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1. Introduction

According to theACDM paradigm, a Milky Way-like galaxy must have formed by the merg-
ing of a large number of smaller systems. In particular, dwarf spheroidiakiga (dSphs) were
proposed in the past as the best candidate small progenitor systems, wige tteough cosmic
time to eventually form the stellar halo component of the Galaxy (e.g. GrebB) 200

On the other hand, Fiorentino et al. (2015) using RR Lyrae stars as tad¢besGalactic halo
ancient stellar component, showed that dSphs do not appear to be the uilgjioigkblocks of the
halo. Leading physical arguments suggest an extreme upper limit of 50%itadmtribution.

In recent years, the Sloan Digital Sky Survey (SDSS, York et al. 20@0¢ able to discover
an entirely new population of hitherto unknown stellar systems: the so-calledfailttadwarf
spheroidal galaxies (UfDs), which are characterized by extremely lminlsities, high dark mat-
ter content, and very old and iron-poor stellar populations (BelokuroV. e2@06; Norris et al
(2008, 2010); Brown et al 2012). The number of UfDs has increasadtantly in the last decade
and completeness estimates suggest that many more of these faint satellitestarbestiliscov-
ered in the Local Group (Tollerud et al. 2008). This fact might place tagtihe survived building
blocks of the Galaxy stellar halo, dramatically lacking in the past.

In Spitoni et al. (2016) we test the hypothesis that dSph and UfD galaaiestieen the build-
ing blocks of the Galactic halo, by assuming that the halo formed by accretstarsfbelonging
to these galaxies. Moreover, extending the results of Spitoni (2015) tiblediethemical evolution
models in which the IRA is relaxed, we explored the scenario, in which the tBakado formed
by accretion of chemically enriched gas originating from dSph and UfD galaxie

2. The chemical evolution models

2.1 TheMilky Way

We consider the following two reference chemical evolution models for the MMkga

1. The classical two-infall model (2IM) presented by Brusadin et al.1820 The Galaxy is
assumed to have formed by means of two main infall episodes: the first fahadelo and
the thick disc, the second the thin disc.

2. The two-infall model plus outflow of Brusadin et al. (2013; here we iatdiét as the 2IMW
model). In this model a gas outflow occuring during the halo phase with a rgtentianal
to the star formation rate through a free parameter is considered. Followihgiela(1976),

the outflow rate is defined as: d
o,
o = —ewl), (2.1)

wherew is the outflow efficiency.

In Table 1 the principal characteristics of the two chemical evolution models éaviilV are
summarized: in the second column the time-seal®f halo formation, in the third the time-scale
1p of the thin disc formation, are drawn. The adopted threshold in the suréecdemsity for the
star formation (SF) is reported in columns 4. In column 5 the exponent of thai8c{l959) law
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Figure 1. Left panels The evolution in time of the chemical abundances for O, MgB8, Fe in the gas
ejected as galactic wind from dSphs and UfDs. The onset ofithe happens at later times compared with
dSph objects. We also indicate the cumulative ejected gas mmaoutflows at 0.2, 0.4, 0.6, and 0.8 Gyr
in terms of percentage of the infall maglk, . Right panels The abundance ratio [X/Fe] as a function of
[Fe/H] for the following chemical elements: O, Mg, Si, and 8fathe outflowing gas ejected by a dSph
galaxy, and by a UfD galaxy.

The Milky Way: the solar neighborhood model parameters

Models TH 1) Threshold k % IMF w
[Gyr] [Gyr] [M opc?] [Gyr 1] [Gyr 1]
2IM 0.8 7 4 (halo-thick disc) 1.5 2 (halo-thick disc) Scalo (1986) /
7 (thin disc) 1 (thin disc)
2IMW 0.2 7 4 (halo-thick disc) 1.5 2 (halo-thick disc) Scalo (1986) 14
7 (thin disc) 1 (thin disc)

Table 1: Parameters of the chemical evolution models for the MilkyyM@pitoni al. 2016) in the solar
neighborhood.

is shown, in columns 6 and 7 we report the star formation efficiency and thergdpectively.
Finally, in the last column the presence of the wind is indicated in term of theeeftizcw.

