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ABSTRACT

Context. The study of globular clusters is one of the most powerful ways to learn about a galaxy’s chemical evolution and star
formation history. They preserve a record of chemical abundances at the time of their formation and are relatively easy to age date.
The most detailed knowledge of the chemistry of a star is given by high resolution spectroscopy, which provides accurate abundances
for a wide variety of elements, yielding a wealth of information on the various processes involved in the cluster’s chemical evolution.
Aims. We studied red giant branch (RGB) stars in an old, metal-poor globular cluster of the Large Magellanic Cloud (LMC), Hodge 11
(H11), in order to measure as many elements as possible. The goal is to compare its chemical trends to those in the Milky Way halo
and dwarf spheroidal galaxies in order to help understand the formation history of the LMC and our own Galaxy.

Methods. We have obtained high resolution VLT/FLAMES spectra of eight RGB stars in H11. The spectral range allowed us to
measure a variety of elements, including Fe, Mg, Ca, Ti, Si, Na, O, Ni, Cr, Sc, Mn, Co, Zn, Ba, La, Eu and Y.

Results. We derived a mean [Fe/H] = —2.00 + 0.04, in the middle of previous determinations. We found low [a/Fe] abundances for our
targets, more comparable to values found in dwarf spheroidal galaxies than in the Galactic halo, suggesting that if H11 is representative
of its ancient populations then the LMC does not represent a good halo building block. Our [Ca/Fe] value is about 0.3 dex less than
that of halo stars used to calibrate the Ca IR triplet technique for deriving metallicity. A hint of a Na abundance spread is observed.

Its stars lie at the extreme high O, low Na end of the Na:O anti-correlation displayed by Galactic and LMC globular clusters.

Key words. stars: abundances — Magellanic Clouds — globular clusters: individual: Hodge 11

1. Introduction

One of the most direct and powerful ways to learn about
a galaxy’s chemical evolution and star formation history is
through the study of its star clusters, which preserve a record
of their galaxy’s chemical abundances at the time of their for-
mation and are relatively easy to age date. Particularly important
are the ancient globular clusters (GCs), which were witnesses to
the construction of their parent galaxy. The most detailed knowl-
edge of the chemistry of a star is given by high resolution spec-
troscopy (HRS), which provides accurate abundances for a wide
variety of elements with a range of nucleosynthetic histories,
yielding a wealth of information on the various processes in-
volved in the cluster’s chemical evolution. The ages, kinematics,
metallicities and abundance ratios derived from HRS of Galactic

* Based on observations collected at the European Organisation for
Astronomical Research in the Southern Hemisphere, Chile
(proposal ID 082.B-0458).
** Table 4 is only available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

globular clusters (GGCs) have yielded a vast array of fascinating
insights into their formation and that of the Milky Way.

With the advent of 8 m class telescopes equipped with
multi-object HRS capability, such observations in the Large
Magellanic Cloud (LMC) are now quite tractable. However,
remarkably, despite the wealth of information that HRS of
LMC star clusters could provide, only a handful of LMC GCs
have been observed with HRS (Hill et al. 2000; Johnson et al.
2006, hereafter JO6; Mucciarelli et al. 2009; Mucciarelli et al.
2010, hereafter M10). Such studies are desperately needed to
tell us about the formation and early chemical evolution of our
second nearest galactic neighbor, as well as that of our own
Galaxy. Smaller galaxies like the LMC are often assumed to
be the building blocks of larger galaxies in ACDM hierarchi-
cal formation models. However, detailed abundances in dwarf
spheroidal (dSph) galaxies (e.g. Shetrone et al. 2001; Geisler
et al. 2005) show that the abundances of giants in dSphs and
dIrrs are quite distinct from those in the halo of the Milky Way.
In particular, the dwarfs have depleted abundances of the « ele-
ments at a given [Fe/H] compared to their halo counterparts. This
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potentially serious problem for hierarchical formation models
can be overcome, as suggested by Robertson et al. (2005), by as-
suming that the bulk of the halo was built by the accretion of
only a very small number of very massive dwarfs (~LMC size)
very early in the galaxy’s history. Such dwarfs would have had
high star formation rates and fast chemical evolution, with en-
richment dominated by Type II SNe, leading to high @ abun-
dances. In contrast, the dSphs we see today are low mass sur-
vivors, with low star formation rates and slower evolution and
thus relatively depleted o abundances due to enrichment from
both Types la and IT SNe. An important test of their prediction is
that the lowest metallicity stars in the LMC should follow sim-
ilar abundance patterns to those in the halo. In particular, they
should have enhanced [a@/Fe] ratios. Only a tiny sample of such
very metal-poor LMC stars have been studied in detail (Hill et al.
2000; Johnson et al. 2006; Pompéia et al. 2007), and results are
inconclusive. Note that this problem may have been partly ame-
liorated by the recent discovery of two halo populations with
distinct [a/Fe] ratios (Nissen & Schuster 2010). The high-a pop-
ulation is that normally associated with the halo, with a relatively
constant value of [@/Fe] ~0.3, while the low-a population at the
same [Fe/H] has [a/Fe] lower by an amount that increases with
[Fe/H], from ~0.05 at [Fe/H] ~ —1.6 to ~0.15 at [Fe/H] ~ —0.8.
However, in this same metallicity range, dSph stars have typical
[a/Fe] values that are even lower, by ~0.1-0.3 dex (Geisler et al.
2007). This in fact leaves the bulk of the @ problem intact.

