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Abstract.

We determine the metallicity distribution function (MDFj the Galactic halo by means of a sample of 1638 metal-poor
stars selected from the HambyES$O objective-prism survey (HES). The sample was correfctiechinor biases introduced
by the strategy for spectroscopic follow-up observatiohthe metal-poor candidates, namely “best and brightess §itat”.
Comparison of the metallicities [f¢] of the stars determined from moderate-resolution (Re+,2000) follow-up spectra with
results derived from abundance analyses based on high#iescsspectra (i.e.R > 20,000) shows that the [[Ad] estimates
used for the determination of the halo MDF are accurate thimid.3 dex once highly C-rich stars are eliminated. We deter
mined the selection function of the HES, which must be takémaccount for a proper comparison between the HES MDF with
MDFs of other stellar populations or those predicted by nsdéGalactic chemical evolution. The latter show a reabtma
agreement with the overall shape of the HES MDF forlH{e> —3.6, but none predict the sharp drop at[Hg~ —3.6 present

in the HES MDF. All theoretical MDFs, with the exception oEtMDF predicted by the stochastic chemical enrichment model
of Karlsson (2006), fail to represent the very sparse talHfF < —4.0 observed in the HES. A comparison with the MDF of
Galactic globular clusters and of dSph satellites to thea@akhows good agreement with the halo MDF, derived from the
HES, once the selection function of the latter is included.
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1. Introduction has not (to date) yielded any stars with [F& < —4.0 con-
firmed by high-resolution spectroscopy; this may be rel&ved
e fact that the HK survey reaches apparent magnitudes that

rg_ai'(_)g ?nd Iczhemtl_cal e&%lllit'orf't(: the G?_Itaxy ![S ihe M:}\:;}hm are brighter than the HES, and as a result is dominated more
istribution Function ( ) of the constituent stars ofves- than the HES by inner-halo stars.

ious components (bulge, disk, halo). The MDF provides crit-
ical information on the enrichment history of those compo-
nents with heavy elements. In the case of the halo, early ¢ LI L s e B

One of the key observables for constraining models of the f

richment may have been provided by the very first generatic ~ _5 [
of massive stars, formed from material of primordial conipos
tion shortly after the Big Bang (i.e., Population Il stars) 0

Models of Galactic chemical evolution need to be con
pared to an accurate (and precise) observed halo MDF to
their predictions, to constrain their various parametsusli as
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the dfective yield, the star-formation rate and the IMF), an 4

in order to obtain information on the properties of Popolati

Il stars that are responsible for the earliest enrichm€&his 6

is particularly important for the lowest metallicity taif the

MDF, which provides invaluable information on the earlies 8 <

[~

enrichment phases (Prantzos 2003); for instance, it has b
suggested that a minimal metallicity value (around“16o- L
lar for Fe, or~ 1073° for O) is required to form low-mass 13 . o
stars |((Bromm & Loelh 2003; Frebel et al. 2007; see also, e.
Omukai 2000; Bromm et &l. 2001; Umeda & Nombto 2003). 14
The accuracy of a derived halo MDF increases directly wi
the total number of observed metal-poor halo stars. Select
of such stars without the introduction of a kinematic biag.(e
from among high proper motion stars) makes them of particu
utility for examination of the relationships between thech
istry and kinematics of the halo. Early determinations & tf
halo MDF were based on small samples of globular cluste
(Hartwick|1976;N = 60), or a mixture of halo subdwarfs anc
globular clusters_ (Bond 198N = 90 andN = 31, respec- 04 0.6 0.8 1
tively). Problems with these samples arise not only fronirthe I L L
small sizes, but also their inaccurate metallicities. tLatedies 150 o 1638 stars
employed significantly larger samples with spectroscdlyica
determined stellar abundances. For example, Ryan & Not
(1991) used a sample of 372 kinematically-selected hafs.st:
Ryan & Norris (1991) and Carney et al. (1996) showed thatt/$
MDF peaks at a metallicity of [Féd] = —1.6 with wings from 5
[Fe/H] = —3.0 to solar abundances. =
The HK-survey|(Beers et al. 1985, 1992; Beers 1999), ori
inated by Preston and Shectman, and greatly extended
Beers to include several hundred additional objectiverpri
plates, was (until the advent of the HES) the primary sour 0
of metal-poor candidates suitable for consideration otthle 04 086 08 1
MDF. With the assistance of numerous colleagues, mediu (B=V)o
resolution spectroscopy of over 10,000 HK-survey stars was
obtained, using 1.5m—4m class telescopes, over the past i@ 1- UPper panel: Isochrones for an age of 12 Gyr and metal-

decades. This led to the identification of thousands of sths  liCities of [Fe/H] = —1, -2, and-3 (Kim et all200?), and cho-
[Fe/H] < —2.0, as well as significant numbers of stars wit§eN colour cuts (see text for details); middle paivemagni-

[Fe/H] < -3.0. It is perhaps of interest that the HK surve)t/-’de distribution of the HES sample from which we construct
the halo MDF; lower panelB — V)o distribution.
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* Based on observations collected at Las Campanas Obssrvator_1he Sloan Digital Sky Survey (SDSS; Gunn etlal. 1998,
Palomar Observatory’ S|d|ng Spnng Observa’[ory, and th@ﬁan York et al. 2000), and in particular the Sloan Extension for
Southern Observatory (Proposal IDs 69.D-0130, 170.D-0078.D- Galactic Understanding and Exploration (SEGUE), has pro-
0555, and 081.D-0596). vided even larger samples of halo stars, as discussed by
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Carollo et al. (2007) and by lvezic etlal. (2008). The formebserved MDF with MDFs predicted by models of Galactic
emphasize the division of the halo into two structural compohemical evolution are presented in Sédt. 5, and a compari-
nents, an inner region witR < 10-15kpc, and an outer re-son with the MDFs of the Galactic globular cluster system and
gion beyond that radius. These two componerffedin stellar dwarf spheroidal galaxies is presented in Selct. 6. Thetsesul
metallicities, stellar orbits, and spatial density prafil&s we are discussed in Sefl. 7.

