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ABSTRACT

We analysed high-resolution UVES spectra of six stars lggtgnto the subgiant branch ef Centauri, and derived abundance ratios
of 19 chemical elements (hamely Al, Ba, C, Ca, Co, Cr, Cu, e Mg, Mn, N, Na, Ni, Sc, Si, Sr, Ti, and Y). A comparison with
previous abundance determinations for red giants providethrkable agreement and allowed us to identify the sultHptipns to
which our targets belong. We found that three targets belmadow-metallicity population at [Fel]~—2.0 dex, §/Fel~+0.4 dex and
[s/Fe]=0 dex. Stars with similar characteristics were found in $@r@lounts by past surveys of red giants. We discuss the litysib
that they belong to a separate sub-population that we nam ¥ty metal-poor, at most 5% of the total cluster poputgtiavhich

— in the self-enrichment hypothesis — is the best-candifilastestellar generation i Cen. Two of the remaining targets belong to
the dominant metal-poor population (MP) at [Ag~—1.7 dex, and the last one to the metal-intermediate (MIng at [FeH]~—
1.2 dex. The existence of the newly defined VMP populatiorictbalp to understand some puzzling results based on loalerésn
spectroscopy (Sollima et al., Villanova et al.) in their @ifferences determinations, because the metallicity resolofithese studies
was probably not enough to detect the VMP population. The \@did also correspond to some of the additional substrestof
the subgiant-branch region found in the latest HST photom@&ellini et al.). After trying to correlate chemical akiences with
substructures in the subgiant branchwoen, we found that the agefliirence between the VMP and MP populations should be
small (02 Gyr), while the diference between the MP and Mint populations could be sligatber (2:2 Gyr).

Key words. stars: abundances — stars: main sequence —globular stusttividual (v Centauri); NGC 6397

1. Introduction 12005b; Stanford et al., 2006; Villanova et al., 2007) resotu

. L Nevertheless, several puzzles still await solutions.
Much has been written o Cen, which is probably the most

studied cluster in the Milky Wayl (van Leeuwen et l., 2002). One of the open problems concerns the most sensitive re-
From the pioneering studies in the 60s to the latest highitgua 9ion of the colour magnitude diagram (hereafter CMD) to
data and models, more and more details of its multiple stel@de diferences: the subgiant branch (SGB). A large num-

populations have come to light, but the picture did not bezam Per_of photometric and low-resolution spectroscopic_sisidi
clear as expected. Excellent photometries and astronusttic dHuahes & Wallersteln, 2000; Hilker & Richtler, 2000;

logues have recently been produced by both ground-basell .2004; Hilker et al., 2004; Rey et al..4200
as|Leeetal.) 1999; Pancino ef al., 2000; van Leeuwer et &€ .| 2004; Stanford ef &l., 2006) found age spgread
[2000: [Hilker & Richtler, [ 2000; in, 2000fanging from 2 to 6 Gyr, with a few exceptions and puzzles (see
[Sollima et al., [ 2005a: Qa|an:tiéé E% al__2009:_Bellini ét aiSection(5.B, for more details). One example of thiédilties
2009) and space telescopes (e.Q., Ferrardetlal., | zogag:ountgred in thg study of this complex region is posed by th
Bedinetal., [2004; [ Bellinietal., | 2010), complementedVo studies by Sollima et al. (2005b) and Villanova etlal 020

by high-quality spectroscopic abundance studies both 0 used the same ACS dataset and low-resolution spectra of
high (e.g., [Norris & Da Costa,[ 1995} Smith et al 200csimilar quality, but rgaac_:heq opposite cong:lusmns on thed e
[Cunha et dl.| 2002; Panclro, 2003; Johnsonlet al..]2008]; 208@read — and age distribution —ofCen. Still, even with the best
Johnson & Pilachowskil_2010; Marino et al., 2010) and IofCS photometries (see, elg. Bellini et Al., 2010), it is restyeto
(Norris et al., [ 1996;[ Suntfe& Kraft, 1996; [Solimaetdl., understand which features of the SGB region corresponctto ea

of the populations that are spectroscopically identifiethered
* Based on data collected at the ESO VLT in Chile, with UVES an lant branch (RGB), Wh'c.h are known In great de_ta|l thanks to
FLAMES under programs 68.D-0332(A) and 079.D-0021. Alssesa tNe above cited works. This understanding is crucial toesthe
on literature data from the ESO WFI, under programs 62.14085d elative ages problem i@ Cen, and to derive the age-metallicity

63.L-0439, and on data collected from the following onlimeabases: relation, a fundamental ingredient of any model for the farm
NIST, VALD, Kurucz, GEISA. tion and evolution of this unique stellar system.
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Table 1.0bserving Logs.

IDwei R.A.(J2000) Dec(J2000) V  (B-Y) (V-D)o R e SN VA Notes
(deg) (deg) (mag) (mag) (mag) 4/61) (sec) (@550nm) (km8)

503358 201.960086  -47.759426  17.53 0.65 0.65 45000 10800 50 231.0+ 0.2 Lower SGB
503951 201.870201  -47.746107 17.58 0.65 0.65 45000 11400 50 235.8+ 0.1 Lower SGB
507109 201.848173  -47.692322 17.31 0.60 0.66 45000 11288 50 229.7+ 0.5 Upper SGB
507633 201.813303 -47.685166 17.39 0.56 0.66 45000 12000 45 226.7+ 0.3 Upper SGB
512115 201.846338 -47.637524 17.64 0.65 0.66 45000 11400 45 241.4+ 0.1 Lower SGB
512938 201.804070  -47.630694 17.32 0.60 0.65 45000 10000 50 234.6+ 0.2 Upper SGB
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Fig.1. Location of the programme stars on the CMD oFig.2. Location of the programme stars on the areavdCen.

w Cen. The WFI B, B—I photometry of stars in CCD#5 (fronGrey dots mark stars belonging to the WFI photometry by
IPancino et all, 2000) is shown as grey dots. The six UVES tf&ancino et &l.. (2000). Filled circles mark the postion of she
gets are marked (black filled circles) with their WFI cataleg UVES targets.

numbers.

. . ,[2010), but they are obtained from space, Wl
i o oot ot s S8 oo o ot ST eYery cate i G, where UVES ola-up o
T . — . the ground would be élicult. Three of the programme stars were
field photometric catalogue b-LEaLEZHlOJdtla-l-—c‘iO()O)Lan-d-laﬂncselegcted towards the upper envelope cF))f tge SGB and another
). A rellml%analysm of the_ same dataset was Pifitee towards the lower envelope.
sented by P 03). We describe the spectra redsction gcpelie spectroscopy was obtained on 18-20 March 2002,
in SectiorL; the abundance analysis in Sedflon 3; and the-abiy;i, | j\/ES at the ESO Kueyen (VLT UT?2) telescope, on Cerro
Qance ratio res_ults in Sectidh 4. Our main results are dKm:“SParanal, Chile. Tablg 1 reports the log of the observatiinsg
in detail in Sectioflb and are summarized in Sedfion 6. with some basic target information. Each star was observed
twice and on dferent nights, both to minimize the cosmic rays
impact and to identify possible radial velocity shifts. &ivthe
faint magnitude of these stars£X(7.5), the spectra were binned
We selected our six targets from the WFI B and | photometon chip (2<1), so that the resolution element is covered~3y
presented in_Pancino et gl. (2000), complemented with V magjxels. A final 3N~50 per pixel was achieved around 550 nm.
nitudes fron Panciné (2003). The coordinates were obtaised ~ The red spectra (upper and lower red CCDs) were reduced
ing the astrometric catalogue by van Leeuwen et al. (2008). with the ESO-UVES pipelinel (Ballester et al., 2D00), which
shown in FigureEll and 2, the SGB regionw@fen in the ex- semi-automatically performs bias correction, flat-fieldreo-
ternal parts of the cluster shows clear substructures (altar- tion, inter-order background subtraction, optimal exticatwith
gets lie on the WFI CCD#5). This is more clearly seen in othensmic-ray rejection, wavelength calibration (with rebirg),
literature photometries (Ferraro et al., 2004; Bedin 2i24104; and final merging of all overlapping orders. However, sirue t

2. Observations and data reduction
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Table 2. Equivalent widths and atomic data for the lines used in thesital abundance analysis of the program stars. The ctample
version of the table is available at CDS. Here we show a fegslio illustrate its contents.

Star WFI 503358 Star WFI 503951 Star WFI 512115 Star WFI 58293
A El ye loggf EW GEW Q EW JEW Q .. EW JEW Q EW ¢EW Q

A (ev) (dex) (mA) (mA) (mA) (mA) (mA)  (mA) (mA) (mA)
428301 Cal 1.89 -029 7/0 89 1463 955 122 1.832 .. 00.0 ®O000 670 56 1.248
428937 Cal 1.88 -039 756 80 1566 802 7.3 1.378 .. 7972711492 645 65 1.213
4298.99 Cal 1.89 -051 00 0.0 0000 00 00 0.000 .. 00 0.00000 00 0.0 0.000
430253 Cal 1.90 018 00 0.0 0000 00 00 0.000 .. 00 00000 00 00 0.000
431865 Cal 1.90 -029 728 81 1876 936 75 1747 .. 00 0 M.000 61.1 3.7 0.851
443496 Cal 189 007 00 00 0000 00 00 0000 .. 00 00000 8.0 59 1227

SN ratio is significantly lower on the blue part of the spectra
(S§/N=25 around 450 nm), we decided to manually perform the T
echelle reduction for the blue CCD with theao.imred.ccdred WL BIEHD
andnoao.imred.echellpackages within IRAF 5 20
The two one-dimensional and wavelength-calibrated spec;g .
tra obtained for each star were normalized by fitting their-co & L W el e N
tinua with a cubic spline, then corrected for the main télur J
absorption featurempao.onedspec.tellurin IRAF), using as
a reference a hot, fast rotating star (HR 524B 120640) se-

EWpaospre

—-20

lected from theBright Star Catalog(Hoffleit & Jaschek, 1991), EW = 0.244.6 mA
and observed each night at an airmass not tfer@int from the ! ! ! !
targets. Finally the spectra were summed — after correfting 40 60 80 100

radial velocity shifts — to produce one single spectrum fte E¥oseac (mA)

of the six observed stars.

