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ABSTRACT

We present the abundance analysis for a sample of 7 red gianttb stars in the metal-poor globular cluster NGC 4372 dbase
on UVES spectra acquired as part of the Gaia-ESO Survey. iFhtse first extensive study of this cluster from high redolut
spectroscopy. We derive abundances of O, Na, Mg, Al, Si, CaTSFe, Cr, Ni, Y, Ba, and La. We find a metallicity of [F§ =
-2.19+ 0.03 and find no evidence for a metallicity spread. This rlietigi makes NGC 4372 one of the most metal-poor galactic
globular clusters. We also find anenhancement typical of halo globular clusters at this theitg. Significant spreads are observed
in the abundances of light elements. In particular we find @Nmnti-correlation. Abundances of O are relatively higmpared with
other globular clusters. This could indicate that NGC 43&3 formed in an environment with high O for its metallicityMg-Al
spread is also present which spans a range of more than 0iB 8éabundances. Na is correlated with Al and Mg abundantes a
lower significance level. This pattern suggests that theAWigurning cycle is active. This behavior can also be seenantgstars of
other massive, metal-poor clusters. A relation betweént bgd heavys-process elements has been identified.
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1. Introduction cess, since they are amongst the oldest objects in the \driver

rtin veral r well
Globular clusters (GCs) provide an exceptional laborafory tSr;a((ta.gg. E’?o'goaetd :d?az%?ﬁ,?%?éﬁg?tc%?rc;?g gsBra%aiEng)o 1o
studying the star formation history of a galaxy beca‘_ise H_Iey have shown that GCs are much more complex thanvpreviously
powerful tracers of the various components (halo, thick éisd ;i a4ined, in particular with the almost ubiquitous disayvef
bulge). Moreover, the ages, abundances and kinematices# thy, ,inje populations. None of the scenarios proposed te dat
objects represent the fossil record of the galaxy formadi@® 4 fylly account for the abundance trends observed in Galac
tic Globular Clusters (GGCs). Detailed chemical studidaife

* e-mail: isanroman@cefca.es

Article number, page 1 ¢f14


http://arxiv.org/abs/1504.03497v1

A&A proofs:manuscript no. Sanroman_NGC4372_accepted

samples of GGCs are required to uncover the evolution oEthé08). The preferred explanation involves a self-enriamreee-
objects. Providing high quality data on more GCs is clearhario, within which two subsequent generations of starexist
needed to strengthen any conclusion. We present herese$ulin globular clusters and where the second is formed from gas
the first ever high-resolution spectroscopic analysiseffiobu- polluted by processed material produced by massive stars of
lar cluster NGC 4372 based on observations from the Gaia-E8f@ first (Caloi & D’Antona 201/1). Several sources of proeess
survey (GES| Gilmore et al. 2012; Randich & Gilmore 2012).ejecta have been proposed: the slow winds of intermediate-

The GES is a public spectroscopic survey using the higmass AGB stars_(D’Antona etlal. 2002), fast rotating massive
resolution multi-object spectrograph FLAMES on the Vergtarsi(Decressin etlal. 2007) and massive binaries (de Miak e
Large Telescope. Targeting more thar? $€ars, GES covers all2009). A recent attractive alternative has been proposed by
the major components of the Milky Way, from halo to star fornBastian et al.|(2013), that implies only a single burst of sta
ing regions, providing a homogeneous overview of the distri formation. They postulate that the polluted gas concesdrat
tion of kinematics and elemental abundances. The survey dise center and is acquired by low mass stars of the first (and
maps a significant sample of more than 80 open clusters,-cowaly) generation via disk accretion while they are in the-pre
ing all the accessible cluster ages and masses. main sequence fully convective phase. This scenario hatishe