discuss in Sedf]2 below, the HES sample is dominated by-inner

halo stars. We note that we hereafter refer to the inner Falo@ o 1 Number of stars in each candidate class in the to-
thel halq ’ ur;lehss |nd|c|ated otherv:nsef.zo 000 db tal sample of candidates, number of observed candidatds, an

n spite ot t € very large sample ot=5, stars used by mper of accepted candidates after removal of emissien lin
C_:e_lrol_lo et _al., their coverage of the regime of very_Iow mt%bjects, “peculiar’ objects (e.g., objects with continaspec-
“.C'ty is limited. Acc_ordmg o their sgppler_nental Fig. hey tra) and all stars with a G-band index GP6A. In the last
find only 3 stars with [F4H] < -3.0 in their *local sample coéumn, we list the scaling factors applied to the/Hehis-

of %0’123 stars. The main reason for this is that the stars 8h -ams for each candidate class during the constructitimeof
their sample were not selected to be metal-poor, but fortine PVDE (see Sectionl4)

pose of spectrophotometric and telluric calibration of SIS S
spectra.
. . . Number of stars
Recent high-resolution spectroscopic followup of stars Class Al Observed  Accented Factor
from the Carollo et al. sample (W. Aoki, priv. comm.) has indi P

cated that the current version of the SEGUE Stellar Paramete i‘f\;g ;gi ;gg igg 1??
Plpehn(;\] (SSPP; see Le_e e; al. 2q08|3,a; Prfleto l(lat al. ZO?I_S) is mpch 2006 1008 940 199
somewhat poT]servatlve r|1nt e assignment o ste2a7r kr)ma:]g i mpec 1275 432 101 295
estimates, in the sense that stars assignetHFe —2.7 by the Sum™ 3713 oo 1638

SSPP are in reality more metal-deficient, on average, byen th

order of 0.3dex. A recent examination of the numbers of stars

from the SDSEEGUE survey, taking into account thifset,

suggests that up to several hundred stars withiHife< —3.0

are in fact present in the current SDSS sample of stars @incli2. The metal-poor star sample

N9 othe_r categories of targets than just the c_allbratlarsssl One of the main advantages of the HES for determining the
Ivezic et al. (2008) focus on the comparison between tiﬂe . : .

. ) 4 . alo MDF is that the selection of candidate metal-poor stars

inner halo and the disk. Since they rely on abundances de-

. . : was done with quantitative criteria. Hence, the select®n i
termined from photometry, they cannot reliably determiee F : . .
. . well-understood, and possible selection biases can be-quan
metallicities of stars at [FFel] < —2. Nevertheless, the metallic-

- tified and corrected for during the construction of the MDF.

ity map of some 2.5 million stars with photometric meta#igi Futhermore. the selection is purely spectrosconic. so @do
shown in Fig. 8 of Ivezic et al. indicates that there existyver ' purely sp pic,

large numbers of stars in SDSS consistent withy He< —2.0. notintroduce any kinematic biases.

Follow-up spectroscopy is, at present, only available feula

set of them. Beers et al. (in preparation) discuss the MDRef t L B N B NN B AL BB
lowest metallicity stars found in SDEREGUE. The total num- L
ber of stars with [FgH] < —2.0, based on medium-resolution 600 -
SDSS spectroscopy, is over 15,000 (i.e., triple the numiser d
covered by the combination of the HK and HES).

Another wide-angle spectroscopic survey is the
HamburgESO objective-prism survey (HES). It was originally
conceived as a survey for bright quasars (Reimers |1990; 5, L
Wisotzki et al. | 1996,/ 2000); however, its data quality is F

400

T

TR TN Y Y N AN SN N S N B

Number

suficient to not only ficiently select quasars with redshifts of 1

up toz = 3.2, but also various types of stellar objects. In this o Y e e —
paper we are mainly concerned with the low-metallicity tail 0 10 20 30 40 50 60
of the halo MDF, which is constructed from a sample of 1638 Distance [kpe]

metal-poor stars selected in the HES by quantitative dmiterFi .2. Distance distribution of the HES sample. The sample is
This paper continues our series on the stellar content of t(Ij"l

—— —— minated by stars at distances of less tkabkpc from the
HES (Christlieb et al. 2001b, Paper.l; Christlieb €t al. 24001, . : :
Paper II; Christlieb et all 2005, Paper Ill;_Christlieb et aﬁun, afew cool giants are located at distances of up30 kpc.

2008b, Paper V).

The compilation of the sample of metal-poor stars is de- The selection of candidates in the HES is described in
scribed in Sec{]2; the follow-up observations and deteamirPaper IV. For the sample used in this study, we employed only
tion of the metallicities are described in Sddt. 3. In SELt.the KP(B - V), selection; i.e., a star is selected as a metal-
we detail how the MDF was constructed. Comparisons of tpeor candidate if its KP index of the G line, as measured
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3 to the classesipca, unid, mpcb, andmpcc. As described in
. Paper IV, the classification is based on the appearance of the
y i Can K line in the digital HES spectra. Candidates of class
s . . | mpca are the best in terms of the success rate of finding stars
: at [Fe/H] < -2.5 (see Fig[l7), since no @K line could be

seen in the HES spectrum, while the candidates of alpss

are the worst, because a strong Ca K line could clearly be seen
However, the Ca K line is still strong in cool, moderately alet
poor (i.e., [FéH] ~ —2.0) giants, therefore the line is expected
to be detected in the HES spectra of such stars. For statistic
studies such as the determination of the halo MDF it is there-
fore necessary to obtain follow-up spectroscopy also of the
mpcc candidates, because otherwise a color-related bias would
be introduced. Furthermore, the assignment of the classes t
the candidates is subjective, and therefore it would be snpo
sible to determine the selection function of the HES if only a
subset of the candidates selected by quantitative critayidd

be considered for the construction of the MDF.

The result of the visual inspection are 3792 accepted can-
didates, of which 79 are present on multiple plate quarters o
i plates; the number of unique candidates is 3713. The number
of candidates in each of the aforementioned classes igl liste
8 in Tab.[d. Only about half of the 3713 candidates are part of
y the sample presented in Tab. A.1 of Paper IV. This is because
slightly improved sky background and spectrum extractien a
gorithms were used in the final reduction of the HES, from
R(gal plane) (kpc) which the sample of Paper IV was drawn. Note that minor

: e changes of the reduction algorithms can have a lafigeteon
Fig.3. Spatial distribution of the HES samplR(gal. plane) o measurement of the KP index, because the Kdine is
is the distance from the Galactic center projected onto thg o eq by only four pixels of the HES spectra.