Radial _velocities were obtained with DAOSHEC Fig. 3. Comparison between DAOSPEC and IRABlot mea-
(Stetson & Pancino, _2008) and the procedure described $iyrements for star WFI 512115.
[Pancino et al.[(2010). In short, the laboratory wavelendth o
selected absorption lines (Sectibn]3.1) was used to measure _
the observed radial velocity. The heliocentric correctisas lines that gave EW15 mA, or EW-100 mA (with a few excep-
computed with IRAF and the telluric 40 and Q absorption tions, see Sectidn_3.3) were not used to determine abunslance
bands redward Of 580 nm were used to correct for Zeropome DAOSPECEW measurements used for the abundance anal-
shifts. All six stars were radial velocity members@fCen, con- Ysis are shown in Tabld 2, along with the formal e@&W and
sidering an average ¥232.8 or 233.4 km ¢, as determined the quality parameter Q for each line (Stetson & Pan¢inog200
byIW_cﬁa!E_al. 5) arld Pancino et al. (2007), respdgiive A few lines were measured with the help of spectral syn-
with a central velocity dispersion of the order of 20 km.sThe thesis because they were reported to have significant hyper-

resulting velocities and errors are listed in TdHle 1. fine structure (HFS). In particular, we used the atomic data b
.(1988) for the Mn | lines at 4030, 4033, 4034, #04

and 4055 A: the N19T atomic data for the Ball lines at 4934,

3. Abundance analysis 5853, 6141, and 6496 A; the atomic data by Lawler &t al. (2001)
. . . for the Lall lines at 3988, 4086, 4123, and 4238 A; and the
3.1. Equivalent widths and atomic data atomic data by Bielskil (1975) for the 5105 A Cul lfheFor

We selected the majority of our lines and of their atomic daFHe CH and CN molecular bands, we used the Kurucz molecular

from the VALDH database (Kupka etlal., 1999). To identify re_melistﬂ but we _had to revise the lgd values of C doyvnvyards
liable lines, high N median spectra of the six UVES targetdy 0-3 dex, similarly to what was reported by Bonifacio et al

were created and the cleanest, unblended lines of the mmnilﬂ%)’lu&ateuﬂ—elﬁ'l-@%), and Spite et al. (2005) (@ee

elements were identified. Only lines that appeared in at lemectiori3.B).
three of the six stars were retained in our preliminary s&lac
DAOSPEC was used to measure the equivalenth widths (EW. aAtmospheric parameters and best-model search
of all the chosen lines. A first-pass abundance analysis ®@as p
formed (Sectiofi.3]3): lines that showed systematicalljheig A first guess of the atmospheric parameters was derived fiem t
errors and bad Q parameters ($ee_Stetson & Pancino] 2008;! photometry. Dereddened (B—y/and (V-I) colours were
Pancino et 212010, for details) and that simultaneoualyeg Obtained from B, V, and | magnitudes adopting E(B=0)11
systematically discrepant abundances were rejectediyEiath  (Lub, [2002) and E(V-JE(B-V)=1.30 m| 8), and
are listed in TablE]1 along with the V magnitudes. The V-I oolo

1 httpy/iraf.noao.edu IRAF is distributed by the National Optical was converted from the original Vil based on the Cousins |
Astonomy Observatories, which is operated by the assooiadf magnitude, to the V| based on the Johnsons | magnitude, with
Universities for Research in Astronomy, Inc., under carttrsith the
National Science Foundation. 4 httpy/physics.nist.goPhysRefDatgA SD/index.htm

2 httpy/www3.cadc-ccda.hia-iha.nrc-cnre.gg@@mmunitySTETS 5 We could not use the 5872 A Cul line since it falls into the gap
ON/daospet; |httpy//www.bo.astro.jt~pancingprojectgdaospec.html  between the two UVES red CCDs.

3 httpy/www.astro.uu.ge-vald/ 6 httpy/kurucz.harvard.eduINELISTS/LINESMOL/
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Table 3. Atmospheric model parameters.

T
11 L WFI-512938 i
Dwer  THY Tof To? logg™ v M/H]
K) K () (dex) (kms?) (dex)
1 503358 5600 5550 5500 3.6 1.2 -1.5
503951 5600 5500 5500 3.6 1.2 -1.5
ey 507109 5600 5600 5500 34 1.3 -2.0
g 507633 5700 5650 5650 3.4 1.1 -2.0
2 09 512115 5600 5500 5500 3.7 1.2 -1.0
- 512938 5600 5500 5550 3.2 1.4 -2.0
5
S
® 08
m F 4
- % of \\ P calculation details): after we had a good number of Fe | anidl Fe
oorf N ,/ . lines (approximately 200 and 10, respectively, dependimthe
0.7 + , N 14 ; ;
; NP ] star), we re-adjusted the parameters by choosing thosmthat
| 000 1] imized (i) the slope of [Fe/H] versus the excitation potential,
o e Xex (ii) the slope of [Fe/H] versus the EW of each liBe i)
0.6 - Tar (K) - the diterence between the average [Ad]land [Fe IJH]; and
65‘50 ‘ 66‘00 finally by checking that [Fe/H] did not change significantly

with wavelength. The adopted atmospheric parameterssaeel li
in Table[3 along with the photometric and, itemperatures, for

: — i . We found that, on average, spectroscogic €s-
Fig. 4. Example of the H profile fit for star WFI 512938. The ¢0mparison ’ g€, sp O
solid line represents the best-fitting synthetic spectrurane all timates based on Fe were lower thap ¢hes by 1£52 K, and

parameters are kept fixed as in Table 3 except for frective 2ISO lower than photometric ones by:825 K.
temperature, J . The inset panel shows the run of tpeof fits
with different values of d+. 3.3. Abundance calculations

Wavelength (&)

For most chemical species we computed abundances with the
the relations by Bessell (1979) fiective temperatures (here-help of the updated version of the original cm%ﬂ@%
after Tetf) and bolometric corrections (B were obtained with Our_reference solar abundance was that etal.
the[Alonso et al.[(1999) calibration. Surface gravities¢aéter (1996). Once the best set of atmospheric parameters was cho-
logg) were then derived by means of fundamental relations: sen for each star (see Sectlon]3.2), we used the new MBRCS

model atmospheres with standard compodfloe chose the
logg. = 0.4(My + BCy) + 4logTess. — 1261, (1) closest available global model metallicity (taking intccaant

a-enhancement) of the Cen sub-populations, as reported in

where the solar values where assumed in conformity with thable[3.
IAU recommendations (Andersen, 1999), i.e., ¢pg= 4.437, For all species we computed arZlipped average of abun-
Tetto=5770 K and M »=4.75. A typical mass of 0.8 Mwas dances resulting from each line. For elements that had keath n
assumed for the programme stars_(Bergbusch & VandenBetrg) and ionized lines, we computed the weighted (on the raimb
2001), and we used (m—M314.04:0.11 mag((Bellazzini et &l., of lines) average of the two ionization stages to obtairHe]l
2004). An independent estimate ofT, which is the most in- we typically rejected lines that had EV¥00 mA, where the
fluential parameter when determining abundances, was also @ayssian approximation could fail, or BW5 mA, since the
rived from the profile fitting of the K line wings. We computed (g|ative error was too high. For elements with few lines, and
Kurucz atmosphere models with ATLAS9 (Kurticz, 1893, 2005)here we had to rely mostly on strong lines, we either peréam
using gravities and global metallicities close to the pht#d:  gpectral synthesis, or checked that the DAOSPEC measutemen
ric parameters of each target. We built synthetic spectt@ Wiyere not too underestimated by visually inspecting thetspec
a modified version of SYNTHE exported for the Linux OS and overlaying the DAOSPEC Gaussian fit on each strong line.
(Shordone et all, 2004). An example of a typical ptofile fit A few element abundances (Mn, Cu, Ba, and La) were de-
is shown in Figurel4. _rived with the help of spectral synthesis, taking into actdiFS

We found general agreement between the photometric aisingle lines when needed (see also Sedfioh 3.1). We used th
the H, Tetr estimates, but the scatter was large, witfiedences \o0o0d0] (Snederi, 1973) package in combination with the “best

of up to 300 K in some cases. When averaging estimates fTgiARCS models” above to find the best fitting spectfmAll
B-V and V-I together, the scatter went down (see Thble 3). We

decided to rely on the Htemperatures as a first guess for the ® We adopt the observed EW rather than the theoretical ong{leg

spectroscopic analysis. First guess yalues were derived 6 ye,[Magain[1984), following the discussion by Muccial€llDg®).

from H, temperatures using V magnitudes and the Alonsolet al® httpy/marcs.astro.uu.ge

(1999) calibration. 10 This means ¢/Fel=+0.4 for metal-poor stars of [Ad]<—1.0 and
The final atmospheric parameters were then derived throughching {/Fel=0 at [FgH]=0, following schematically the typical

the usual “spectroscopic method” (see Sedfich 3.3 for adnurel halo-disk behaviour of the Milky Way field population.
11 httpy/verdi.as.utexas.egmoog.html

” The broadening theory adopted in this routine is that of‘? To quantify the uncertainty related to the use of twiadient codes,
Ali & Griem! (1965) and _Vidal et al[(1973). one for the EW analysis and the other for spectral synthessre-
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atmopheric parameters and the abundances of other blehded e

ements (when present) were kept fixed and only the abundance
of the element of interest was changed until the residuatseof

fit were minimized. C and N abundances were derived by spec-

tral synthesis of the molecular CN and CH bands at 3880 A and

4300 A, respectively. Examples of line fits with spectraltign

sis are shown in Figuré€s$ 5 ahH 6.

