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ABSTRACT

We present, for the first time, a detailed abundance analysis of five giant stars in the moderately metal-poor bulge
globular cluster NGC 6558. Spectra have been obtained at the VLT with the multifiber spectrograph FLAMES in
GIRAFFEmode (R � 22;000). The resulting iron abundance is ½Fe/H� ¼ �0:97 � 0:15, in good agreement with the
metallicity inferred from the slope of the red giant branch, but unusually high for a cluster with such a blue horizontal
branch, possibly indicating an old age. A color-magnitude diagram in Vand I, based on photometry obtained with the
Wide-Field Imager at ESO, is also presented. An isochrone of 14 Gyr fits the evolutionary sequences, confirming an old
age. NGC6558 is another ‘‘second-parameter’’ bulge cluster. Themetallicity derived is near the end of the low-metallicity
tail of the bulge field-star distribution; hence, it presumably formed at the very early stages of the bulge formation. Abun-
dance ratios show enhancements of the�-elements oxygen,magnesium, and silicon, with ½O/Fe� ¼ þ0:38, ½Mg/Fe� ¼
þ0:24, ½Si/Fe� ¼ þ0:23, and solar calcium and titanium. The r-element europium is also enhanced by ½Eu/Fe� ¼
þ0:36. The odd-Z elements sodium and aluminum, as well as the s-elements barium and lanthanum, show solar ratios.
A heliocentric radial velocity of vhelr ¼ �197:3 � 4 km s�1 is found for NGC 6558.
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1. INTRODUCTION

The formation scenarios of globular clusters (GCs), reviewed
by Strader et al. (2005) and Brodie & Strader (2006), can be sum-
marized as follows: (1) Major merger models suggest the forma-
tion of metal-rich GCs during mergers of spiral galaxies that form
ellipticals, whereas metal-poor GCs are formed in the original spi-
rals. (2) Multiphase in situ scenarios suppose that metal-poor GCs
form in dwarf galaxieswithin the protogalactic potential, andmetal-
rich GCs form later in a second phase. (3) Accretion scenarios sup-
pose that a massive galaxy core forms metal-rich GCs, and
metal-poor ones are accreted from dwarf galaxies. The latter is
compatible with an inside-out picture, in which metal-poor clus-
ters would be the first objects to form in the bulge (e.g., Minniti
1995; van den Bergh 1993). Finally, Bekki (2005) compared
models of the Galaxy halo in a �CDM universe and the effects
of reionization on the Galactic metal-poor clusters and found
that very early formation of metal-poor clusters occurred before
reionization and was then truncated at z � 15. In this case, it is
not clear if metal-poor clusters could form in the bulge in a later
stage.

The bimodal metallicity distribution of GCs in galaxies (e.g.,
Larsen et al. 2001; Yoon et al. 2006), first pointed out by
Morgan (1959), is also found in the Milky Way, with peaks at

½Fe/H� ¼ �0:5 and �1.6 (e.g., Côté 1999). Evidence for a third
peak at ½Fe/H� � �1:0, already seen in Côté (1999), appears to
be reinforced in recent years. The 16 clusters located within 5� ; 5�

of the Galactic center were reviewed by Barbuy et al. (1998) based
on color-magnitude analyses. Four of themhave been clearly found
to be metal-rich, with ½Fe/H�k� 0:5: NGC 6528, NGC 6553,
Liller 1, and Terzan 5 (Zoccali et al. 2004; Alves-Brito et al.
2006; Meléndez et al. 2003; Origlia et al. 2002; Origlia & Rich
2004), and two clearly metal-poor, with ½Fe/H�P� 1:6: Terzan 4
and Terzan 9 (Origlia&Rich 2004; Ortolani et al. 1999b). Several
among the other 10 appear to be moderately metal-poor, namely,
HP 1 (½Fe/H� ¼ �1:0; Barbuy et al. 2006b); Terzan 1, based both
on Hubble Space Telescope (HST ) color-magnitude diagrams
(CMDs) (½Fe/H� ¼ �1:3; Ortolani et al. 1999a)7 and on low-
resolution spectra (½Fe/H� ¼ �1:3; Idiart et al. 2002); UKS 1
and Palomar 6 (½Fe/H� ¼ �0:5 from the CMDs in Barbuy et al.
1998) were studied with high-resolution spectroscopy by Origlia
et al. (2005) and Lee et al. (2004) and found to have ½Fe/H� ¼
�0:78 and�1.0, respectively. Finally, NGC 6522 is estimated to
have�1:3 < ½Fe/H� < �1:0 (Terndrup et al. 1998; Castro et al.
1995). For the clusters Terzan 2, Djorgovski 1, Terzan 6, and ESO
456-SC38, no spectroscopic analyses available have been carried
out, and their CMDs suggest ½Fe/H� � �0:5 (Barbuy et al. 1998).
It is important to note that the moderately metal-poor clusters
located in the Galactic bulge would not be detectable in external
galaxies due to crowding.

The GC NGC 6558 is located at � ¼ 18h10m17:6s, � ¼
�31o4505000 (J2000.0) and projected at about �6

�
from the Ga-

lactic center on the minor axis (l ¼ 0:201�, b ¼ �6:025�). NGC
6558 was studied by Rich et al. (1998) in V and I photome-
try, where a reddening of E(B�V )¼ 0:46, E(V � I )¼ 0:6, and
AV ¼ 1:42, an apparent and absolute distance modulus of (m�
M ) ¼ 15:55, (m�M )0 ¼ 14:13, and a distance from the Sun of

7 The first, overestimated value by Ortolani et al. (1993) was due to high con-
tamination by bulge field stars.
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d� ¼ 6:4 kpc and RGC ¼ 1:8 kpc from the Galactic center were
estimated. The cluster is very concentrated, with post–core col-
lapse structure (Trager et al. 1995).

In the present work we analyze high-resolution spectra of five
giants inNGC6558, obtainedwith theVeryLargeTelescope (VLT)
using FLAMES in GIRAFFE mode. These data are part of a sam-
ple of 1000 bulge stars collected in four fields from �3� to �12�

along the bulge minor axis, among which a few cluster stars were
included.

The observations are described in x 2, while the stellar param-
eters and iron abundance are presented in x 3. Results are pre-
sented in x 4. Finally, x 5 includes some discussion and our
conclusions.

2. OBSERVATIONS

2.1. Imaging

Images of NGC 6558 in Johnson-Cousins V and I, obtained
with the Wide Field Imager (WFI) at the 2.2 m ESO-MPI tele-
scope were downloaded from the ESO archive, within the pre-
FLAMES public ESO Imaging Survey. Standard prereduction
(bias and flats) was performedwith IRAF,while point-spread func-
tion (PSF) fitting photometry was carried out using DAOPHOT II
and ALLFRAME (Stetson 1994). The photometric calibrations
were defined using standard stars from Landolt (1992). The Galac-
tic coordinates of the cluster are l ¼ 0:201�, b ¼ �6:025�, lo-
cated in the so-called Blanco window (Blanco 1988), and the

Fig. 1.—V vs. V � I CMD of NGC 6558 with 14 Gyr Teramo isochrones for metallicities Z ¼ 0:002 and 0.004 overplotted. [See the electronic edition of the Journal
for a color version of this figure.]
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WFI image of this region contains mostly bulge stars. In order to
build a CMD clearly showing the main cluster features we se-
lected stars within a radius of 400 WFI pixels (9500) around the
cluster center. The resulting CMD is shown in Figure 1 (left), to-
gether with 14Gyr Z ¼ 0:002 and 0.004 Teramo isochrones from
Pietrinferni et al. (2004). These models have solar-scaled abun-
dances, and the higher abundance is included, since by considering
a combination of the [Fe/H] and �-element enhancements as re-
ported in x 4 a metallicity ½M/H� ¼ �0:75 is found.