Galactic plane. We determine distances to each of the sample stars using
the [F¢H] for each star and a set of isochrones similar to those
shown in the upper panel of Fig. 1. Assuming that all the sam-

in its digital HES objective-prism spectrum, is smallentitae ple stars are at or above the main sequence fijiwe obtain

KP index predicted for a star of [Ad] = —2.5 and the same the distance distribution shown in Fig. 2, and the spatistridi

(B—V)o colour (see Fig. 4 of Paper IV). This cdifevas chosen bution shown in Figl13. The cooler giants in our sample reach

because it results in a good compromise between complaterifistances from the Galactic plane well beydad = 15kpc.

at [FgH] < -3.0, the region in [F4H] we are mainly inter- However, the sample is clearly dominated by inner halo stars

ested in because it correspondsto the earliest phasesaift®al There is a hint that the outer halo stars wZh> 15kpc have

chemical evolution, and achieving a selection whifficently a higher fraction of extremely metal-poor stars than do¢hos
rejects stars at higher metallicity. In addition to the KBér, of the inner halo with 5< |Z| < 15kpc, but given the wide

the BV colours are measured in the HES spectra as well (3e@ge in metallicity we see throughout the halo, our sanmle i

Paper IV for details), and then are corrected for reddensag @oo small to determine the MDFs of the inner and outer halo

ing the maps of Schlegel etlal. (1998). We restrict the sampleparately with confidence.

to the colour range.6 < (B—V)g < 1.0, because the follow-up

observations of stars bluer thaB ¢ V), = 0.5 have not yet

reached a diicient level of completeness, and for stars redd
than B-V)o = 1.0, the accuracy of the determination of [AR¢  For 1771 of the 3713 unique candidates, moderate-resplutio
from moderate-resolution follow-up spectra is limited doe spectroscopy was obtained with various telesgiapgument

the lack of calibration stars and the weakness of thdie, combinations (see Tabl 2). The candidates were mostly ob-

which is used as a temperature indicator. Vh@agnitude and served in programs aiming at the identification of targets fo

(B—V)o distribution of our sample together with isochrones fdfigh-resolution spectroscopy of the most metal-poor stars

an age of 12 Gyr and flerent metallicities is shown in Fijl 1.Hence, the observing strategy adopted for the follow-ugobs

TheV magnitudes are from the HES. vations was to observe the brightest and best candidages (i.

The selection was applied to all spectra of unsaturated patandidate classegca andunid) first.

sources extracted on 329 (out of 379) HES plates, covering a In the follow-up spectra, we measured the KP index as well

nominal area ok 7700 deg of the southern high galactic lati-as the HP2 index of §land the GP index for the G-band of CH

tude sky. The candidates were visually inspected and asig(see Beers et al. 1999 for the definition of these indiceskivh

7 (kpc)

\ \
0 20 40

gr Determination of metallicities
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Table 2. Follow-up observations of the candidate metal-poor stars.

Telescope(s) Instrument(s) Observers Nstars
Magellan 1&2 B&C Shectman, McWilliam, Thompson 553
Bessell, Norris, Edvardsson,
SSO2.3m DBS Behnke, Christlieb, Frebel 339
Palomar 200" DS Cohen, Ramirez, Melendez 323
UK Schmidt 6dF Haynes, Cass, Hartley, Russell, Watson 283
ESO3.6m  EFOsc2  Fechner, Zickgraf, Barklem, 140
Fuhrmeister, Christlieb
Total 1638
P L L R -] offsets could occur, for example, if the CCD response curves
| 87 HERES stars | would strongly vary from instrument to instrument in the wav
r 1 length ranges in which the line and continuum bands of the
i . * ] indices are measured. For this reason, a number of candi-
jf’ -2 . ° - date metal-poor stars were intentionally re-observedfétrdi
?g i :,‘." oo * 1 ent telescopes. Furthermore, in most of the observing cam-
= L oo, .0’ oo 1 paigns, spectra of a few metal-poor standards (e.g., G §4-12
D r LIRPY A 2 o 1 HD 140283, or CD-38 245) as well as metal-poor radial ve-
= . ..' **, o 1 locity standards were secured. In Fiyj. 5, we show compasison
" . * 1 of the KP and HP2 indices measured in spectra taken with all
i 1 relevant telescopimstrument combinations. In total, 315 pairs
Ao ] of measurements are available. No systemdfigets between
_4 3 2 1 the measurements can be seen. However, the scatter of the mea
LT T T 71 surements in spectra obtained with the UK Schmidt and the
| 25 Cohen et al. stars 1 fibre-fed multi-object spectrograph 6dF are about a faetor t
I 1 larger than those of the other telesctpgtrument combina-
oL | tions. This can be attributed to the fact that sky subtradso
L2 - more dificult for the 6dF spectra, since only a few fibers were
é i . ] dedicated to measure the sky background, and furthermere th
= - 4 sky brightness might have varied over tifedtameter field of
o oL T e - 7] view of the instrument.
= L o °e* y 1 The quality of the spectra (i.6R ~ 2000 and a typicab/N
L o o® J . . . .
i J . 1 of 20 per pixel in the continuum near the Ca K line) allowed
L y 1 the easy identification and rejection of emission-line atio
N . ] “peculiar” objects (e.g., galaxies, or objects with contns
—4 -3 —2 -1 spectra, such as cool helium-rich white dwarfs). It has been
[Fe/Hlhigh-res shown by Cohen et al. (2005) that CH lines present in the con-
tinuum bands of the KP and HP2 indices lead to a systematic
Fig.4. Comparison of determinations of [ from ,npgerestimation of these indices, resulting in systerabijitoo

moderate-resolution follow-up spectra with results based |oy [Fe/H] values. Hence, we also excluded from this study all
high-resolution spectroscopy. Upper panel: 87 stars obgerstars with GP> 6A. Since the fraction of carbon-enhanced
with VLT/UVES (Barklem et al. 2005). Lower panel: 23 stargiars among metal-poor stars increases as the metallieity d
observed with KeghIRES and two with MagellaiMIKE;  creases (see, e.n., Cohen et al. 2005; Lucatelld/et all 20@6)
analyses carried out by Cohen etal. (2004). Cohen et@ection of stars with strong G-bands might lead to a bias
(2006), Cohen et al. (2008), and Cohen (2008, unpublished}gainst low-metallicity stars. However, since only 90 star

5% of the 1771 observed stars, were rejected due to this rea-

son, the &ect on our sample is only minor. We also note that
multiple spectra for a star were available, 8y&l-weighted av- the three currently-known ultra metal-poor stars (i.@rstvith
erage of the individual line index measurements was adoptffee/H] < —4.0; see Secfl4 below), all of which have large over-
[Fe/H] was determined from the adopted HP2 and KP indicabundances of carbon, are not rejected by this criterioogesi
using an updated version of the method of Beers let al. (199%eir GP indices are smaller than 6 A. In total, 133 stars were

Since the stars of our sample were observed with many telejected, leaving 1638.

scopginstrument combinations, it is important to verify that Homogeneous abundance analyses based on high-
there are no systematidisets between the measurements oésolution spectra are available for 112 of the confirmediean
the line indices in spectra taken affdrent telescopes. Suchdates in our sample. The spectra were taken with MMES
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Fig.5. Pairs of KP and HP2 measurements for the same star in spétaiaed with diferent telescopmstrument combinations.
Note that some of the estimatesmflisplayed in the panels are influenced by a number of outliers robust estimates would
yield smaller values.