2.2 ThedSph and UfD galaxies

In Table 2 the main parameters of generic models for “classical” dSph andyblixies are
reported, respectively. The star formation efficiengythe exponenk of the Kennicutt (1998)
law, and the wind efficiencw are drawn in column one, two and three, respectively. In the other
columns are reported: the infall timescale (column 4); total infall gas massijodd); mass of the
dark matter halo (column 6); effective radius of the luminous (baryonic) m@itéumn 7); ratio
between the core radius of the DM halo and the effective radius of the lusimatter (column 8);
in column 9 the adopted IMF is indicated. We assume that UfD objects arectérdzad by a very
small star formation efficiency (0.01 Gy) and by an extremely short time scale of formation
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Models Y, k @ Thi  Mins Mpm r. S=-1L IMF

om
[Gyr ] [CGyr] [Me]  [Mg]  [pc]
dSphs 01 1 10 6 10 34.-108 260 052  Salpeter(1955)

Uds 001 1 10 ®01 1¢ 106 35 01  Salpeter (1955)

Table 2: Parameters of the chemical evolution model for general d8phUfD galaxies (Spitoni et al.
2016).

(0.001 Gyr). We point out that in the modeling the dSphs and UfDs we did nddider any
threshold in the gas density for star formation, as in Vincenzo et al. (2014).

The time at which the galactic wind starts in dSphs is at 0.013 Gyr after the gdtaatiation,
whereas for UfDs at 0.088 Gyr. As expected, the UfD galaxies deweldpd at later times because
of the smaller adopted star formation efficiency (SFE).

2.3 Nucleosynthesis prescriptions

We adopt the nucleosynthesis prescriptions of Romano et al. (2010, mgdelHidbprovide
a compilation of stellar yields able to reproduce several chemical abundattempan the solar
neighborhood. In particular, they assume the following sets of stellar yields

For barium, we assume the stellar yields of Cescutti et al. (2006, model 1 4fablle par-
ticular, Cescutti et al. (2006) includes the metallicity-dependent stellar yiélBa as computed
by Busso et al. (2001), in which barium is produced by low-mass AGB steith mass in the
range 10 <M < 3.0 My, as an s-process neutron capture element. A second channel faa-the B
production was included by Cescutti et al. (2006), by assuming that reasisiks in their final
explosive stage are capable of synthesizing Ba as a primary r-preleesent. Such r-process Ba
producers have mass in the range<l® < 30 M.

We remark on the fact that the contribution to barium from massive stars mpsieally
computed by Cescultti et al. (2006), by matching the [Ba/Fe] versus [Fdftifjdance pattern
as observed in the Galactic halo stars. They assumed for massive stactbeellar yields of
Woosley & Weaver (1995), as corrected by Francois et al. (2004).

3. Theenriched infall of gas

The novelty of Spitoni et al. (2016) is to take into account in a self-congistay time
dependent abundances. The gas infall law is the same as in the 2IM @/ gibtels and it is only
considered a time dependent chemical composition of the infall gas mass.

We take into account the enriched infall from dSph and UfD galaxiesqiestby the follow-
ing 2 models:

e Modeli): The infall of gas which forms the Galactic halo is considered pritimbup to the
time at which the galactic wind in dSphs (or UfDs) starts. After this moment, the infalling
gas presents the chemical abundances of the wind. In Figs. 2 and 3ewéorthis model
with the label “Name of the reference model+dSph”or “Name of the refenercke|+UfD”.
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e Model ii): we explore the case of a diluted infall of gas during the MW halosphaln
particular, after the galactic wind develops in the dSph (or UfD) galaxyinfladling gas has
a chemical composition which, by 50 per cent, is contributed by the dSph (ordJftiipws;
the remaining 50 per cent is contributed by primordial gas of a differdra-galactic origin.
In all the successive figures and in the text, we refer to these models wittbtle thlame
of the MW model+dSph (or UfD) MIX”.

