dashed-linedan
points) and for our model satellites using the more efficgmternova feed-
back scheme (solid histograms). Data are the same as thBgg[Eh

find that the median distance of Type 2 galaxies from the fwost i
~ 20 kpc atz = 0. 90 per cent of them are within 120 kpc with a
maximum distance of 170 kpc, and they follow a much more cen-
trally concentrated distribution compared to that of Typalaxies
(see als 04). Among those Type 2 galaxies within
the inner 20 kpc, about 40 per cent are fainter thén = —5 at

z = 0 using the more effective SN feedback scheme. If we were
to find the counterparts/remnants of Type 2 galaxies in tisei-
tions, they would likely show a disturbed morphology andidal
streams and reside very close to the host galaxy. A few tdfrd-
satellites which show irregular morphologies might be é¢ating
they are tidally disturbed, e.g. Hercules dSph (Colemah@oa7;
9). However, itis not yet clear whether tregyirtar-

ities seen in some ultra-faints are indeed owing to tidarattions
given the scarce of stars currently observed (Martin &

2GO8Y

The luminosity function predicted by our model is in good
agreement with the power-law-shaped ‘all-sky’ SDSS lursityo
function, especially when using the more efficient SN feellba
scheme. However, this model underestimates the number-of ex
pected ultra-faint (fainter than/,y = —5) satellites (see Fid.l 3).
Recent theoretical studies have proposed that the ulinadatel-
lites are those fossil satellites which formed before rigiation
and managed to cool some gas Via (Bovill & Ricottil 2009;
Salvadori & Ferrafa 2009; Mufioz etlal. 2009). In figl 13, Wwevs

the luminosity functions with three different models alings our
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Figure 14. Maximum Mspp mass against present-day bound dark matter
mass for luminous (black) and dark (grey) satellites.

4.3 Which dark matter substructurescan form stars?

Fig.[ shows that the mass rant@ — 10° My, is populated with
subhaloes both with and without stars. It is interestingsioshy
some massive subhaloes have failed to form stars. To adihiess
question, we trace the evolution of the dark matter miess, for
all satellites and store the maximum mass and epock (tm)
when this is reached. Fig. 114 shows the maximum mass agast t
present-day (bound) mas&py. Luminous satellites are shown
in black and dark satellites in grey. It is clear that most luf t
subhaloes associated with the luminous satellites were onch
more massive (see also Fid. 5). On the other hand, darkitesell
(in this mass range) have present-day masses similar topibak
values (see also_Kravtsov el al. 2004). It is also clear thadeh
satellite have a wide range of pedl,o prior to their accretion
onto the central galaxy.

We plot the maximum mass as a function of the redshift when
this value was reached in Fig.]J15. The minimum mass defined by
the cooling via atomic hydrogen as a function of redshiftinidi-
cated by the solid curve. The figure shows that most of the dark
satellites were below the threshold and not able to cool @z
when they reached their peak mass. In contrast, luminoa#ites
live in subhaloes which have been massive enough and matmaged
have sufficient cold gas to fuel star formation. We also rmotiat
no luminous satellites achieved their maximum mass beferes.

We have also checked when and where the present-day lumi-

gjection SN feedback scheme. The lightest histogram shows results nous satellites typically formed in the simulation. We fihdttthe

obtained using..io = 8 and allowing haloes witi,;, < 10* K to
cool as much gas asB:, = 10" K halo of the same metallicity.
The intermediate histogram adopts the same assumptioro®br ¢
ing in small haloes but assumes;, = 12. The thickest histogram
also adoptg,.ioc = 12 but forbids cooling in small haloes. The two
models using:.io = 12 agree well with each other except at the
faint end (as expected). So shutting down cooling in smdtdw
mostly affects the luminosity function fainter thady = —5. If
some of those small haloes could have cooled via molecutinohy
gen, they would indeed populate the ultra-faint satelliggime.
However, it should be noted that, when adoptiag, = 12, there
is still a non negligible fraction (about 20 per cent) of aifaint
satellites that are associated with haloes With > 10* K and
whose low luminosities are driven by the very efficient SNdfee
back.