More in detail, carbon and nitrogen abundances were mea-
sured by minimizing the residuals between grids of syntheti
spectra and the observed ones around the CN and CH bands.
In particular, C abundances were derived by fitting the CH G-
band between 4300 and 4340 A, including the band heads of the
\ (0-0), (1-1) and (2-2) bands of the?A-X?I1 CH transitions;

N abundances were derived with the CREB-X?x* (0,0) UV

band at 3870-3890 A. In the measurement process, we kept the

atmospheric parameters and all the atomic abundances &xed t

the values of Tables] 3 ad 4, and we used the molecular data

from the Kurucz database although, as discussed in Sécflbn 3

a correction of —0.3 dex to the Igd values of C was necessary.

For each star, we computed synthetic spectra around then®-ba

e e by changing the C abundance only, and once the best fit was

5853.5 5854 4123 41235 found, we employed the found C abundance in the fit of the CN
Wavelength (A) band, where we changed only the N abundance. The procedure

Fig. 5. Examples of spectral synthesis applied to single lindéS then iterated a few times, repeating the fit for the CH band
fo?star WEI 212115_ Igig dots gre the obsrgﬁved spectrgmj sog'th the newly found N abundance, until the variations intbot
lines represent the best fitting synthetic spectra, condputth & @nd N were well below 0.1 dex. _

all parameters fixed to the values of Tallés 3 End 4, except for The abundance calculation results are reported in Table 4,
the abundance of the element under consideration. Spertra cand are discussed in Sectidn 4.

puted with the line abundances altered4y.1 dex — with re-
spect to the best fitting spectrum — are shown as dotted lines.

—-

0.75

Residual Intensity

—-
3
.
.

0.75

Residual Intensity

L Ny

La

3.4. Abundance uncertainties

We estimated the internal, random uncertainty caused bgrimp
L L =] fections in the EW measurement (or spectral synthesis pspce
- . and in the line atomic data, ag /n, for those elements that had
I ] at least two surviving lines after ac3clipping pass. For ele-
ments that relied on one line only, including those analysita
spectral synthesis, we derived a typical uncertainty ob @éx
by means of the Cayfel (1988) approximated formula, and we in
dicated this typical uncertainty between parenthesis beld.
The uncertainty owing to the continuum normalization pro-
mie . @ m@m cedure can be estimated from 'Fhe average spre_ad _of the resid-
Wavelength (A) ual spectrum of each star after lines removal, which is aatem
ically computed by DAOSPEC. For our spectra, this wi$o.
r T — — According to Figure 2 by Stetson & Pancino (2008), this prop-
- 1 agates to an approximate uncertainty in the EW estimates of
ai +3 mA, and finally in an uncertainty of the order of 0.05 dex
in the derived abundances.
1 Another factor that has a big impact on the abundance ratios
05 - . is the choice of atmospheric parameters (Sedfioh 3.2). s di
i ] cussed by Cayrel et al. (2004){F, log g and v are not strictly
I 1 independent parameters when determined with the method of
TR S TS S S Section 3.B. Therefpre, the best way to estimate the imgfact o
Favelengih ) the parameters’ choice on abundance ratios is to changedsie m
influential parameter, k¢, and to re-optimize the other param-

eters that naturally re-adjust to accommodate the temyerat

Fig. 6|. Exz?jmglke's Sf t?pectral s?/nthelsis "?pplti)Ed (';o thSe l%Nbl(tOL@ange. The diierence between abundances calculated with the
panel) an (bottom panel) molecular bands. Soli a“fest model” and with the altered one is a robust estimatbef t

curves represent the observed spectra for star WFI 51itk, t ; ; : :
grey curves represent the best fitting synthetic specirie in systematic uncertainty owing to the choice of stellar patams.

grey lines represent synthetic spectriating from the best fit
by £0.2 dex in the N (top panel) and C (bottom panel) abu
dances.

-

Residual Intensity
@
w

Residual Intensity

r<:-|1_nalysed star WFI 507633 with MOOG, using the same linehigy,
atomic data, atmospheric parameters and MARCS models. Welfo
[Fe/H]=-2.02:0.02 which is well compatible with the abundance ob-
tained with the Spite code (Talilé 4).
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Table 4. Abundance ratios with random uncertainties (see text).

Element WFI503358 WFI503951  WFI 507109 WFI 507633 WFI 5811 WFI 512938
(dex) (dex) (dex) (dex) (dex) (dex)

[Fel/H] -1.70:£0.01 -1.580.01 -1.99.0.02 —2.050.02 -1.180.01 —2.030.02
[Fell/H]  -1.70:0.12 —1.560.09 —-1.950.07 -1.940.05 —-1.340.05 -1.99.0.10
[Fe/H] -1.70:£0.01 -1.580.01 -1.980.02 —2.040.02 -1.190.01 —2.030.02
[Al/Fe]  +0.13£(0.05) +0.40:0.29 —0.12(0.05) +0.14:0.50 +0.80:0.05 —0.19(0.05)
[BayfFe]  +0.570.12  +1.10:0.24 —0.06:0.24 —-0.2@0.16 +0.64:0.12 -0.330.23
[C/Fe] —-0.02-0.15 —0.640.15 +0.07+£0.15 —0.1%0.15 —0.940.15 —-0.19:0.15
[CqFe]  +0.40:0.03  +0.44+0.03 +0.32£0.05 +0.33:0.04 +0.43:0.08 +0.34:0.03
[Co/Fe] -0.030.19  +0.21+0.12 —0.140.24 +0.08£0.06 +0.37£0.17 —0.060.12
[Cr/Fe] +0.08:0.23 —0.080.06 —0.040.21 —-0.150.10 +0.08:0.04 +0.03:0.17
[CuFe] -0.84(0.05) -0.6a(0.05) <-0.93:(0.05) <-0.4%(0.05) -0.7@(0.05) <-0.48:(0.05)
[La/Fe] +0.24t0.06  +0.59:0.05 +0.12+0.08 -0.130.10 +0.18:0.09 —0.06:0.08
[Mg/Fe] +0.46:0.11  +0.41+0.02 +0.35:0.06 +0.45:t0.08  +0.41x(0.05)  +0.55:0.10
[Mn/Fe]  -0.780.13 —0.8%0.08 —-0.6a:0.11 —0.4%0.03 —0.6%0.03 -0.540.11
[N/Fe] -0.120.30  +1.36:0.15 +0.57£0.20 +1.23:0.15 +1.26£0.25 —-0.29:0.30
[Na/Fe]  +0.0+0.11  +0.60:0.12 +0.30:0.03 —-0.150.33 +0.67£0.19 —0.420.37
[Ni/Fe] —-0.1@-0.03 —0.03.0.04 +0.06+£0.06 +0.03£0.09 —0.020.04 +0.13£0.08
[SgFe] -0.030.07  +0.20+0.05 +0.10£0.12 —0.0%0.09 —0.040.12 +0.18:0.14
[Si/Fe] +0.38:0.14  +0.46:0.30  +0.27£(0.05)  +0.19:(0.05)  +0.35:0.39  +0.61x(0.05)
[Sr/Fe] +0.38:t0.04  +0.49:0.05 -0.130.11 —0.120.09 +0.25£0.12 —-0.1a:0.09
[Ti/Fe] +0.25:t0.04  +0.38:0.03 +0.30:0.04 +0.33£0.06 +0.38:0.04 +0.24:0.03
[Y/Fe] +0.58:t0.08  +0.71+0.06 +0.31+0.05 +0.69:0.13 +0.28:0.72

Table 5. Uncertanties owing to the choice of stellar parameter3able 6. Comparative analysis of NGC 6397.