Ensuring that GES has maximal legacy impact is of key pfinct advantage that it does not require a very large percent
ority. Thus the survey has identified a suitable set of objanti age of the original cluster population to have been lost.dn a
fields for the calibration of the data in terms of astrophgisim- dition, variations in heavier elements have also been fdaond
rameters and abundance ratios (Pancino et al. 2012). Bydnclsome massive GCs suchag€entauril(Marino et al. 2011), M54
ing objects and fields that are a) well studied in the litengtu (Carretta et al. 2010b), M22_(Marino et al. 2009), NGC 1851
b) in common with other large spectroscopic surveys;/@nd (Carretta et al. 2011), Terzan5_(Ferraro et al. 2009), NGID24
c) with extremely well measured properties; the resultsloan (Cohen et all_ 2010), M2 _(Lardo etlal. 2013; Yong etial. 2014)
put in context, compared with other surveys and when availatand M75 (Kacharov, Koch & McWilliam 2013). They are gen-
combine diferent data-sets. The GES includes GGCs as catially thought to be the vestige of more massive primitivaudw
brators, adding some relatively unstudied clusters to theso galaxies that merged with the Galaxy. Therefore, they hawe i
already present in the ESO archive. To maximize the scientifiortant implications for the hierarchical merging scenast
output from the calibrator data-set, a good balance of ntangla galaxy formationi(Joo & L ee 2013). In this paper, we use the
known and neyiinteresting GGCs has been included in the targeidely accepted terminology of first and second generation o
selection. Within this context, this study is focused ondhem- stars referring to the unpolluted and polluted populatiegsird-
ical abundances of NGC 4372. With limited spectroscopiadatess of the formation scenario.
nothing is known about any possible abundance variatiotisof NGC 4372 is an old and very metal-poor globular cluster that
metal-poor halo cluster. We present here an abundancesisalgespite its low degree of central concentration, has reddittle
of a large number of elements (eg. light elementglements, attention, mostly due to reddening problems. It is locatede
iron peak elements and neutron-capture elements) andzanaty the Galactic disk and in a dusty area of the Southern Musca
its stellar population. Constellation (RA= 12:25:45.40, Dee-72:39:32.4,+300.99,

The vast majority of old GGCs studied in detail to datd)=-9.88 |Harris|1995, 2010 edition). At a Galactocentric dis-
with the possible exception of Rup 106 (Villanova et al. 2013tance of B = 7.1 Kpc, NGC 4372 is listed in the Harris cat-
show the chemical signatures of hosting (at least) two stalog as having a low metallicity of [Ad] = -2.17 and a fairly
lar populations. Several other cases like Pall12 (Cohen))200#gh reddening of E(B-V}0.39, which makes it a visually chal-
Ter 7 (TautvaiSiea et al.| 2004 Sbordone et al. 2005) or Ter &nging object. In addition, NGC 4372 has been claimed to be
(Carretta et al. 2014) have been proposed as potentiatgiog- dynamically associated with NGC 2808 (Casetti-Dinesculet a
ulation globular clusters but the small sample investigatees 2007).
not allow for clear conclusions. We also note that all thdse o  Early photometric studies of this cluster (Hartwick & Hasse
jects except for Rup 106 are associated to the Sgr dwarfgalakd73; | Alcainol 1974] Brocato etlal. 1996) already revealed a
There has been much improvement on the study of multigielor-magnitude diagram characteristic of very metal+pros-
populations within GGCs. The main evidence for this conters, with a well-defined horizontal branch that extendstdar
plexity comes from the presence of chemical inhomogerseitite blue, and with a large and variable absorption. Alcatralle
that in most cases are limited to light elements. Light eletsie (1991) present BVRI CCD photometry in two overlapping fields
like Li, C, N, O, Na, Mg, Al, are known to (anti-)correlate.By comparison with theoretical isochrones, they derive ga a
The most outstanding signature is the Na-O anti-corredatie- of 15 + 4 Gyr. In a more recent study, Rosenberg et al. (2000)
tected so far in every GC study (Carretta et al. 2009a,b)nagaresent a homogeneous photometric catalog of 39 GGCs in the
with the likely exception of Rup 106. These anomalies has®uthern hemisphere. They report for NGC 4372 a foreground
been observed also in old, massive extra-galactic GCs imaxor reddening of E(B-V)= 0.42 , horizontal branch (HB) level of
(Letarte et al. 2006) and in the Large Magellanic Cloud (LMCY g = 15.30 with a HB ratio (B-R){B+V+R) = 1.00. They ex-
(Mucciarelli et all 2009), but not in intermediate-age LMz  plain the broadening of the CMD sequences as a consequence of
ters (Mucciarelli et al. 2014). A similar feature, often ebged the high diferential reddening probably due to the nearby Coal-
in some GCs but not all, is the anti-correlation between Al arsack Nebulae. A de-reddened, narrower CMD has recently been
Mg (Gratton et al. 2007; Carretta eflal. 2009b). Itis importa constructed by Kacharov et/al. (2014)
mention that such abundance trends are not seen in the Hello fie Spectroscopic studies of NGC 4372 are limited to
stars. medium-resolution spectra. Using the near-infrared Giplet,

