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ABSTRACT

We present a comprehensive chemical abundance analysig oéfi giants and two horizontal branch (HB) stars towardssthuth-
ern edge of the Galactic bulge, &tl)~(0°,—11°). Based on high-resolution spectroscopy obtained witiMgellanMIKE spec-
trograph, we derived up to 23 chemical element abundanat&dantify a mixed bag of stars, representing various pdjmria in

the central regions of the Galaxy. Although cosmologicaiwations predict that the inner Galaxy was host to the fiestssn the
Universe, we see no chemical evidence of the ensuing maagdernova explosions: all of our targets exhibit halo;lg@ar [S¢Fe]
ratios, which is in contrast to the low values predicted frBopulation Il nucleosynthesis. One of the targets is a CEMRar at
[Fe/H]=-2.52 dex, and another target is a moderately metal-pooyHlFe-1.53 dex) CH star with strong enrichment &process
elements (e.g., [B&e]=1.35). These individuals provide the first contenders of¢hgasses of stars towards the bulge. Four of the
carbon-normal stars exhibit abundance patterns remimisdehalo star across a metallicity range spanni® to —2.6 dex, i.e.,
enhancedr-elements and solar Fe-peak and neutron-capture elenamtghe remaining one is a regular metal-rich bulge giant.
The position, distance, and radial velocity of one of thealpbor HB stars coincides with simulations of the old trajlarm of

the disrupted Sagittarius dwarf galaxy. While their highhycertain proper motions prohibit a clear kinematic sefgarathe stars’
chemical abundances and distances suggest that thesepoetalandidates, albeit located towards the bulge, arefribe bulge,
but rather inner halo stars on orbits that make them pasagdhrthe central regions. Thus, we caution similar claimsatéctions of
metal-poor stars as true habitants of the bulge.
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1. Introduction gests that metal-poor stars belex8.5 dex, formed at redshifts

' . . . .,z = 15, would be found most frequently in the bulge, owing
The first stars in the Universe were very massive and perishgdihe inside-out growth of dark-matter-dominated largales
after very short lifetimes of a few tens of Myr (e.g., Bromny ot res. It is important to note, however, that the presay,
& Larson 2004); however, it is still possible to see their Nusenya| [ocation of these stars then does not reflect thet-bi

cleosynthetic imprints on the next generation of longdigtars hich i | h “in th | f
that formed out of their ejecta (e.g., f&au et al. 2013). The {ohzcbeb,"\gl]ve"l.c 's commonly paraphrased as "in the bulge, not o

Galact_lc halo hpsts a S“.bSt?‘”“a' fraptlon of known metaifp Within the hierarchical framework of structure formation,
Ztars: ":js metall_lcny dlztrlbL(Jj’n?r?lfufnctlc;nI(MDF) tpeak(;sal.gt the Galactic stellar halo formed via the accretion of dwarf
ex-and comprises a broad tail o1 metal-poor stars dowaflo g a1axy like fragments. This was challenged by an apparésit m
dex (Beers & Christlieb 2005; Schoerck et al. 2009; Keller €., of the chemical abundances of halo stars and the segbpos

al. 2015). C_onversely, the Galactic bulge has been 'dﬁd‘m building blocks (the dwarf spheroidal galaxies; e.g., Sret et
an archetypical old (Clarkson et al. 2008), yet metal-riop- 5, 5001) except for the most metal-poor component, anchwhe
lation (e.g., McWilliam & Rich 1994), which indicates a répi .ompared to the lowest-mass systems (e.g., Koch & Rich 2014)
forma’u_on at early times. . . The case is less clear in the bulge of the MW: an accretion ori-
Intriguingly, chemodynamical models of of the chemicg}iy of the bulge would leave kinematic traces in phase space,
evolutionary history of the Milky Way’s (MW) stellar halo@r  none of which has yet been conclusively detected in kinemati
dict that the oldest and most metal-poor stars in our Galagy Rurveys (Howard et al. 2008; Kunder et al. 2012, 2014; but cf.
most common in the bulge. The simulations of Diemand et Qligever et al. 2012).
(2005) already indicate that 30-60% of the first stars woeld r By now, metal-poor stars have been detected towards the
side within the inner 3 kpc. Similarly, Tumlinson (2010) SUdpyige, but barely overlapping with the class of extremelyahe
poor (EMP) stars, i.e., below3 dex. Moreover, this very metal-
poor component is only sparsely sampled, with only 27 spectr
andy , gwp, ian@obs . carnegiescience. edu scopically conflrmed stars betweefl dex and the most. metal:

* This paper includes data gathered with the 6.5 meter MayellR2°" bulge Cand'dfite at3.02 dex (Nes§ et al. 2013a; Garcia
Telescopes located at Las Campanas Observatory, ChildesTal eréz et al. 2013; Howes et al. 2014; Schlaufman & Casey
2 and 3 are only available in electronic form at the CD®015; Casey & Schlaufman 2015). Nonetheless, the bulge of-
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5)via fers a wealth of stars with chemical peculiarities of onedkin
http;/cdsweb.u-strasbg/agi-birygcat?JA+A/ or the other, which provide important insight into its cheati
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evolutionary history and covering, amongst others, Lirrgi- object, confirmatory spectra of the photometric EMP cartéila
ants,r-process enhanced stars, and barium stars, (Johnson evate obtained using the duPont Wide-Field-CCD (WFCCD)
2012, 2013b; Lebzelter et al. 2013), albeit at higher mietall grism spectrograph. From these spectra, the measuredaequiv
ties above~ —1.8 dex. Thus, a comprehensive chemical idertent width (EW) of the Ca K line was used, in combination with
tification of the purported very metal-poor bulge is stillnde B-V colour, to estimate metallicity.

ing and the question as to which component they, chemically We note that none of our targets overlaps with the mod-
speaking, resemble, remains open. In this context, Nesk eteaately to very metal-poor samples of Johnson et al. (2012,
(2013a) anatomised the metallicity distribution of thegaubver 2013a, 2014), Garcia Pérez, et al. (2013), Howes et al4R0

a broad field of view, suggesting up to five components. White Schlaufman & Casey (2015).

strongly peaked at supersolar metallicities, this MDF also

vealed a (low-number) overlap with the inner Galactic haild a ) )

the metal-weak thick disk. Finally, Casey & Schlaufman @01 2-2- High-resolution MIKE spectropscopy

found the first metal-poor bulge candidates down tgHffe-3  opservations of seven EMP candidates presented here were
dex; the detailed chemical composition of their three SIS t3en spread over six nights in July 2007 with a median sesfing
compatible with the general MW halo, with the exception 8710 o 95 \hile individual exposures reached as high 48@d no-
SgFe abundance ratios, indicative of enrichment by Populatigyp|y petter conditions~ 0.6”) during several nights. Our cho-
Il ejecta. » . sen set-up included a 0’5lit, 2x1 binning in spectral and spa-
Finding these metal-poor stars and ascertaining their mefd dimensions and resulted in a resolving poweRof 45, 000.
bership with the bulge is not only of interest for the sakeesf r 5, observing log is given in Table 1.
constructing the chemical evolution of the bulge, but al®im- The data were processed in a standard manner with the
portant implications for studying the morphology of thed®il ineline reduction package of Kelson (2000; 2003), which ac
Number counts of the red clump, which led to the discovegynts for flat field division, order tracing from quartz lamp
ies of, for instance, bar, boxy and X-shaped substructeres, ( {15, and wavelength calibration using built-in Th-Ar lamp-
McWilliam & Zoccali 2010; Wegg et al. 2015) employed certainy g res that were taken immediately after each science expo
cuts in colour-magnitude space. However, a prominent @puyre  Continuum-normalisation was performed by dividing t
tion of metal-poor, thus bluer, stars can be missed by fix&lico oy racted spectra by a high-order polynomial. The final spec
criteria, which could lead to biased, reconstructed spstifac- o5cp signal-to-noise () ratios of 50 per pixel in the peak of

tures. _ _ _ the order containing i, declining towards-25 in the bluest or-
Here, we present a long-standing campaign and its res s at 4000A (see Table 1)

to systematically look for metal-poor bulge stars . Thiserap . " .
is organised as follows: 1§2 we lay out our target selection Radial velocities were measured from a cross correlation of