In addition, previous large scale metallicity determina-
tions for LMC clusters (Olszewski et al. 1991, hereafter O91;
Grocholski et al. 2006, hereafter GO6) have relied on using the
Ca IR triplet as a proxy for measuring Fe abundances. This ap-
proach, however, has one potential flaw: it assumes that [Ca/Fe]
is the same for the LMC as for the Galactic clusters used to cali-
brate the relationship. The very limited HRS studies available so
far (Hill et al. 2000; Smith et al. 2002, JO6; Pompéia et al. 2008,
M10) have not yet arrived at a consistent, definitive picture in
this regard. Further work is required to clarify and quantify the
use of Ca as a proxy for Fe.

The LMC has some 13 known true GCs; i.e. clusters with
ages and masses comparable to their Milky Way counterparts
(Suntzeft et al. 1992). Given their significance delineated above,
an HRS study of any of this sample would be of significant as-
trophysical importance. H11 is one such LMC GC. As such, and
given its relatively uncrowded location, it has been the subject
of a number of studies. Since the earliest CMD by its discov-
erer (Hodge 1960), it was suspected that H11 was a bonafide old
cluster. Walker (1993, hereafter W93) showed that its very blue
and bifurcated HB was similar to that of M15, and that it was
very metal-poor, with [Fe/H] = —2.0 + 0.2. Curiously, however,
he did not find any RR Lyraes. Johnson et al. (1999) confirmed
that H11 was as old as the oldest globulars in the Galaxy. The
low metallicity found by W93 has been corroborated by all sub-
sequent investigations, including low resolution blue (Cowley
& Hartwick 1982) and IR Ca triplet (091, G06) spectra and fi-
nally HRS. H11 was one of the first LMC GCs to be studied with
HRS. In a pioneering study by JO6, they not only observed H11
but also three other old LMC GCs. They used the MIKE spec-
trograph at the Magellan telescope to study two stars in H11.

Several years ago, our group began an independent HRS
study of LMC star clusters similar to that of JO6. Our motivation
was to trace the chemical evolution of the LMC from its earli-
est beginnings and thus we necessarily required several old GCs.
Despite the careful HRS study of J06, we felt a new investiga-
tion of H11 was warranted. First, JO6 used the 6.5 m Magellan
telescope, while we targeted the 8 m VLT. MIKE’s single slit
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allowed only one star to be observed at a time, and they only
observed two stars, while we used the multiplexing capability
of FLAMES to eventually observe eight members. Their res-
olution was 19000, comparable to our GIRAFFE data, while
our UVES data is a much higher 47 000. Their total exposure
time was only 1-1.5 h while we integrated for a total of 7.5 h.
They obtained abundances for 12 elements but these did not in-
clude Na, O, Al, Si, or Zn while we observed these five ele-
ments as well as their original 12. Na and O are particularly
important given their almost ubiquitous anti-correlation in both
GGCs (e.g. Carretta et al. 2009) as well as the few old, mas-
sive LMC GCs in which these elements have so far been studied
(M10). Si, as one of the a elements, is also critical for examining
such key issues as the Robertson et al. (2005)’s prediction.

JO6 also found several results which sparked our inter-
est in confirming or denying them. First, their metallicity of
[Fe/H] = —2.21 + 0.01 was lower than any other previous mea-
surement, and 0.37 dex lower than the value we derived in our
Ca triplet study (G06). Second, they found that, although the
a element Mg was halo-like, both Ca and Ti were depleted with
respect to the halo, at odds with M10. JO6 suggested that the
early chemical evolution of the LMC was significantly different
from that of the halo, particularly with regards to the « elements,
and more like that of dSphs, at odds with the Robertson et al.
(2005)’s prediction and M 10 findings for other LMC GCs.

Clearly, a more detailed investigation of H1 1 chemical abun-
dances can address a number of outstanding issues. We present
here our findings.

The paper is organized as follows: observations and reduc-
tions are given in Sect. 2. Section 3 presents the photometry per-
formed, the estimation of atmospheric parameters and the abun-
dance analysis. Results and a comparison with the literature are
discussed in Sect. 4 and our major conclusions are summarized
in Sect. 5.

2. Observations and data reduction

The observations were performed with the FLAMES (UVES+
GIRAFFE) spectrograph mounted on UT2 (Kueyen) at
ESO-VLT Observatory in Paranal during January of 2009
(Proposal ID 082.B-0458). The GIRAFFE dataset was obtained
using set-up H651.5A/HR14A (10 exposures of 45 min, wave-
length range =6308—6701 A, R = 17700). The selection of
our targets was based on our study from G06, which confirmed
metallicity and radial velocity membership for a number of gi-
ants. In addition we observed numerous field stars. GIRAFFE
data were reduced using the ESO pipeline!. Data reduction in-
cludes bias subtraction, flat-field correction, wavelength calibra-
tion, sky subtraction, and spectral rectification. Spectra have a
typical signal to noise (S/N) of ~50 at 6650 A. Spectra of five
of the brighter RGB stars were obtained with UVES using the
580 nm setting with 1.0” fibers, and cover the wavelength range
4800-6800 A with a mean resolution of R = 47 000. UVES data
were reduced using the UVES pipeline (Ballester et al. 2000),
where raw data were bias-subtracted, flat-field corrected, ex-
tracted and wavelength calibrated. Finally, orders were merged
to obtain a 1D spectrum and for each star the 10 X 45 min. ex-
posure sky-subtracted spectra were combined to obtain the fi-
nal spectrum for the analysis (see Fig. 1 for an example). The
mean S/N is 25 per resolution element at 6650 A.

! http://www.eso.org/sci/software/pipelines/
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Table 1. Important parameters for our target stars.