This spectroscopic evidence has been interpreted as the |€gisler et al. [(1995) determine a mean metal abundance of
nature of material processed during H-burning by high teape[Fe/H] = -2.10 + 0.04 from 11 giant stars. They also report
ture proton-capture reactions (like the Ne-Na and Mg-Alegt: a mean heliocentric radial velocity @f,q = 73.2+ 1.4 kmys.
Several theoretical models have been proposed in order-to dsing a similar technique, Rutledge, Hesser & Stetson (1997
scribe the formation and early evolution of GCs (D’Ercolalet estimate a value of [FE] = -2.03 = 0.03 onl Zinn & West
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Fig. 1. A 15'x 15 digitized sky survey image centered on NGC 4372.

North is up and east is to the left. The red symbols corresporiie Fig. 2. Color-magnitude diagrams of the globular cluster NGC 4372 o
spatial distribution of the 7 stars analyzed. The dashedesircorre- an area of 'x 5.2". The red symbols correspond to the analyzed RGB
spond to the core radiug,= 1.7’ (Harris| 1996, 2010 edition), and thestgrd.

half-light radius, §=3.4’ (Kacharov et al. 2014).

(0 X0 N I AL B L I L L B

(1984, ZW84) scale and a value of [Fg= -1.88 + 0.05 on I
Carretta & Grattdr (1997, CG97) scale. A more updated value o | [Fe/H]=-2.19
[Fe/H]=-2.19+ 0.08 is provided by Carretta etlal. (2009a). This I Age=13 Gyr
value is determined from the previously mentionediGaplet 0.5
data but based on a more accurate metallicity scale. Nodurth
chemical study has been performed.

In this paper, we present the first extensive study of NGC

4372 from high-resolution spectroscopy. We perform an abun 7% ]
dance analysis of a large number of elements and analyze theX2 :
stellar population of the cluster. This paper is organized a © I
follows: Section 2 describes the observations and datactiedu g 15 B ]

and Section 3 describes the methodology used to obtain the

atmospheric parameters and chemical abundances. Section 4
presents our results including analysis of iron-peak etéme- I
eIeE1ents and any (anti-)correlation. Finally, Section &spnts 20k
a summary of our main results.

2. Observations and Data Reduction

P IS4 ISR SR TR NN SN ST S N TN S TN N T T N T S T N MR
The present work is based on the data collected by the GES 5400 5200 5000 4800 4600 4400 4200 4000
from the beginning of the Survey up to the end of June 2013. Teff(K)
These observations are referred tgesDR2iIDR3 and are avail-
able inside the GES collaboration. As explained in Gilmdrale Fig. 3. Parameters of the stars in tfig - log g plane. The solid line
(2012), the GES consortium is structured in several workimgrresponds to the isochrone computed with the web-todi@PAR-
groups, WGs, having specific duties from target selecticsh aBEC groupl(Bressan et/al. 2012).
data reduction to delivery of science data. The data realucti

! The photometric catalog has been generated by WG5 based on

UBVI archival images and collected at the Wide-Field ImagFl) at - has heen performed using a workflow specifically developed fo
the 2.2m ESO-MP! telescope (Programes: 164.0-0561 (PUtkm, 4,4 hy GES that runs the ESO public pipeline (Modigliani ét al
68.D-0265 (PI: Ortolani) and 69.D-0582 (PI: Ortolani)).€rmages 2004 Modigliani & Larser 2012). The pipeline has been opti-

were pre-reduced using IRAF package MSCRED (Valdes|199&)ew .
the stellar photometry was derived by using the DAOPHOT ¢l AhL - mized to reduce GES data and performs automatically sky sub-