(87 stars), KeclHIRES (23 stars) or MagelldMIKE (2 stars). iron abundances determined in the course of these analyses
The abundance analyses were performed by Barklem et(gfe/H]pigh-re) t0 the moderate-resolution follow-up results
(2005%), Cohen et all (2004), Cohen et al. (2006), Cohen et@Fe/H]med-res- NO significant trends or fisets are present,
(2008), and Cohen (2007, unpublished). Fiy. 4 compares ted the 1o scatter around a regression line of the combined
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test sample is 0.3dex. We hence conclude that the accuradged from the sample for which follow-up observations exis
of [Fe/H]med-res fOr our sample ist0.3 dex. We note that the In this way, a sample of 3439 stars with the correct relative
accuracy can be increased especially for the cooler starsfiaction of the candidates of the four classes is created.
using CCD photometry rather tha® — V colors predicted The MDFs produced by these two methods are expected
from the H5 index HP2 when deriving [Fé1] ned-res HOWEVEr, to be very similar to each other, because in each of them, the
CCD photometry is not yet available for all stars of our sanplclass-wise MDFs are scaled and then added to produce the final
To increase the accuracy of the determination of tRdDF; only the scaling methods are slightlyfidirent. Indeed,
shape of the low-metallicity tail of the MDF, we re-as can be seen in Figl 8, the results do nfedisignificantly
placed [F¢H]meqres With [Fe/H]pigh-res Where available. from each other. We adopt the MDF constructed by means of
[Fe/Hlhigh-res Values are available for 27 of the 76 starscaling the class-wise MDFs by a factor and adding them up.
at [Fe/Hlneares < -3.0, and five out of the six with For this MDF, the numbers of stars in each metallicity bin are
[Fe/Hlmed-res < —3.5. The [FgH]nignres Values were taken listed in Tab[8.
from the above mentioned references and from Cayrel et al. A prominent feature in both of the scaled MDFs is a sharp
(2004) for HE 03055442, a re-discovery of CS 22968-014irop at [F¢H] ~ —3.6 (see Fig.B); in our (scaled) sample, only
([Fe/Hlhigh-res = —3.56). The sixth star at [F&1] neq-res < —3.5  two out of 3439 stars have [fd] < —-3.6. Such a drop was
in our sample for which a [F]ngh-res €Stimate is avail- also recognized by Norris (1999), and it has been seen in the
able has [F&H]eqres = —4.2. A VLT/UVES spectrum ex- HamburgeSO R-process Enhanced star Survey (HERES; see
ists for this star, and a preliminary abundance analysis cdxig. 2 ofiBarklem et &l. 2005). It reflects the fact that onlyywe
firms that the star has a metallicity close to or slightly belofew stars at [F&H] < —3.6 were found in projects aiming at
[Fe/H] = —4.0. Due to the preliminary nature of this result, we¢he identification and detailed study of the lowest metiylic
do not show this data point in Figl 4. stars of the Galactic halo, despite of consideralfierebeing
expended to find them (see, elg., Cohen et al. |2008 and refer-
ences therein).
The shape of the low-metallicity end of the halo MDF could
In order to investigate potential selection biases givem thot be determined accurately by Ryan & Norris (1991) due the
adopted follow-up observation strategy, it is instructveom- limited size of their sample, which contains only four stats
pare the MDFs derived from stars of the individual candidafee/H] < -3.4, and none with [F&H] < —4.0. As can be
classes and in fierent magnitude ranges. For the purpose séen in Fig[B, in the range3.4 < [Fe/H] < -2.5 their halo
investigating the possible presence of a bias caused bythhe MDF agrees extremely well with ours when their MDF is cor-
that the brightest stars were observed first, we divided 88 Hrected for the selection used in the HES. In Eig. 9 one can see
sample into a brightf < 16.7 mag) and a faintf > 16.7 mag) a disagreement between the two MDFs in the bin centered on
half. In Fig.[8, one can see that the shapes of the MDFs of edEbh/H] = —3.5. However, due to the small number of stars in
of the four candidate classes, as well as those of the tatal sahe sample of Ryan & Norris at this metallicity, theffdrence
ple, do not difer significantly from each other. is not significant.
We then divided the sample according to candidate class Another feature of the halo MDF is a lightly popu-
and compared the MDFs of these subsamples. As can be dated tail extending to [Fel] < -5.0. The evidence for
in Fig.[4, the fraction of stars at [#d] < —3.0is highest among this feature from our (scaled) sample alone is weak, since
thempca candidates (i.e., 7 %), and significantly lower in thé contains only two stars at [Rd] < -3.6, and none
other classes (i.e., 3—-4%). That is, the MDFmpfca candi- at [FgH] < -4.3. However, currently some 10 stars with
dates is biased towards lower metallicities. [Fig. 7 alsovsho[Fe/H] < —3.6 have published abundance analysis based on
that the number of false positives (i.e., stars afffffe- —2.5) high-resolution spectroscopy (see Tab. 4 of Beers & Clefstl
is considerably higher among tmpcc candidates. However, 2005 for a recent review), including three additional stars
this contamination does noffact our study significantly, be- [Fe/H] < —4.0: HE 13272326 ([Fg¢H] = -5.4; Frebel et al.
cause we are mainly concerned with the low-metallicity d&il 200%5;| Aoki et al. 2006; Frebel etlal. 2006a), HE 016240
the MDF. ([Fe/H] = -5.7; Christlieb et al! 2002, 2004; Bessell et al.
In order to properly take into account the stars of our ca@004; Christlieb et al. 2008a), and HE 0551840 ([FgH] =
didate sample for which no spectroscopic follow-up observa4.8;Norris et all 2007). These three stars are not part of our
tions exist, we constructed MDFs from the observed samplesaimple due to a variety of reasons. HE 132326 is part of the
stars in the following two ways. First, we computed separdbeight HES metal-poor sample consisting of stars above-a sat
MDFs for each of the candidate classes and scaled them suddtion threshold (Frebel etial. 2006b), while only unszitenl
that the correct relative fraction of stars is produced wien point sources entered the sample of this work. HE 6:B?40
four scaled MDFs are coadded; i.e., the scaling factoedist was selected in a previous version of the candidate setectio
the last column of Talp]1 were applied. Secondly, we assigneHtich was slightly less restrictive than the one we use tese;
to each of the 1942 stars in the full candidate sample lackiagesult, this star misses the selection @id63.9 A for its HES
follow-up observations the [Fd] of a randomly selected star(B — V)o colour of 06 mag by 0.1 A (the KP index measured
of the same candidate class for which a follow-up spectisimin the HES spectrum is 4.0 A). And finally, HE 0554840 is
available. We also randomly rejected stars with a too stféng located on one of the 50 HES plates which are not considered
band and “peculiar” stars according to the probabilitieiede here. In conclusion, for an accurate determination of ttapeh