Element WFI512115 WFI507633 UVES

(T=5350) (T=5650)  Average Star Terr  logg Ve A[FeH]*  Notes

(K) (dex) (kms)  (dex)

[Fel/H] +0.07 +0.05 +0.06
[Fell/H] +0.05 +0.08 +0.07 699 5500 3.4 1.3 +0.00 Gratton et al. (2001)
[Al/Fe] +0.02 +0.02 +0.02 5400 3.3 1.8 -0.10 Korn et al. (2007)
[Ba/Fe] +0.04 +0.06 +0.05 793 5500 3.4 1.3 —-0.05 Gratton et al. (2001)
[Ca/Fe] +0.03 +0.04 +0.04 5500 3.4 1.6 +0.06 Korn et al. (2007)
[C/Fe] +0.15 +0.15 +0.15 206810 5500 3.4 1.3  +0.09 Gratton et al. (2001)
[Co/Fe] +0.03 +0.02 +0.03 5500 3.4 1.8 +0.07 Korn et al. (2007)
[Cr/Fe] +0.17 +0.04 +0.11 aDifferences in the sense: ours minus literature, with same edeasn
[La/Fe] +0.05 +0.05 +0.05
[Mg/Fe] +0.05 +0.02 +0.04
[Mn/Fe] +0.03 +0.02 +0.03
[N/Fe] +0.20 +0.20 +0.20 3.5. A comparison with NGC 6397
[Na/Fe] +0.01 +0.02 +0.02
[Ni/Fe] +0.02 +0.01 +0.02 Usually, to test the goodness of an abundance analysis, jpazem
[ScFe] +0.06 +0.06 +0.06 ison with the Sun or Arcturus is performed. In our case, beeau
[Si/Fe] +0.02 +0.02 +0.02 our linelist was optimized for metal-poor subgiants, we igdou
[Sr/Fe] +0.09 +0.15 +0.12 be performing an abundance analysis of the Sun relying amly o
[Ti/Fe] +0.02 +0.05 +0.04 strong lines, with EW100 mA. These strong lines are rejected
[Y/Fe] +0.05 +0.06 +0.06 ’ '

when analysing our UVES metal-poor stars, because at #us re
lution they start to significantly deviate from the Gaussihape
(see Figure 7 by Stetson & Panciho, 2008).

Therefore, while the general method was already tested

We therefore chose our warmest and coolest stars and ¢a-the Sun by Pancino etlal. (2010), we preferred to compare
computed their abundances with models havigg &ltered by our present results to another well studied cluster, such as
+100 K, re-optimizing the other parameters according to ttdGC 6397. We downloaded UVES archive spectra of three sub-
method described in Sectibn B.3. The final uncertaintie®bre giants (stars 206810, 669, and 793) in NGC 6397, published by
tained by averaging the absolute abundandertinces of the [Gratton et al.[(2001) and later re-analysed by Korn ef aD720
+100 and —100 altered models, and are reported in Table 5. which have similar temperatures, gravities, and mettitigias

The global uncertainty (shown in all Figures frein §1¢ 13) ithe three most metal-poor SGB stars in our sample. We re-
computed as the sum in quadrature of the random errors, the analysed them adopting the same parametefs as Grattdn et al.
certainty owing to the continuum placement and the one owi ) and am&mm), respectively, as detaited i
to the choice of atmospheric parameters. Table[®. Obviously, the @ierences in the resulting [A¢] are
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‘ ‘ Villanova et al. (2010), a study of 38 stars observed in therex
wCen — Ster WFI 507635 — [Fe/H]=—2.04 nal regions ofv Cen. Given the diversity of comparison studies,
even if we reported all literature values to our solar abucda
i WWWW and logy f system (using lines in common) when possible, resid-
ual zeropoint dierences among fierent studies will surely still
be present.

NGC 6397 — Star 206810 — [Fe/H]=-2.10
WWWMWMMN 41 iron

Our abundance ratios for iron and iron-peak elements argrsho
‘ ‘ ] in Figure[8. We note that three of our six stars lie around

Normalized Flux (arbitrary shift)

Cal Cal Fel  Cal Cal [Fe/H]~—2.0 dex, and that they do not correspond to any of
2 ol ‘ ‘ 3 the major sub-populations identified on the RGB, which are
: more metal-poor than any red giant studied with high-regmiu
F-o1p ‘ ‘ L spectroscopy before. The only exceptions are star ROA 213 by
BBt avetength (1 5695 [Smith et al.|(2000), which has [A¢]=—1.97 dex, star 85007 by

Villanova et al. [(2010) at [F&l]=—1.98 dex, and a small group
_ _ of 25 stars (out of more than 800) below [H§~—2.0 dex in
Fig. 7. Comparison between the spectra of our UVES st@igure 10 by Johnson & Pilachowski (2010). In their figure th
WFI 507633 (topmost spectrum in the top panel) and stgyk populations have higher metallicities, with an abrdgip
206810 in NGC 6397 from the UVES archive (bottom spectrufi numbers below [Fel]~—1.9 dex, approximately. We tenta-
inthe top panel). The bottom panel shows théedence between tjyely classify our three stars as a separate subgroup -aicent
the two spectra. ing few stars — that we name VMP (from very metal-poor, see
also Section 5]1), and we will consider ROA 213 by Smith ét al.
. . . o (2000) and the 25 stars hnson & Pilachowski (2010) as the
negligible within the quoted uncertainties. We note in pass \/\p counterparts on the RGB in the following discussion. The
that the major dference between the Gratton et al. (2001) angther three targets apparently fall into the metal-poorraethl-
Korn et al. ) abundance determinations for these 8te#8  jntermediate populations (MP and Mint, according to thesita

lies in the v determination, which is approximately 0.5 kim's fication by Pancino et al., 2000; Sollima et &l., 2005a). \M wi
higher in the_Korn et al[ (2007) paper. Thigference alone is giscyss population identifications in more detail in Sedbd.
probably enough to justify the filerent abundances found inthe  \we note that all comparisons in Figdke 8 are between stars
two s;_tud|es. in different evolutionary phases (our targets are subgiantsg whil
Figure[T compares the spectra of WFI 507633 and sigfpse in the literature are always giants). Therefore, theen
206810 in NGC 6397. The parameters of these stars are Vg{jty on the zeropoint — especially as far asffjds concerned
similar, and indeed the calcium and iron lines are virtualBn-  _ -3nnot be well quantified (see also Secfion 3.4). Possible f

tical, as confir_med by s_ubtracting one spectrum from therothg) s that cause systematically discrepant abundanceseeig-
where only noise remains. We are then confident that our anadts and subgiants are

sis is correct and consistent with the one by Grattonlet @01},

within the estimated uncertainties.

— there is still no consensus for the NLTE corrections to

Fel abundances, ranging from negligib tal.,
1999), to approximately 0.03—0.05 d tll., 2007),
4. Abundance results to +0.3 dex [(Thévenin & Idiar{, 1999) for stars of the type

In the following sections we present and discuss abundance Presented here;

ratios of the measured elements. To compare with homoge- the &fect of difusion could already be present for these sub-
neous literature sets, we considered preferentially |4eg giants, lowering abundance by an amount that could be neg-
stars) samples of high-resolution measurements of stars be %%QMUMLLZQ@D or of the order of 0.1-0.2 dex
longing tow Cen. Unfortunately, there are no high-resolution 12007); however, flision is heavily influenced
studies of subgiaftd so we resorted to red giants surveys in all models by the amount of turbulent mixing, a phe-

NorTis & D 11995 Smith etlal., 2000; Johnson kt al., homenon that is poorly constrained at present;
). This will help us to cross-identify sub-populatians — there are also possible granulation inhomogeneities, twhic

the SGB region with those already identified on the RGB. apparently go in the opposite direction compared to the
For some species, there were no large literature surveyls ava above &ects (Shchukina et al., 2005); _
able, so we included articles based on smaller sampig¢s ( — finally, two studies that analysed these phenomena in
stars). The largest sample available to date is the one by NGC 6397|(Gratton et al., 2001; Korn ef al., 2007) gave very
Johnson & Pilachowsk( (20110), which contains more than 800 different abundance results (see Sed_@y&S), so even from
stars, but at a moderate resolution<(F8 000). Their abundance  the observational point of view it is quitefficult to provide

ratio plots are more populous, but also obviously more scat- 'eliable constraints to these phenomena.

tered compared to higher-resolution studies, so we decided .

to plot them in our FigureEl8 to L3, except for their stars at N spite of all these problems, we have the advantage that we
[Fe/H]<—1.9 dex, which are not as well sampled in other le§¥ not use only [F&], but we can also compare [fEg] abun-
populous studies. We will also mention the abundace ratjos #ance ratios — which should be more robust to measurement un-
certainties and to variations caused by these physicaépses —

13 Althoughl[Villanova et al.[(2007) study stars in the same etioh- ~ With a vast literature, tofeectively cross-identify SGB and RGB

ary phase as our targets, their resolution is lower@600). populations.
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0 2 E 3 o E Fig. 9. Abundance ratios of--elements. Symbols are the same
~05 2 T %;Mgﬁ EE as in FiguréB.
- ? | | | [Ni/F‘e]‘ E? ? | | | [Cu/Fe‘] E
-2 -15 -1 -05 -2 -15 -1 -05
[Fe/H] [Fe/H] most metal-rich SGB stars lie between the Gration (1982) and

thelFrancois et all (1988) measurements. It is known thigela

Fig. 8. Abundance ratios of iron-peak elements. Our measugLTE corrections are required for Co (Bergemlann, 2010)ctvhi
ments are marked with filled black triangles: error bars irexplains the rising trend observed in all cited studies. ighsl
clude random errors, continuum placement errors and errargderabundance can be noticed in the chromium ratios for the
owing to the choice of atmospheric parameters (see text)ree most metal-poor stars, but NLTHezts should again be
Grey symbols mark literature measurements for red giante cause for it (Bergemarin, 2010). It is interesting to ot
filled circles are from_Johnson et al. (2009), empty pentagofNi/Fe] tends to be slightly higher for the VMP stars than for the
from/Cunha et al[(2010), empty circles from Norris & Da Costeemaining three UVES targets by 0.1-0.2 dex, and that a simi-
|%ﬁjem ty triangles from ééﬂdn (1981), filled squaremfr lar trend can be noticed in Figure 10lby Johnson & Pilachowski
%%?ZE empty stars fradm Francois etlal. (198&8raks (2010), who do not comment on thiffect.
from l. 2), crosses from_Johnson & Pilachowski Mn and Cu are two very interesting elements with a dedi-
(2010), four-pointed stars from Villanova ef al. (2010). cated vast literature because, although they belong tordime i
peak, they behavefierently from other iron-peak elements (see
illiam, 11997, for a classical review). In particular, Qu
4.2. Iron-peak elements w Cen has been first measured|by Pancinolet al. (2002) on six