STAR programs{(Stetson 1967, 1992). Stetson standard {@ldsson traction, barycentric correction and normalization. Irdi&idn
2000) have been used to photometrically calibrate the aidtde as- the pipeline calculates radial velocities and a first guésbe
trometric calibration has been performed with the cataldgAC3 rotational velocities. A quality control is performed ugithe
(Zacharias et al. 2010) and GSC2 (McLean €t al. 2000). output parameters from the ESO pipeline, by a visual ingpect
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of the spectra and by the analysis of the signal-to-noise ot atmospheric parameters for NGC 4372 stars. As explained in
the spectra. A detailed description of the data reductiothots |Smiljanic et al.|(2014), GES recommended parameters are com
can be found in_Sacco etal. (2014). puted only if at least 3 Nodes provided parameters for a given
The present study makes use only of the UVES obsenaar. This decision is made based on internal policy ratmem t
tions. While a small number of fibers can be dedicated to UVEtRg reliability of the values. We decided to make use of Con-
their spectra have a higher resolution than GIRAFFE and, jugpcion Node atmospheric parameters and chemical abueslanc
as important, have ten times wider spectral coverage. ksr tturing the following analysis. A critical evaluation of tiper-
reason, UVES data are crucial for studies of precise chémi@armance of Concepcion Node, based on a series of calilstator
abundances of a large number of elements. As explained in Seqresented in_(Smiljanic etlal. 2014). In addition, Coruwep
tion [3, this paper makes use only of Concepcion Node atnidede is the only one that provide, for the 7 stars observed in
spheric parameters and chemical abundances rather theattheNGC 4372, key elements such as O or Na.
ommended GES values. Unfortunately, this Node does not ana-The atmospheric parameters for NGC 4372 reported by
lyze GIRAFFE spectra. Although ideally the used of GES Gthe Concepcion Node correspond to the GES iDR1 (internal
RAFFE spectra for NGC 4372 would strengthen the conclusidata release 1) and were determined by at leastfigrdit
of this paper, the diierent techniques and methods employed, fidodes in a system of multiple parallel analysis. The method-
this specific science case, would introduce an undesiraldedr ology and codes used by each Node are described in de-
geneity. tail in Appendix A of Smiljanic et al.[(2014) and they range
In this paper, we present a detailed chemical abundance afi@m the classical method of equivalent width (EW) to the use
ysis of seven red giant branch (RGB) stars observed with UVES libraries of observed aror synthetic spectra. This strat-
The stars are observed in the set-up with central wavelé@fih egy has two main advantages: 1) Ensure that all sources of
nm. The spectra are taken in two arms, resulting in a wavétengrrors are well-understood and quantified, including metho
coverage of 470-684 nm with a gap-e5 nm in the center. The dependent fects, 2) Ensure that all types of objects can be
FLAMES-UVES fibers have an aperture on the sky of 1", rggroperly analyzed. To guarantee the homogeneity of theriéal
sulting in a resolving power of R47000. The observations weresults, a number of constraints have been imposed. These con-
taken between March 11 and March 16 of 2012 with a mestraints include: the use of a common line list_(Heiter ét al.
signal-to-noise ratio in the spectrum-of50. Targets for UVES 2015, in prep), the use of one single set of model-atmosphere
were high probability cluster members and in particulalhest (the MARCS models,_Gustafsson et al._(2008)), the use of
stars. Figuréll shows the spatial distribution of the 7 RGissta single synthetic spectrum library (de Laverny etlal. 2012;
covering a wide area around NGC 4372 while Fiddre 2 prese®scio-Blanco et al. 2015, in pflep), a common solar zero point
color-magnitude diagrams of the cluster with the analyzatss (Grevesse, Asplund & Sauval 2007) and the analysis of common