In the two left panels of Fig. 1, we show the evolution in time of the chemical composition
the outflowing gas from the dSph and the UfD galaxy for O, Mg, Si, Ba andtks worth noting
that in the outflows from UfD galaxies the Fe and Si abundances are e in the outflows
from dSphs. We recall that Fe is mostly produced by Type la SNe and &dgeoduced in a
non negligible amount by the same SNe. Because in our models the ratio between thesiiene
of formation between UfD and dSph is extremy lom {(UfD)/ Tins (dSph)=2x 103, at later times
the pollution from Type IA SN is more evident in the UfD outflow. In the two right glarthe
[X/Fe] versus [Fe/H] abundance patterns are presented, Whaygresponds to O, Mg, Si, and Ba.

4. The Results
In this section, we present the results of our chemical evolution models for taeti@dnalo.

4.1 The Results: the Galactic halo in the model 21M

In the left panel of Fig. 2, the predicted [O/Fe] versus [Fe/H] abuodaatterns are compared
with the observed data in Galactic halo stars. In order to directly test thehggie that Galactic
halo stars have been stripped from dSph or UfD systems, we show thietjaresi of chemical
evolution models for a typical dSph and UfD galaxy (long dashed lines in greykack, respec-
tively). The two models cannot explain the/fFe] plateau which Galactic halo stars exhibit for
[Fe/H] > —2.0 dex; in fact, halo stars have always larger [O/Fe] ratios than dSph fihdthrs.

Moreover, in the left panel of Fig. 2 we show the effects of the enrichiedl with chemical
abundances taken by the outflowing gas from dSph and Ufd objects ¢@/fRe] versus [Fe/H]
relation.

First we analyze the results with the enriched infall coming from dSph galaWe see that for
oxygen we obtain a better agreement with the data in the halo phase whensigecahe enriched
infall models. We recall that a key ingredient of the 2IM model is the preseia¢hreshold in the
gas density in the star formation (SF) fixed at 4 2 in the Halo-thick disc phase. During the
halo phase such a critical threshold is reached onty=a0.356 Gyr from the Galaxy formation.
On the other hand, when including the environmental effect, we have tidsralso the time for
the onset of the galactic wind, which in the dSph model occuig,at 0.013 Gyr.

Therefore, the SF begins after 0.356 Gyr from the beginning of Galavmgéetion, and this
fact explains the behavior of the curves with enriched infalls in the lefélpainFig. 2: during the
first 0.356 Gyr in both “2IM+dSph” and “2IM+dSph MIX” models, no stae created, and the
chemical evolution is traced by the gas accretion. In Figs. 2 and 3 we indicatéhivitier lines
the ISM chemical evolution phases in which the SFR did not start yet in the tizatedo, and
during which stars are no created. To summarize, for the model “2IM+d&pidistinguish three
different phases in the halo chemical evolution:
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Figure 2: The abundance ratios [O/Fe] vs [Fe/H] (left panel) and [B&XS [Fe/H] (right panel) in the solar
neighborhood for the reference model 2IM are drawn with tiel dblue line. Models of the Galactic Halo
with the enriched infall from dSplthe magenta dashed dotted line and the red short dashedpiresent the
models 2IM+dSph and 2IM+dSph MIX, respectiveModels of the Galactic Halo with the enriched infall
from UfDs the green dashed dotted line and the yellow short dasheddjpresent the models 2IM+UfD
and 2IM+UfD MIX, respectively. Thinner lines indicate th®N1 chemical evolution phases in which the
SFR did not start yet in the Galactic halo, and during whiessére no createdvodels of the dSph and
UfD galaxies The long dashed gray line represents the abundance ratidef dSph galaxies, whereas
long dashed black line for the UfD galaxie®bservational Oxygen data of the Galactic HalGayrel et
al. (2004) (cyan circles), Akerman et al. (2004) (light grgeentagons), Gratton et al. (2003) (dark green
triangles).Observational Barium data of the Galactic Halbrebel (2010).