A check of the photometry was carried out by comparing the
present data with the New Technology Telescope (NTT) data pre-
sented in Rich et al. (1998). NTT photometry is about 0.1–0.15
redder thanWFI, within the expected uncertainty of both absolute
photometric calibrations. The filters at NTT and at WFI are very
different. In particular, the filter system at WFI is quite different
from the standard one. The color terms in Vand I at NTTare on the
order of 0.01–0.02, while at WFI the color term in V is around
�0.08 to �0.06, and in I it is about 0.1, corresponding to a shift
of the equivalent wavelength of the system by more than 200 8.
The combined color term for the color index is around 0.16, cor-
responding to an order of magnitude larger than at NTT. For nor-
mal, unreddened stars the wavelength shift is not relevant because
it is compensated for by the color terms, but in highly reddened
fields a different reddening law should be applied (Selman &
Melnick 2005), and it should be kept in mind that the calibration
of the red stars is based on the linear extrapolation of the cali-
bration. It is not clear, however, if this problem completely

justifies the 0.15 color difference, and we do not have enough
fields containing reddened stars for a careful check.Wemade sev-
eral tests of WFI calibrations and found that an important source
of calibration error is the ‘‘sky concentration.’’ This makes the
calibration dependent on the position of the standards on the chip,
which is difficult to correct. In the specific case of NGC 6558
another problem is the crowding effect on the aperture corrections.
In this case the lower signal-to-noise ratio (S/N) of the NTT data,
as it appears from the comparison of the two CMDs, seems to in-
dicate a potentially better correction at WFI. In conclusion, NTT
calibration would bemore reliable because of the better filters, but
for the aperture correction there is certainly an issue. A full discus-
sion on the comparisons is beyond the scope of this paper, given
that we derived photometric parameters as guidelines for further
work on spectroscopic parameters.

2.2. Spectra

Spectra for about 200 giants in the Blanco window were ob-
tained with FLAMES in GIRAFFE mode at the VLT, within our
large program for a spectroscopic characterization of bulge field
stars (Zoccali et al. 2006; Lecureur et al. 2007). The four fields of
this survey include a few bulge GCs, and some fibers were po-
sitioned close to their centers in order to determine consistent
abundances for bulge field and cluster stars. Having measured
the radial velocity of the 200 spectra in this field, candidate clus-
ter members were identified by selecting stars with radial veloc-
ity VR < �180 km s�1 and coordinates within a radius of 0.05

�

from the cluster center. Seven candidates were then identified,
six of which turned out to have very similar metallicity ( lower
than the bulk of bulge stars), and hence appeared to belong toNGC
6558. Star B117 looks anomalous in the CMDs and is probably a
nonmember, as discussed below. The positions of the five se-
lected member stars in the CMD are shown in Figure 1, while
their identifications on an archive HSTACS image are shown in
Figure 2. The star IDs are taken from FLAMES, which has pro-
vided spectra for 134 stars in each of the bright (B) and faint (F)
half of the stars selected in this field. The cluster members turned
out to be star B11 (i.e., the 11th spectrum of the bright sample),
B64, and so forth, and such designations were kept. The selected
stars, together with the 2MASS designations (Skrutskie et al.
2006), coordinates, and VIJHKmagnitudes, are listed in Table 1.

One of the six selected stars, star B117, with V ¼ 15:523 and
I ¼ 14:111 in WFI and V ¼ 15:59 and I ¼ 14:05 in NTT, de-
serves some further discussion. Star B117 appears well defined,
well fitted, and with no blends and no variability when compared
to the other stars in the field. However, its position looks anom-
alous in the CMDs, both fromWFI and NTT. It is too blue for its
luminosity if interpreted as a giant star of the cluster. However, it
should not be a bulge field giant because they are much redder,
nor a main-sequence (MS) disk star because they are bluer. Pos-
sible explanations are (1) it is an evolved disk star; (2) it is a

Fig. 2.—I-band ACS image showing the location of the present six spectro-
scopic targets. The extracted image is�1:430 ; 1:430. North is up, and east is to the
left. [See the electronic edition of the Journal for a color version of this figure.]

TABLE 1

Designation Adopted in the Present Work, 2MASS Identification, Coordinates, and Magnitudes of the Target Stars

Star ID 2MASS ID �(J2000.0) �(J2000.0) V I J H K

B11.............................. 18101902�3144506 18 10 19.01 �31 44 50.64 15.902 14.275 13.136 12.440 12.280

B64.............................. 18191803�3145435 18 10 18.03 �31 45 43.55 15.623 14.180 13.064 12.456 12.277

B73.............................. 18102150�3145268 18 10 21.50 �31 45 26.77 15.709 14.187 13.128 12.449 12.316

B117 ............................ 18101643�3146005 18 10 16.42 �31 46 00.55 15.523 14.111 13.148 12.569 12.491

F42 .............................. 18101766�3145393 18 10 17.65 �31 45 38.93 13.642 11.442 10.054 9.049 8.812

F97 .............................. 18101520�3146014 18 10 15.21 �31 46 00.67 16.037 14.467 13.183 12.481 12.338

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
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peculiar evolved blue straggler; or (3) it is an unresolved blend
(or a binary) of a giant and a horizontal branch (HB) star. We
have therefore excluded star B117 from the sample because our
analysis could turn out to be inappropriate, but a few comments
about it are given in the text.

The spectra cover the wavelength range 6100–68608, through
the GIRAFFE setups HR13, HR14, and HR15 and at a resolu-
tion R ¼ 22;000. A log of observations is given in Table 2. S/N
values were measured along the spectra, and a mean from sev-
eral measurements at different wavelengths in each setup is given
in Table 2. No clear continuum window could be identified in
the spectra from the HR15 setup; hence, S/N values are not mea-
sured in this region. The spectra were flat-fielded, optimally ex-
tracted, andwavelength calibrated with theGIRAFFEBase-Line
Data Reduction Software pipeline.8 Spectra extracted from dif-
ferent frameswere then summed, and the final spectra of �15fibers
positioned on empty sky regions were further combined and sub-
tracted from each star spectrum. The equivalent widths were mea-
sured using the automatic codeDAOSPEC developed by P. Stetson
& E. Pancino (2007, in preparation).