4. Construction of the observed MDF
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Fig.6. Comparison of the MDFs of the brighB(< 16.7 mag) and faint® > 16.7 mag) subsamples for each of the four candidate
classes (upper four panels) as well as for the combined datedsample (lower left panel). At the top left of each patied,
number of candidates belonging to the bright and faint saymelpectively, is listed; at the top right, the mearylfffof the
samples is given. Faint candidates are over-representkd tlassinid, because the visual classification for fainter candidates,
which have lower quality HES spectra, was mon@dilt.

Table 3. The MDF of the Galactic halo field stars as constructed froensample of 1638 HES with available spectroscopic
follow-up observations by means of scaling to the full calatik sample of 3439 stars (for details see text). Note thait fooper
comparison with the MDFs predicted by theoretical modealshe MDFs of other stellar populations, the selectifiiceency of
the HES as a function of [Ad] and (B — V)o must be taken into account (see Tab. 4).

[FeH] | -450 -430 -410 -390 -370 -350 -330 -310 -290 -270 -250 -230 -210

N 0 0 2 0 0 12 45 73 160 198 281 337 399
[FeH] | <190 -170 -150 -130 -110 -090 -0.70 -050 -030 -010 +0.10 +0.30 +0.50

N 313 231 229 209 308 268 178 109 45 33 3 6 0
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of the MDF at [F¢H] < —4.0 it is required to compile even The [FgH] values are then converted into pairs of KP aBd-(

larger statistically complete samples of metal-poor stars V) by inverting the calibrations of Beers et al. (1999). Then, a
subsample was selected such that it follows the distribtitio

5. Comparison between theoretical MDFs and the (B - V)o of the HES sample (see Fig. 1). Taking into account

halo MDE the distributionin B—V)q is important because the shape of the

selection function is determined byp, o-5_v, and the gradient

In a comparison of the observed MDF with MDFs predicteof [Fe/H] in the KP versusB - V)o parameter space (see Fig. 4

by theoretical models, one has to take into account the moddt Paper IV); it varies with B — V), as can be seen in Flg.]10.

cation of the shape of the MDF by the selection of metal-poor The next step in the procedure was to add random Gaussian

candidates employed in the HES. In particular, uncer&sntierrors with standard deviations according to the known mea-

okp andog_y of the measurements of the KP index @&V in  surement uncertaintiescp, og_v in the HES to KP andg -

the HES spectra result in a scatter of stars withifffe- —-2.5 V), assigned to each star. Finally, the KB- V) selection cri-

into the sample, and stars with [IF§ < —2.5 out of the sam- terion was applied to the simulated sample of stars. Th&iFe

ple. Each theoretical MDF under investigation is therefne-  distribution of the selected stars is the MDF as it would be ob

verted into an MDF as it would be observed in the HES, lerved in the HES.

applying the metal-poor star selection criteria used iIrHES. We first consider the MDF predicted by the Simple
Model of Galactic chemical evolution (Searle & Sargent 1,972

Table 4. Selection function for HES metal-poor candidates iHartwick[1976). That model assumes that a fiducial “closed

the colour range 8 < (B - V)o < 1.0, as determined from box” of primordial gas is enriched by successive stellaregen
’ o ations. Further model assumptions are that (i) the gas is wel

simulations. : : ) . ; S e
mixed at all times (i.e there is a unique age-metallicitatieh
Fe/l Selected fraction aff — V), for the stars formed from that gas) and (ii) the stellar ahiti
[Fe] 0.5 0.6 0.7 0.8 0.9 1.0 mass function (IMF) does not change with time. Analytical so

—405 1.000 1.000 1.000 1.000 1.000 1.000 lutions can only be obtained if it is assumed that the evoiuti
-395 0958 1.000 1.000 1.000 1.000 1.000 arytimescales of the enriching stars are neglible (thesdled
-385 1.000 0.962 1.000 1.000 1.000 1.000 Instantaneous Recycling Approximation or IRA). Such solu-
-375 0.961 1.000 1.000 1.000 1.000 1.000 tions can be generically obtained in the case of a closed box,
-365 0982 0987 1.000 1.000 1.000 1.000 andinsome particular cases of outflow (gas loss from the box)
-355 0954 00991 1.000 1.000 1.000 1.000 gng jnfall (gas flows into the box). Since the IRA turns out to
-345 0920 0.991 0.997 0996 1.000 1.000 g4 very good approximation for elements ejected by massive

-335 0924 0979 0.993 099 0.997 1.000 . . .
_325 0901 0976 0939 0991 0985 1.000 stars, those analytlpal solutions can provide a powerhllftor
the study of Galactic systems.