: : . . RGB stars, and later studied in detail by Cunha ktial. (2002)
While (1995) provided Cr and Ni measureyno found it underabundant similarly to field stars. Finally

ments for 40 red giants, Johnson et al. (2009) gave Ni medy o theoretically modelled Hy Romano & Maftelicei (2007),
su:jer‘r’\\l(_ants for 66 redt giants ?nd Cr f(_)dr "(’;IW—[&E&Z?& o found massive stars as the most likely producers of Cu, in
and NI measurements are also provide el Agreement with previous studids (Bisterzo etal., 2004)ilavh

(2010) for 30-35 tste}rs. t\r’]\/e Atf%Ok LIhE_C_utnhﬁl_ét %L—QOOIZ) cg e find only upper limits for the three most metal-poor stars
per_measuremen Is(lgsgﬁ eFor str:rs \?V'I"j["'_']‘ [?:ﬁ;a-l]ria—lyg?:ile)‘(ﬁs ; éurem), our measurements agree with thosm etal.

used th ski(2010) Sc and Ni measu . Manganese instead was found to be extremely underabun-

ments. No literature measurements in large samples of red §| nt in our six stars. The determinationsiby Co 981) and

ants were found for Co and Mn, except for the recent Mn stu ) appear only slightly subsolar, but none efeh
|b¥g_._—h_ejlg‘u?ha‘e‘t£ IﬁO)iéi?sW%f (;%E%eg V\gahdfglii g:gng estimates takes into account HFS. A better agreement was fou
ﬁl’ 8)9 ’ 91875 \jith the measurements by Cunha étfal. (2010), based on the 10
i ) : stars by _Smith et all (2000), and derived with a complete HFS
There is general agreefmegggr all won;jpehakI_elementstq%alysis of which we ploi the LTE resulting abuncﬁ)ances in
tween our measurements for stars and the literature RG! ' S
ones. Two odd elements, Sc and Co, would give better rewIt?arﬁeulrgvlngrOtr?z;nd?;](gr?/g}ﬁg:n%uisd t?;sﬁ%ﬁﬁ;@
hyperfine splitting (HFS) was taken into account, but simesy/t [1997) or metal-poor star 004 aroundiFe. )
dp_ not give any additional information with respect to Fe; tr 2.0 dex. In particular thrb_(gamee of the ﬁVbL“Ze analysed lines bgtan
ditionally no auhor has employed spectral synthesis to areas h 400'0 A o | hich dind fo Cayrelkt al
them. As a result, all ratios of Sc and Co in Figure 8 — inchdirF € ) ivesrgsé)tr(]a?r?;t?cglllp (Iac:vvwerlgbhr?ggﬁz:e”s] by & rdxeiiylatl a
ours — are on average above solar. Our Sc values fall exactly 44 gE YS! tina th y three i f ydpp
top of literature measurements, and our Co values for theetht - dg((. foyigéﬁji? (')Tﬁ Si)?SS?arSr((elgig"lEeS’SWGTf?gnmg/rﬁ\?r]]z_) g
14 The Cu measurements of six stars by our grdup (Pancino et &f€Pancy between our results and thosﬁﬁn@ (2010)
2002) are in substantial agreement with the onés by Cunta(@082), could arise because we used the Mn lines around 4000 A, while
so we do not plot them in the various Figures. they use the lines around 6000 A. The general result — that
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4.4. Heavy elements

I o T | . . ‘._0 We were able to measure Ba, La, Sr, and Y. For Ba and

. %{fng% + gt sg:é"s,:o; La we used spectral synthesis (see Section$ 3.1[add 3.3)
,,,,,, @ I e ¢ gli?gw to take into account HFS. We plot the abundance ratios in
T ¥ . Figure[10, along with the measurements by Norris & Da Costa
(1995), [Johnson et Al.[ (2009). Villanova et al.(2010), and

k[ (2010) for stars with [Fg<—1.9 dex.
The logg f used by Norris & Da Costa (1995) are now outdated,

which is why, using the stars in common between literaturd-st
ies (including Vanture et al., 1994; Smith et al., 2000; Ramc
), we estimated that all their ratios needed to be rdiged
~0.4-0.5 dex — depending on the element — to compare with
(sr/re] T Y /Fe] more recent studies. The Norris & Da Costa (1995) data appear
R N RN S T N N ing in Figure[I0 are already corrected for thiteet. Also, the
B solar Ba abundance by Villanova et al. (2010) was 2.31, while
[Fe/H] [Fe/H] we use 2.13, and their data are corrected for thiteince in
igur well.
Fig. 10.A_bun_dance ratios of heavy elements. Symbols are tﬁeglfl'r?em:ﬁ;asvyes-process elements Ba and La generally agree
same as in Figuid 8. with literature estimates. In particular, the VMP stars ap-
pear to have a lower average s-process enhancement, com-
patible with zero, as confirmed by the La measurements by
hnson & Pilachowsk| (20110). Thus, no s-process enrichmen
by AGB stars seems to have polluted the VMP star in the RGB,
_ or in the SGB. This is supported by our Sr and Y measurements,
w Cen has lower Mn abundance than field and GGC starsyich mainly agree with the literature measurements andhwhi
suggests that the source of Mn productionui@en should be 554 have a low enhancement, compatible with zero for our VMP
low-metallicity supernovae, either of type Il or [a (Cuniak, 55
)- It is also interesting that the most metal-rich star in ounsa
ple, WFI 512115, appears to have a slightly lower s-process e
hancement than other stars measured in the literature #aisim
metallicity. If confirmed by larger samples of metal-riclarst,

. . this could point out that the s-process enrichment by AGBssta
It was not possible to measure the oxygen lines, or to put mean centauri was not completely homogeneous, as supported

ingful upper limits to the oxygen abundance in these suligial in he Norris & Da Cota (1
We were able to measure Mg, Si, Ca and Ti (Figre 9): sra bﬁétgfosurgglbgg])gf)lo;S\Eﬂilhna ears to have [B] 0 2_995)
four elements were present in the Norris & Da Costa (199 3 gex’ higher than_oth.er’ stars atpgimilar metallicit Aébm
and [Smith et &l. [(2000) studies, but we plotted also the (& oaq Wags found by Vi al_(2010) in s-y. )
: 95 y_Villanova et process el
and Ti more recent measurements Mmd.et-al‘—l(zo ents than in other studies presented here, which they ex-
and the Si, Ca, and Ti measurements for stars withHFe-  ,4in by assuming that a bimodality in these elements might b
1.9 (_jex b)AJthsgn_&BanhgubltL(ZLDlO). The meas“reme'g sent at low metallicity, supporting the mentioné@et in the
by Milanova et al. (2010) also include all fourelements stud- INorris & Da Costal(1995) data. Our three stars always share th
ies here. same s-process enhancement, but larger samples are oé cours
All measurements are slightly dispersed for Si because omlgeded to see if the supposed bimodality, or higher spread, e
a handful of lines is generally available, while for the attieee tends to -2.0 dex stars as well. Finally, there is a largeifvac
elements they show a reasonably small spread. The three Vbffatars with solar Ba and Y enhancement inet al
stars do not seem to show anyffdience from the other three(2010) sample at all metallicities, which are not presersrig
SGB stars in their-enhancement, with a weighted average adf the other studies of red giantsinCen, and it is not clear yet
[a/Fel=0.36£0.08 dex for all elements in all six stars. Literaturéf this is because of an intrinsic feature of stars in the kitis
measurements are quite scattered for Mg, but for RGB stars tf the stellar system, or a spurious measuremgate
Mg lines are very strong andftlicult to measure, and Mg also
anti-correrelates with Na, for example, so some spreadgdibeu
expected. Apart from this exception, there is very good &gr
ment among various literature determinations for giant&l arjgure[T1 shows the CH and CN band regions around 3880 and
with our measurements for subgiants. In particular, we e 4300 A, respectively, for the three most metal-rich UVESssta
RGB stars with [F#H]<-1.9 dex are always very close 10 OUfiearly, two of them (namely WFI 503951 and 512115) show
three VMP subgiants. The NLTEfTects for all our SGB Stars 4 jeen CN band and almost no signal in the CH band. On the
should be around-0.1 dex in sizel(Gratton etlal.. 1999), for,,site star WFI 503358 shows almost no CN band, and the
Mg, but not all the lines analysed here were also analysed %?Llpband appears slightly deeper than in the other two sthis. T
Gratton et al.[(1999), so we prefer not to apply any COITeCtio eyidence is not so clear in the three most metal-poor UVES,sta
The a-enhancement of VMP, metal-poor, and intermediatince the diatomic CN molecular band is much shallower.
stars inw Cen is typical of the field stars of the Galactic halo, We also have atomic lines of other elements that are found
which is indicative of a chemical enrichment dominated bip (anti-)correlate within Galactic globular clustersprely Mg,
SNelll. Na, and Al, besides C and N. Their abundance ratios are