e Phase 1): 0-0.013 Gyr, the infall is primordial, the wind in dSphs has ndedtget, and
there is no SF;

e Phase 2): 0.013-0.356 Gyr, the infall is enriched by dSphs, the SFRoiszthis phase;
e Phase 3): 0.356-1 Gyr; the infall is enriched by dSphs, the SFR isetifférom zero.

During phase 3), the SF takes over, and increases the [O/Fe] valcassieeof the pollution
from massive stars on short time-scales.

We note that the entire spread of the data cannot be explained assuming apiemsent
enriched infall with the same abundances of the outflowing gas from d&pkigs, even if there
is a better agreement with the halo data in comparison to the model with primordial infall.

It is important to underline that, until the SF is non-zero, no stars are crdaiegver, since
our models follow the chemical abundances in the gas phase, the solely gtotrito the ISM
chemical evolution before SF begins is due to the time dependent enrichikdltnfeeans that in
the “2IM+dSph” model the first stars that are formed have [Fe/H] valuggtdhan -2.4 dex.

In this case, to explain data for stars with [Fe/H] smaller than -2.4 dex westaesiformed
in dSph systems (see the model curve of the chemical evolution of dSph ggalaxies
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Concerning the results with the enriched infall from UfD outflow abundanwe recall here
that in our reference model for UfD galaxies, the wind starts at 0.08 Gye.nfodel results for the
halo still reproduce the data but with the same above mentioned caveat. The mibtldelsriched
infalls which show the fastest chemical enrichment are the ones with infatidamces taken from
the outflows of dSph objects, because the galactic winds occur earlieintbdid systems.

In Spitoni et al. (2016) we also show the results for Mg and Si. As condlimiethe [O/Fe]
versus [Fe/H] abundance diagram, our reference chemical evolutionlsriodelSph and UfD
galaxies cannot explain the observed Galactic halo data over the engeeaffre/H] abundances.
This rules out the hypothesis that all Galactic halo stars were stripped@tad in the past from
dSphs or UfDs.

In the right panel of Fig. 2, we show the results for the [Ba/Fe] verse¢H] abundance
diagram. The observational data are from Frebel et al. (2010), agestkend binned by Cescutti
et al. (2013). By looking at the figure, the 2IM model does not provideaggreement with the
observed data-set foFe/H] < —2.5dex. The initial increasing trend of the [Ba/Fe] ratios in the
2IM model is due to the contribution of the first Ba-producers, which are neastrs with mass
in the range 12-30 M.

One can also appreciate that our chemical evolution models for dSphs anddilfidsepro-
ducing the observed data, since they predict the [Ba/Fe] ratios to incaeasech lower [Fe/H]
abundances than the observed data. That is due to the very low SkEseddsr dSphs and UfDs,
which cause the first Ba-polluters to enrich the ISM at extremely low [Fe/ldhdénces. The
subsequent decrease of the [Ba/Fe] ratios is due to the large iron cdepasited by Type la SNe
in the ISM, which happens at still very low [Fe/H] abundances in dSpkisldbs. Hence, in
the range—3.5 < [Fe/H] < —2.5dex, while Galactic halo stars exhibit an increasing trend of the
[Ba/Fe] versus [Fe/H] abundance ratio pattern, UfD stars show &asiag trend (see also Koch
et al. 2013).