and data processing; the abundance analyses are descm'dbec} Y rj{e''Ocle?tr'cf"“||3é|_00"60ted_S_pectrfat aga|r|1|st 651 Et)ylgﬁdlgmnt
discussed out in detail i§§3,4. In §5 we single out two stars startempiate, yielding a precision ot typically ©. S
with peculiar abundance distributions and§id we address the
question of the|r membership with the bulge before sumnragiz 3. Abundance analysis
our findings in§7.
Our chemical element abundance analysis builds on a stndar
EW absolute, gf, abundance analysis, which closely follthves
procedures of our previous works (e.g., Koch & McWilliam et
al. 2014). In all following steps, the 2013 version of thel-ste
2.1. Identification of metal-poor candidates lar abundance code MOOG (Sneden 1973) was used. The line
] ) o list is the same used in Koch & McWilliam (2014; and refer-
The stars studied here were identified in a search for EMB stgpces therein) for the similarly metal-poor globular cuGC
inthe Galactic bulge (Preston et al. unpublished), bear-10°, 5897 ([F¢H]=-2.04 dex), complemented by transitions listed in
employing the 2.5-m du Pont and 1-m Swope telescopes at baswiilliam et al. (1995) and Sadakane et al. (2004). For vana-
Campanas Observatory. o dium, we employed the most recent lpfy measurements of
EMP candidate stars were initially identified by weak al-awler et al. (2014) and Wood (2014). One of the targets tlirne
sorption from the Ca K line, at 3933 A, using narrow-band imagut to be a metal-rich star so that most features used in tha-me
ing. Line absorption was estimated from the flux transmittgd poor spectra are too strong and saturated to give meaningful
a 20 A wide Ca K filter compared to the flux in a 200 A wideabundances. For this object, we resorted to the line lisuohi
continuum filter, both centred at 3933A. BVI images were alggt al. (2015), which was optimised for studies of the meitai-r
obtained to calibrate the temperature-sensitivity of #ulting Galactic components. Some heavy elements (e.g., La, Nd, Eu)
CaK index. The CaK Index and-B/ colours of the bulge stars have their dominant transitions in the blue spectral ranpch
were then used to obtain initial photometric metallicitibich is affected by heavy blending (e.g., Hansen et al. 2015) and we
we calibrated against similar photometry of known EMP staigid not include these lines in following analyis of the meaiah
dard stars. star. Finally, we note that in all cases, but in particulartfee
Not all bulge stars with a low CaK index turned out to b€ EMP-s star 27793, we assured that all used lines were located
metal poor. For instance, sometimes the Ca K photometry surfspectral regions urfi@cted by molecular absorption.
fered from spurious systemati€fects, such as afiicult to re- We included the fects of hyperfine splitting for Sc, Mn, Co,
solve, direct cosmic ray hit on the stellar image, orférdction Sr, Ba, and Eu using the information given in McWilliam et al.
spike from a nearby bright star. M stars, with strong molarcul(1995) and Mashonkina & Christlieb (2014). Here we note its
bands, have weak CaK indices because heavy TiO blanketsigpng éfect on Mn, where the hyperfine corrections can reach
drowns out the Ca K absorption. Therefore, in order to elimas high as 0.7 dex. Individual EWs were measured by fitting
nate false-positive detections, low-resolution-@R000), multi- a Gaussian profile to the absorption lines using IRAdpkot,

2. Target selection, observations, and data
reduction
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Table 1. Observing log

Staf IAU name a (J2000.0) 6 (J2000.0) Date Exp. time [s] /8¢ [pixel™]
872-13971 J183256.52-344529.3 18:32:56.5234:45:29.28 Jul-14-2007 3600 /36/28
899-14135 J183338.54-342940.9 18:33:38.5434:29:40.91  Jul-08,09-2007 11700 /3912
873-17221 J183426.75-345554.4  18:34:26.7534:55:54.39 Jul-08-2007 4800 /3020
874-24995 J183558.75-345839.1 18:35:58.7534:58:39.14 Jul-10-2007 4800 B8/25
941-27793 J183113.29-335148.3 18:31:13.2933:51:48.25 Jul-12-2007 6600 /80y28
958-10464 J183003.87-333423.6  18:30:03.8#33:34:23.57  Jul-10,11-2007 7060 /80/30
896-37860 J183025.73-343130.0 18:30:25.7334:31:30.01 Jul-14-2007 3600 /8825

Notes. @ ID consisting of plate number and entry number in our photoimeatalogue. Throughout the paper, we use the seconiiit 1D
as unique identifier of the stars for brevi§.Given at 650045004000 A.

Table 2. Line list for the metal-poor sample

Element A E.P. loggf EW [mA]
[A] [eV] 13971 17221 24995 27993 10464 37860
Lil 6707.70 0.00 0.174 18 15

Nal 5889.95 000 0110 181 199 180 193 283 223
Nal 589592 000 0190 159 167 162 173 252 211

Na | 8183.26 2.10 0.230 36 22 28 41 117 76
Nal 8194.79 2.10 0.470 54 22 53 88 153 88
Mg | 4571.10 0.00 -5.623 7 60 82 49 88 70
Mg | 4702.99 4.35 -0.440 87 7 87 111 149 110
Mg | 5528.42 4.35 -0.481 93 80 92 100 153 124
Mg | 5711.09 4.33 -1.728 19 22 11 57 24

Notes. Table 2 is available in its entirety in electronic form vizt8DS.

unless otherwise noted, where we employed spectral systhes Initial estimates for the féective temperatures were ob-
The resulting line list is detailed in Table 2 and in Table B faained from the targets’ photometry and by using the colour-
the metal-rich star, while individual elements and traosg are temperature relations of Alonso et al. (1999). To this end, w
further discussed in Sect. 5. used the stellar BV colours from Preston et al. (unpublished)
and J, H, and K-band magnitudes from the 2 Micron All Sky
Survey (2MASS; Skrutskie et al. 2006), which we transformed

Table 3. Line list for the metal-rich giant 14135 into the photometric system required by the Alonso calibres,
following Alonso et al. (1998) and Cutri (2003). This photom
Element A[A] E.P.[eV] loggf EW[mA] etry was dereddened with the Schlegel et al. (1998) maps and
Nal 5688.20 210 -0.404 168 applying the reddening law of Winkler (1997). The averade va
Na | 6154.23 210 -1.547 111 ues for g from four colour indices are given in Table 4. The
Nal ~ 6160.75 210 -1.246 130 typical uncertainty, as quantified by the standard dewiatie
Mgl ~ 5711.09 435 -1724 148 ~130 K but always better than 200 K.
Mg | 6318.72 5.11 -2.103 83 .. .. .
Mgl  6319.24 511 -2.324 57 Initial surface gravities, log, were based on the canoni-
Mg | 6319.49 511 -2.803 30 cal stellar structure equations, where we adopted the pieito
Mg | 7387.69 5.75 —1.000 106 ric Tex and the stars’ V-band magnitude. The stellar mass was
Mg | 7691.55 575 -0.783 124 adopted as 0.8 M typical of metal-poor red giants in old stellar

populations. As the targets’ distance we adopted 8.5 kgamas
Notes. Table 3 is available in its entirety in electronic form vi@@DS. ing they are indeed located in the bulge (e.g., Reid et al4201
The CakK index was used to adopt the initial model atmosphere
metallicities.