indicated. Target selection for globular clusters has beade calibration targets. In order to understand the precisiuhac-
by WGS5 (Calibrators and Standards; coordinator: E. Pafcineuracy of the atmospheric parameters, GES makes use of the
More details can be found in Pancino et al. (2015, inlprep). Gaia benchmark stars and a set of calibration clusters. The a
The radial velocity information, available for all the tarcuracy is judged by the ability of a given Node to recover the
gets observed, is determined within WG8 by cross-coraatireference atmospheric parameters of the benchmark stars fr
against real and synthetic templates. The typical erroherrd- their analysis. The precision is judged by the ability of alki¢o
dial velocities of UVES targets is about 0.4 kmtsThe mean reproduce their own results from multiple analysis of thesa
radial velocity value for the seven targetsisyog > =72.6+ 1.3 star. A detail explanation of the performance of each Node as
kmy/s while the dispersion is 3.6 kis1 The mean radial velocity well as how the atmospheric parameters were determinedecan b
is in excellent agreement with the value found_ by Geislet.et found in[Smiljanic et al/(2014). Tablé 1 summarizes thevderi
(1995) of< vrag >=73.2+ 1.4 knys where the error is given by atmospheric parameters for NGC 4372 stars. The error mgport
the standard error of the mean. More recently, Kacharov et@r each parameter corresponds to the dispersion among+he r
(2014) present an extensive kinematic study of this clusgrg sults from diterent methodologies. This method-to-method dis-
FLAMES/GIRAFFE observations of 131 stars. They find a megsersion is defined as the degree to which multiple methodesog
radial velocity of y=75.9+ 0.3 kny's and a central velocity dis- can agree on the abundance of a star. Although this dispessio
persion ofog = 4.5+ 0.3 kny's. As part of the Gaia-ESO surveynot properly the physical uncertainty of the values, it iscady
the kinematics of seven GGCs is preserit.in Lardo el al. (201#dicator of the precision and is adopted as the typical unce
They obtained from FLAMES&SIRAFFE spectra of more thantainty. To further investigate the reliability of these we$ Fig[3
100 stars a mean radial velocity of275.2+ 0.4 kmy's with @ shows the derived atmospheric parameters of the stars cethpa
velocity dispersion of 3.9 kys, confirming the membership ofwith those derived from isochrones.
our objects. The stellar parameters of stars analyzed istady The chemical abundances for Mg, Al, Si, Ca, Ti, Cr
are summarized in Tablé 1. Photometric magnitudes of the @fird Ni were obtained using EWs of the spectral lines. The
served stars are compiled by GES and presented in [Table 2. Ews were determined with the automatic code DAOSPEC
(Stetson & Pancinio 2008). GALA (Mucciarelli et'al. 2013) was
3. Atmospheric Parameters and Abundance used to determined the elemental abundances. To complete
Analysis the analysis and include other key elements the abundances
of O, Na, Sc, Y, Ba, and La were also obtained. For this
The astrophysical parameters obtained from the analydiseof set of elements whose lines aréfegted by blending, the
gesiDR2IDR3 data set will be part of the first Gaia-ESO publispectrum-synthesis method were used. The local Thermody-
release of advanced data products. Within WG11, the spectnamic Equilibrium (LTE) program MOOG (Sneden 1973) was
scopic analysis of UVES data is performed by 13 sub-groups, sised for this purpose. Five synthetic spectra havingedi
called Nodes. A multiple parallel analysis of the full dagalsas ent abundances for each line were calculated, and the best-
been implemented whereftéirent Nodes use filerent method- fitting value estimated as the one that minimizes the RMS
ologies. Unfortunately, only a small number of Nodes regbrt scatter. Only lines not contaminated by telluric lines were
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Table 1. Basic Parameters of the Observed Stars.