Object RA Dec Type of star  Instrument RV % V-1 T U log g S/N
(kms™") (mag) (K) (kms™) @6650 (A)
TARG.6  06:14:21.85 -69:50:32.2 RGB UVES 241.7 15.86 1.50 4081 1.85 0.31 42
TARG.9  06:14:21.70 —69:49:56.4 RGB UVES 247.5 16.88 1.18 4590 1.62 1.20 22
TARG.4  06:14:17.05 -69:50:42.6 RGB UVES 244.2 16.75 1.21 4535 1.67 1.03 20
TARG.11 06:14:31.46 —69:49:35.3 RGB UVES 244.7 17.42  1.13 4706 1.56 1.47 12
TARG.2 06:14:22.42  -69:51:17.6 RGB GIRAFFE 245.2 17.81  1.12 4720 1.51 1.64 60
TARG.16 06:14:23.34 —69:52:38.6 AGB GIRAFFE  249.9 17.98 097 5072 1.46 1.86 52
TARG.8 06:14:24.65 -69:50:15.4 AGB GIRAFFE 246.8 18.04 0.99 5022 1.46 1.86 50
TARG.10 06:14:30.36 —69:49:50.0 RGB GIRAFFE 2474 18.21 1.07 4837 1.46 1.85 40
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Fig. 1. Detailed view of our best UVES spectrum, TARG.6, in the range
of 6220-6270 A. Several important lines are identified.

Membership was established by radial velocity (RV) mea-
surement. We used the fxcor IRAF? utility to measure RVs for
both sets of data (GIRAFFE and UVES). This routine cross-
correlates the observed spectrum with a template, in our case
a synthetic spectrum with the mean atmospheric parameters of
our targets (effective temperature (T.¢) = 4600 K, surface grav-
ity (log ¢g) = 1.5, microturbulence velocity (1) = 1.6 kms™!,
metallicity ([m/H]) = —2.0). For the 101 stars observed with
GIRAFFE we found a total of seven stars with RV comparable to
the mean H11 RV value from G06 (RV =245.1 £ 0.3 kms™' and
ory = 1.0 kms™!), but only four of them were finally selected
as H11 members. The other three stars have a completely dif-
ferent metallicity (as revealed by the numerous strong Fel lines
in their spectra). From the UVES data, four stars have a RV and
metallicities comparable to the values of H11 from GO06. The fi-
nal analysis thus gives a total of eight members for our cluster.
A histogram of RVs is shown in Fig. 2. From the measured RVs
we obtained a mean heliocentric (RV)y = 245.9 + 0.9 kms™!
and a dispersion gy = 2.5 kms~!.

2 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.

RV (km/s)

Fig. 2. Velocity histogram for GIRAFFE and UVES data. In red are the
Hodge 11 members. There were three additional stars with RVs very
close to that of the cluster, but the spectra showed many more lines,
therefore their metallicities are much higher, and they were considered
field stars.

Finally, for the abundance analysis, each spectrum was
shifted to rest-frame velocity and continuum-normalized.
Table 1 lists the basic parameters of the observed stars: the ID,
the J2000.0 coordinates (RA and Dec), radial velocity (RV),
V magnitude, (V — I) colors (from our own photometry), 7.,
microturbulence velocity (v;), surface gravity (log ¢g), and the
typical signal to noise (S/N).

3. Photometry and abundance analysis
3.1. Photometry

For the determination of the atmospheric parameters we used
photometric results from observations we performed at Las
Campanas Observatory. We obtained images in V and [ filters
using the SITe#3 CCD camera mounted on the Swope 1.0 m
telescope.

The images were pre-reduced using IRAF tasks for bias,
linearity (based on the recipe discussed in Hamuy et al. 2006)
and flat field corrections. The photometry was performed us-
ing the IRAF DAOPHOT/ALLSTAR and PHOTCAL packages.
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Fig. 3. Color-magnitude diagram for H11. Black dots: photometry from
FORS2(VLT) pre-images from G06. Blue triangles: our data from the
Swope Telescope at Las Campanas Observatory. H11 stars observed
spectroscopically in this study are shown in red triangles (Swope data)
and red dot (FORS2 data).

Instrumental magnitudes were extracted following the point-
spread function (PSF) method (Stetson 1987). A quadratic, spa-
tially variable, master PSF (PENNY function) was adopted
because of the large field of view of the detector. Aperture cor-
rections were then determined performing aperture photometry
of a suitable number (typically 15 to 20) bright, isolated stars
in the field. These corrections were found to vary from 0.160
to 0.290 mag, depending on the filter. The PSF photometry was
finally aperture corrected, filter by filter. The calibration was
done using standard field SA98 (Landolt 1992) with approxi-
mately 20 standard stars in the field. The final rms of the fit
to the standards was 0.032 and 0.033 for V and [ filters, re-
spectively. At the mean magnitude of our targets, the internal
error in V magnitude is 0.025 and 0.029 in (V — I) color for
our Swope data.

A previous set of images for Hl11 were obtained using
VLT/FORS?2 during the course of the preimages obtained for the
spectroscopic study by G06 and we reduced this data as well.
The photometry procedure was the same as above. The re-
sults were calibrated using published photometry from W93.
A color—magnitude diagram of H11 is shown in Fig. 3 using
both photometric datasets. The FORS2 data is much deeper
than the Swope data but the brightest stars appear saturated, in-
cluding some of our targets. This was the main reason to use
the Swope photometry and not FORS2 in our analysis. The
mean difference, without regard to sign, between the Swope
and FORS2 photometry around the RGB is AV = +0.1 and
AV - I) = +0.025. We decided to use the Swope data for our
stars except for TARG.2, because in the 1.0 m photometry it is
contaminated by another star.