A radial velocity vr ¼ �206:8 � 1:5 km s�1 or heliocentric
v helr ¼ �197:3 � 4 km s�1 was found for NGC 6558, in very

good agreementwith the value of�197:2 � 1:6 reported byHarris
(1996).9

3. STELLAR PARAMETERS

Effective temperatures TeA were derived from the V � K,
V � I , and J � K colors using the calibrations by Alonso et al.
(1999) and adopting (V � I )C ¼ 0:778(V � I )J from Bessell
(1979). The JHKS magnitudes and colors were transformed
from the 2MASS system (Skrutskie et al. 2006)10 to the CIT
(California Institute of Technology) system, and from this to the
TCS (Telescopio Carlos Sánchez) system, using the relations
established by Carpenter (2001) and Alonso et al. (1998). The
TeA values derived from each color are listed in Table 3.
The above TeA valueswere used to derive the gravity log g from

the classical relation

log g� ¼ 4:44þ 4 log
T�

T�
þ 0:4(Mbol � 4:75)þ log

M�

M�
;

adopting T� ¼ 5770 K, M� ¼ 0:85 M�, and Mbol� ¼ 4:75. A
distance modulus of (m�M )0 ¼ 14:43 and a mean reddening
of E(B� V ) ¼ 0:38 were derived from a comparison with the

TABLE 2

Log of Observations

Star Setup

k
(nm) Date UT S/N V obs

r V hel
r

Bright

B11....................... HR13 612–640 2003 May 31 05:32:37.740 115 �207.8 �198.4

HR14 638–662 2003 May 31 07:20:32.329 114 �207.6 �198.1

HR15 660–686 2003 Jun 1 05:56:46.114 . . . �207.7 �198.3

B64....................... HR13 612–640 2003 May 31 05:32:37.740 105 �204.8 �195.4

HR14 638–662 2003 May 31 07:20:32.329 118 �205.1 �195.7

HR15 660–686 2003 Jun 1 05:56:46.114 . . . �204.3 �194.9

B73....................... HR13 612–640 2003 May 31 05:32:37.740 115 �205.5 �196.1

HR14 638–662 2003 May 31 07:20:32.329 119 �205.0 �195.5

HR15 660–686 2003 Jun 1 05:56:46.114 . . . �205.8 �196.4

B117..................... HR13 612–640 2003 May 31 05:32:37.740 136 �210.8 �201.3

HR14 638–662 2003 May 31 07:20:32.329 157 �200.0 �199.5

HR15 612–640 2003 Jun 1 05:56:46.114 . . . �211.0 �201.3

Faint

F42 ....................... HR13 612–640 2003 Jun 1 07:12:15.204 130 �207.9 �198.4

HR14 638–662 2003 Jun 27 03:54:01.305 108 �207.1 �197.6

HR15 660–686 2003 Jun 27 01:53:37.509 . . . �208.0 �198.6

F97 ....................... HR13 612–640 2003 Jun 1 07:12:15.204 62 �208.2 �198.8

HR14 638–662 2003 Jun 27 03:54:01.305 78 �207.1 �197.7

HR15 660–686 2003 Jun 27 01:53:37.509 . . . �209.5 �200.0

TABLE 3

Dereddened Colors and Derived Photometric Effective Temperatures, Bolometric Corrections, and Gravities

Star V � I V � K J � K T (V � I ) T (V � K ) T (J � K ) Tmean BCV log g

B11....................... 1.442 2.573 0.630 4487 4515 4584 4529 �0.47 1.98

B64....................... 1.205 2.298 0.563 4870 4757 4798 4808 �0.32 2.03

B73....................... 1.307 2.345 0.587 4694 4709 4718 4707 �0.37 2.01

B117..................... 1.165 1.985 0.439 4944 5103 5280 5109 �0.20 2.14

F42 ....................... 2.178 3.779 1.000 3770 3823 3732 3775 �1.30 0.42

F97 ....................... 1.368 2.651 0.619 4596 4452 4616 4555 �0.45 2.05

8 Available from http://girbldrs.sourceforge.net.

9 Updated at http://www.physics.mcmaster.ca /Globular.html.
10 See http://www.ipac.caltech.edu /2mass /releases /allsky /.
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TABLE 4

Fe i and Fe ii Lines Used, Equivalent Widths, and Resulting Fe Abundance Line-by-Line

B11 B64 B73 F42 F97

Ion

k
(8)

�ex

(eV) C6 log g f

EW

(m8) [Fe/H]

EW

(m8) [Fe/H]

EW

(m8) [Fe/H]

EW

(m8) [Fe/H]

EW

(m8) [Fe/H]

Fe ii .............. 6149.26 3.89 0.34E�32 �2.69 27.0 �0.91 28.1 �0.83 34.5 �0.57 . . . . . . 32.7 �0.84

Fe ii .............. 6247.56 3.89 0.33E�32 �2.30 . . . . . . . . . . . . 41.1 �0.79 . . . . . . 42.8 �0.98

Fe ii .............. 6432.68 2.89 0.24E�32 �3.57 37.1 �0.93 31.0 �1.00 41.1 �0.69 24.2 �1.06 38.2 �0.93

Fe ii .............. 6456.39 3.90 0.32E�32 �2.05 50.7 �0.96 46.0 �1.00 55.1 �0.69 34.2 �0.89 . . . . . .

Fe ii .............. 6516.08 2.89 0.25E�32 �3.450 45.1 �0.88 36.2 �0.99 42.9 �0.77 28.6 �1.03 . . . . . .
Fe i ............... 6151.62 2.18 0.81E�32 �3.299 68.9 �1.12 49.4 �1.14 70.8 �0.91 128.9 �0.85 55.1 �1.14

Fe i ............... 6159.38 4.61 0.13E�30 �1.97 . . . . . . 7.1 �0.80 8.1 �0.82 . . . . . . . . . . . .

Fe i ............... 6165.36 4.14 0.77E�31 �1.549 31.0 �1.13 26.4 �1.06 30.1 �1.08 41.8 �1.28 . . . . . .

Fe i ............... 6173.34 2.22 0.84E�32 �2.879 88.2 �1.13 70.8 �1.07 91.6 �0.85 140.8 �0.98 71.1 �1.21

Fe i ............... 6180.20 2.73 0.13E�31 �2.784 70.0 �0.92 69.8 �0.57 . . . . . . 108.5 �0.91 46.5 �1.15

Fe i ............... 6187.99 3.94 0.30E�30 �1.718 34.4 �1.14 21.5 �1.25 36.8 �1.01 53.2 �1.19 21.2 �1.31

Fe i ............... 6200.31 2.61 0.15E�31 �2.437 102.6 �0.79 . . . . . . . . . . . . 124.8 �1.13 78.4 �1.04

Fe i ............... 6213.43 2.22 0.30E�31 �2.646 108.4 �0.97 94.5 �0.78 . . . . . . 141.1 �1.21 92.2 �1.02

Fe i ............... 6220.78 3.88 0.13E�30 �2.46 . . . . . . 18.1 �0.67 13.2 �0.95 . . . . . . . . . . . .

Fe i ............... 6226.74 3.88 0.13E�30 �2.202 19.7 �1.06 17.6 �0.95 23.1 �0.90 27.6 �1.30 16.3 �1.04

Fe i ............... 6240.65 2.22 0.10E�31 �3.388 72.7 �0.92 55.9 �0.88 68.4 �0.83 107.9 �1.12 47.2 �1.15

Fe i ............... 6246.32 3.60 0.12E�30 �0.956 104.7 �1.00 98.1 �0.78 104.2 �0.83 . . . . . . 95.5 �0.97

Fe i ............... 6252.56 2.40 0.12E�31 �1.687 139.1 �1.14 124.5 �0.94 132.5 �1.03 . . . . . . 129.9 �1.02

Fe i ............... 6254.25 2.28 0.13E�31 �2.480 124.2 �0.76 . . . . . . 124.9 �0.56 152.0 �1.13 115.1 �0.69

Fe i ............... 6270.23 2.86 0.15E�31 �2.711 56.4 �1.08 50.8 �0.90 60.9 �0.86 . . . . . . 58.9 �0.84

Fe i ............... 6271.28 3.32 0.89E�31 �2.957 16.0 �1.10 11.7 �1.06 23.8 �0.81 40.5 �1.10 . . . . . .