-315 0.861 0.950 0.984 0.974 0.981 0.997 .
305 0816 0919 0958 0954 0953 0.983 In the framework of the Simple Model, the shape of the

_205 0.744 0869 0.928 0908 0900 0.949 MDF can be described in terms of a unique parameter, the
_285 0.668 0801 0.879 0852 0.839 0918 “yield”, which is the ratio of the mass of newly-created met-
-275 0.563 0.700 0.812 0.768 0.743 0.822 als to the mass locked in long-lived stars and stellar reitsnan
-265 0.455 0583 0.715 0.658 0.617 0.709 Thisis a very useful parametrization, because it is inddpet
-255 0.340 0457 0592 0537 0488 0.573 of the star formation history of the system (the major unknow
-245 0232 0337 0.462 0406 0.364 0.433 jnGalactic evolution studies). In the closed box model tietty
-235 0140 0234 0331 0297 0264 0318 depends only on the IMF (referred to as the “true yield”),hi
:gig 8'822 g'(l)gg 8?;2 8'igg 8'12? 8%2 in the case of gaseous flows (infall and outflow) it depends als
: : ' : : : ' on their magnitude; this ‘féective yield”,ye, is always smaller
-205 0.013 0.046 0.079 0.081 0.085 0.100 .
195 0004 0021 0043 0048 0058 0070 t_hgn the true yield. It tl_Jrns _out tha_t th_e MDF peaks at a metal-
185 0001 0009 0022 0028 0041 0051 licityequaltothe fective yield; this simple result allows one
_175 0.000 0.003 0.011 0.017 0028 0.03¢ todetermine theféective yield and to constrain the underlying
-165 0.000 0.001 0.006 0.010 0.020 0.028 physics (IMF, outflow rate, etc.)
-155 0.000 0.000 0.003 0.006 0.015 0.021 In Fig.[11, we compare the MDF of a Simple Model with
-145 0.000 0.000 0.001 0.004 0.010 0.017 Y =—1.7 with the MDF observed in the HES. The HES MDF
-135 0.000 0.000 0.001 0.003 0.007 0.014 shows an excess of stars in the rar@b < [Fe/H] < -3.0.
-125 0.000 0.000 0.001 0.002 0.004 0.008 Alternatively, if the MDF of the Simple Model would be scaled
-115 0.000 0.000 0.000 0.001 0.002 0.008 gch that it matches the observed MDF in this range, a large
:(1)'82 8'888 g'ggg 8'888 8'88(1) 8'88(1) 8'883 deficit of the number of observed stars in the rar@0 <
’ : ' : : : ' [Fe/H] < —2.0 with respect to the Simple Model would result.
-0.85 0.000 0.000 0.000 0.000 0.000 0.000 . . . . .
It is also neither possible to reproduce with the Simple Mode
the sharp drop of the observed MDF at [FH§ = —3.6, nor the
The first step in the conversion of a theoretical MDF is thil at [Fe/H] < —3.6.
simulation of a sample of stars with a distribution in [Ag Prantzas (2003) developed a modification of Simple Model,
according to that of the theoretical MDF under investigatiowhich includes early infall, and later outflow of gas; the [IBA
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Fig.12. Comparison of the MDF observed in the HES with theoreticalptions. Upper left panel: Prantzos (2003); upper
right panell Salvadori et al. (2007); lower left panel: Reas (2007); lower right panel:Karlssan (2006).

also relaxed in his model. His theoretical MDF matches theal MDF matches the HES MDF well in the rang8.5 <

HES MDF well in the range-35 < [Fe/H] < -25 (see [Fe/H] < -2.5, but neither the sharp drop at [fF{] ~ —3.6

Fig[12), but neither the sharp drop at [ ~ —3.6 nor the nor the tail at [F¢H] < —3.6 are predicted.

tail at [Fe&/H] < —3.6 are predicted. Finally, we compare in Fi_12 the HES MDF with that
Two different approaches to modeling Galactic chemicatedicted by the stochastic chemical enrichment model of

evolution in the context of hierarchical structure forroatcan [Karlsson [(2006). While the model correctly predicts a tail

be found in the recent literature: (a) numerical simulatiodFe/H] < -4.0, the drop of the observed MDF at [F] ~

of the merger history of the Galaxy (e.g., Tumlinson 2006:3.6 is not present in the theoretical MDF.

Salvadori et dl. 2007); (b) the semi-analytical approacdfy su

gested by Prantzos (2007). In Hig] 12, we compare MDFs PEe

dicted by the model of Salvadori et al. (2007) with that ob-’

served in the HES. A free parameter in this model is the criti-

cal metallicity for low-mass star formatiod,,. A model with We have derived the MDF for field stars in the Galactic halo us-

Zy = 10734Z, could probably reproduce the drop of the obing the abundance distribution inferred from a sample 08163

served MDF at [FgH] ~ —3.6, but the tail at [F¢H] < -4.0is metal-poor stars selected from the HES. It is of great iistee

not predicted. compare this with the MDF found for other stellar populatipn
Prantzas (2007) suggested that since the halo of the Galaxyarticular for the system of Galactic globular clustdrere-

has been assembled by merging of a large number of fragmeatfter GCs) and for the stars in dwarf spheroidal (dSph) dgesax

the MDF of the Galactic halo can be seen as the sum of tB&ce the most metal-poor Galactic GC hagfje~ —2.5, we

MDFs of these fragments. In his model, the chemical evoloeed to establish whether or not there is a real deficit of GCs a

tion histories of each of the fragments are still describgd bower Fe-metallicities compared to the halo field.

the Simple Model, using the observed mass-metallicity-rela Fora proper comparison of the HES MDF with that of other

tion of dwarf galaxies to derive individuaffective yields. The stellar populations, it is mandatory that the selectiorcfiom

halo MDF is then produced by integrating over a mass functiofithe HES, as listed in Tal] 4, be taken into account. The val-

of the fragments determined in numerical simulations. e res in that table can be used to correct the observed MDF for

sult is shown in Figl_T2. As fdr Prantzas (2003), the theordhe selection of metal-poor candidates employed in the HES.

“Comparison of the halo field star MDF with that
of other stellar populations
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This is particularly important at [FE] > —2.5, where the cor- Table5. Cumulative halo MDF for [F&H] < —2.0 as observed
rections are large, because typically less than half of ties s in the HES (column “Raw”), and corrected for the selection
are actually picked up by the HES. Note that this incompletefficiency of the survey (columns 3-5). For details see text.
ness is intended, because the main aim of the search for-metal

poor stars with the HES is to identify stars with [A¢ < —3.0. [FeH] Raw (B - V), adopted for correction
Therefore, the selection of candidate metal-poor starsdeas Star 05 10

signed such that as many stars af/Hie> —3.0 as possible are -430 0.0000 0.0000 0.0000 0.0000
rejected, while maintaining a high degree of completenéss a -425 0.0013 0.0001 0.0003  0.0001
[Fe/H] < —3.0 (see Christlieb et &l. 2008b for details). —-420 0.0013 0.0001 0.0003  0.0001