3.2. Abundance analysis

Effective temperature was derived from the (V — I) color us-
ing the relation by Alonso et al. (1999) and the reddening
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Fig. 4. Example of the spectral synthesis method. Five different spectra,
with Fe abundance varying from 5.12 to 5.52, are shown fitted to the
data in the measurement of a line of Fel (6335.3 /OX) in TARG.6.

(E(B - V) =0.08) from W93. Surface gravities (log g) were ob-
tained from the canonical equation:

9\ _qelM Ty . (L
log(g_o)_log(Mo)+41°g(To) 1og(L@) W

where the mass M/M; was assumed to be 0.8 M, and the lu-
minosity L/L; was obtained from the absolute magnitude My
assuming a true distance modulus of (m — M)y = 18.5 from
Gieren et al. (2005). The bolometric correction (BC) was derived
by adopting the relation BC — Tt from Alonso et al. (1999).
Finally, microturbulence velocity (v;) was obtained from the re-
lation v; — log g used in Marino et al. (2008) for the same type
of stars as in our sample. Because of H11’s low metallicity and
the relatively low signal to noise of our spectra, we used the
spectrum-synthesis method to derive abundances for all the el-
ements. For this purpose we calculated five synthetic spectra
(Fig. 4) with different abundances for each element, and inter-
polated to derive the value that minimizes the rms of the fit.
The local thermodynamic equilibrium (LTE) program MOOG
(Sneden 1973) was used for the abundance analysis. The line
list used, based on Villanova et al. (2009), is shown in Table 4.
In the case of Mn we included hyperfine structure and for Ba we
used solar isotopic ratios. In column two of Table 4 we adopt
the MOOG notation (two-digit designation to the left of the dec-
imal point, and a single digit to the right of the decimal point
to represent the ionization stage, where zero denotes neutral and
one denotes singly ionized) and in parentheses we denote the
different isotopes used in the case of Ba. Atmospheric models
by Kurucz (1970) were utilized and non-LTE corrections were
made for Na lines based on Mashonkina et al. (2000). The solar
abundances used are from Villanova et al. (2009).

3.3. Error analysis

The calculation of the effect of internal errors on the determi-
nation of the abundances was made varying the atmospheric pa-
rameters in the following way: AT.g = +50 K (based on the
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Table 2. Errors in [X/Fe] for stellar parameters.

[X/Fe] AT Alogg Ay Alm/H] Os/N T ot Tobs
+50 K +0.10 +0.05 +0.1

[Fe/H] 0.08 -0.03 -0.09 -0.05 0.03 0.14 0.11
[O/Fe] -0.09 0.015 0.00 0.01 0.06 0.11 0.05
[Na/Fe] (D) -0.03 -0.01 0.08 0.04 0.04 0.10 0.25
[Na/Fe] -0.04 0.02 0.09 0.01 0.06 0.12 0.17
[Mg/Fe] 0.055 —-0.005 0.09 0.06 0.06 0.13 0.12
[Al/Fe] -0.035 0.02 0.09 0.04 0.06 0.12
[Si/Fe] -0.12 -0.04 -0.05 0.01 0.06 0.15 0.11
[Ca/Fe] —-0.045 -0.01 -0.01 -0.01 0.03 0.06 0.10
[Sc/Fe] -0.08 0.04 0.06 -0.02 0.03 0.11 0.16
[Til/Fe] —-0.005 0.01 0.08 0.04 0.06 0.11 0.06
[Cr/Fe] 0.01 0.005 0.06 0.04 0.04 0.08 0.02
[Mn/Fe] 0.015 0.05 0.15 0.13 0.06 0.21

[Co/Fe] -0.135 0.07 0.07 0.16 0.03 0.23
[Ni/Fe] -0.02 0.00 0.08 0.05 0.04 0.10 0.13
[Zn/Fe] -0.075 0.02 -0.02 -0.04 0.06 0.11 0.18
[Y/Fe] -0.06 0.06 0.07 0.04 0.06 0.13 0.14
[Ba/Fe] -0.025 0.065 0.05 0.04 0.06 0.11 0.23
[La/Fe] 0.020 0.05 0.10 0.10 0.06 0.16
[Eu/Fe] —-0.085 0.055 0.04 0.02 0.06 0.13 0.05

error in (V — 1)), Alog g = +0.10 (using the variation of +50 K
in Tt and the error in magnitude V in the canonical equation),
Ave = +0.05 (from the variation in log g) and A[m/H] = +0.1
(from our dispersion (o) in [Fe/H]), and recalculating the
abundances for TARG.4, assumed to be representative of our
sample. These values can be easily rescaled to different errors
in each atmospheric parameter if necessary. The value of og/N
for one line is the mean of the rms of the Fe abundance measure-
ments per star, which is 0.06 dex. To obtain the error in S/N for
a given element and a given star, we divided this value by the
square root of the number of lines used for that element.

The resulting errors for each [X/Fe]? ratio due to uncertain-
ties in each atmospheric parameter are listed in Table 2. The
value of o Was given by:

_ 2 2 2 2 2
Tot = \/O'Teﬁ_ + Tlogg T T+ O + 5N 2)

The total internal error for each element is also compared to the
observed error (standard deviation of the sample) in Table 2.

4. Results

All results for the abundances of the different chemical species
for our eight members of Hodge 11 are presented in Table 3. In
parentheses we give the number of lines used.