Fe i ............... 6297.79 2.22 0.82E�32 �2.740 88.7 �1.27 72.0 �1.20 86.8 �1.10 141.5 �1.13 80.9 �1.17

Fe i ............... 6301.50 3.65 0.23E�31 �0.720 93.3 �1.40 82.7 �1.28 88.5 �1.32 . . . . . . 83.7 �1.39

Fe i ............... 6302.50 3.69 0.23E�31 �0.91 . . . . . . 70.2 �1.31 76.5 �1.33 . . . . . . . . . . . .

Fe i ............... 6311.50 2.83 0.14E�31 �3.224 28.9 �1.11 25.8 �0.95 37.1 �0.85 79.6 �0.88 41.5 �0.69

Fe i ............... 6315.31 4.14 0.30E�31 �1.230 57.9 �0.95 44.4 �1.00 48.0 �1.04 79.4 �0.90 62.6 �0.72

Fe i ............... 6315.81 4.08 0.66E�31 �1.712 28.0 �1.11 22.5 �1.07 32.6 �0.94 46.0 �1.13 32.0 �0.90

Fe i ............... 6322.69 2.59 0.14E�31 �2.426 101.1 �0.88 82.1 �0.84 91.9 �0.85 135.7 �0.98 87.3 �0.90

Fe i ............... 6335.33 2.20 0.80E�32 �2.229 125.3 �1.11 109.4 �0.93 121.2 �0.95 186.7 �0.90 . . . . . .

Fe i ............... 6336.82 3.69 0.13E�30 �1.053 92.2 �1.04 87.4 �0.80 101.2 �0.69 . . . . . . 95.8 �0.77

Fe i ............... 6344.15 2.43 0.12E�31 �2.922 82.4 �0.95 70.4 �0.80 79.1 �0.82 141.8 �0.63 . . . . . .
Fe i ............... 6355.03 2.84 0.30E�31 �2.40 . . . . . . . . . . . . 94.4 �0.51 134.9 �0.64 85.1 �0.67

Fe i ............... 6392.54 2.28 0.11E�31 �4.03 . . . . . . 20.4 �0.94 37.5 �0.72 79.5 �0.93 32.7 �0.72

Fe i ............... 6392.54 2.28 0.3E�31 �4.03 . . . . . . 19.6 �0.96 24.1 �1.00 63.1 �1.20 17.5 �1.08

Fe i ............... 6393.60 2.43 0.12E�31 �1.615 159.0 �0.88 134.1 �0.84 157.1 �0.73 195.5 �1.05 115.3 �1.35

Fe i ............... 6393.60 2.43 0.3E�31 �1.615 122.2 �1.50 124.2 �1.01 140.4 �0.97 . . . . . . 124.3 �1.18

Fe i ............... 6419.95 4.73 0.15E�30 �0.250 58.3 �1.21 58.5 �1.02 60.7 �1.07 74.4 �1.11 49.5 �1.26

Fe i ............... 6430.85 2.18 0.77E�32 �2.005 129.5 �1.30 115.2 �1.08 129.8 �1.05 . . . . . . 133.1 �0.94

Fe i ............... 6475.62 2.56 0.15E�31 �2.94 . . . . . . 51.4 �1.02 65.3 �0.93 111.0 �1.02 . . . . . .

Fe i ............... 6481.87 2.28 0.11E�31 �2.984 83.2 �1.08 60.7 �1.13 . . . . . . 128.7 �1.08 133.1 �0.94

Fe i ............... 6498.94 0.96 0.49E�32 �4.699 85.3 �1.04 63.5 �0.98 . . . . . . 173.6 �0.64 77.8 �0.86

Fe i ............... 6518.37 2.83 0.13E�31 �2.748 64.8 �0.95 46.8 �0.99 63.6 �0.82 102.1 �0.96 59.6 �0.84

Fe i ............... 6533.93 4.56 0.16E�30 �1.453 23.8 �0.90 22.5 �0.79 26.9 �0.76 34.2 �0.94 . . . . . .

Fe i ............... 6569.22 4.73 0.13E�30 �0.422 53.2 �1.14 45.1 �1.12 58.8 �0.94 79.0 �0.86 . . . . . .

Fe i ............... 6574.23 0.99 0.56E�32 �5.042 58.1 �1.12 47.6 �0.91 57.0 �0.97 143.6 �0.82 44.0 �1.08

Fe i ............... 6575.02 2.59 0.14E�31 �2.824 74.3 �1.01 54.0 �1.06 73.1 �0.86 130.7 �0.73 . . . . . .
Fe i ............... 6591.31 4.59 0.12E�30 �2.06 . . . . . . 11.3 �0.52 . . . . . . . . . . . . . . . . . .

Fe i ............... 6593.87 2.43 0.12E�31 �2.422 106.3 �1.02 . . . . . . 109.3 �0.73 . . . . . . 94.0 �1.00

Fe i ............... 6597.56 4.80 0.15E�30 �1.061 21.2 �1.07 21.7 �0.93 27.1 �0.87 35.2 �0.97 . . . . . .
Fe i ............... 6608.03 2.28 0.10E�31 �4.038 31.6 �0.94 16.0 �1.07 25.1 �0.98 82.7 �0.88 21.9 �0.96

Fe i ............... 6678.00 2.69 0.30E�31 �1.420 134.0 �1.20 127.3 �0.89 . . . . . . . . . . . . . . . . . .

Fe i ............... 6703.57 2.76 0.12E�31 �3.15 . . . . . . 40.4 �0.81 . . . . . . 83.7 �1.02 37.8 �0.94

Fe i ............... 6705.11 4.61 0.30E�31 �1.060 30.8 �1.08 22.5 �1.13 41.9 �0.78 35.2 �1.24 43.4 �0.67

Fe i ............... 6710.32 1.48 0.64E�32 �4.874 34.9 �1.06 26.6 �0.92 30.5 �1.02 101.7 �0.98 . . . . . .

Fe i ............... 6713.75 4.80 0.16E�30 �1.602 6.6 �1.12 10.0 �0.81 . . . . . . 15.7 �0.93 . . . . . .

Fe i ............... 6715.38 4.59 0.11E�30 �1.638 14.6 �0.95 8.3 �1.10 15.8 �0.87 30.0 �0.81 . . . . . .

Fe i ............... 6716.24 4.56 0.79E�32 �1.927 11.3 �0.82 . . . . . . 18.8 �0.50 24.1 �0.70 . . . . . .
Fe i ............... 6725.36 4.10 0.15E�30 �2.300 12.0 �0.97 5.5 �1.20 . . . . . . 23.3 �1.01 . . . . . .