-4.15 0.0013 0.0001 0.0003 0.0001

For a star of a given [F&l], the corrections are also a func-
-4.10 0.0013 0.0001 0.0003 0.0001

fuon of B - V color, being higher (more likely for a star to be 405 00012 00001 0.0003 0.0001

included in the HES) for redder stars. The variation over the

B_V col fthe HES | . -4.00 0.0013 0.0001 0.0003 0.0001
-V color range of the sample can, in extreme cases at _395 00013 00001 0.0003 0.0001

the higher metallicities, correspond to a variation of adaof -390 00013 0.0001 0.0003  0.0001
8 in selection #iciency (see, e.g., the line for [F¢ = -1.95 _385 0.0013 0.0001 0.0003 0.0001
in Tab[34). -3.80 0.0013 0.0001 0.0003 0.0001

For our comparison with the MDF of the Galactic GCs we -3.75 0.0013 0.0001 0.0003 0.0001
adopt the [FEH] values from the current version of the on- -3.70 0.0013 0.0001 0.0003 0.0001
line database of Harris (1996). The values for M15 and for —-365 0.0013 0.0001 0.0003  0.0001
NGC 7099 were updated with small corrections based on de- ~ —360  0.0013 0.0001 0.0003  0.0001

-355 0.0039 0.0003 0.0009 0.0002
-350 0.0039 0.0003 0.0009 0.0002
-345 0.0103 0.0007 0.0024 0.0004
-3.40 0.0116 0.0008 0.0027 0.0005

tailed abundance analyses carried out by J. Cohen and gellab
rators (Cohen & Huang 2008, in preparation; Cohen, Melendez
& Huang 2008, in preparation). The HES is (intentionally) in

complete for [FEH] > —2.0, so we only consider the set of GCs _335 0.0141 0.0010 0.0033 0.0006
with [Fe/H] < —1.95, which contains only 16 clusters. We note 330 00180 0.0013 0.0041  0.0008
that many analyses have shown that the Galactic GCs exhibit _325 0.0282 0.0020 0.0065 0.0013
the same behaviour of abundance ratios (such as the inakase -320 0.0385 0.0028 0.0088 0.0018
[Cg/Fe] with decreasing [FEl]) as the halo stars (e.g., Fig. 23 -3.15 0.0488 0.0035 0.0112 0.0023
of|Caohen et al. 2004) as do the halo stars. Thus, the conwversio -3.10 0.0603 0.0044 0.0138 0.0029
between a Ca line index and [fF§ adopted by the HES should -305 0.0770 0.0057 0.0177  0.0037
be that one appropriate to halo field stars. -300 0.0847 0.0063 0.0195  0.0041

-2.95 0.1065 0.0080 0.0246 0.0054
-290 0.1245 0.0096 0.0290 0.0064
-285 0.1502 0.0118 0.0353 0.0080
-2.80 0.1797 0.0148 0.0428 0.0100

The comparison is shown in Fif. 113, where cumulative
MDFs are shown for the HES sample and for the Galactic GC
system. This figure clearly demonstrates that the Fe-ratgll

distribution of the Galactic GCs does not match the cumula- 275 02131 0.0180 0.0517 0.0124
tive MDF constructed from the observed, “raw” counts of star 270 02478 00220 0.0618 0.0153
given in Tab[B. The solid, middle line in Fig.]13 correspotuds —265 02555 0.0230 0.0642 0.0159
the case where corrections according to the dereddBred -260 0.3030 0.0293 0.0797 0.0205
color of each individual star of the HES sample have been ap- -255 0.3273 0.0331 0.0888 0.0234
plied. Since these corrections are themselves unceriam, t -250 0.3582 0.0388 0.1017 0.0275
other variants are shown in this figure and listed in Tab. 5 to -245 04031 0.0487 0.1234  0.0349
indicate the potential impact of the choice Bf- V color on -240 04801 0.0691 0.1668  0.0508

-235 05225 0.0839 0.1953 0.0625
-230 0.5687 0.1019 0.2317 0.0790
-225 0.6226 0.1328 0.2810 0.1036
-220 0.6855 0.1812 0.3517 0.1448

the corrections. The first adopts the corrections for thedilu
B - V color of Tab[4, which are always the smallest, while the
the second uses that of the redd@stV color of Tab[4, which

are always the largest. o ~215 07664 0.2840 0.4627  0.2274

Fig. [13 shows that once the selectiofiicgency correc- 210 08113 0.3679 05369  0.2997
tions given Tabl ¥ are applied, the halo field star MDF we de- -205 0.8858 05406 0.6848 0.4878
duce here is a good match to that of the Galactic GCs. Instead -200 0.9307 0.6959 0.7947 0.6458
of expecting roughly 10% of the sample covering the range -195 1.0000 1.0000 1.0000 1.0000

[Fe/H] < —1.95 to have [FAH] < —3.0, we expect only 2%

to be this metal deficient, when the selectidiicgency for the

HES is taken into account. At [Ad] < —2.5, the expected frac-

tion decreases from 50 % to 8 %. Thus, the absence of any &@. the review by Geisler etlal. 2007) that these dSph stella

more metal-poor thar2.5 dex among a sample of 16 clusterpopulations show a significant lack of stars with Fe-metiyli

at [FgH] < —1.95 is not suprising. at [FgH] < —3.0. For example, Helmi et al. (2006) make this
A similar situation holds for the stellar population in thelaim for the four systems for which they assembled the reces

dSph satellites of the Galaxy. It has been widely claimed,(ssary data; i.e., Carina, Fornax, Sculptor and Sextans.
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Abundances are now available for large samples of stars/uh stars at [F#l] < —1.9 (40 of which have [C&d] < -1.9)
the nearest dSph galaxies. We concentrate here on those wieeshown in the lower panels of Fig.14. The [BAMDF she
there is little or no evidence for recent star formation amd finfers from her CaT line strengths is consistent, to witlia t
which suitable samples are available; specifically DraasaU uncertainties, with the halo Fe-MDF, once the selectifiit e
Minor, and Fornax. There are, however, two issues that arigency of the HES is taken into consideration, as is the aase f
in a comparison of the stellar population of the dSph gakaxi&/Mi. The MDF for [F&/H] in Draco is consistent as well, given
with the Galactic halo MDF. The first is that these metallicthe uncertainties in the conversion from CaT measurements t
ties are derived from line indices which measure the stfendFe/H].
of the Ca infrared triplet (CaT) in moderate-resolutioncte We thus find that the MDF of the Galactic halo field stars
The conversion from a Ca abundance to a Fe abundance igsalerived from the HES is statistically indistinguishaiden
crucial issue, since the dSph stellar population clearbywsha that of the Galactic globular cluster system and of the atell
different trend of [Cére] versus [F@H] than does the Galactic population of the nearest dSph satellites of the Galaxyraon
halo (see, e.g.. Geisler etal. 2005 or Monaco gt al. 200T), wio the result of Helmi et al! (2006). This holds over the range
[Ca/Fe] being smaller at a given Fe-metallicity in dSph galaxigee/H] < 1.9 after the selectionficiency corrections to the
as compared to GCs and the halo field. The second is how #pparent MDF from the HES have been applied.
sample to be observed spectroscopically in the dSph istsdlec Recently| Kirby et dl.[(2008) found 15 stars with [F§ <
If, e.g., an equal number of stars in each color bin is chasent3 g in seven of the ultra-faint dSph galaxies recently discov-
probe the full range of color across the upper RGB in a dSpdted by the SDSS. Since all these very low luminosity galax-
the sample may be biased in metallicity, because the positigs have mean [F#] values of—1.9 dex or lower, this is per-
of the upper RGB in the color-magnitude diagram depends R8ps not surprising. While the validity of the calibratioh o
[Fe/H]. Instead, a representative subset of stars reflecting the CaT with metallicity is debatable at very low metallcit
color distribution of the stars on the RGB should be chosen. (see, e.gl, Starkenblirg 2009), Kirby €t al. (2008) develape