Model atmospheres were interpolated from the ATLAS These stellar parameters were then refined by using an en-
grid of Kuruc#, one-dimensional 72-layer, plane-parallel, linesemble of Fe lines. First, Tz was set via excitation equi-
blanketed models without convective overshoot, assunong librium, where we rejected weak lines with a reduced width
cal thermodynamic equilibrium (LTE) for all species. Thedno Rw=log(EW/1)< 5.5 and strong, saturated lines above RW
els incorporate ther-enhanced opacity distribution functions,~4.5. Thus, flat trends in the plot of abundance vs. excitation
AODFNEW (Castelli & Kurucz 2003), since we anticipate th@otential could be typically achieved within 50 K, yieldidg-
metal-poor bulge stars to show elevategHe] ratios, as is seen ferences in the high- vs. low-excitation lines of less tHamin-
in comparably metal-poor halo field stars. This is indeedcin atrinsic dispersion.
cord with our finding ofr-enhancements in all of the target stars  gimijarlv. the microturbulence. was set by removina an
(Sect. 5.3). Theféect of using Solar-scaled distributions insteagle g of agﬂndance with EW fg:r“ this subseyt of Iines,g Wh)i/Ch

is negligible, as quantified in Sect. 4.1 yieldedé precise to~0.1 km s*. Finally, we determined spectro-
scopic surface gravities through ionisation equilibridmeutral
! http://kurucz.harvard.edu/grids.html and ionised Fe lines. Typically, a variation of Igdpy 0.15 dex
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Table 4. Properties of the target stars

Vo Bv) VR T2 K z

S@ magl [magl [mag —(hot @pecy %9 kmsy M e
13971 14.92 0.806 2.48 496015 4900 1.83 1.64 -2.31 RGB
14135 15.64 1.240 2.86 44855 4650 2.86 1.50 -0.01 RGB
17221 15.03 0.846 2.44 486644 4800 1.45 1.83 —-2.66 RGB
24995 14.58 0.900 2.46 492186 4800 1.58 1.92 -2.50 RGB

27793 1555 1.030 251 490687 4975 2.10 155 -252 RGB,CEMPs
10464 15.27 0.750 2.14 556008 5400 1.70 2.64 -153 HB, CH-star
37860 15.29 0.733 2.17 52980 5150 1.40 215 -207 HB

Notes. @ Average of T(\V-K), T(J-K), T(J-H), and T(B-V). The error is the standard deviation of all four measufé$RGB” = red giant
branch star; “HB"= Horizontal branch star.

yielded an ionisation imbalance less than the combinedsstatach of (&g, logg, &, [M/H], [e/Fe]) was varied by its typi-
tical error of the respective keand Far abundances and wecal uncertainty, estimated above a0 K, +0.15 dex,+0.10
adopted this value as our uncertainty on the surface gravikyns?, +0.1 dex,+0.1 dex). To test the influence of the atmo-
These above procedures were iterated towards convergéncepherica-enhancement, we re-ran our analysis using the solar-
all parameters. All fiducial, spectroscopic, stellar pagtars that scaled opacity distributions, ODFNEW, which mimics an unace
we use for the remainder of our analyses can be found in Tableéginty in the model ¢/Fe] ratio of 0.4 dex. New abundance ra-
We note a very good agreement of the photometric and spectios were then determined and we list in Table 7 the deviation
scopic temperatures, where the photometric values are @varnog ¢ from those given in Tables 5,6, derived using the unaltered
by 61 K on average with adl dispersion of 81 K. stellar parameters. This exercise was carried out for tioéesb
Two of the stars stars have lower gravities than expectedsifid the hottest stars in our metal-poor sample, viz. 172281 an
they were on the red giant branch (RGB) or subgiant branct)464.
given their warmer &. We associate these with the horizontal Here, the largest systematic error sourceds While metal-
branch (HB) and label them in Table 4. Our adopted tempel&ity and the opacity distributions generally have a neiglie
tures for these two HB stars put them outside the fAnge of influence, with the exception of carbon, where the latteapar
the instability strip (e.g., see Marconi et al. 2015). Thepiectra eters dominate. As an upper, conservative limit ignoringspo
show no evidence of variability in terms of line asymmetioes ble covariances between the stellar parameters (e.qg., Nawvi
other activity indicators (for instance within the Balmards), 1995), we summed up all contributions in quadrature. Since a
nor any radial velocity variations between individual expes, typical error on the observedfFe] ratio is 0.1 dex, we only
which were taken over the course of two nights (star 1046d) atransfer 14 of the “ODF” uncertainty into the final error bud-
within one hour (object 37860). Thus we conclude that theget. The final, total systematic uncertainty values aredish
stars are unlikely to be RR Lyrae or other variables. the columnsry in Table 7.

4. Abundance results 4.2. Iron abundance

. . With the exception of the-process enhanced HB star 10464 (at
All of our following abundance results, presented in Tatiids —1.5 dex) and the regular, metal-rich bulge star at Solar metal-

are relative to the Solar, photospheric scale of Asplundl.et i ity, all of our targets are “very metal-poor stars’ (Beek

(2009). The subsequent Figures 1-5 show LTE abundances ir>’ . - ;
the sake of comparison with literature and we discuss NLFE € Hristieb 2005), i.e., below [f78l]< -2 dex, reaching as low

fects in the individual subsections #5-2.66 dex. .
' Metal-poor stars “in” the bulge have been reported before,

albeit in very low numbers: Kunder et al. (2012) confirmed
4.1. Error analysis the well-known vertical metallicity gradient in the bulgethat
. . lower-latitude ¢8°) fields are more metal rich, and only a hint
As ameasure for the statistical errors on the derived alu®$a of 5 population of metal-poor stars could be detected. @arc’
we list in Tables 5 and 6 theolline-to-line scatter and numberpgarez et al. (2013) found two stars marginally bele® dex,
oflines, N, used in the analysis, which leads to small random  \yhjich constitutes 0.1% of their large sample from the APOGEE
certainties in those elements with many suitable tramstguch Howes et al. (2014) reported on four giants-&t7 to —2.5 dex
as Fe, Ca, and Ti. For more ill-defined cases, where only are |hear|b| ~ 8-9°, and Schlaufman & Casey (2015) devised a
was measurable, we assessedreefror using the formalism of romising photometric selection method, from which Casey &
Cayrel (1988), which accounts for the local continuum naise - schlaufman (2015) spectroscopically confirmed three stars
the width of the lines. In some cases, the resulting erroirfor \yards the bulge that lie betweer8 and—2.7 dex. One of the
dividual stars is large, up to 0.15 dex on, e.g., the Li, SINdr - most comprehensive medium-resolution spectroscopic MiDFs
abundances when derived from the 6707, 5948, 4061A trangje bulge was gathered by Ness et al. (2013a). Their datzaitedi
tions alone. Typically, this random error is on the order @8 a complex mix of up to five populations throughout the bulge,
dex on average. Eu abundances could only be derived from ifiigh a prominent peak at0.3 dex. However, only 0.11% of their
4129A-line to an accuracy of 0.08 dex. 14,000-star sample within 3.5 kpc falls belev2 dex, reaching
In order to quantify the systematic errors on the final abuas low as-2.8 dex. This metal-poor tail gains importance to-
dance ratios we used the standard approach of computing niveeds more negative latitudels ¢ —10°), i.e., further from the
new atmosphere models with altered stellar parameterss, Thplane, which already hints at an increasing overlap withesnd
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Table 5. Abundance results for the metal-poor stars with regulaepas.

Element 13791 17221 24995 37860
[X/Fe] o N [X/Fe] o N [X/Fe] o N [X/Fe] o N
Fer -231 0.21 90 -266 0.15 72 -249 014 79 -207 022 87
Fen -232 013 5 -266 0.18 4 -248 0.12 4 -206 0.17 9
A(L)TE 090 1 0.69 1 0 0
A(Li)NTE - 0.97 1 0.80 1 . 0 . 0
Ci -0.02 . synth 0.09 synth -0.27 . synth -0.16 synth
Nai-™& 0.00 0.02 4 0.08 0.23 4 -0.02 0.06 4 0.54 0.09 4
NaME  -0.31 0.18 4 -0.17 0.14 4 -028 0.21 4 0.10 0.22 4
Mg 0.43 0.06 3 0.50 0.13 4 0.50 0.04 4 053 0.21 4
Sit 0.52 0.20 2 . . 0 0.59 e 1 0.50 0.19 2
Car 0.40 0.33 18 0.38 0.23 12 031 0.24 14 043 0.23 15
Scn -0.02 0.12 7 -0.12 0.14 7 0.00 0.07 7 -0.04 0.12 7
Tit 0.19 0.23 14 0.32 0.13 11 0.35 0.16 14 0.32 0.15 12
Tim 032 0.17 12 0.30 0.10 10 0.33 0.15 12 0.19 0.09 11
Vi -0.22 1 -0.03 1 -0.16 1 -0.31 1
Vi 0 0 0.10 1 -0.12 1
Cri -0.28 0.22 6 -0.38 0.28 6 -021 0.10 5 -0.16  0.09 6
Crn -0.06 . 1 0.03 . 1 -0.02 . 1 -0.11 . 1
Mni1 -066 0.25 6 -0.46 0.38 6 -042 0.26 6 -056 0.24 6
Cor 0.03 0.10 4 0.00 0.29 4 021 0.24 4 0.03 0.17 4
Ni 1 0.02 0.12 5 -0.03 0.18 2 0.16  0.09 3 -0.09 0.15 3
Znt -0.03 0.00 2 0.37 0.08 2 0.16 0.16 2 0.12 0.02 2
Srn -0.08 0.08 2 0.20 0.05 2 -0.10 0.12 2 0.48 0.04 2
Yu -0.08 0.13 8 -0.10 0.20 8 -0.20 0.19 3 0.11 0.12 6
Zru 0.14 e synth 0.31 e synth 0.17 e synth 0.32 . synth
Ban -0.11 0.19 5 -0.27 0.17 5 -0.26 0.12 5 0.35 0.09 6
Lan -037 0.16 3 -023 0.15 3 -0.39 1 0.05 0.13 3
Ndu 0.09 0.13 2 0.37 0.25 3 -0.01 1 0.35 0.07 2
Eun 0.00 1 -0.01 1 0.05 1 0.02 1

Notes. @ lonised species are given relative torFébundance ratios are listed relative to iron, except fordred Fer (relative to H) and Li.