4.1. Fe-peak elements

The mean value of [Fe/H] from our eight cluster members
is: {[Fe/H]) = =2.00 = 0.04 and oo, = 0.11 £ 0.03, with
no evidence for any intrinsic variation. JO6 give values of
—2.21 + 0.01 (Fel) and —2.05 = 0.06 (Fell) from their two
stars. Their Fel value is significantly lower than ours (also ob-
tained with Fel), while their Fell value is comparable to our
Fel value. Two previous studies employed the Ca triplet tech-
nique (CaT) to derive the mean metallicity of H11. O91 observed
two stars, finding [Fe/H] = —2.06 + 0.2 while G06 derived a
mean of —1.84 =+ 0.04 (internal error only) from 12 giants. Our

3 Where X corresponds to any chemical species.

value agrees well with the former and is significantly lower
than that of the latter. Photometrically, W93 found a value of
[Fe/H] = —2.0 = 0.2, the same as ours. H11 clearly remains one
of the LMC’s most metal-poor constituents.

The mean values for the other iron-peak elements are
{([Sc/Fe]) = 0.07 = 0.09, oops = 0.16 = 06, ([Cr/Fe]) =
—0.49 £ 0.01, oops = 0.02 = 0.08 and ([Ni/Fe]) = —0.16 + 0.05,
oobs = 0.13 £ 0.04. We present our results for these iron-peak
elements in comparison with the literature data in Fig. 5. In ad-
dition, we derive [Mn/Fe] = —0.49 and [Co/Fe] = 0.26 from a
single (albeit our best UVES) star. Our results are in excellent
agreement with those of JO6 for Sc and Ni, while the accord
is reasonable for both Mn and Co. However, our results show
a very low abundance in [Cr/Fe] compared to JO6 and to halo
stars. Venn et al. (2012) also found a low value for Cr in Carina
metal poor stars. This could be explained as a lack of high en-
ergy SNell in the environment of the protocluster. Possibly these
stars did not form or their gas was removed by SNe-driven winds
(Umeda & Nomoto 2002).

JO6 found an even lower value, —0.67, for Mn. They also
found a low abundance for [V/Fe] in their other clusters, remi-
niscent of our Cr and both Mn values for H11. We have no ex-
planation for the Cr difference with JO6, but note that our three
stars all give very similar values. We generally confirm what JO6
found: Fe-peak elements in LMC clusters are relatively depleted
or even strongly depleted in the case of Cr and Mn, and compara-
ble to the values of dSph stars, although the latter data are sparse.

4.2. a-elements

The mean abundances for the main alpha-elements are
([Mg/Fe]y = 0.25 + 0.06 and oops = 0.12 + 0.04, ([Si/Fe]) =
0.39 + 0.06 and oops = 0.11 = 0.04, ([Ca/Fe]) = 0.13 + 0.04
and oo = 0.10 £ 0.03 and ([Ti/Fe]) = 0.16 = 0.03 and
oops = 0.06 = 0.02. The respective values from JO6 are
([Mg/Fe]) = 0.46 + 0.02, {[Ca/Fe]) = 0.30 + 0.03 and ([ Ti/Fe]) =
—0.04 £ 0.05 (they did not measure Si).

Figure 6 shows our results for the a element ratios in com-
parison with the literature, in particular J06, M10 and halo stars.
The agreement with JO6 is fair. In the case of Mg we get a lower
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Table 3. [X/Fe] values for Hodge 11 stars.
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[X/Fe] TARG.6 TARG.9 TARG.4 TARG.Il TARG.2 TARG.1I6 TARG.8 TARG.10 ([X/Fel) 0o
[Fe/H] 211(7)  —2.032) —2.0603) —2.02(5) —-181(2) —2.08(2) -2062) —1.86(3) 200 0.11
(0)| 0.57(1) 0.57(1) 0.49(1) 0.54  0.05
NaD 0.142)  0.602)  0.56(2) 043 025
NaDy.re .. =021(2) 0.242) -0.17(2) 0.02 0.32
Nal (5688) 0.03(1) -037(1) —-0.08(1) —0.16(1) —0.14 0.17
Nal (5688)y.7e  —0.22(1) —0.52(1) -0.23(1) —0.31(1) -0.32 0.14
Mgl 041(1)  0.11(1)  026(1)  0.22(1) 025 0.12
All 0.39(1)
Sil 0.52(1)  033(1)  0.33(1) 039 0.11
Cal 0.05(7) —0.04(5) 0.14(3) 0.23(1)  0.20(1) 0.14(1) 0.27(1) 0.05(1) 0.13 0.10
Scll 0.153) -0.122)  0.17(3) 0.07 0.16
Til 0.09(2) 0.18(2) 0.21(1) 0.16  0.06
Crl ~0.51(2) —0.47(1) -0.492) -0.49  0.02
Mnl —0.49(1) .
Col 0.26(3)
Nil -0.08(3) -0.37(2) -0.10(2) -0.24(1)  0.03(1) -0.11(1) -0.16 0.13
Znl 0.16(1) —0.15(1)  0.16(1) 0.06 0.18
YII —-0.08(1) 0.02(2) 0.19(1) 0.04 0.14
Ball —0.16(1)  023(1)  0.17(1) —0.12(1) —031(1) —0.10(1)  0.34(1)  —0.13(1) —~0.01 023
Lall —-0.09(1)
Eull 0.59(1) 0.66(1) 0.62 0.05
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value than J0O6, M 10 and halo stars. JO6 got a value in agreement
with the abundance of halo stars for H11, but the other GCs in
their study show lower Mg values. M10 found values for their
GCs comparable to the halo with some slightly lower values.
We observe in our results a dispersion in Mg. Venn et al. (2012)
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Shetrone et al. (2001) and Sbordone et al.
(2007). Error bar stands for o from Table 2.

suggest that this dispersion could possibly be due to inhomoge-
neous mixing of the interstellar gas.