Fe i ............... 6726.67 4.59 0.30E�31 �1.090 22.4 �1.26 14.0 �1.39 37.4 �0.86 36.3 �1.22 32.6 �0.93

Fe i ............... 6733.15 4.64 0.11E�30 �1.576 17.5 �0.86 21.2 �0.61 . . . . . . 16.6 �1.15 22.3 �0.63

Fe i ............... 6739.52 1.56 0.67E�32 �4.941 35.2 �0.88 . . . . . . 31.9 �0.83 78.5 �1.18 33.1 �0.69

Fe i ............... 6752.71 4.64 0.11E�30 �1.366 15.2 �1.14 25.0 �0.72 26.8 �0.76 . . . . . . . . . . . .



isochrone in Figure 1. In this same Figure 1 the smaller right panels
show the locations of the sample stars in log g versus log TeA, for
metallicities Z ¼ 0:002 (top) and 0.004 (bottom) (½M/H� ¼ �0:96
and �0.66).

The Fe i line list and respective oscillator strengths given by
NIST)11were used to derive spectroscopic parameters; if not avail-
able, theywere obtained fromafit to the solar spectrumas described
in Barbuy et al. (1999). Five measurable Fe ii lines and their re-
spective oscillator strengths from Biémont et al. (1991), renor-
malized by J. Meléndez & B. Barbuy (2007, in preparation), were
used to check whether ionization equilibrium was verified. The
damping constants were computed where possible, and in par-
ticular for most of the Fe i lines, using the collisional broadening
theory of Barklem et al. (1998, 2000, and references therein). The
list of Fe i and Fe ii lines, together with the log g f used, equivalent
widths, and line-by-line abundances are given in Table 4.We used
only lines with equivalent widths EW < 200 m8.

Model atmospheres were interpolated in the newly built OS-
MARCS grid of spherical models by Gustafsson et al. (2003).12

Excitation and ionization equilibria were imposed through curves
of growth and the plots of [Fe i/H] and [Fe ii/H] versus �exc and
Wk, as shown in Figure 3.Microturbulent velocities vt are obtained
by imposing the condition that lines of different strengths give the
sameFe abundance, as illustrated in Figure 3 (bottompanels). The
final adopted stellar parameters and iron abundances are given in
Table 5.
Line-by-line spectrum synthesis was carried out to derive ele-

mental abundances, using the code described in Barbuy et al.
(2003). The forbidden oxygen line [O i] k6300 could not be used
because at the radial velocity of NGC 6558 it falls right on top of
a strong telluric line. Since our final spectrum is the combination
of several individual exposures at different air masses, we judged
it unreliable to try to subtract the telluric line.13 We measured in-
stead the oxygen abundance from the other line of the doublet,

TABLE 4—Continued

B11 B64 B73 F42 F97

Ion

k
(8)

�ex

(eV) C6 log g f
EW

(m8) [Fe/H]

EW

(m8) [Fe/H]

EW

(m8) [Fe/H]

EW

(m8) [Fe/H]

EW

(m8) [Fe/H]

Fe i ................. 6810.26 4.60 0.14E�30 �1.108 35.9 �0.94 35.7 �0.79 . . . . . . 58.1 �0.77 31.4 �0.93

Fe i ................. 6820.37 4.64 0.16E�30 �1.311 30.3 �0.80 18.4 �0.97 . . . . . . 35.4 �0.95 . . . . . .

Fe i ................. 6837.02 4.59 0.78E�32 �1.800 10.5 �0.95 25.8 �0.34 . . . . . . 25.0 �0.77 . . . . . .

Fe i ................. 6839.83 2.56 0.13E�31 �3.451 32.4 �1.18 22.2 �1.16 30.5 �1.12 77.1 �1.15 32.5 �0.99

Fe i ................. 6841.34 4.61 0.10E�30 �0.752 49.8 �1.02 44.4 �0.95 45.5 �1.02 53.3 �1.20 35.6 �1.19

Fe i ................. 6842.69 4.64 0.15E�30 �1.315 28.8 �0.83 35.7 �0.53 . . . . . . 42.4 �0.80 16.4 �1.06

Fe i ................. 6843.66 4.55 0.94E�31 �0.928 46.3 �0.98 44.7 �0.84 . . . . . . . . . . . . . . . . . .

Fe i ................. 6851.63 1.60 0.73E�32 �5.307 12.9 �1.02 . . . . . . . . . . . . . . . . . . . . . . . .
Fe i ................. 6855.71 4.39 0.10E�30 �1.819 23.5 �0.75 22.0 �0.64 . . . . . . 24.3 �1.05 18.4 �0.79

Fe i ................. 6857.25 4.08 0.53E�31 �2.156 12.9 �1.11 27.8 �0.52 . . . . . . 22.2 �1.21 9.0 �1.18

Fe i ................. 6858.15 4.61 0.10E�30 �1.055 38.4 �0.93 31.7 �0.92 47.4 �0.68 46.0 �1.04 22.7 �1.18

Fig. 3.—Fe i and Fe ii abundances vs. �exc and Wk for stars B11 and F42. Filled circles, Fe i lines; triangles, Fe ii lines; open circles, Fe i lines rejected by sigma
clipping. [See the electronic edition of the Journal for a color version of this figure.]

11 Available from http://physics.nist.gov /PhysRefData /ASD/.

12 Available from http://www.marcs.astro.uu.se.
13 For these reasons, the preliminary results on the oxygen abundance in

NGC6558 reported in Barbuy et al. (2006a) are superseded by the present results.
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[O i] k6363.79. This line is much weaker, and the results are
therefore more uncertain than those derived in other stars from
the [O i] k6300 line.

For the odd-Z elements Al and Na, and the�-elementsMg, Si,
Ca, and Ti, the lines and respective atomic constants log g f and
C6 are adopted basically from Barbuy et al. (2006b) and Zoccali
et al. (2004). However, all lines have been reverified in the solar
and Arcturus spectra, and for a few lines a modified log g f is
used as indicated in Table 6. Ionization equilibrium between Ti i
and Ti ii is difficult to reach due to uncertainties in the log g f val-
ues of the Ti ii lines reported in Table 7. Ionization equilibrium
can be reached if we use the revised Ti ii log g f values from the
Vienna Atomic Line Database (VALD; Kupka et al. 1999). These
log g f values do not fit the solar and Arcturus spectra; hence, we
preferred themodified values given in Tables 6 and 7 (col. [8]) that
fit the solar and Arcturus spectra (as illustrated in Figs. 6 and 7).

It is also important to note that for several Ca i lines, the re-
vised log g f values are lower than previously adopted in Barbuy
et al. (2006b) and Zoccali et al. (2004):�log g f ¼ 0:2, 0.4, 0.2,
0.16, 0.18, 0.15, 0.25, 0.06, and 0.23 dex were applied to the Ca i
lines at 6156.030, 6161.295, 6166.440, 6169.044, 6169.564,
6464.679, 6493.788, and 6499.654 8, and the result is that Ca
abundances are higher than theywould bewith the previous log g f
values, by about 0.1 dex in the mean.

The autoionization effect on the wings of the Ca i k6318.61
and k6361.94 lines has been taken into account in the calculation
of the Mg i triplet at 6318.72, 6319.24, and 6319.49 8, and the
[O i] k6363.79 line, by adopting a radiative broadening 10,000
larger than the standard value for the Ca i line (see also Lecureur
et al. 2007).