Table 6. Abundance results for the CH star, the CEMP-s star, and thalrieh bulge giant.

10464 27793 14135
Element —crer o N~ XFe] o N~ XFe] o N

Fer -153 0.20 94 -252 0.15 54 -0.01 0.22 145
Fen -152 0.10 8 -252 011 4 0.00 0.38 19
Ci 0.41 e synth 1.44 e synth 0.00 e synth
Nai™& 0.54 0.06 4 051 0.17 4 0.20 0.23 3
NaM™ 001 0.12 4 0.14 0.22 4 0.03 0.24 3
Mg 0.49 0.15 4 0.63 0.40 4 0.17 0.08 6
Sit 0.58 0.08 2 . . 0 0.21 0.26 19
Ca 0.19 0.22 17 0.42 0.28 12 -0.01 0.26 11
Scn 0.00 0.12 4 0.13 0.11 2 0.05 0.24 5
Tit 0.37 0.27 14 042 0.14 6 0.03 0.25 31
Tin 0.09 0.10 12 0.39 0.06 8 -0.05 0.36 12
Vi -0.18 1 0 0.05 0.15 6
Cr1 -0.28 0.10 6 -022 0.27 6 -0.04 0.28 11
Cru -0.11 1 0 0.07 0.02 2
Mn 1 -0.26 0.29 6 -033 0.19 4 -001 0.23 6
Coi 0.04 0.13 3 0.02 0.17 3 -0.13 0.10 3
Ni 1 0.03 0.20 5 0.08 0.17 3 0.08 0.25 36
Zni 0.31 0.03 2 0.35 1 0
Rbr 1.29 e synth e 0 0.10 synth
S 0.59 . 1 0.59 . 1 -0.09 1
Srm 0.84 0.05 2 0.58 0.16 2 . . 0
Yu 0.46 0.14 3 0.51 0.27 5 0.13 0.11 2
Zru 0.30 . synth 0.81 . synth e e 0
Bau 1.35 0.01 2 1.31 0.17 6 0.03 0.07 3
Lan 0.92 0.20 3 1.29 0.3 3 0
Ndu 1.13 0.08 2 1.18 0.02 2 0
Eun 0.37 . 1 0 0

Notes. @ lonised species are given relative torFébundance ratios are listed relative to iron, except forded Far (relative to H) and Li.
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Table 7. Systematic error analysis for the red giant 17221 and theteliBl9464.

ATe A0 g AL AIMJH] AT Al0gQ AL AIM/H]
lon 50k  +0.15dex +0.1kms® +0.ldex COCF 7 | 150K  +0.15dex +0.1kms® +0ldex COOF
17221 10464
Fer 2006  F0.02 7003 <001 001 0.07] 2005  <0.01 +0.03 <001 001 006
Fen <001  +0.05 £0.03 <001 -001 006| <001  +0.06 +0.03 <001 -001 0.07
AlL) +0.06  <0.01 <0.01 <001 <001 006| ...
Ci =011  0.08 <0.01 £0.09 -018 017| +0.10  ¥0.06 <0.01 £0.08 -004 0.14
Nar +0.06  +0.02 +0.02 <001 <0.01 006| +005  %0.01 +0.03 $0.01 <0.01 0.06
Mg: +0.05  50.03 £0.02 <001 <0.01 006| +004  <0.01 +0.03 <001 <001 005
Sii +0.04  £0.02 £0.01 <001 <001 005| +0.02  <0.01 +0.01 <0.01 <0.01 003
Ca 004  $0.02 £0.01 +0.01 <0.01 005| +003  <0.01 £0.02 <001 -0.01 004
Sen  +002  +0.05 £0.02 <001 -0.01 006| +003  +0.06 £0.04 +0.01 -001 0.08
Tii  +0.07  ¥0.02 £0.01 <0.01 001 007 +006 <001 +0.02 <001 -0.01 006
Tin  +002  +0.04 £0.01 <0.01 001 005 002  +0.05 +0.02 <001 -0.02 006
Vi +007  70.02 <0.01 <0.01 002 007 +006 =001 <0.01 <0.01 <0.01 006
Vi +001  +0.04 £0.01 <0.01 001 005 002  +0.05 +0.03 <001 -0.01 006
Cri +0.06 001 £0.01 <0.01 001 006 +005  70.01 +0.02 <0.01 <0.01 006
Crn 3001  +0.04 <0.01 <0.01 001 004 <001  +0.05 £0.02 <001 -0.01 006
Mni +0.06  F0.03 £0.03 <001 002 008 +006 ¥0.01 +0.04 <001 001 007
Coi +0.07 003 £0.05 <0.01 002 0.09 006 <0.01 +0.04 <001 <0.01 007
Nit +0.06  £0.02 £0.02 <0.01 002 007 +005 +0.01 +0.02 <0.01 <0.01 005
Zmi +002  +0.02 <0.01 <001 <0.01 003| +003  +0.01 £0.02 <001 -0.01 004
Rbi ... . .. | +003 <001 <0.01 <001 <0.01 004
s . .| =005 =0.01 £0.01 <0.01 <001 005
S +0.04 <001 +0.06 <001 <001 007| +004  +003 +0.02 +0.01 -002 0.06
Yun 003  +0.04 £0.02 <0.01 001 005 002  +0.05 +0.04 <001 -0.01 007
Zrn  +003  +0.04 £0.01 <0.01 <0.01 005| +003  +0.05 +0.03 £0.01 -002 0.07
Ban +0.03  +0.04 £0.04 <001 -001 007| +005  +0.04 +0.06 <001 -001 0.08
Lan +0.03  +0.04 <001 <0.01 001 005 003  +0.05 +0.07 <0.01 -0.01 009
Ndi +0.03  +0.04 <0.01 <0.01 001 005 +004  +0.05 +0.05 <001 -0.01 008
Eun 003  +0.04 <0.01 <001 -0.01 005| +003  +0.05 <0.01 <001 -001 0.06

lying halo. In fact, Ness et al. (2013a) identify this lowrniber, richment ofs-process elements (Sect. 4.6). This star is discussed
metal-poor component with the inner Galactic halo, as leder in further detail in Sect. 5.2.

firmed by Ness et al. (2013b) as a slowly rotating spheroidal Since the commonly used Na doublets near 5688 and
population. All these lines of evidence illustrate théiidulty in  6154A were undetectable in our metal-poor sample, we redort
telling metal-poor stars as members of the genuine, oldebulg the prominent Na D lines, provided they were not too strong
from an underlying inner halo population and, based on the loyng saturated, and the near-IR doublet at 8183, 8194A hereit
metallicities of our targets alone, no firm association wither case we assured that the stellar lines were well separaied fr

component could be achieved. ISM absorbers and telluric contamination. The derived abun
dances were corrected for departures from LTE using piiedit
4.3. Light elements: C, Li, Na from Lind et al. (2011) and in Tables 5,6 and Fig. 1 we show

both LTE and NLTE values. While the Na abundances in our
Li could only be measured from the resonance line at 6707A $tars appear high, they are still compatible with the bulkait
two of the red giants, with EWs of 15 and 18 mA. The aburféference stars at similar metallicity.
dances indicate the strongly depleted levels below A(l1) as
is expected for these evolved stars, since their interamar the
downward transport and rapid destruction of this fragitednt
(e.g., Bonsack 1959; Iben 1965; Lind et al. 2009). For thea-elements Mg, Ca, and Ti, a wealth of absorption lines