For Si JO6 has no data, but their other GCs lie on the halo
trend, as do the mean of M10 clusters. Our results are slightly
low in comparison to halo stars. We show a particularly low
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Fig. 6. Abundances for a-elements compared to the literature. Magenta dots are our results for Hodge 11, in red the LMC data: triangles correspond
to JO6, open circles correspond to Pompéia et al. (2008), stars correspond to Mucciarelli et al. (2008) and M10. In black dots Galaxy data from
Fulbright (2000) and Lee & Carney (2002), in blue squares data of dSph galaxies from Shetrone et al. (2001), Sbordone et al. (2007) and Monaco

et al. (2005). Error bar stands for o, from Table 2.

abundance in [Ca/Fe], confirming the JO6 results for other GCs
but not for H11, for which they find an abundance 0.17 dex
higher than we do. M10, on the other hand, find halo-like
Ca abundances in their sample.

If our low Ca abundance is correct, this could portend a
serious problem for the CaT technique, which assumes that
[Ca/Fe] is the same for the LMC as for the Galactic clusters
used to calibrate the Ca to Fe relationship. Our [Ca/Fe] value
is about 0.3 dex less than that of halo stars used to calibrate the
CaT technique. Thus, CaT, applied to H11 but using Galactic
calibrators, should derive a relatively metal-poor metallicity
compared to its actual [Fe/H]. This difference, however, is in the
opposite sense to that required to explain the offset between our
[Fe/H] value and that derived by G06 from CaT. However, it is
not clear that the Ca triplet metallicities should scale in an obvi-
ous way with [Ca/Fe]. Also, to properly address this issue would
require analysing a sample of GGCs using the same techniques
and solar abundances as adopted in our analysis of H11. Pompéia
et al. (2008) found that there was no real correlation between
the Ca triplet metallicities, FLAMES high-resolution [Fe/H],
and [Ca/Fe] for a large LMC field star sample. This may have
to do with the continuum level around the Ca triplet lines, which
is set by H-ions, whose abundance is controlled much more by
a-elements and sodium than it is by the Fe abundance. There
is also a complication that the Ca triplet abundances are de-
termined using a V magnitude, and if the @ elements are very
different, then the stellar colors will shift, changing V for a
given bolometric luminosity. In any case, any shift empirically
seems to be small.

Our Ti abundance is 0.2 dex higher than that of JO6, who
found their value, which was slightly subsolar, substantially
lower than halo stars at the same metallicity. They found a sim-
ilar result for their other GCs. Our value is only slightly lower
than the halo mean and in good agreement with M 10 values.

Given the limitations of only a few lines in a small number of
stars, and the similar nucleosynthetic genesis of these elements,

0.6

0.4

0.2 — .

[o/Fe]

_0.2 - . . - _

[ [ [ |

-3 —2 -1 0
[Fe/H]

Fig.7. Mean [a/Fe] abundance ratio vs. [Fe/H]. Same symbols and col-

ors as in Fig. 6 with the addition of Nissen & Schuster (2010) high- and
low-a halo stars (black open circle).

the best metric is to derive the mean « abundance for all four
elements. Unfortunately, we have all four elements in only three
stars. The mean [a/Fe] ratio vs. [Fe/H] is plotted in Fig. 7,
along with the equivalent data for JO6 and M10 GC, LMC field
stars from Pompéia et al. (2008), Galactic data from Fulbright
(2000), Cayrel et al. (2004), Lee & Carney (2002) and Nissen
& Schuster (2010), and dSphs data from Shetrone et al. (2001),
Sbordone et al. (2007) and Monaco et al. (2005). This diagram is
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Fig.8. Neutron-capture element abundances.
Magenta dots are our results for Hodge 11, in
red the LMC data: triangles correspond to JO6,
open circles correspond to Pompéia et al.
(2008), stars correspond to Mucciarelli et al.
(2008) and M10. In black dots Galaxy data
from Fulbright (2000), Lee & Carney (2002),
Reddy et al. (2003, 2006), in blue squares data
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an excellent diagnostic for separating out halo from dSph stars,
especially at the more metal-rich end (e.g. Geisler et al. 2007),
as is clearly seen. Note that the Nissen & Schuster (2010) low-
« stars are indeed a lower envelope to the halo distribution and
that dSph stars are normally at significantly lower [a/Fe] for the
same metallicity. According to the Robertson et al. (2005) sce-
nario, the halo was mainly built up by the merger of only a few
very massive dwarfs with LMC-like masses, with fast evolution-
ary timescales and thus enhanced [a/Fe] ratios from SNell. The
dSphs we see today are much lower mass survivors, who expe-
rienced much slower star formation rates which allowed SNIa to
eventually contribute their ejecta, leading to depleted [a/Fe] ra-
tios at higher metallicities. Where does the LMC fit into this
diagram? Looking at the M10 data yields the clear impression
that, at least at metallicities up to about —1.6, the LMC does in-
deed overlap well with the halo. However, all other LMC data,
including JO6 GCs and the Pompéia et al. (2008) field stars,
as well as our three H11 stars, indicate that, even at the low
metallicity of H11, the LMC was already showing SNe Ia de-
pletion effects, mimicking the dSphs. This depletion compared
to the halo continues to grow with metallicity, becoming quite
severe by [Fe/H] = —1. The overall impression, then, is that the
LMC is more dSph-like than halo-like in this diagram, confirm-
ing what JO6 pointed out and in contradiction to M 10 findings
and Robertson et al. (2005) prediction.

4.3. Neutron capture elements

[Ba/Fe], [Y/Fe] and [Eu/Fe] abundances for H11 are shown in
Fig. 8 in comparison with literature data for the Galaxy halo,
dSphs and LMC GCs and field stars. The average abundance
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0 of dSph galaxies from Shetrone et al. (2001)
and Sbordone et al. (2007). Error bars stands
for o from Table 2.

for each neutron capture element is ([Y/Fe]) = 0.04 + 0.08 and
oops = 0.14 + 0.06, {[Ba/Fe]) = —0.01 + 0.08 and oops =
0.23 + 0.06 and {[Eu/Fe]) = 0.62 + 0.04 and o-y,s = 0.05 + 0.02.