For lines of the heavy elements Ba ii, La ii, and Eu ii, a hyper-
fine structure was taken into account, based on the hyperfine
constants by Lawler et al. (2001b) for Eu ii, Lawler et al. (2001a)
for La ii, and Biehl (1976) for Ba ii. Molecular lines of CN
(A2� X 2�), C2 Swan (A3� X 3�), TiO (A3� X 3�) �, and
TiO (B3� X 3�) �00 systemswere taken into account. Solar abun-
dances were adopted from Grevesse & Sauval (1998), except for
the value for oxygen, where �(O) ¼ 8:77 was assumed, as rec-
ommended by Allende Prieto et al. (2001) for the use of one-
dimensional model atmospheres.

4. RESULTS

As shown inTable 5,we derived ameanmetallicity of ½Fe/H� ¼
�0:97 � 0:15 for NGC 6558. Together with HP 1, they are the
highest metallicity clusters with a blue horizontal branch (BHB)
but no red horizontal branch (RHB). If interpreted as an age ef-
fect (Lee et al. 1994), this would imply that NGC 6558 is one of
the oldest clusters in the bulge. This is consistentwith the isochrone
of 14 Gyr (Fig. 1).

NGC6558 appears to be similar to other intermediate-metallicity
clusters located in the bulge such as, in particular, HP 1 (Ortolani

et al. 1997; Barbuy et al. 2006b). Table 8 lists the known clus-
ters with confirmed or probable metallicities around ½Fe/H� ¼
�1:0, combined with a clear BHB. NGC 6540 (Bica et al.
1994) could be another candidate if the moderate metallicity is
confirmed.

These are all intermediate-metallicity clusters with a BHB, as
well as other well-known second-parameter clusters, in particular
the well-studied NGC 2808, NGC 6388, and NGC 6441. These
latter three clusters show extended HB blue tails, but they also
show a well-populated RHB (Rich et al. 1997; Sosin et al. 1997;
Bedin et al. 2000).On the contrary, the clusters listed inTable 8have
only a BHB, and in particular HP 1 andNGC6558, for which high-
resolution abundance analyses show ½Fe/H� ��1:0, could repre-
sent a more extreme second-parameter effect, possibly indicating
an older age (e.g., Lee et al. 1994).

Line-by-line abundance ratios are given in Table 6, whereas
the final cluster abundances are reported in Table 9. Figures 4
and 5 show the fits to typical Ca i lines, and Figures 6 and 7 show
the fits to Ti i and Ti ii lines, respectively.

The mean oxygen-to-iron ratio, including all the stars, is
½O/Fe� ¼ þ0:38. Rejecting F97, which shows anomalously high
oxygen abundance, the mean would be ½O/Fe� ¼ þ0:26, still in-
dicating a clear enhancement of this representative �-element.
This overabundance is compatible with field stars in the Galaxy
(see, e.g., Fig. 5 fromMeléndez & Barbuy [2002], where data on
oxygen-to-iron ratios from the [O i] k6300 line from the literature
were gathered).

The other �-elements Mg and Si are also enhanced by similar
amounts of ½Mg/Fe� ¼ þ0:24 and ½Si/Fe� ¼ þ0:23.On the other
hand,Ca andTi showessentially solar ratios,with ½Ca/Fe� ¼ þ0:05
and ½Ti/Fe� ¼ þ0:06.

The odd-Z elements show solar ratios, with Na tending to be
slightly underabundant. The r-element Eu shows enhancement
of ½Eu/Fe� ¼ þ0:36. The s-elements Ba and La show solar ratios.

4.1. Star B117

Spectroscopic parameters for B117 established by imposing
excitation and ionization equilibria give TeA ¼ 5000 K, log g ¼
1:3, ½Fe i/H� ¼ �1:14, ½Fe ii/H� ¼ �1:06, and vt ¼ 1:3 km s�1

(Table 5). The gravity value is, however, too low for its location
in the CMD, suggesting veiling effects. In fact, a probable hy-
pothesis for B117 is that it is a binary system, composed of a giant
plus a BHB star. In this case, in order to obtain its color shift, the
BHB star would have I �15:5 and V � I � 0:7. Such a com-
panion would contaminate the spectrum of the RGB star signifi-
cantly, due to a rather small 1mag difference, so that veilingwould
affect the spectrum, and maybe cause a line contamination as well
if the two stars have the same radial velocity.

For these reasons we do not report its abundances, except for
one very clear feature, which is a very strong barium line that
gives a high barium abundance of ½Ba/Fe� � þ0:7. Star B117
could be a barium star, i.e., a binary star showing enhancements
of s-elements and carbon. For this star, the CN lines are too shal-
low and cannot be measured, whereas the La ii k6390.48 region
has a low S/N; the line is too shallow and does not allow us to
decide between ratios of ½La/Fe� ¼ �0:2 to +0.2, but it is not in-
compatible with an enhancement.

4.2. Errors

Final abundances reported in Table 9 were obtained by averag-
ing the abundances resulting from measured lines. The cluster
abundances are a mean of the five stars for each element, and the
error given is the internal error, corresponding to the dispersion
around the mean.

TABLE 5

Spectroscopic Parameters

Star TeA log g [Fe i /H] [Fe ii /H] vt

vhelr

(km s�1)

B11..................... 4650 2.2 �1.04 �0.92 1.5 �198.2

B64..................... 4850 2.6 �0.94 �1.00 1.2 �195.3

B73..................... 4700 2.3 �0.92 �0.83 1.3 �196.0

B117................... 5000 1.3 �1.14 �1.06 1.3 �198.2

F42 ..................... 3800 0.5 �1.01 �1.05 1.65 �198.2

F97 ..................... 4820 2.3 �0.97 �0.94 1.3 �198.8
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TABLE 6

Atomic Lines Used and Abundance Ratios Relative to Fe

[X/Fe]

Species

k
(8)

�ex

(eV) C6 log g f B11 B64 B73 F42 F97

[O i]........................... 6363.79 0.00 . . . �10.25 +0.3: +0.3: +0.2: . . . +0.70

Na i............................ 6154.230 2.10 0.90E�31 �1.56a 0.00 0.00 �0.20 0.00 . . .

Na i............................ 6160.753 2.10 0.30E�31 �1.26a �0.20 �0.15 0.00 0.00 �0.2:

Al i ............................ 6696.020 3.14 0.30E�31 �1.48b 0.00 +0.15 �0.10 0.00 0.00

Al i ............................ 6698.670 3.14 0.30E�31 �1.78b 0.00 . . . �0.10 +0.10 . . .

Mg i........................... 6318.720 5.11 0.30E�30 �2.10c +0.20 +0.20 +0.20 +0.30 +0.15

Mg i........................... 6319.242 5.11 0.30E�31 �2.36c +0.20 +0.20 +0.3: +0.30 +0.30

Mg i........................... 6319.490 5.11 0.30E�31 �2.90d +0.20 +0.20 +0.3: +0.30 . . .

Mg i........................... 6765.450 5.75 0.30E�31 �1.94b . . . +0.20: . . . . . . . . .