We determined carbon abundances ig?asense from the are detectable in the metal-poor stars’ spectra, while faveS

A2A — X2I1 G-band near 4320 A. Our synthesis used a line ligtere only able to measure one or two of the lines of moder-
kindly provided by B. Plez (priv. comm.). The typical uncerate strength at 5948 and 7423A. The literature data for Mg we
tainty of the fit lies at~0.15 dex and is driven by uncertainties irused for comparison in Fig. 1 were not corrected for NLTE;
the continuum placement. As Fig. 1 (top panel) indicatas;, &6 Andrievsky et al. (2010) computed NLTE corrections of the or
the stars show [Ee] ratios that are fully consistent with metal-der 0.2 — 0.4 dex (in the sense L¥HLTE) for halo stars of sim-
poor halo stars, while two stars, 10464 and 27793, showtglgvailar stellar parameters, albeit at metallicities lowerddydex.
C abundances. At [[Fd]=-2.52 and [GFel=1.44 dex, the lat- Fig. 1 indicates that our [M§e] is higher (by~0.15 dex)
ter provides a typical example of a carbon-enhanced metal-pthan the Roederer et al. (2014) halo sample, at a mean of 0.51
(CEMP) star (Beers & Christlieb 2005). The origin of its camb dex and a low & dispersion of 0.07 dex. It is also important
over-abundance is most likely the mass transfer from the-ento note that-process rich bulge star from Johnson et al. (2013)
lope of an asymptotic giant branch (AGB) star binary compani
(now a white dwarf; e.g., Aoki et al. 2007; Sneden et al. 20082 Taken  from  the  authors’ web-based  database,
Hansen et al. 2014), consistent with the observed veryg®on www.inspect-stars.com.

4.4. a-elements: Mg, Si, Ca, Ti
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Fig.1. Abundance results for C, Na, Mg, and Si. Our result8ig. 2. Same as Fig. 1, but for Ca, Sc, Ti, and V.
are shown as red star symbols, where the open star singles out
the CEMP-s star 27793. For Na, NLTE abundances are also
shown by red circles. Error bars account for random and Syep remarkably well. In particular we find mean values for
tematic uncertainties. We also include the metal-poordoaln- [Si,Ca,TjFe] of 0.55, 0.36, and 0.33 dex, respectively, if we
didates of Howes et al. (2014; filled blue squares) and Casgjclude the metal-rich star 14135. Also, the low dispersion
& Schlaufman (2015; open blue squares),tiprocess enriched amongst the sample is noteworthy, where we observera 1
bulge star from Johnson et al. (2013b; orange diamond), led bscatter in these elements of 0.07, 0.04, 0.09, and 0.08 des. T
points designate the bulge sample of Johnson et al. (2012)20 |\ scatter pertains even when including the two stars \aittye
Finally, black dots are halo stars from Roederer et al. (2014yverabundances of C and te@rocess elements, which merely
while black triangles are upper limits from that study. Nthtet  reflects that the production of theelements is fully detached
their sample extended as metal-poor agifffe—4.6 dex, butwe from the AGB-nucleosynthesis involved in the pollution bét
truncated the axis for better readability. CEMP-and CH stars's atmospheres.
This conformity was not seen amongst the four metal-poor
bulge candidates analysed by Howes et al. (2014), where one
resembles our metal-poor bulge sample more than it does #tar has an abnormally high Ti abundance (see the blue square
halo stars. Dferences in thgf-values between Roederer’s andn Figs. 1-5), while the most metal-poor candidates by Casey
our sample cannot account for more than 0.02 dex in the ab&Schlaufman (2015) show very low scatter, as for our stars.
dances, while the use of damping constants of Barklem et Burthermore, Howes’ et al. (2014) spectra revealed a broad
(2000ff vs. the standard Unsold (1955) approximation, leads tange in Mg abundances, spanning across 0.7 dex from sab-sol
Mg abundances lower by0.06 dex. values to several dex above the halo plateau.
lonisation balance is also fulfilled for Ti in that the abun- One might argue that the metal-rich giant 14135 could be as-
dances of its neutral and ionised species agree to withith, wsociated with the Galactic thin or thick disk, given its higblar
0.05 dex(&r dispersion of 0.11 dex). metallicity. As Fig. 1 indicates, however, its [Iyfeg] ratio is ele-
Most a-element abundances in the regular sample stars fekted, at 0.17 dex, and is consistent with Johnson’s et @14
low the distributions on the metal-poor halo plateau in locksample that shows [M§e]=0.14 dex around solar metallicity,
providing chemical evidence for an association with theaket
3 These are, however, only available for a subset of our lines. rich bulge (see also Fulbright et al. 2007).
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4.5. Scandium: no evidence for Population Ill enrichment 05

For Sc, our seven target stars display abundances thatthe at . . .
Solar value (at a mean and-Hispersion of 0.00 and 0.08 dex, et
respectively), in line with the Galactic halo. A number afdies
have claimed-0.2 dex [S¢Fe] enhancements in metal-poor star
of the MW halo and thick and thin disks (e.g., Zhao & Magail
1990; Nissen et al. 2000; Carretta et al. 2002; Cohen et 84;20
Brewer & Carney 2006; Reddy et al. 2006). However, it has be
pointed-out that errors in logf values angbr the treatment of
hyperfine structure (e.g., Gratton & Sneden 1991; Proch&ske
McWilliam 2000) may explain such putative [@] enhance-
ments.

Because most of our stars scatter about the normal h
[Sc/Fe] trend with [F¢H], the slightly elevated [SEe] enhance-
ment to 0.13 dex for star 27793 cannot be due to spuriougfiog
values. The Sc Il lines in our program stars are weak and L
saturated, on the linear portion of the curve of growth, sp a
hyperfine splitting &ects are very small and not likely to pro-
duce markedly dierent results for an individual star. Likewise,
we ascertained that none of the lines used in the CEMP star v
blended with, generally strongpo@nd CH lines.

It is important to emphasise that the [Be] ratios of our
stars are similar to those in outer MW halo stars (e.g., Gnatt
& Sneden 1991; McWilliam 1995; Roederer et al 2014). Thi
is in stark contrast to the extremely low [&e] ratios pre-
dicted for massive Population Ill SNe by, e.g., Nomoto et &
(2006) and Heger & Woosley (2010), and to the recent obs:
vation of such depletions in bulge stars by Casey & Schlanfm
2015. Simulations by, e.g., Diemand et al. (2005) and Tuwolin  —
(2010) predicted that the fraction of these first, massiagesst
should peak in the bulge and inner, central halgdR3 kpc) of
the Galaxy. Even though our metal-poor stars are locatdtbset
central regions (note that three of the stars lie within 3ddthe
Galactic centre; see Sect. 6.2), we thus find no evidencéat
had been enriched by massive Population Il nucleosyrghesi
Fig.3. Same as Fig. 1, but for Cr, Mn, Co, and Ni. Bulge data
for Mn were taken from McWilliam et al. (2003).

[Cr/Fe]

[Mn/Fe]

[ColFe]

Ni/Fe]