surviving satellites were all detected in the simulatioriyeaamely
their Mp exceede@ x 10° M, around the epoch of reionization
(2reic = 15 in the satellite-model) and mostly before the end of
reionization ¢ = 11), while the dark ones have emerged through-
out the Hubble time. The distance of the model satelliteshéo t
MW-like galaxy at emergence is typically arourd100 kpc.
[Fontetal. 6) suggest that surviving satellites were ac
creted up to 9 Gyr ago and therefore have been through aetiffer
chemical enrichment history compared to those that wenetet
very early on and contributed to the stellar halo. In our nhtftkere
are a few objects that became satellites more than 10 Gyrradjo a
have survived the tidal interactions with the MW-halo (ség B
and Fig[T). Typically, however, their peak masses are smgihn
those of the objects that contributed significantly to thédoup

of the stellar halol(De Lucia & Helmi 2008). It is possible to-e
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Figure 15. Maximum Moo mass as a function of the redshift when it was
reached for luminous (black) and dark (grey) satellitese Ffinimum mass
for cooling via atomic hydrogen at each redshift is indidaly the solid
line.

vision the building blocks of the stellar halo as the most sives
satellites that existed at early times, i.e. the countésgsithe very
faint ones, whose orbits did not decay via dynamical frictiand
hence have generally been more sheltered from the tidaégart
the Galaxy.

5 CONCLUSIONS

We use a hybrid model of galaxy formation and evolution tagtu
the satellites of the Milky Way in a cosmological context.rOu
method combines high resolutidvi-body simulations which allow

us to trace the evolution and the dynamics of dark matteresalo
directly, and phenomenological prescriptions to follow #volu-

tion of baryons. Our adopted semi-analytical recipes ahgegor

the relevant parameters result in models that reproducerthe
erties of galaxies on large scales as well as those of the MW. A
few modifications were needed, however, to reproduce therobs
vational properties of the MW satellites.

With the presence of a reionization background that reduces
the baryon content of subhaloes aroung 15 and the suppression
of cooling for haloes witH/;; < 16.7km s~1, our model can re-
produce the total number and the luminosity function obsefor
the satellites of the MW. Our fiducial SA model also shows good
agreement with the metallicity distribution and the médtéi}-
luminosity relation when a large fraction of newly formedtals
in small galaxies are recycled through its hot componentveitid
other properties shared by the MW satellites, e.g. the ratita
tribution, luminosity-size relation and the star formatiaistories.
However, our fiducial model produces an excess of satelhtds
My ~ —10 andlog(Z./ Zs) ~ —1, and does not predict ultra-
faint satellites with the total luminosity belods ~ 10° L.

We have tested an alternative SN feedback recipe which is
stronger for galaxies with,;; < 90kms~! compared to the stan-
dard feedback recipe. With this alternative feedback escqur
model predicts the same number of surviving satellites¢wpip-
ulate the same set of subhaloes as the standard feedback.mode
The alternative feedback model predicts more satellités Wi, <
—5 which also follow the metallicity-luminosity relation Tead by

the classical and the ultra-faint SDSS MW satellifes (Kiebal.
2008) down tdFe/H] ~ —2.5 andLy ~ 10° L.

Our model satellites are embedded in haloes with innermost
masses within 600 pc betweéx 10° My and7x 107 Mg, in very
good agreement with the estimates for the classical MW d8phs
rived bI.7). This demonstrates that ttistence
of a common scale for the innermost mass is a natural outcéme o
the CDM galaxy formation and evolution model (see &lso Lilkt a
[2009; Maccio et al, 2009; Koposov et al. 2009). Satellitesdark
matter dominated even within the optical extent, and thesras
light ratio increases with decreasing luminosity. Sumviysatellites
in our model are associated with ancient haloes which hadesas
of a few10° M, by z ~ 10 — 20, and acquired their maximum
dark matter mass after~ 6.

The brightest satellites in our model are associated wigh th
most massive subhaloes, were accreted latefS( 1) and show
extended star formation histories, with only 1 per cent efrthtars
made by the end of the reionization (lookback timd3 Gyr). On
the other hand, the faintest satellites were accreted eatlyare
all dominated by stars with age 10 Gyr, and a few of them are
dominated by stars formed before the reionization was cetapl
In our models, the classical MW satellites are associatéil aark
matter subhaloes with a peak circular velocity 10kms™?, in
agreement with the recent result009).

Although our model satellites are in very good agreemertt wit
the latest observations in terms of luminosity, metalji@hd the
innermost dark matter content, the agreement with the-tdird
galaxies is less conclusive. Note that the alternativelfaekirecipe
seems to give a better fit to the properties of ultra-fainelfites.
This could imply that the ultra-faint satellites of the MWeaas-
sociated with dark matter haloes with lowey;, compared to the
classical ones (i.e. they are more sensitive to SN feedbéaltky-
ever, until we properly model the loss of baryons due to tiidp-
ping and ram pressure in these small systems, and until vegnobt
more observational constraints on these objects, theiraatill
probably remain unclear.
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