Si i ............................. 6142.494 5.62 0.30E�31 �1.58d +0.35 +0.30 +0.30 +0.2: +0.25

Si i ............................. 6145.020 5.61 0.30E�31 �1.50d +0.35 +0.30 +0.30 0.0: +0.25

Si i ............................. 6155.142 5.62 0.30E�30 �0.85c +0.30 +0.15 +0.20 +0.10 0.0?

Si i ............................. 6237.328 5.61 0.30E�30 �1.10d +0.10 +0.20 +0.30 +0.2: +0.25

Si i ............................. 6243.823 5.61 0.30E�32e �1.30f +0.10 +0.30 +0.20 +0.2: +0.25

Si i ............................. 6414.987 5.87 0.30E�30 �1.13c +0.30 +0.30 +0.30 . . . +0.35?

Si i ............................. 6721.844 5.86 0.90E�30 �1.17b +0.10 . . . +0.30 +0.3: . . .

Ca i ............................ 6156.030 2.52 0.30E�31 �2.59d +0.30 0.0: . . . �0.05 +0.15

Ca i ............................ 6161.295 2.51 5.98E�31e �1.42d 0.00 0.00 +0.15 �0.15 0.0:

Ca i ............................ 6162.167 2.52 1.95E�31e �0.09a 0.00 0.00 +0.15 �0.15 0.0:

Ca i ............................ 6166.440 2.52 1.0E�32e �1.1d 0.00 0.00 0.00 �0.15 +0.15

Ca i ............................ 6169.044 2.52 5.95E�32e �0.70c 0.00 0.00 +0.15 0.00 0.0:

Ca i ............................ 6169.564 2.52 5.95E�32e �0.55d 0.00 0.00 +0.15 0.00 0.0:

Ca i ............................ 6439.080 2.52 5.12E�32e +0.3f 0.00 0.00 0.00 0.00 +0.15

Ca i ............................ 6455.605 2.52 5.06E�31e �1.35a +0.15 +0.15 +0.10 �0.05 +0.15

Ca i ............................ 6464.679 2.52 5.09E�32e �2.35d +0.35 0.00 +0.15 . . . . . .
Ca i ............................ 6471.668 2.52 5.09E�32e �0.59a +0.35 +0.15 0.00 0.00 +0.15

Ca i ............................ 6493.788 2.52 5.05E�32e �0.20g 0.00 +0.10 +0.15 0.00 0.0

Ca i ............................ 6499.654 2.52 5.05E�32e �0.82h 0.00 0.00 +0.25 �0.15 +0.15

Ca i ............................ 6508.846 2.52 0.30E�31 �2.50b . . . 0.00 . . . 0.00 . . .
Ca i ............................ 6572.779 0.00 2.62E�32e �4.29a 0.00 0.00 +0.10 +0.15 +0.15

Ca i ............................ 6717.687 2.71 0.70E�30 �0.61a 0.00 +0.15 +0.15 �0.15 0.0

Ti i ............................. 6126.224 1.07 2.06E�32e �1.43a �0.20 +0.15 0.00 0.00 +0.10

Ti i ............................. 6258.110 1.44 4.75E�32e �0.36a �0.20 0.00 �0.15 +0.20 �0.20

Ti i ............................. 6261.106 1.43 4.68E�32e �0.48a �0.20 0.00 0.00 +0.20 �0.20

Ti i ............................. 6303.767 1.44 1.53E�32e �1.57a . . . . . . . . . +0.20 . . .

Ti i ............................. 6312.238 1.46 1.51E�32e �1.69d +0.20 +0.15: 0.0: +0.10 +0.15

Ti i ............................. 6336.113 1.44 0.30E�31 �1.74a 0.0: . . . 0.0: 0.00 0.0:

Ti i ............................. 6508.154 1.43 1.46E�32e �2.05b . . . . . . 0.0: +0.20 . . .

Ti i ............................. 6554.238 1.44 2.72E�32e �1.15d 0.00 +0.15 0.00 +0.10 0.0:

Ti i ............................. 6556.077 1.46 2.74E�32e �1.07a 0.00 +0.10 0.00 +0.10 0.0:

Ti i ............................. 6599.113 0.90 2.94E�32e �2.09a +0.20 0.00 +0.05 +0.20 0.00

Ti i ............................. 6743.127 0.90 0.30E�31 �1.68c 0.00 0.0: �0.15 0.00 +0.15

Ti ii ............................ 6491.580 2.06 0.30E�31 �1.79g +0.10 +0.20 +0.20 +0.20 +0.2:

Ti ii ............................ 6559.576 2.05 0.30E�31 �2.02g +0.3: 0.00 +0.20 +0.20 +0.1:

Ti ii ............................ 6606.970 2.06 0.30E�31 �2.64g +0.30 . . . +0.20 +0.20 . . .

Ba ii ........................... 6141.727 0.70 . . . hfs 0.00 0.00 +0.20 0.00 +0.20

Ba ii ........................... 6496.908 0.60 . . . hfs +0.15 +0.20 +0.20 +0.20 +0.20

La ii ........................... 6390.480 0.32 . . . hfs 0.0: 0.00 0.0: +0.10 . . .

Eu ii ........................... 6645.127 1.38 . . . hfs +0.40 +0.40: +0.40 +0.20 +0.40

Note.—The label ‘‘hfs’’ indicates hyperfine structure.
a NIST Atomic Spectra Database. See footnote 11.
b McWilliam & Rich (1994).
c Barbuy et al. (1999).
d Revised in this work.
e Damping constants computed as described in Barbuy et al. (2006b).
f Bensby et al. (2003).
g VALD (Kupka et al. 1999).
h Brown & Wallerstein (1992).
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TABLE 7

Ti ii Oscillator Strengths

Ti ii Line

(1)

VALD

(Kupka et al. 1999)

(2)

NIST ASD

(3)

McWilliam & Rich

(1994)

(4)

Bensby et al.

(2004)

(5)

Zoccali et al.

(2004)

(6)

Barbuy et al.

(2006b)

(7)

This Paper

(8)

6491.580............. �1.79 �2.10 . . . . . . �2.10 �1.85 �1.95

6559.576............. �2.02 . . . �2.48 . . . �2.48 �2.25 �2.30

6606.970............. �2.79 �2.79 . . . �2.76 �2.79 �2.79 �2.79

TABLE 8

Globular Clusters of Moderate Metallicity with a Blue Horizontal Branch

Cluster �(J2000.0) �(J2000.0)

l

(deg)

b

(deg) [Fe/H] Ref.

NGC 6558.................. 18 10 17.6 �31 45 50 0.20 �6.02 �0.9 1

HP 1 ........................... 17 31 05.2 �29 44 58.54 357.42 2.12 �1.0 2

AL 3........................... 18 14 06.6 �28 38 06 3.36 �5.27 �1.3 3

NGC 6522.................. 18 03 34.08 �30 02 02.3 1.03 �3.93 �1.28/�1.0 4, 5

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and
arcseconds.