4.6. Fe-peak: V, Cr, Mn, Co, Ni, Zn

Elements of the iron-peak are made by supernovae of both
Type laand Type Il (henceforth SNe la and SNe Il, respegtjvel [Cr I/Cr 1]]=—0.19 dex here (similar to the typical NLTE cor-
However, for the MW thin disk, at solar metallicity, it is thght rection of Bergemann & Cescutti 2010); thus, our [QFd I1]
that roughly 23 of iron-peak elements are produced by SNe Igoints lie close to the solar ratio.
and 3 by SNe II. The abundance ratios we derived in our sam- Star 10464, while exhibiting a low [{Fe] ratio, appears sig-
ple of bulge stars bear little surprise in comparison wittohanificantly below the general trend of [Ee] versus [Fg], de-
stars of similarly low metallicity and, as for theelements, we scribed above. Star 10464 is a relatively hot, metal-p@orkBot-
note a remarkable homogeneity in the iron-peak across the cter than the rest of our sample, withgE5500 K; thus, it seems
ered metallicity range. possible that NLTE over-ionisation of Cr may be enhanced in
Thus, we find sub-solar [)¢e] abundance ratios for V, Cr, this star, leading to it's lower than expected LTE f&] ratio.
and Mn. The sub-solar [¥e] values found here are consisteriVe further discuss star 10464 in Sect. 5.1.
with the trend of low [CfFe] in metal-poor halo stars, initially ~ The fact that the [MfiFe] ratios in bulge stars follow the
found in the LTE abundance study of McWilliam et al. (1995)rend of the Galactic disks led McWilliam et al. (2003) to eon
but also seen in the results of Cayrel et al. (2004) and Reederlude that Mn is produced in SNe la and SNe Il with metallicity
et al. (2014); notably, our [ZFe] values populate the lower edgalependent yields. Here we note a similarly good agreement be
of the trend of Roederer et al. (2014). These LTE resultefol  tween the [MiiFe] ratios in the Galactic halo and the metal-poor
seemingly consistent trend of declining [Ee] with decreasing bulge candidates.
[Fe/H], from solar metallicity, as nicely shown by Cohen et al.  While our [V I/Fe 1] abundance ratios all lie below the solar
(2004). value, at-0.18 dex, they fall within the scatter of [Fe] ratios,
However, a NLTE analysis of Cr in metal-poor, warm dwarfrom V | lines, measured in the survey of Roederer et al. (2014
by Bergemann & Cescutti (2010), led them to conclude thathich are on average sub-solar, ne@r15 dex. However, abun-
the deficiencies found in LTE analyses could be explained bignces derived by Roederer et al. (2014) from V Il lines are en
NLTE effects, rather than genuine deficiencies in/Ret. This hanced, relative to solar, by0.2 dex; the dference between V |
conclusion is supported by the lack of ionisation equilibri and V Il line abundances might be expected from NLTE over-
obtained in this study: from our single Cr Il line we findionisation of neutral vanadium. In this work we detectedra si
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gle V Il line in two program stars, yielding [V fFe[=—0.02 dex;
these two V Il detections could be explained by noise, or a ge
uine enhancement of V Il over V | due to NLTE over-ionisatiol

1 L
of V1. L 0.5 % e,
On the other hand, the recently improved V I and V Il line € "ﬂ‘ ﬁ-f < h'*
gf values by Lawler et al. (2014) and Wood et al. (2014) thi ™. 0 el Wl O LA

we employ in this work resulted in consisten/f¢] abundance .
ratios for the Sun and a metal-poor star: neutral and ionis *
line [V/Fe] ratios of+0.25 and+0.24 dex, respectively, were
found for HD84937 with [FEH]=-2.32. Thus the new lingf
values indicate a slight enhancement inf¥] at low metallic-
ity. Clearly, the choice ofjf values is critical for determining
the vanadium ionisation equilibrium and €] at low metallic-
ity. Notwithstanding, our results appear consistent wigtvpus
studies.

Cobolt in all stars is solar to moderately elevated, althoug
we do not trace the slightly decreasing trend, towards gk
metallicity, commencing at -2 dex, seen in the Roederer e
al. (2014) data. The [@Be] trend in the Roederer et al. (2014
data roughly follows the same trend found by McWilliam et a
(1995), and seen by Cayrel et al. (2004), but to higherHke
where the [CgFe] ratios continue lower. Our Co enhancemet
is, however, driven by the CH star 10464 with a [Ee] value
that is higher than seen in halo stars. Here, we carefullgleg:
that none of the lines we used (at 3995, 4118, 4121 Aesed
from blends with near-by CH- or £bands. NLTE corrections
for Co are large: Bergemann et al. (2010) estimate departu
of Co (NLTE-LTE) of +0.4 dex on average for dwarfs and up tc
+0.64 dex in [CgFe] for the one metal-poor giant in their sample =
with parameters similar to our stars. The maximum line-dibeg-| -0.5}
deviation can even be higher, with corrections up to 0.9 dex f -1
the case of the 4121A line that we also employed in our arslys -3 -2 -1 0
However, we note that applying NLTE corrections increakes t [Fe/H]

[Co/Fe] ratios to well above the solar value, in the same sense as
the enhancements found By McWilliam et al. (1995) and Cayrel
et al. (2004). Fig.4. Same as Fig. 1, but for Zn, Sr, Y, and Zr. Here, the com-

As is found throughout all main Galactic components Ni iparison sample for the bulge has been taken from Johnson et al
scattered around the value solar (at a meayAgJiof 0.03 dex (2012).
with a 1o~ scatter of 0.09 dex), which merely reflects the com-
mon production of Ni and Fe in the SNe la. Finally, Zn abun-
dances were derived from two lines of moderate strength22 47(2013) and are on the order of 0.07 dex, albeit with a signithat
and 4810A. While Zn is often associated with the heaviest F&ependent on the exact stellar parameters.
peak elements to be formed in core-collapse SNe, an increaserphg gy ghundances we found for our sample strikingly fol-
of the [ZryFe] ratio with decreasing metallicity (e.g., Johnson &,,.s the trend of metal-poor halo stars, except for the eutly
Bolte 2001; Cayrel et al. 2004; Honda et al. 2011) has prothpig, g cEMPs star 27793 and the-rich star 10464, which both
suggestions that Zn could also have contributions fromroeet g,y strong enhancements, likely due to mass transfer af the
capture processes in the maiprocess (e.g., Bafi@ et al. 1992) rProcess enhanced material from an AGB companion (Sect. 5).
or in energetic hypernovae (€.g., Umeda & Nomoto 2002). THi,qrievsky et al. (2009) computed NLTE corrections for Ba fo
trend is also visible in our data below an [Agof 2.3 dex. the same sample as for Sr and estimate corrections 0.25 trex wi

opposite signs for the HB stars. Note, however, that these le

[Sr/Fe]

[Y/Fe]

4.7. Neutron-capture elements: Sr, Y, Zr, Ba, La, Eu els of corrections are probably inappropriate for the gjtpen-
hanced stars.
All of the elements formed in the slows{ and rapid (-) Values for the [EfFe] abundance ratio could only be de-

neutron-capture processes are fully compatible with thedia-  rived from the 4129A-line, since all other possible traiosis
tributions (Figs. 4,5), except for the two stars that arerslty  are very weak andr heavily blended (Mashonkina & Christlieb
enhanced irs-process elements (10464 and 27793). 2014; Hansen et al. 2015). As a result, we find/f#] ratios

For the case of Zr we obtained abundances from spectight are Solar throughout the sample, with only a mild indica
synthesis of three well-defined, unblended lines (4161842Qion of an enhancement in the CH star 10464. This mean value
4496A). Their best-fit abundances agreed well to within 0.1& [Eu/Fe] for our stars, at 0.1 dex ¢lscatter of 0.16 dex), is
dex, which we adopt as statistical error on th@=2rratios. We surprisingly low, contrasting with the typical halo enhanent
determined Sr abundances from the two resonance lines @t 48&ar+0.4 dex seen in the Roederer et al (2014) data, and found
and 4215A, which are generally strong and yield consistent by Fulbright (2000; see also Woolf, Tomkin & Lambert 1995).
sults. NLTE corrections to Sr were calculated by Hansen.et @he low [EyFe] ratios may be due to a genuine deficiency of r-
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Fig.5. Same as Fig. 4, but for Ba, La, Nd, and Eu. Here, open

blue triangles indicate that upper limits on the measurgseffrig. 6. Top panel: [Ba/Eu] as a tracer of thg/r-ratio. While we

from Casey & Schlaufman 2015. measure systematically higher Eu abundances in the budge st
of Johnson (2013b; yellow diamond), the transition frorto s-
process dominated material is clearly seen. The dashesidiee

process elements, perhaps due to fewer sources. Alteghativthe solar components from Burris et al. (2000) Dotom panel

most of the stellar atmosphere material in our program stafsows the [BAY] as a proxy for the l[ghs] ratio. The symbols

may have experienced slow neutron-capture; note that, @ueate the same as in the previous figures.

its large neutron-capture cross section, a very mild sgssiag

could drastically reduce the Eu abundance without gredtly a

fecting the abundances of other s-process elements. \\dratev

the explanation, we might expect similar deficiencies ofoth

r-process elements in these stars.