Bearing these caveats in mind, we have constructed the §gectral synthesis technique which does not use the CaT at al
mulative MDF for Draco, Ursa Minor, and Fornax. For Fornaxgohen & Huang (2008, in preparation) have obtained high res-
we use the VLIFLAMES+GIRAFFE survey of Battaglia et al. olution spectra of a sample of stars in the Draco dSph, one of
(2006) (their Tab. 4) with measurements of the strength@f tthe more luminous of the dSph satellites of the Galaxy, and
infrared Ca triplet. These were converted into Fe-mett86c found one star with [Fé1] < —3.0 in that dSph as well. Thus,
using the relation established by Rutledge et al. (1997)chvh extremely metal-poor stars are present, albeit in small-num

was calibrated using globular cluster giants. Their sample pers, in both the ultra-faint and classical dSph satelbfethe
cludes 48 stars with [FH] < -1.9. Battaglia advises (priv. Galaxy.

comm.) that their sample should be unbiased with respect to

metallicity. | Battaglia et al.| (2008) discussed the accurat

their conversion between Ca triplet line strength andHife 7. Discussion and conclusions

given the diference in the behavior of [(Re] with Fe-

metamcny between GCs and dSph popu|ati0ns_ Using a CO,Iﬁ_SeCtB we have shown that a reasonable agreement with the

parison of high dispersion abundance analyses with their fverall shape of the HES MDF can be obtained for/He>

sults from CaT measurements for a limited sample of dSp#-6 by most models of Galactic chemical evolution, but none

giants, they conclude that their Fe-metallicities are spiia ©Of them predict the sharp drop at [F§ ~ —3.6 seen in the

within £0.2 dex, but they use a slightly modified CaT to FEIES MDF. The lack of stars at [#d] < —3.6 is highly sig-

transformation in this later paper. In any case, the lefteparflificant: The models typically predict that about ten suetnsst

of Fig.[I4 shows that the Fornax dSph is deficient in staggould be presentin the HES sample, while only two are found.

with [Fe/H] < —2.0 relative to the MDF of the halo field It remains to be investigated whether the drop can be repro-

stars only when the HES raw counts are used. Once the ddced by modifying some of the assumptions of the models, or

lection eficiencies are folded in, the Fornax cumulative MDY adding further ingredients.

at [FgH] < -2.0 is consistent with that of the Galactic halo To our knowledge, the stochastic chemical enrichment

field stars as inferred from the HES, just as we found above foodel of Karlssan/ (2006) is the only model which predicts a

the Galactic GCs. very sparse tail of stars at [fH] < —4.0, in agreement with
We carry out the same comparison for Draco and for Ur§ze halo MDF observed in the HES.

Minor using the database of Winnick (2003). She measured In the ACDM picture, the Galactic halo was largely built

CaT line strengths from spectra obtained with the multiffibeut of disrupted satellite galaxies. If stars had alreadaynéad

instrument Hydra at the WIYN telescope. Her sample is seithin them at the time of accretion, then the MDF of the

lected from radial velocity members with no metallicity $ia Galactic halo and of the existing dSph galaxies should agree

Winnick calibrates a relation between both [Bhand [FgH] at the metal-poor end with regard to the presence of a weak

and CaT from observations of GC giants, making no attemptttil of stars with [FéH] < —3.0. It is thus reassuring for the

take into account the fierence in the behavior of [(lee] with ACDM scenario that our analysis shows that the dSph galaxies

[Fe/H] in these two stellar populations. We therefore apply @ not appear to be deficient in extremely metal-poor stars, i

correction of+0.35dex to her tabulated [A¢] values to put contrast to the claims of e.g. Helmi et al. (2006). An impotta

them onto the GC Fe-metallicity scale. The case of Dract wiuestion remaining to be answered is how the abundancs ratio
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of the dSph stars at [Ad] < —3.0 compare with those of the Carney, B., Laird, J., Latham, D., & Aguilar, L. 1996, AJ, 112
Galactic halo stars. 668

Since the HES and the HK survey are in-situ surveys th@arollo, D., Beers, T., Chiba, M., et al. 2007, Nature, 4320
predominantly sample the inner-halo population of the @alaCayrel, R., Depagne, E., Spite, M., etal. 2004, A&A, 416,111
(with R < 15kpc), it is mandatory to consider the possibilChristlieb, N., Bessell, M., Beers, T., et al. 2002, Nat4r9,
ity that the (for now, poorly studied) outer-halo populatiof 904
the Galaxy may indeed contain significant numbers of stagdiristlieb, N., Bessell, M., & Eriksson, K. 2008a, in pregar
with [Fe/H] < -3.6, as might be indicated by the shift of the tion
peak metallicity of the other-halo stars studied by Caretlal. Christlieb, N., Green, P., Wisotzki, L., & Reimers, D. 2001a
(2007) to [FgH] = -2.2, a factor of three lower than the A&A, 375, 366
peak metallicity of inner-halo stars. This possibility isitig Christlieb, N., Gustafsson, B., Korn, A., et al. 2004, Apd36
actively pursued by high-resolution spectroscopic folagvof 708, astro-pf0311173
stars that are likely to be members of the outer-halo pojauat Christlieb, N., Schorck, T., Frebel, A., et al. 2008b, A&484,
based on their local kinematics, by a number of groups. 721
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