N |
b b b

L R R R LR R R R

4.3. a-Elements

e4.5. Anti-correlations
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F ] are the same as in Fi 8.
1 4 %* 0%10 Fﬁ . ] glﬁh
F o, %% ]
0 A e 00.3.. % B SRR AR NP R 3 . . i . .
F "#H%;’ e %0 EY ] anti-correlation, and this agrees with all past literatdeda
-1 F * + E on the subject. Our data for the three VMP stars are in-
F | | [C/FeJ‘ T | | [N/FeJ‘ ] stead not conclusive about the presence of (anti-)coivakt
T Y T T e Y in the VMP population as a whole. We have two stars
[Fe/H] [Fe/H] (WFI' 507109 and 512938) with primordial composition and one

star (WFI 507633) that seems to have high'H8], but solar

Fig. 12.Abundance ratios of Al, Na, C, and N for the six UVEJC/Fe]. Literature measurements seem to point towards absent
stars. Symbols are the same as in Figiire 8. or reduced (anti-)correlations in VMP stars. The 25 stars by

\Johnson & Pilachowski (20110) with [Ag¢]<—1.9 dex tend to all
have high sodium, and a much lower dispersion than the other
P .- R 800 stars in their sample. But there are no Al, Mg, C, or N mea-
plotted in Figure§19 anf12. An initial observation is, looks . ; L
ing at the literature abundance ratio pldts (Norris & Da GostSUrements in their study. On the other hand. Marino et alGp0

[1995: [Johnson et Al.] 2009: Johnson & Pilaghgbwsm,_lZOlﬁmW that for their red giants with [Ad]<—1.8 dex, the Na-O
Marir;; etal.[ 2010) that [AFe] and [N@Fe] appear clearly bi- ar’m_ti—correlatic_)n appear less extended than that for otr_&‘!alm
modal at all metallicities (with the possible exception bet lICity groups inw Cen, but we do not know how the situation
most metal-rich stars around [F§~—0.6 dex), with two dis- Stands for [FiH]<-1.9 dex only. . .

tinct sequences around [ie}~0 and [AJFel=1 dex in the case . While a complete dlscu_s_smn on the anti-correlations among
of aluminium, and the same bimodality is visible, althougssl 19Nt elements inv Centauri is beyond the scope of the present
clearly, in the C and N ratios. In our FigUfel12 the Na data aR@Per — for the moment we just want to cross-identify our SGB
confused because the Villanova et al. (2010) data have an-oppiars With the RGB populations —we confirm that whatever the
site trend to all the other literature data plotted, with Naras- cause of anti-correlations in GC, it must have been active on
ing with metallicity instead of increasing with it. We foumsd €ach sub-population @j Cen, possibly excluding only the most

explanation for this trend. Apart from this, our data follotne Metal-poor one, at [F7E]~-2.0 dex, and the most metal-rich one
literature trends reasonably well, with a similarly largeger (Where all stars above —1.0 dex appear pollited. Marind et al
for [N/Fe]. We did not apply NLTE corrections following a rea ). The presence or absence of (anti-)correlations imeso
soning similar to that of Mg in Sectidn 4.3, but they should b%ub-pppulatlons_ ol Cen is a powerful tool to understand its
again around 0.1 dex for these subgiants (Gratton| et al1)200 chemical evolution (Sw'mmwmm
Figure[I3 reports on the usual (anti-)correlation plots. Jpe discussionin Secti¢n $.1).
clear and bimodal Na-Al correlation is seen in the literatata,
as well as the C-N anti-correlation. Our data compare weh wi
the literature in both cases. Even the mosiiclilt Mg-Al anti-
correlation is clearly visible in the literature data, altigh not While comparisons between subgiants and giants are notknti
as clearly in our own data for the six UVES stars. Finally, wiee from problems (see e. 009, andrref
also report the C-Al anti-correlation in Figurel13. ences therein), we measured abundance ratios of sevec@spe
In summary, two of the three most metal-rich stars shoiw good agreement with past literature determination foBRG
clear signs of CNO pollution, as well as a clear Na-Astars. We found that three of our targets seem to belong foea se

5. Discussion
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rate population with typical [F&l]~—2.0 dex, {r/Fe]=+0.35 dex, of a dwarf galaxy accreted a long time ago by the Milky Way, all
and ans-process enhancement compatible with zero. Of thiee sub-populations identified so far show clear anti-dati@s
three remaining stars, two are consistent with the aburedar{Eigure$IP and13) at all metallicities, except for — pdgsiihe
ratios of the RGB-MP (nomenclature by Pancino et al., 2000)MP and RGB-a stars_(Marino etlal., 2010). Field populations
and the last star appears to belong to the RGB-MInt populatiof dwarf galaxies do not normally show any anti-correlation
(nomenclature by Pancino et al., 2000) or, more specificaly which is only found in globular clusters (Gratton et al., 240
the RGB-MInt2 (nomenclature by Sollima et al., 2005a). Therefore, the absence (or existence) of anti-correlatiorthe
With this identification as our compass, we will try in the/MP component could give us evidence for (or against) the
following sections to contribute to the understanding ef8GB dwarf galaxy hypothesis for the origin @ Centauri, as dis-
of w Cen on a few crucial topics. cussed also by Panclrio (2003) and (Carrettalét al.| 2010).
Summarizing, given the chemical properties of the VMP
stars studies here and in the cited high-resolution studies
conclude that they belong to a small and distinct sub-pdioula
As discussed in Sectioh 4.1, the three most metal-poghich appears to be the best-candidate (remnant) populatio
stars at [FAH]~—2.0 dex appear to belong to a separatbe first stellar generation ia Cen, but could also — if the pres-
sub-population, which we termed VMP (for very metalence of (anti)-correlations will be excluded — be the fielgypo
poor). Stars as metal-poor as these were found in tlion remnant of its hypothesized parent galaxy.
past in small amounts, but were not considered as a sepa-
rate sub-population per se. In particular, several (uleics . )
with respect to metallicity) studies, aimed at deriving the-2- SGB populations puzzle: who is who

me_tallicity distribution of w Cen either_through phOt‘.JmetryApart from the notation used above, which separatesitien
%%Mﬁ'@%%%t sub-populations by metallicity in VMP, MP, Mint (in turn di-
I;&%?' Ow-reso uKlorf\ SFISQBOSCOF’V Ob“? ?' | vided in IntL, Int2, and Int3), and MR (or RGB-a and SGB-
IZO_O_SB)LSJM_M s n Z[ i . _)' _or_subgiants 0 ¢ ma"a) proposed by Pancino et &l. (2000), Ferraro etal. (200d) an
’ .. 2006; Villanova et al., 2007) foutats ISollima et al. [(2005a), we will also use the nomenclature by

5.1. The first stellar generation in w Cen?

as poor as —2.0 dex or lower. Some high-resolution abu (2007) in this Section, who :
X ; - . , photometrigali-
dance studies also found again a few VMP.St et jde the SGB into four sub-branches (A, B, C and D) from the

12000; [Johnson etal., 2009; Johnson & Pilachowski, 20 : IS
= = ; pper SGB envelope down to the SGB-a. This classification is
Marino et al.| 201C; Villanova et al., 2010), and in genehare also put into evidence in the two leftmost panels of Figuie 14

appears to be an abrupt termination of the main MP population . .
around [FgH]~—1.9 dex, with a sparse group of stars around The whole difficulty in the study of the SGB ab Cen is to

[Fe/H]~—2.0 dex. This fiect is clearly visible in Figure 10 cross-correlate the five sub-populations defined photacadir

Pilachowskl (2010). This clean behaviour jusl"imd spectroscopically along the RGB with the four or five (and

fies the definition of VMP as a new, separate sub-populationrﬁlore’ see Bellini et all, 2010) sub-branches that are eisibl

w Cen the SGB. This is because, while on the RGB there are exquisite
To estimate the fraction of such a minority population is ndign-résolution studies that can link photometric feasunath

easy. From the cited studies we estimate that it should besit chemical abundance patterns, this is not yet possible #r th

5% of the entire stellar content of Cen. Some more support: GB. One important observation suggested by past attempts t

rlllgk SGB and RGB populations is that the nicely combed struc-

— . re that appears in the RGB and the similarly nicely combed
recent work by Bellini et al.[(2010), who used exquisite AC%Jne that appears on the SGB could be somehow scrambled and

photometry to reveal additional sub-structure in the SGB re . X . ;
: - ixed, as pointed out by Villanova et al. (2007). While on the
gion of w Cen. In particular, the upper SGB branch (branch GB the dominating factor that separates populations islmet

![Cv:)h:urk;?g::r?gglsﬂlz_éelvj}géﬂgl (20%%2 %%??ﬁ e;f;m licity, on the SGB it must be age (together with C, N, O, and,He)
of three of our upper SGB targets turned out to haveHfe— and this could complicate things significantly if there were
2.0 dex can thus be explained, because we chose them on E@r (monotonic 'f_‘Cfef‘S'gg_) aghe—metaII||C|ty relaltlo_nuICen.
' : € uncertainties involved in the past low-resolution $mec

upper evelope of the upper branch, which turns out to be sepa-" . . : :
rated from the other branches, and which we can safely censigcCPIC Studies such W bt.LE(ZQ_OSb)LandMJJa.an_ I te
to be made of [F#]=—2.0 dex stars, at least in the external r ) were apparently not icient to give a final answer to
gion of w Cen that we are sampling here (see Fidure 2). he problem_. _The_ present study, on the oth_er h_and, whileavi

Our abundance ratios, based on high-resolution SIO&gher precision in the abundance determination, can ety r

troscopy, allow us to hypothesize that these stars musedesbt on a limited number of stars.

candidate remnant of the primordial populationdnCentauri,

enriched primarily by type Il SNe (given ita[Fe}~+0.35dex), 521, The VMP population

and most probably free from severe pollution by AGB stars.