The [BgEu] ratio of the MW halo, in Fig. 6, shows a clear

trend of increasing-process fraction with increasing [fF§ (see

also Simmerer et al. 2004), which adds Ba but no significant Given the relatively high degree of homogeneity of most of

Eu. This may be due to contributions from progressively Eyng the sample stars {1 spread of 0.25-0.50 dex over almost 0.7

lived AGB stars, or arise from the metal-dependence of trekwedex in [FgH]) we show in Fig. 7 the average of the neutron-

s-process from massive stars. Naturally, the CH star in omr-sacapture abundances of the “regular” stars, i.e., excludirg

ple stands out at [B&u]=0.98, similar to the mean of s-proces<H-, CEMP-s-, and the metal-rich stars in our sample. Thus

enhanced halo stars in Roederer et al. (2014). ThgHHaa- the heavy element distribution in our sample metal-poogéul

tios in our sample are generally slightly enhanced comperedcandidates shows strong resemblance to the Solar-scalesd

the MW halo points, the same holds for thgHu] ratios. This distribution, with the exception of La and possibly Y, which

might signal that our Eu abundances are systematicallyowo | show a preponderance pfprocessed material. This is also bol-

Whether these low Eu abundances are real or spurious isimpsiered by the comparison with the metal-poor standard dbar H

tant; if real, they signal a dierence between our metal-poor star$22563, the neutron-capture elements of which are dondnate

and the halo. by the wealr-process (see grey-shaded areas in Fig. 7).

10
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cross-correlation function of this star, which would reviesabi-
narity.

The comprehensive abundance distribution enables, in prin
ciple, constraints on the AGB polluter’'s progenitor masg.(e
Busso et al. 2001, Husti et al. 2009). We attempted a compari-
son with the f.r.u.i.t.y. data base (Cristallo et al. 20W)ere we
chose models representing the metallicity of 10464. An impo
tant tracer for the progenitor mass is the [Rfp ratio, which, at
0.99+0.22 dex, is very high in this star and which indicates pol-
lution by ~4 M, AGB stars (e.g., McWiliam et al. 2013). The de-
tailed comparison in Fig. 8, however, reflects the compjexit
further parameters governing the AGB nucleosynthesid) aac
treatment of thé3C pocket or the dilution factors. In particular,
we find a high hglg] = [<Ba,La,Nd>/Fel-[<Rb,Sr,Y,Zr>/Fe]

loge

——Solar r+s | ratio of 0.41 dex, and relatively low abundances of La and Y.
~2{|- - -Purer While we do not expect any alterations of the surface aburetan
35 20 15 50 55 60 65  during the evolution towards the HB that 10464 could haveeexp
z rienced, small enhancements of elements with overabuedanc

of a few tenths of a dex could be caused by dilution of the AGB

Fig.7. Mean neutron capture element abundances to the eX(RerUCtS with the pre-existing material

sion of the CH star, the CEMBstar, and the metal-rich giant.
The errorbars represent the star-to-star scatter. Alsorslaoe 15—

the Solarr- and s-process contributions from Simmerer et al —13M,
(2004). Grey-shaded areas indicate theabundance ranges of ---2M
the weakr-process star HD 122563 from Honda et al. (2006 --3M,
All curves were normalised to Eu. —4M, RY e
__.5M W
1, o] \ 1

5. Notes on individual, peculiar stars

(3]
Here we describe the two stars with abundance peculiarit &
that stand out from the regular halo stars: 10464 with steng —

process enhancements, and the CE8Afear 27793. 05

5.1. The CH star 10464

The most commonly used Ba lines are very strong in this st
with EWs in excess of 250 mA, and are thus not on the linear p:
of the curve of growth. While they still give consistent ritsiiat

a lo- deviation of 0.17 dex for all 6 lines), we adopt here th z
abundance based on only the two “weakest” lines at 4130A (EW

of 118 mA) and 5853A (176 mA,), yielding a [#e] ratio of Fig. 8. Heavy element ratios in the CH star 10464 in comparison

+1.35 dex. Barium stars were first identified by Bidelman &t |ow-metallicity (z=0.0003) AGB models by Cristallo et al.
Keenan (1951) and show typical overabundancesmnocess (2011) for diferent progenitor masses.

elements of 0.6 te-2 dex (e.g., Allen & Barbuy 2006). These

objects also show strong CH and CN features and, coupled with

the low metallicity of star 10464 0f1.53 dex, this object rather ~ Lebzelter et al. (2013) detected the first two barium stars
qualifies as a Population Il CH star (Keenan 1942). The c&mnown in the bulge, from which they estimate an occurrence
bon abundance in 10464 is only mildly enhanced 5-fg=0.41 rate of~1%, a value compatible with the frequency found in
dex; furthermore, the absence of theliand heads at 5635 andthe Galactic disks. Johnson et al. (2012) identify a fewsstath
5165A indicate that the /O ratio is less than unity, and that thisncreased heavy element abundances, however, their most ex
star is not a C-star. We note that the stellar parameters44L0 treme star is consistent with dominarprocess nucleosynthesis
are very similar to the high-velocity halo CH star CD262346 (Johnson et al. 2013). Thus star 10464 would establish tte fir

(Pereira et al. 2012). known CH star in the Galactic bulge.

The classical explanation for strosgprocess enhancements
in stars that are not evolved enough to have produced these gl, 1, ~envps star 27793
ments, is mass-transfer from an AGB companion, the remriant o
which could still be present in a binary system in the form of 8imilar to the CH star 10464, just discussed, the most likely
white dwarf. We could not detect any evidence for radial geloorigin of the carbon- and-process overabundances in 27793,
ity variations over the 24 hours of observations, which @ayh a CEMP star, is mass transfer from the envelope of an AGB bi-
ever, clearly too short a time baseline, given the typicalqgs nary companion (Preston & Sneden 2001; Lucatello et al. 2005
of Ba- and CH stars well in excess of 100 days (e.g., McClune fact the barium-, CH-, and CEMPB-stars are often identi-
& Woodsworth 1990; Karakas et al. 2000). Likewise, no inforfied as the same subclasses of mass-transfer starsftieatodily
mation on a possible companion is seen in the spectra or thetheir metallicity (e.g., Masseron et al. 2010). Neithesiar

11



A. Koch et al.: Metal-poor stars towards the bulge

27793 could we detect any radial velocity variations, altjio 11 , : :
the observations covered only 1.8 hours, which is far shorte
than typical orbital periods (e.g., Preston & Sneden 2001).
the Galactic halo, 80% of the CEMP stars show strong enrich- 115+ 1
ments in thes-process elements (Aoki et al. 2007), although the

numbers dier when separated into inner and outer halo (Carollo

et al. 2014). Norris et al. (2013) determined that the mietgll 12
distribution of the CEMPs stars peaks at2.5 dex, which is

identical to the value we found for the bulge-candidate 3779

We can ask whether the level of C-enhancement s typical of 12.5
a star of this metallicity. Spite et al. (2013) note that atatiiei- °
ties above-3 dex, the carbon abundance of CEMP starsis almost
constant, irrespective of the their sub-classificatiowd, @nse to 13

A(C)=8.25 (see also Masseron et al. 2010). At A£T)33 dex,
27793 lies on the low side of the enhancement, but unmistakab
qualifies as a CEMP star. This spectrum of 27793 shows very 135
strong G band heads at 5165 and 5635A, clearly demonstrating
that @O>1 and confirming its C-star status.
The Eu line at 4129A is too deeply embedded in C-bands 14
to be of any use. However, upper limits for the weaker
process lines at 3819,4205,4522,6645A (Eu, though blénded
and 5169A (Dy) indicate that this star is not enhanced in ma- 14.5
terial processed throughprocess nucleosynthesis. Finally, we
note that, given its favourable location, this would be thst fi
CEMP star detected in the bulge (but see Sect. 6.2).

Fig.9. Hess diagram from the 2MASS. Our targets are high-
lighted as error bars.