References.— (1) This work; (2) Barbuy et al. 2006b; (3) Ortolani et al. 2006; (4) Terndrup et al. 1998; (5) Castro et al.
1995.
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TABLE 9

Final Abundance Ratios for Each Star, Mean Values, and Corresponding Internal Errors

Star [Fe/H] [O/Fe] [Na/Fe] [Al/Fe] [Mg/Fe] [Si /Fe] [Ca/Fe] [Ti /Fe] [Eu/Fe] [Ba/Fe] [La/Fe]

11.................... �0:98 � 0:11 +0.3 �0.10 0.00 +0.20 +0.23 +0.08 +0.04 0.4 +0.07 0.0

64.................... �0:98 � 0:12 +0.3 �0.07 +0.15 +0.20 +0.26 +0.04 +0.08 0.4 +0.10 0.0

73.................... �0:88 � 0:13 +0.2 �0.10 �0.10 +0.27 +0.27 +0.12 +0.03 0.4 +0.20 0.0

42.................... �1:03 � 0:14 . . . 0.0 +0.05 +0.30 +0.16 �0.05 +0.13 0.2 +0.10 0.0

97.................... �0:96 � 0:20 +0.7 �0.20 0.0 +0.23 +0.23 +0.08 0.00 0.4 +0.20 . . .

Mean .......... �0:97 � 0:15 þ0:38 � 0:17 �0:09 � 0:05 þ0:02 � 0:06 þ0:24 � 0:05 þ0:23 � 0:03 þ0:05 � 0:05 þ0:06 � 0:04 þ0:36 � 0:06 þ0:13 � 0:05 0.0

1
6
2
2



Fig. 4.—Ca i k6161.295 line in the solar, Arcturus, and NGC 6558-B64 star
spectra. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 5.—Ca i k6499.654 line in the solar, Arcturus, and NGC 6558-B73 star
spectra. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 6.—Ti i k6743.127 line in the solar, Arcturus, and NGC 6558-B73 star
spectra. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 7.—Ti ii k6559.576 line in the solar, Arcturus, and NGC 6558-B64 star
spectra. [See the electronic edition of the Journal for a color version of this figure.]
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Table 10 gives the uncertainties in abundance ratios, com-
puted for star B11, by allowing a variation of�TeA ¼ þ100 K,
� log g ¼ þ0:2, and�vt ¼ 0:3 km s�1, which are typical errors
in our analysis. The errors are defined as the difference between a
parameter derivedwith the alteredmodel and the nominal model.
The total error is given in column (5) as the quadratic sum of all
uncertainties.

5. DISCUSSION

The metal-poor GCs in the central regions might be the first
objects to have formed in the Galaxy. For this reason, high-
resolution spectroscopy combined with accurate multiband pho-
tometry formetal-poor inner GCs provides valuable information on
the Galaxy formation scenario.

Among themetal-poor clusters of the inner bulge, only Terzan 4
and HP 1 have high-resolution spectroscopic analyses of indi-
vidual stars. It is important to collect data for other clusters, and see
if the abundance patterns match, in order to understandwhether or
not they might share a common origin.

High-resolution, near-infrared spectroscopy of four individual
stars in Terzan 4 (Origlia & Rich 2004) revealed an iron content
½Fe/H� ¼ �1:6 and a significant �-element enhancement. A re-
derivation of this cluster distance by Ortolani et al. (2007) placed
it at 8 kpc from the Sun, very close to the Galactic center. Like-
wise, a high-resolution optical spectroscopy analysis of two stars
in HP 1 showed ½Fe/H� ¼ �1:00 � 0:2 and ½O/Fe� � ½Si/Fe� �
þ0:3, while [Ca/Fe] and [Ti/Fe] are solar (Barbuy et al. 2006b).

The radial velocity of NGC 6558 of vr ¼ �197 km s�1 is high
for a bulge cluster. The cluster is projected at l ¼ 0:2�, meaning
that we do not expect a high radial velocity for stars rotating with
the bulge field stars. The kinematical properties of NGC 6558
seem more compatible with a halo than a bulge population. On
the other hand there are exceptions, amongwhich are the probably
bulge metal-rich clusters Djorgovski 1 and NGC 6528, showing
vr ¼ �360 and 200 km s�1, respectively (Harris 1996). Further-
more, BHB clusters with metallicities ½Fe/H� � �1:0 are only
found in the bulge.

In particular, the abundance patternwe find for NGC6558 turns
out to be very similar to that of HP 1 (Fig. 8), with a very similar
iron content, ½Fe/H� ¼ �0:97 (½Fe/H� ¼ �1:00 in HP 1). These
two clusters also exhibit an extended BHB, with no trace of a red
clump. The enhancement of both the �-elements (O, Mg, and Si)

and the r-element (Eu) and the peculiar BHB are consistent with
a very early formation, with chemical enrichment dominated by
Type II supernovae, and a very old age, as obtained by the iso-
chrone fit shown in Figure 1. Of course, in principle age may not
be the only factor producing a BHB in a relatively metal-rich
cluster. Recently, it has been shown that several GCs include
helium-enriched subpopulations likely to be responsible for the
blue extension of their HBs (e.g., Piotto et al. 2007 and references
therein). However, at least so far, such helium-enriched popula-
tions have been found only among the most massive GCs, with
masses in excess of �106 M�. NGC 6558 is instead a relatively
sparse GC, and for this reason we consider age as the most likely
factor responsible for its BHB morphology.
The resemblance between HP 1 and NGC 6558might indicate

that they share the same origin. On the other hand, Terzan 4, with
its stronger �-element enhancement, might be a halo cluster mak-
ing an excursion into the bulge, given its very low metallicity as
compared with the bulge metallicity distribution (Zoccali et al.
2007). Clearly, it would be of great interest to have further an-
alyses of individual stars in other metal-poor bulge and halo GCs
in order to understand whether the similarity between NGC 6558
and HP 1 is just a coincidence, or it points to a common origin of
all bulge clusters.
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Tecnologica (MURST) under the program on Fasi iniziali di
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licationmakes use of data products from the TwoMicronAll Sky
Survey, which is a joint project of the University ofMassachusetts
and the Infrared Processing and Analysis Center/California In-
stitute of Technology, funded by the National Aeronautics and
Space Administration and the National Science Foundation.

TABLE 10

Abundance Uncertainties and Total Error for Star B11

Species

(1)

�T

(2)

� log g

(3)

�vt
(4)

P
x2ð Þ1/2

(5)

[Fe/H] ( I)............ +0.06 +0.03 �0.07 0.10

[Fe/H] ( II) .......... �0.12 +0.08 �0.04 0.15

[O/Fe]................... 0.00 +0.05 0.00 0.05

[Na i /Fe].............. +0.12 +0.02 0.00 0.12

[Mg i /Fe]............. 0.00 0.00 0.00 0.00

[Al i /Fe]............... +0.08 0.00 +0.01 0.08

[Si i /Fe]................ �0.07 +0.06 �0.01 0.09

[Ca i /Fe] .............. +0.01 +0.01 �0.12 0.12

[Ti i /Fe] ............... +0.05 +0.03 �0.04 0.06

[Ti ii /Fe] .............. �0.02 +0.05 �0.01 0.05

[Ba ii /Fe] ............. +0.01 +0.05 �0.20 0.21

[La ii /Fe] ............. 0.00 +0.05 0.00 0.05

[Eu ii /Fe] ............. �0.02 +0.06 0.00 0.06

Note.—These values are for �TeA ¼ 100 K, �log g ¼ þ0:2, and �vt ¼
0:3 km s�1.

Fig. 8.—Abundance pattern for metal-poor bulge clusters: NGC 6558 ( filled
triangles), HP 1 (open triangles), and Terzan 4 (circles).
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