Cnamé Viad SNR® Teff log(g) 3 [Fe/H]
(kmys) (K) (dex) (kniis) (dex)

12250638-7243067 6860.5 51.17 458&86 0.70+0.20 1.56+0.10 -2.23+0.21
12250660-7239224 6790.3 34.63 464656 1.17+0.15 1.68:0.03 -2.22+0.15
12253419-7235252 72#0.7 55.73 452433 0.55+0.07 1.50+0.17 -2.15+0.07
12253882-7245095 76£00.6 4545 4656 114 1.19+0.47 1.56+0.20 -2.21+0.20
12260765-7236514 7520.5 71.14 4466&38 0.55+0.09 1.65+0.05 -2.20+0.17
12264293-7241576 71€80.7 4435 471287 1.19+0.21 1.55+0.13 -2.15+0.12
12264875-7239413 7600.4 43.89 463% 68 0.84+0.34 1.54+0.05 -2.44+0.16
a8 GES object name. It is formed from the coordinates of theatlgplicing the RA in hours, minutes and
seconds (to 2 decimal places) and the Dec in degrees, mianteseconds (to 1 decimal place) together,
including a sign for the declination.
b Mean signal-to-noise ratio in the spectrum.

~NO O WNPE

Table 2. Photometric Properties of the Observed Stars.

Cnamé BP VP P I He KC  EB-V)' 1, T

(mag) (mag) (mag) (mag) (mag) (mag) (mag) (ry9s  (magyr)
T 12250638-7243067 14.70 13.22 1152 10.30 9.61 9.44 057 .10-6  4.80
2 12250660-7239224 1522 13.80 12.11 10.86 10.15 9.98 0.57 12.40 6.70
3  12253419-7235252 14.83 1321 1129 992 9.18 897 059 10-7. 8.60
4 12253882-7245095 15.15 13.84 1221 11.10 1043 10.28 0.54 -5.50 9.90
5 12260765-7236514 14.66 13.12 11.25 992 919  8.97 058 .8013  9.00
6 12264293-7241576 15.08 13.76 12.14 10.98 10.30 10.16 0.54 -1.10 0.60
7 12264875-7239413 1516 13.82 12.08 10.87 10.17 9.98 055 0.10-  13.40

a8 GES object name. It is formed from the coordinates of theailgplicing the RA in hours, minutes and seconds (to
2 decimal places) and the Dec in degrees, minutes and seftontislecimal place) together, including a sign for the
declination.

b Magnitudes from APASS (AAVSO photometric All-sky Survey).

¢ Magnitudes from 2MASS (Skrutskie et al. 2006).

4 Reddening values from the Galactic dust extinction (ScHldéinkbeiner & Davis 1998).

€ Proper motion in RA and Dec from UCAC (Zacharias et al. 2010) .

Table 3. Abundance Ratios.

El. Method Nlined 1 2 3 4 5 6 7 Meah

[O/F€] SYNTH 1 022 036 053 046 067 039 080 0#46.07
[Na/Felnete SYNTH 2 0.39 0.91 0.53 0.69 0.07 0.67 0.53 0450.13
[Mg/F€] EW 4 041 0.69 0.37 0.45 0.20 053 0.62 0#48.07
[Al/F¢] EW 2 0.65 1.16 0.85 1.12 1.01 0.01 0986.10
[Si/F€] EW 1 0.46 0.52 0.48 0.77 0.480.02
[Ca/Fe EW 18 0.25 0.29 0.19 024 0.22 0.28 0.60 0+0.02
[Sc/Fe] SYNTH 1 -004 -0.09 -0.14 -0.14 -0.03 -0.11 -0.01 -0€9.02
[Ti/Fe]d EW 14 0.29 040 024 030 0.23 0.38 0.53 0:30.03
[Fe/H] EW 100 -2.23 -2.22 -2.15 -221 -220 -2.15 -2.44 -2410.02
[Cr/Fe] EW 6 -0.38 -0.20 -0.33 -0.37 -0.36 -0.28 -0.15 -043P.03
[Ni/F¢] EW 6 0.07 -0.03 0.14 -0.03 -0.06 0.07 0.06 0:08.03
[Y/Fe] SYNTH 1 005 001 003 000 0.10 0.09 0.06 068.02
[Ba/Fe] SYNTH 1 -029 -0.15 -0.09 -0.16 -0.11 -0.17 -0.23 -046.03
[La/Fe] SYNTH 1 009 -0.03 -0.36 -0.31 -0.06 -0.06 0.14 -04D0.08

a Method used in the abundance determination: SYNTH (Spectynthesis method), EW (Equivalent
Width method).

b Average number of lines employed in the abundance detetimima

¢ Values obtained excluding star #7.

d Values obtained from the average ofi @ind Ti.

used. For both methods, the GES guidelines regarding fashonkina, Shimansik& Sakhibullin (2000). All the used
use of the GES line list_(Heiter etial. 2015, in prep), the udéa abundances are NLTE corrected. We refer the reader to
of MARCS model atmospheres _(Gustafsson et al. 2008) a8iljanic et al. |(2014) for a detailed description of the @mbu
the use of Grevesse, Asplund & Sauval (2007) solar-zerot poifance analysis. The chemical abundances of the observsd sta
were strictly followed. In addition, the Na abundance was rare presented in Tadlé 3.

computed and a non-LTE correction was applied based on
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Fig. 4. Abundance ratios versus [fF§ for individual members of the cluster. The dashed linelidate the & area around the average value.