6. Membership with the bulge

6.1. Colour-magnitude diagrams Table 8. Positions and radial velocities

Fig. 9 shows the location of our targets on the 2MASS CMD Star R X Y z Viad
of the immediate, targeted bulge region. Two red clumps can [kpc] [kpc]  [kpc]  [kpc]  [kms™]
be clearly seen, at«12.6 and 13.3 mag and thus with a mag- 14135 40 46 000 -08 ;449

+0.9 0.8 +0.01 0.2
9.8 -1.1 -0.06 -2.0 _
13971 +25 +2.3 +0.01 +0.5 87.42

nitude separation compatible with that reported for lovituaes
by McWilliam & Zoccali (2010). As per our preselection crige

our target stars stand out as very blue objects, alreadingiat B B B

their metal-poor nature against the contrasting metal-@wD 17221 igg iijé ig:(l)g ig:é 30.26
of the main bulge population. Likewise, the two bluest stars 24995 104 -16 -0.05 -22 70.36
the sample are consistent with a characterisation as rpetal- +27 +26 +0.01 =+0.6 '
RHB stars, although their very blue colours could also hint a 27793 94 07 +0.05 -18 ;4108
them not being part of the bulge population. 24 +22 001 <04

156 -6.8 +0.13 -29 _
10464 +5.0 5.1 +0.04 =+0.9 2760
6.2. Spatial distribution 37860 216 -12.7 -013 -41

150 453 003 =+10 11822

With our spectroscopic gravities at hand, we were able tveler
distances to the stars, using the refined metallicity vethes in
turn, allowed us to get a better estimate of the stellar nsdsge
comparison to old, metal-poor isochrones (Dotter et al.8200the stars, from 4.0-21.6 kpc. Accordingly, three objec89{L,
Errors on the photometry and gravity were propagated irgo tB4995, and the CEMB-star 27793) can be associated with lo-
distance uncertainties, which result on the order of 25%e Onations in the southernmost, far-side of the bulge, whetleas
possible source of systematic error is our use of ionisatpr- most metal-rich object 14135 is situated at the near-sidsecl
librium to obtain the spectroscopic gravities. This thuguieed to the plane. However, stars 17221 and the CH star 10464 lie at
difference between Fend Far be sensitive to NLTE and the distances of15 kpc, well beyond the bulge.
overall compositionof the stars, which, in turififexts the atmo- Fig. 10 shows the stars on the model of the Galactic bulge of
spheres’ electron density (e.g., Koch & McWilliam 2008). Li & Shen et al. (2012), who identified an X-shaped component
The resulting position of the stars in Galactic coordinatés the bafboxy bulge models of Shen et al. (2010) that matched
is shown in Fig. 10 and their distances are listed in Table 8ie stellar observations of McWilliam & Zoccali (2010). The
This assumes the distance from the Sun to the Galactic certeen et al. (2010) model was, in turn, tailored to reprodbee t
of Rsc=8.34 kpc (Reid et al. 2014). kinematic data of the Bulge Radial Velocity Assay (Howard et
Due to the selection of the fields, all targets lie at lowal. 2008; see also Wegg et al. 2015, their Fig. 1).
Galactic latitudesl{ ~ —11°), approximately 2—4 kpc below  Li & Shen (2010) found an end-to-end separation of the
the plane of the MW, and withir-130 pc of the minor axis. modeled X in radial and vertical direction of 3 and 1.8 kpc,
We found, however, a large spread in heliocentric distatzeswhich deems it unlikely thadll our targets would be part of the
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———— T —— 6.2.1. Star 37860 and Sagittarius

oL G 4 The RHB star 37860 lies at 21.6 kpc to the observer, whictsrule
A . { outaphysical connection with the bulge. Given this distgiits
4  position within the Galaxy, and its low radial velocity efl18
1 kmstitis plausible that 37860 is a member of the tidally dis-
4 rupted Sagittarius (Sgr) dwarf galaxy (Ibata et al. 1994hil¢/
1 Sgr's main body shows veryfiierent velocities 0f140 kms?
I (Ibata et al. 1994), the simulations of Fellhauer et al. @Qe-
1 dict parts of the old trailing arm to pass near the region dad d
ir ) 1  tance where our star 37860 is located, at the large negativel r
[ . v o iy 1 velocity we indeed observed. The best match in this paramete
o | space is with the component of the Sgr stream that was sttippe
from the dwarf galaxy in the simulations more than 7.4 Gyr.ago
% * ] Stars as metal poor as 37860 ([HEe=—2.07) are known to
P T M S T E P I T exist in various components associated with the Sgr system,
-10 -5 0 5 10 cIu_ding field RR Lyrae (Vivas et al. 2005) and_ g_IobuIar cllpste
X (kpc) stripped from the disrupted dwarf (e.g., Mottini & Wallesit
2008; Law & Majewski 2010), each down 2.3 dex. If 37860
was indeed a member of the metal-poor Sgr population, its reg

Fig. 10. Position of the target stars in Galactic coordinates, ove#ar abundance pattern points towards a chemical evolation
laid on the bar model (top) of Li & Shen (2012) and the residulffose parts that were stripped early on in the accretion pro-
X-shape after subtraction of the smooth bulge componertt (b6€SS that was typical for similarly old, metal-poor envirents

tom panel) from the same model. Note that the HB star 378609., Roederer et al. 2014; Koch & Rich 2014), contrasting
falls outside of the plotted regions. the complex evolution of Sgr's compact and intact main body

(McWilliam et al. 2013), at higher [F&l].

Z (kpc)

6.3. Kinematics

o In order to further investigate the nature of our samplessiae
X-shaped structure. Furthermore, only 7% of the light is-CoRytracted their proper motions from two sources: the Soathe
tained in the boxy-bulge region of the X-shape. The comparisproper Motion Catalog 4 (SPM4; Girard et al. 2011) and
of the derived locations of our stars with this model (Fig) 10rne Fourth US Naval Observatory CCD Astrograph Catalog
suggests that those four stars, if members of the bulgeaterr (UCAC4: Zacharias et al. 2013). As Fig. 11 implies, the prope
part of the smooth bzroxy bulge population and not of the X. motions from both surveys are significantlyfférent for more
At b = —11° the double red clump discovered by McWilliamthan half of our sample, which hampers a reliable assessofient
& Zoccali (2010) is very faint; accordingly, the bulge dewsi the stars’ dynamical history and in the following, we onlietily
has dropped f6 to very low values by this latitude. Moreovercomment on a few points (see also the discussion in Casey &
more bulge stars are expected to be seen in the foregrourahX tchlaufman 2015 and their Table 2).
the background X, due to the lower latitude (and higher dgnsi ~ Using the stellar kinematics, we integrated their orbits 12
of the foreground population, while we observe the oppasite Gyr backwards in the Galactic potential of Dehnen & Binney
that our stars peak behind the Galactic centre. This digtdb (1998), which contains contributions from the halo and disk
can be explained by a centrally concentrated populatiohan t Here, the bulge is assumed to follow a spherical densityidist
the sample volume increases with distance, while the uyidegrl bution. We note that only in two cases, realistic (“bound®) o
density still has not dropped to significantly low valuesthis  bits could be obtained in the sense that the orbital periogl wa
line of reasoning, most of our stars were more likely to b@habelow a Hubble time. All others are on radial passages and pe-
stars, safe for the obvious member 14135, that can be asstigids or apocentres cannot be further quantified. Takencat fa
ated with the bulge based on its high metallicity and abundarvalue, this would imply that the majority of our stars woukgldn
imprints. high-velocity, radial orbits that would make them pass tigto
6he halo and bulge regions as mere interlopers (e.g., Kugtder
[. 2015). But we emphasise again that these interpretaéion
bject to the largely uncertain proper motions and neesabn
ation from future, improved kinematic data, e.g., from@Gaa
astrometric mission.

Finally, we can characterise the underlying radial proffle
our targets, under the assumption that they are all drawm fr
the same population, which we assume to be the inner halein
following. Excluding star 14135, the cumulative radialtdizce
distribution of the remaining six stars would be best démsati
by a power-law with a power-law index of abou®2.23. This is
indeed similar to the decline of the stellar halo profile viidwer 7. Summary and conclusions
between-2 and-4 that is found from other tracers out to larg
radii (e.g., Morrison et al. 2000; Yanny et al. 2000; Sesal.et
2011; Faccioli et al. 2014); note that Blanco & Terndrup (@08
already reported on a steep density profiRz3°° for the inner
spheroid. We caution, however, that this is clearly hangbese
low-number statistics, in particular at Galactocentristalices
outside of 5 kpc, and the largely uncertain selection fumctif e Out of the five red giants and two horizontal branch stars
our targets from an underlying, true, inner halo population of the sample, five are in the very metal-poor regime, at

%he main scope of this work had been to identify and analyse
metal-poor star candidates in the Galactic bulge so as te tra
the earliest enrichment phases of one of the oldest comp®nen
of the MW. Our main findings from an analysis of seven stars
located towards the bulge are:
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-33.4 : using infrared photometry are currently being exploredeftet
e promising results (e.g., Schlaufman & Casey 2015).
-33.6 b
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