In the right panel of Fig. 2, all our models involving an enriched infall fra8phs and UfDs
deviate substantially from the observed trend of the [Ba/Fe] versus Jldithdance pattern in
Galactic halo stars. Such a discrepancy enlargesFefH] < —2.4 dex, where those models
predict always larger [Ba/Fe] ratios than the 2IM model.

4.2 The Results; the Galactic halo in the model 2IMW

In this subsection we show the results when the time dependent enrichedsirjpfilied to
the reference model 2IMW. In the left panel of Fig. 3 we show the resulterms of [O/Fe]
versus [Fe/H] in the solar neighborhood. In the reference model 2IMMGHR starts at 0.05 Gyr.
Comparing model “2IMW+dSph” in the left panel of Fig. 3 with model “2IM+d3jui the left
panel of Fig. 2, we can see that the former shows a shorter phasen2héhiatter.

The model results for the model “2IMW+UfD” in the left panel of Fig. 3 overlapthe
reference model 2IMW at almost all [Fe/H] abundances. In fact, sindeibfD galactic model the
wind starts at 0.088 Gyr and, at this instant, in the model 2IMW the SF is alredighg & herefore
the effect of the enriched infall is almost negligible compared to the pollution of claépi@ments
produced by dying halo stars.

Concerning the [Ba/Fe] versus [Fe/H] abundance pattern, in the rayhdlpf Fig. 3 we
compare the predictions of our models with the Galactic halo data. We notice thatMheé 2|
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Figure 3: As in Fig. 2 but for the 2IMW model.

model provides now a better agreement with the observed data than the 2IN| aitidmigh the
predicted [Ba/Fe] ratios d&Fe/H] < —3dex still lie below the observed data. On the other hand, by
assuming an enriched infall from dSph or UfD galaxies, the predictetdFgBaatios agree with the
observed data also #e/H] < —3dex. In conclusion, in order to reproduce the observed [Ba/Fe]
ratios over the entire range of [Fe/H] abundances, a time-dependeritazhiidall in the Galactic
halo phase is required. We are aware that for Ba more detailed data aesntettefore at this
stage we cannot draw firm conclusions.

5. Conclusions
The main conclusions of Spitoni et al. (2016) can be summarized as follows:

1. the predictedd/Fe] versus [Fe/H] abundance patterns of UfD and dSph chemicalt@rolu
models deviate substantially from the observed data of the Galactic halo diafergre/H]
values larger than -2 dex; this means that at those metallicities the chemicaiavoluhe
Galactic halo was different than in the satellite galaxies. On the other handptice that
for Ba the chemical evolution models of dSphs and UfDs fail to reproduce tles\@timnal
observed data of the Galactic halo stars over the whole range of [Fe/H].

2. Concerning the chemical evolution models for the MW in the presence ohedrgas infall
we obtain that: the effects on the/Fe] versus [Fe/H] plots depend on the infall time scale
for the formation of the halo and the presence of a gas threshold in the station. In
fact, the most evident effects are present for the model 2IM, charaaddrizthe longest time
scale of formation (0.8 Gyr), and the longest period without star formationitgcéisnong
all models presented here.

3. In general, the enriched infall by itself is not capable to explain therelsenal spread in
the halo data at low [Fe/H], in th&x[Fe] versus [Fe/H] plots. Moreover, in the presence of
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an enriched infall we need stars produced in situ in dSph or UfD objectsieareted later
to the Galactic halo, to explain the data at lowest [Fe/H] values.

4. The optimal element to test different theories of halo formation is bariumhaiki¢rela-
tively) easily measured in low-metallicity stars. In fact, we have shown thaprbdicted
[Ba/Fe] versus [Fe/H] relation in dSphs and UfDs is quite different thanaralactic halo.
Moreover, the [Ba/Fe] ratio can be substantially influenced by the assungbtgonenriched
infall. In particular, the two infall plus outflow model can better reproduceddi@ in the
whole range of [Fe/H] abundances, and this is especially true if a time depeanriched
infall during the halo phase is assumed.
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