Our results are in good agreement with JO6 for both Y
and Ba. However, it is difficult to make a distinction between the
Galactic halo and the dSph locus at this metallicity. In [Ba/Fe]
we have particularly good agreement with M 10 results.

On the other hand, our [Eu/Fe] abundance is lower than JO6
for H11 and again is comparable to M10 results, a little higher
than Galactic halo stars. We obtained a value of log & (La/Eu)
of 0.07, which places the cluster in the r-process only region, ac-
cording to Sneden et al. (2008) (Fig. 12a). This means that the
cluster was formed from material polluted by SNe only, with no
contribution from AGB stars, similar to the most metal poor stars
of our Galaxy ([Fe/H] < —3.0, Sneden et al. 2008). In Fig. 9 the
[Ba/Y] ratio vs. [Fe/H] shows H11 falls in the same region as
both Galactic and dSph stars. One clearly sees that both Galactic
and dSph stars share the same low metallicity trend, with the
[Ba/Y] ratio increasing as metallicity increases until approxi-
mately [Fe/H] = —2.0, the metallicity of HI 1. At higher metal-
licity, the LMC and dSph stars separate from the Galaxy. This
can be observed in Fig. 9 where LMC data from other authors,
in red, are included. Colucci et al. (2012) claim that the LMC has
undergone much slower star formation than the Galaxy, based on
the fact that for the LMC the [Ba/Y] ratio increases with decreas-
ing age and with increasing metallicity above —2. In addition, we
show in Fig. 10 the [Ba/Eu] ratio vs. [Fe/H], our H11 data in ma-
genta, LMC data in red, Galactic data in black and dSphs in blue.
H11 clearly falls in the r-process regime, given that [Ba/Eu] has
been used as a test for the s- or r-origin of these elements (Sneden
et al. 1997).
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Fig. 9. [Ba/Y] ratio vs. [Fe/H] for H11 in magenta dots; Galactic data
in black: dots from Fulbright (2000) and open circles from Nissen &
Schuster (2011), blue squares are dSph data from Shetrone et al. (2001)
and Shetrone et al. (2003), LMC data in red: triangles are J06, stars
are old GCs from M10 and intermediate age clusters from Mucciarelli
et al. (2008), open circles from Pompéia et al. (2008). The segmented
line shows the Galactic trend.

4.4. Na and O

In order to study the Na and O content in H11 compared
to Galactic (Carretta et al. 2009) and LMC GCs (Mucciarelli
et al. 2008), we present the abundances of [Na/Fe] and [O/Fe]
in Fig. 11. Unfortunately, our data is limited to only three
stars. The mean value in H11 for [Na/Fe] = —0.32 + 0.07,
Oops = 0.14 £ 0.05 and for [O/Fe] = 0.54 + 0.03, oops =
0.05 = 0.02. H11 stars present a low [Na/Fe] abundance, con-
firming JO6’s suggestion that LMC stars were probably born
with low [Na/Fe]. A very high [O/Fe] abundance is shown in
Fig. 11 for our stars. They stand at the extreme end of the trend
of the anti-correlation displayed by GGCs. From the compari-
son of oops and our total internal error, we find a hint of a spread
in the Na abundance, but more data is needed to confirm this.
No O spread is visible, but this is expected at the position of our
stars in the Na:O relation.

5. Summary and conclusions

We determined for H11 a metallicity of [Fe/H] = —2.00 + 0.04
and oops = 0.11 + 0.03, confirming it as one of the most metal
poor clusters in the LMC (0O91; W93; J06). GO6 found a higher
value using the CaT technique. We found that [Ca/Fe] is signifi-
cantly lower than Galactic halo calibrators, so that CaT might be
expected to give a relatively low, not high, metallicity. JO6 also
obtained low values of Ca in their study. However, M10 found
values comparable to the Galaxy in their sample of three other
old LMC GCs. Clearly, more investigation is need to clarify the
appropriateness of using Ca as a proxy for Fe.

One of the most important results in this study is that from
the mean [a/Fe] vs. [Fe/H] plot (Fig. 7). We find that H11 lies
in the range of the dSph trend and below the Galactic one.

[Ba/Eu]

-4 -3 -2 -1 0
[Fe/H]

Fig.10. [Ba/Eu] ratio vs. [Fe/H] for HI1 in magenta dots; Galactic
data in black dots from McWilliam et al. (1995), Reddy et al. (2003,
2006), Burris et al. (2000), Fulbright (2000), blue squares are dSph data
(Shetrone et al. 2001; Shetrone et al. 2003; Geisler et al. 2005),
LMC data in red: triangles are JO6, stars are old GCs from M10 and
intermediate age clusters from Mucciarelli et al. (2008).

This result confirms JO6 and opens the possibility that galax-
ies like the LMC, assumed to be building blocks of our galaxy
(from ACDM hierarchical formation models), may not in fact
satisfy the chemical requirements, even at the low metallicity
represented by H11. In the iron-peak elements, we also see abun-
dance similarities to the dSph results, such as low Cr, Mn and Ni.