This last statement is supported by the (almost) sa@ar Concerning our newly defined VMP population, we must as-
process ratios (Figufe1L0). Also, while three stars are &vo f sume that it should lig(i) on the bluest egde of the RGB colour
to rule out the presence of anti-correlations in this populdistribution, because of its low metallicity, arfiil) on the up-
tion, literature studies (Smith etldl., 2000; Johnson eP&I09; per edge of the SGB, and in particular on the upper edge of
Johnson & PilachowskKi, 201L0; Marino et al., 2010) suggest thoranch A byl Villanova et al[ (2007), where we find three stars
(anti-)correlations should be absent or reduced in theierex out of three at [F&H]~—2 dex. This is supported by Figure 12 by
sion for VMP stars. It would bextremelyinteresting to study Bellini et all (2010), where for the first time the upper SGB ap
C, N, Mg, Na, and Al in larger samples of SGB starsdiCen. pears split into two separate branches, and where the loaser b
Indeed, althoughy Cen is commonly considered as the remnaiof the RGB shows a clearly bluer sub-sequence made of a small
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Fig. 14.An example of isochrones fit (see text) to determine afferdinces among the three sub-populations studied in ther.pap
Left panel: the literature values of E(B-V) and (m\Mpr w Cen are used to derive agetdrences; the oldest populations turns
out to be 16 Gr old. Centre panel: a cosmological age of 13 &fgorced for the oldest populations, altering E(B—V) andNthy,
but with no significant ffect on the resulting ageftiérences; the shape of the isochrones is now in worse agréaritiethe data.
Right panel: NGC 6397 is shown for comparison. The letter8Aand C, which appear in the two leftmost panels, indicage th
approximate location of the SGB branches as defined by \dllaret al. [(2007).

number of stars. These features are the most likely photame®.2.3. The Mint populations

counterparts of the VMP population found here. Our star WFI 512115, which chemically belongs to the Mint
population (and, more specifically, to the MInt2) also appea
to lie either on branch B or — most probably — on branch
C. Combining this evidence with the one presented by both
_ . ISollima et al.|(2005b) and Villanova et/al. (2007), we teixedy
The connection between the SGB-MP and the RGB-MP is ng§ncjude that the most likely photometric counterpart af th
clear yet. Whilesome other populatioshould be present to- pnt2 population should be branch C. The presence of a few
gether with the VMP to account for the number of stars in thGe-MP stars on branch C still cannot be ruled out, and it
upper branch, or branch A, it is not clear if this is really thgoyig pe either caused by some scatter in the low-resolution
counterpart of the RGB-MP, because the RGB-MP contains 8§ ,ndances by Villanova etlal. (2007), or by photometric er-
least 30% (and likely more) of the starsinCen. We cannot 45 in the WFI reference photometry_(Pancino étfal., 2000;
speculate too much with the data in hand — the only certain f [ 2003), or even by afftirent SGB shape for the SGB-
is that the two MP stars in this paper (WFI 503358 and 5039%% (Bellini et al.]201D). We also speculate that the RGB-1@In
both lie lower than branch A, possibly on branch B or even Csnould correspond to a sequence lying between branches C and
but we see two possible solutions: D, as clearly indicated by Sollima et al. (2005b) in theirdig4,

and mentioned in passing by Villanova et al. (2007).

5.2.2. The MP population

— One possibility — supportec_i by our analysis of stary 24 The MR or SGB-a population
WFI 503358 and 503351 — is that the RGB-Mintl stay@/hile the cross-identification between the RGB-a
on branch A (lower half) together with the VMP, and th ' ., [ 2000; Sollima eflal,__2005a), the SGB-a
RGB-MP stays instead on branch B. This would allow fOf[Ee_LLar_o_e_t_dL L(.ZQ_CD4)[jlljlm.a_e_ﬂal (2( )( '5b) and branch D

better agreement between the population fractions esiﬂnamnmm_’ug_dn appears unquestionable, theretils s
by Sollima et al. (2005a) arid Villanova et al. (2007), whilgome debate about its metallicity, ranging from /ffle-—1.1,
the uncertainties of both low resolution studies are probalyjerived from low-resolution spectroscopy of SGB stars by
large enough to accommodate such a switch. Villanova et al. [2007) to [F#1]~—0.6 dex, derived from both

— The other obvious interpretation has been already merdion@igh-resolution spectroscopy of RGB stars (Pancinolé2a00)
by [Villanova et al. [(2007), i.e., that MP stars lie on botlind low-resolution spectroscopy of SGB stdrs (Sollimalet al
branches A (lower) and B, mixed with part of the metaj3005h). The metallicity of the SGB-a will be the subject of a
intermediate populations. following paper based on GIRAFFE data, but it is interestimg
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note here that Bellini et al. (2010) found the SGB-a (or bhan@lso Section_3]2). We used the cosmological helium abun-
D) split into two sequences, suggesting that two populatiodance models (for a discussion on higher He abundances see
with slightly different properties could occupy these two ver§ectio{ 5.4). The uncertainties involved in the isochrottiadj

close loci. procedures are large: we assume aproximat@lgyr. We find

that the VMP and MP populations must be relatively close in
age, with a dierence of @2 Gyr, while the MInt component
should be about£2 Gyr younger. If we force the age of the

The history of age spread determinations.iiCen comprises a Oldest population(s) to a cosmological value of 13 Gyr, weeha
variety of studies, all focused on the SGB, the most age thmsi to increase E(B-V) and (m—M)by 0.03 and 0.16 mag respec-
region in the CMD. An age spread of 2-5 Gyr, among the vdively, and the fit becomes considerably worse when consider
ious sub-populations was first found by Hughes & Wallersteifd the isochrones shape. The agfedences, however, do not
(2000) and_Hilker & Richtlér[(2000), based on the TO regioghange. As a comparison, we show in Figlré 14 the case of
morphology of their high-quality Stromgren photometragsl NGC 6397, using the WFI B, V, and | photometric catalogue de-
colour-metallicty calibrations. Later several other papeame Scribed by Carretta et a 09) and the reddening andndista
out based on combinations of high quality photometry and lownodulus from the revis r 96) catalogue.

resolution spectroscopy (Hugl:es etlal., 2004; ;
[Rey et al.,| 2004 [lim I, 2005b; Stanford étlal., 2006 The existence of the VMP at the SGB level could help in
Villanova et al., 2007), finding again various age dispersiall solving two of the paradoxes previously found in the litarat
around 2-5 Gyr. The only studies reporting on aggedénce The first is the zero age flierence — within the uncertainties —
below 2 Gyrs are those hy Ferraro et al. (2004), who find théatund by Sollima et al.. (2005b) between the MP and the Mint
the SGB-a cannot be fitted with any isochrone younger than tpepulations, which is diicult to understand given theftiérence
SGB-MP population, and Sollima etlal. (2005b), who simjlarlin s-process enhancement between the two populationself on
found that the overall age spread of the SGB sub-populatigissigns [F#H]=—2 dex to the upper SGB envelope, and moves
cannot amount to more than 2 Gyr. It is interesting to noté thié@e MP population to branch B, this shift in metallicity wddde
[Sollima et al. [(2005b) and Villanova etlal. (2007) use photorallowed by the uncertainties in the Sollima et al. (2005ky-lo
etry from the same ACS data set and spectra of similar quegsolution spectroscopy (see dlso Starkenburd et al., 2d1be
ity, and reach opposite conclusions, with Villanova et20q7) uncertainties of the calcium triplet calibration at low @iétity).
finding an age spread of at least 2 Gyr within the MP populatidks a result, the MP would become older, and the affedince
only. between the MP and Mint populations would not be so close to
On the one hand, spectroscopic abundances of both RGB ar@ anymore.
SGB stars find am-enhancement of all populations (except the
RGB-a) consistent with pure type Il SNe enrichment which, in The second puzzle that could be alleviated by the existence
the self-enrichment scenario far Cen, would imply very fast of the VMP is the coexistence within the MP group of two sep-
enrichmemt, within 1 Gyr. On the other hand, the higbrocess arate populations with agesfiéiring by ~2—-3 Gyr, found by
enhancement of all populations (except maybe the VMP foulv@lanova et al. [(2007), which could be explained if one atmi
here) would imply enrichment by intermediate mass (13 Mthat the MP population is in reality a mix of MP and VMP
AGB stars on longer timescales (1-2 Gyr and possibly evetars. The metallicity dierence between the VMP and MP pop-
more Busso et al., 1999). ThereforeqifCen is a self-enriched ulations would be diicult to resolve with low-resolution spec-
system, we should find (and indeed many authors do find) sotnascopy, similarly to the case above. The younger MP group
significant age spread. While we cannot give the ultimate sidentified byl Villanova et al. (2007) would become older & it
lution to the relative ages (or age spread) puzzles listedeab metallicity was [FgH]~—2.0 dex instead of —1.7 dex, thus recre-
with the present data, we can nevertheless use our newlyedefiating an almost monotonic age-metallicity relation, alihb

5.3. Towards a solution of the age spread problem

VMP population to shed some light on the problem. the age dierence between the VMP and the MP populations
We use isochrones from the Padova database of stellar ewould be small. It could be argued that the younger MP in
lutionary tracks and isochrof@sand in particular we chose théVillanova et al. [2007) is much more numerous than the VMP
ones based on the Marigo et al. (2008) and Girardile OGstimated fraction, i.e., 5% of the total stellar contenbien.
tracks. We preferred this set over Ba8T(Pietrinferni et al., However, we must note that a large fraction of the targets in