Another interesting result has to do with observational con-
straints on the masses of SNII progenitors from relative abun-
dances, especially of the alpha elements. We have found low
values for Mg, Ca and Ti, as did Venn et al. (2012) in Carina
metal-poor stars. The yields of these elements (Ca and Mg in
particular) depend on the progenitor SNe mass. Assuming that
Woosley & Weaver (1995) reflects reality to first order, a high
[O/Mg] abundance could indicate preferential pollution from
15-25 M/M, SNell (at least for Solar metallicities, Gibson
1997). In addition, Eu is an indicator of the r-process (main
source: 8—10 M/M, stars) and in our results the Eu abundance
is high, indicating lower mass progenitors (Woosley & Weaver
1995).

A hint of a Na spread is suggested by comparing the
Oobs Value with our internal errors (see Table 2). This spread
is normal at the position of our targets in their location in the
GGC Na:O trend. H11 presents a behavior similar to that of
intermediate-age LMC clusters from Mucciarelli et al. (2008)
shown in Fig. 11, with the hint of a Na but no O spread. The dif-
ference in the O abundance between Mucciarelli et al. (2008)
sample and our data resides in the fact that the environment
where H11 was formed was a-enhanced. Our data fall in the
extreme high O, low Na end of the Na:O anti-correlation trend
(see Fig. 11). H11 is only slightly less massive (Mackey &
Gilmore 2003) than the three old LMC GCs found by M10 to
follow the same Na:O anticorrelation as GGCs, and more mas-
sive than the intermediate-age LMC clusters from Mucciarelli
et al. (2008) which show a hint of anticorrelation.
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Fig. 11. Left: [Na/Fe] and [O/Fe] vs. [Fe/H], right: [Na/Fe] vs. [O/Fe] showing the Na:O anti-correlation in GCs. Magenta dots are our results
for H11, in red other LMC data: triangles are results from J06, open circles are results from Pompéia et al. (2008), stars are results from Mucciarelli
et al. (2008) and M10; in black filled circles are GGC data from Carretta et al. (2009) and Lee & Carney (2002), in blue squares dSph galaxies
from Shetrone et al. (2001), Sbordone et al. (2007) and Monaco et al. (2005). Error bars stands for o from Table 2.

Finally, our result for [La/Eu] shows that these neutron cap-
ture elements were formed totally by the r-process, implying
SNe-only pollution, without the influence of AGB stars.
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Table 4. Line list used.

R. Mateluna et al.: Chemical abundances in the old LMC globular cluster Hodge 11

Wavelength A A E.P. (eV) loggf
6300.300 08.0 0.000 -9.797
5688.204 11.0 2.104 -0.450
5889.951 11.0 0.000 0.157
5895.924 11.0 0.000 -0.234
5711.083 12.0 4.340 -1.670
6696.014 13.0 3.140 -1.562
6155.134 14.0 5.619 —-0.900
6155.687 14.0 5.619 -2.390
6161.287 20.0 2.523 -1.293
6162.170 20.0 1.899 +0.457
6163.745 20.0 2.521 —-1.303
6166.429 20.0 2.521 -1.136
6169.032 20.0 2.523 -0.644
6169.555 20.0 2.526 -0.227
6439.070 20.0 2.526 0.474
6493.776 20.0 2.521 +0.129
5526.808 21.1 1.768 0.104
5657.863 21.1 1.507 -0.403
5684.184 21.1 1.510 —1.000
6258.098 22.0 1.440 -0.340
6261.094 22.0 1.430 —-0.440
6261.225 23.0 0.267 -2.300
5345.800 24.0 1.004 -0.930
5348.315 24.0 1.004 —1.140
5420.256 25.0 2.143 -3.018
5420.261 25.0 2.143 -2.988
5420.270 25.0 2.143 -2.733
5420.272 25.0 2.143 -3.766
5420.281 25.0 2.143 -2.812
5420.295 25.0 2.143 -2.511
5420.298 25.0 2.143 -3.687
5420.311 25.0 2.143 -2.745
5420.329 25.0 2.143 -2.327
5420.333 25.0 2.143 -3.812
5420.351 25.0 2.143 -2.771
5420.374 25.0 2.143 -2.169
5420.379 25.0 2.143 -4.164
5420.402 25.0 2.143 —2.947
5420.429 25.0 2.143 -2.029
6230.725 26.0 2.559 —1.231
6232.634 26.0 3.654 —-1.083
6297.789 26.0 2.223 -2.620
6318.017 26.0 2.453 -1.928
6335.330 26.0 2.198 -2.177
6393.602 26.0 2.433 -1.522
6430.845 26.0 2.176 -2.006
6494.980 26.0 2.404 —1.403
5176.110 27.0 2.080 -2.120
5342.695 27.0 4.021 0.600
5688.605 27.0 2.080 -2.220
6586.306 28.0 1.950 —-2.800
6643.625 28.0 1.676 -2.300
6767.769 28.0 1.830 -1.960
4810.527 30.0 4.080 —-0.040
5087.416 39.1 1.080 -0.290
6496.910 56.1(134) 0.604 -0.230
6496.899 56.1(135) 0.604 -1.736
6496.902 56.1(135) 0.604 -1.036

Table 4. continued.

Wavelength () A EP. (eV) loggf
6496.906 56.1(135)  0.604  —0.589
6496.916 56.1(135)  0.604  —1.433
6496.917 56.1(135)  0.604  —1.036
6496.920 56.1(135)  0.604  —1.036
6496.910 56.1(136)  0.604  —0.230
6496.898 56.1(137)  0.604  —1.736
6496.901 56.1(137)  0.604  —1.036
6496.906 56.1(137)  0.604  —0.589
6496.916 56.1(137)  0.604  —1.433
6496.918 56.1(137)  0.604  —1.036
6496.922 56.1(137)  0.604  —1.036
6496.910 56.1(138)  0.604  —0.230
6165.891 59.1 0.923  -0.299
6645.095 63.1 1.378 0.130
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