[2006) simply because they provide tranformations to the WeHat study are selecteal priori on the upper SGB branch (or
filters. We note that the results in ages do not change sigrifanch A), which we suspect is dominated by VMP stars. In this
icantly when using BaSTI (less tharGyr overall shift), but case, the target selection would be biassed preferertoaiyrds
the actual shape of the SGB is better reproduced when the Viti¢ VMP population and the relative numbers in Figure 19 by
filters are used instead. While the absolute ages are sorhewifanova et al.|(2007) would not be representative of trepee-
uncertain, we show in Figufe1l4 that the ag@etences are rel- tive population fractions anymore.

atively robust regardless of the absolute age scale cttibraf

the chosen isochones set. In a self-enrichment scenario, the small agfedence be-
Firstly, we computed the Z values for the three populationween the VMP and the MP population{® Gyr) poses no prob-
using the formula lem as far as the type Il SNe are concerned, but could perhaps
B (o/Fe] be too short to accommodate tk8.5 dex overabundance in s-
logZ = [Fe/H] - 1.7 + log(0.638 10 +0.362) process elements for the MP. On the other hands# Byr oc-

according td Salaris et al. (1993). We adopted[thel LLub (2002 rred between the MP and the MInt2 population, there coalld b

reddening and_Bellazzini etlal. (2004) distance modulug (sg"0ugh time to enrich the Mint population in s-process efeme
up to the observed level of/[sel=1 dex. Detailed chemical evo-

15 httpy/pleiadi.pd.astro.it lution calculations would be extremely useful in underdiai
. Yy g
16 www.oa-teramo.inaf JBASTI/ these details.
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5.4. The helium abundance Johnson & Pilachowski (20110), have similar chemical conypos

. . . _tion and could represent the prototype VMP members along the
Since the discovery of a double MS anCen (Andersdri. 2002; g particular, the s-process enhancement of the SGERVM
Bedin et al. 2004), and the evidence that the bluer sequenge, ation is not compatible with the RGB-MP stars, while it

was more metal-rich than the redder one (Piotto etal..|200 compatible with the quoted RGB-VMP stars. Our conclu-

it was suggested that some of the metal-richer po ulatilons%ifn is also supported by previous work on metallicity distr

w Cen could have abnormal He abundarice (N 2004), Qf.: i )
about Y~0.35-0.40. A recent review 08) d)is—etrtlotr;; Boer"RmGeBI aanL ‘f'(;&g_s\tﬁfez}ﬁqgé ttTgtet);ﬁ; '\s,',i,?ppggﬂ]
cussed the possible scenarios and compared them with obgg(5,"should comprise at most 5% of the entire stellar aunte
vations ofw Cen, but also of NGC 2808, which was found Q¢ ,, centauri, at present. The presence or absence of light ele-
possess a triple MS (Piotto et al.. 2007), along with othes-mayent anti-correlations in this population would be a fundam

sive GGC. . . . tal constraint to the nature @ Cen, because anti-correlations

Such an overabundanthelium would have some impactin thg, generally exclusively found in globular clusters andene
model atmOSpherQb—(ﬁoMe-hMm—G'—r@m'—bLagﬂo in the field populations of galaxies. From the availablerdite
that are at the basis of any abundance analysis such as thetBF@(mainlwhmnmhLﬂQQJghmn_&ﬂuaghdmo
presentgd here. The first thing to note is that the most npetat- [\15in .[2010) it appears that (anti-)correlationsldde
populations ofw Cen do not require any He enhancement, andqyced in extent, in VMP stars. Until the presence of (anti)
we assume this to be the case not only for the two MP stali§yrelations in VMP stars is excluded by larger data samples
(WFI 503358 and 503951), but also for the three VMP 0ngsSiooks more promising to interpret this as the primordiapp
(WFI 507109, 507633, and 512938). The only star that coulation ofw Cen instead of the remnant field population of its
suffer from an helium enriched atmoshpere is the one belong'ﬁgtative parent galaxy.

to the Mlnt_z_populanon,WFl 212115, The high-precision abundance determinations obtained al-
A simplified treatment by Gray (2008) assumes that an ovegyed us to try to shed some light on the SGB morphology rela-

abundance in he_Ilum_has a simildfext as an increase in gravity,tjon with the RGB spectroscopically identified sub-popiolas.

as a first approximation: We conclude thathere appears to be no one-to-one correspon-

dence between the nicely combed substructures of the RGB and

Ag - L(He)' SGB. In particular, the MP and Mint populations could either

g 1+4A(He) be mixed along the (lower) A, B, and C branches, or be posi-

Just to derive an order-of-magnitudfieet, we translate a E?gr?gh'g?ngéstgﬁéyagﬁ?;%@ﬁ grqsgtgghan'v”en;;n?&%ugg'
mass fraction increase from=Y).25 to Y~0.35 into a humber '] :

increase from A(HeY0.10 to A(He)0.15. This would be mim- ready said, VMP stars should occupy (an_d EOSSib% dominate)
icked, in our WFI 512115 star, by an increase in surface grjg%fperm%t SGB branch, or branch A in tal.

; ; - terminology.
ity from roughly 3.5 to 4.0 dex, corresponding to an increa ) .
inyabundancge gf 0.08 dex in [H4]. ThuspWFI 5912115 would We also found that (see Sectionl5ifs existence of the VMP

change from [F&4]=—1.19 to —1.11 dex, with basically no Sig_population could alleviate some of the problems found i pre

nificant effect in the age dierence determination, within the?i0US determinations of relative agels particular, the small
quoted uncertainties. We finally note here that, as discLisge Metallicity difference between the VMP and MP populations

Sollima et al. [(200Eb) in their Figure 6, this increase in tiee could have escaped previoug abundance qnalyses based-on low
lium abundance would only change tsieapeof the isochrone’s f€solution spectra. The puzzling result by Villanova e(2007)

SGB, making it steeper, with a negligible (less than 1 GyA injihat the MP.popuIation shou]d contain two groups vv_iljﬁe]‘bnt
pact on the rgelative a%e determina%o?]. ( y9) ages could indeed be explained by the metalliciffedence be-

tween VMP and MP. Also, the (too) small agdfdirence found
by[Sollima et al.[(2005b) between the MP and Mint populations
woul become slightly larger when taking into account thesexi
tence of the VMP, which should dominate the uppermost SGB
We analysed UVES high-resolution spectra of six stars @mvelope.
the SGB ofw Centauri. We compared our results with RGB  Finally, there should be a small ageffirence between the
high-resolution spectroscopy to identify the sub-popatetto VMP and MP populations @2 Gyr), while a slightly larger age
which our targets belong, and we found remarkable agre#iference (22 Gyr) should occur between the VMP and the
ment with past abundance determinations. Three of our tdfint2 populationsAlthought this latter result is less secure be-
gets (WFI1 507109, 507633, and 512939) haveHffe—2.0 dex, cause it relies on one star only, it agrees very well with tlee m
area-enhanced and show no significant s-process enhancemjenity of past studies (see, e.g., Stanford et al., 2006¢ 0%e of
Two of the remaining targets (WFI 503358 and 503951) beloriifferent sets of isochrones (Padova, BaSTI) does not change the
to the MP population, with [Fél]~—1.65 dexa-enhanced and result significantly, and the helium abundance problem kshou
with [s/Fe]=+0.5 dex. The last target, star WFI 512115, belondsave a negligible impact on the Mint2 star WFI 512115 (the
to the Mint2 population, with [F&l]=—1.19 dex,e-ehanced only one which should have higher helium) because, to first ap
and with s-process enhancement similar to the MP targets, iproximation, it should change its [F¢] by ~0.08 dex. The age
slightly lower than what is expected for Mint stars. distribution suggested by the present data would accomtaoda
Our main result (see Sectidn b.1) is tithere exists an a fast enrichment between the VMP and MP populations, domi-
additional, metal-poor population (that we name VMP) anated by SNe type II, while the s-process enrichment of the MP
[FeH]~—2.0 dex, which has chemical properties that make (fs/Fe]~+0.5 dex) could still pose a problem. The ag&eatience
the ideal candidate (remnant of) the primordial populatiometween the MP and Mint populations could instead hé-su
of w Cen. The RGB star ROA 213 Smith etlal. (2000), stacient to allow for some intermediate-mass AGB star enriafitme

85007 by Villanova et al. (2010), and 25 red giants studied ifBusso et al!, 1999), bringing/e] to+1.0 dex.

6. Summary and Conclusions
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We conclude by noting that this is the only high-resolutiorsohnson, C. I., Pilachowski, C. A., Simmerer, J., & Schwénk008, ApJ, 681,

based abundance analysis published on SGB stavsGen so
far. Even if the precision of the abundances is higher thgrast

low-resolution studies, of course the number of stars eradi

1505

Johnson, C. I., Pilachowski, C. A., Michael Rich, R., & Futjt, J. P. 2009,
ApJ, 698, 2048

Johnson, C. |., & Pilachowski, C. A. 2010, ApJ, 722, 1373

is only six. To give the final answer to the relative ages @obl korn, A. J., Grundahl, F., Richard, O., Mashonkina, L., Bank, P. S., Collet,
in w Cen, and to identify who is who in the CMD at the SGB R., Gustafsson, B., & Piskunov, N. 2007, ApJ, 671, 402 '
level, a much larger sample (a few hundreds) of relativeijhi Kupka, F., Piskunov, N., Ryabchikova, T. A., Stempels, H.&Weiss, W. W.

resolution spectra in the SGB region is absolutely necgssar
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