An internal error (star-to-star) analysis of the derivedrab was performed by varyin@es s, log(g) andé and redetermined
dances has been performed to properly quantify the interadlundances of star #3, selected as having representatige at
spread of abundance within a cluster. spheric parameters. Parameters were variedy: = +70 K,

Table[3 lists the two primary sources of errors contribulog(g)= +0.19 andAé=+0.14 km s*, which correspond with
ing to the total budgetdf): the uncertainties in the measurethe mean error of the sample parameters. We note that these
ments and the uncertainties associated with the atmospteeri parameter variations are smaller than the standard steghe in
rameters. The parametegw corresponds with the mean chemMARCS model grid. The MARCS model interpolafdras been
ical abundance variation due to error on the EW measuremetggd to generate intermediate models from the initial grite
Uncertainties in the measurements of EWs are computed figgram interpolates the thermal structure (T), the edeatr
DAOSPEC [(Stetson & Pancirio 2008). These confidence interessure (B, the gas pressure {2 the opacity £) and the micro
vals estimate the goodness of the fit but also take into adcotifbulence velocity) as a function of T+, log(g) and metallic-
the quality of the spectrum (resolutio\§ spectra defects, ...). ity [M/H]. The interpolator has been extensively tested on a pre-
These EW errorsEW,,, are used by GALA (Mucciarelli et al. vious grid of MARCS models considering the following range
2013) to obtain the uncertainty on the abundance of eactesienpf parameters: 3800 K Teff < 7000 K, 0.0< log g< 5.0, -4.0<
by varying the EW by EW,,. For the elements whose abun-
dance was obtained by spectrum-synthesig was obtained as 2 The program and a detailed user manual are available on tHRGSA
the error given by the fitting procedure. An internal errceilsis  web site| http/marcs.astro.uu.se.
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Table 4. Sensitivity of Derived Abundances to the Atmospheric Patans and EWs.

ATeit=70 (k) Alog g=0.19(dex) A&£=0.14 (kmiS) oew Ot OTobs

A[O/F¢€] 0.04 0.07 0.03 0.04 0.09 0.15
A[Na/F€] 0.00 -0.07 -0.03 0.04 0.09 0.29
A[Mg/Fe] 0.11 -0.08 -0.07 0.02 0.15 0.16
A[AI/F€] 0.02 0.04 0.03 0.04 0.07 0.21
A[Si/Fe€] 0.04 0.00 -0.02 0.02 0.05 0.03
A[Ca/F¢] 0.08 -0.01 -0.06 0.02 0.10 0.04
A[Sc/F€] 0.12 0.16 0.10 0.05 0.23 0.05
A[Ti/Fe€] 0.00 0.07 -0.04 0.05 0.09 0.07
A[Cr/F¢g] 0.14 0.01 -0.10 0.03 0.17 0.07
A[Ni/Fe] 0.13 0.01 -0.08 0.02 0.15 0.08
A[Y/F¢] 0.03 0.07 -0.01 0.06 0.10 0.04
A[Ba/Fe] -0.09 -0.06 -0.02 0.06 0.13 0.07
AlLa/F¢] 0.12 0.14 0.08 0.07 0.21 0.17

Note.- The sensitivity determination was performed for 8t

oew is the error in the measurements.

oot IS the squared root of the sum of the squares of the indivieluats.
o obs IS the mean observed dispersion.

4. Results

4.1. Chemical homogeneity of the cluster

Chemically inhomogeneous populations are observed in vir-
tually all massive, old globular clusters well-studied tatej
but not in open clusters, with the possible exception of NGC
L ; 6791 (Geisler et al. 2012, but see Bragaglia etlal. (2014) and
0.5 e N Cunha et al.[(2014)). Studying the chemical homogeneitp-or i
B . homogeneity of a cluster is necessary to better understend t

[ é 0 ] mechanism of their formation. A large body of evidence now
o] I L EEL TR AEL R EERE T —

[El/Fe]

shows that the stars in a GC do not share the same chemical
composition|(Gratton, Carretta & Bragaglia 2012). As a gahe
rule we can define a globular cluster as an object homogeneous
in its Fe content and most other heavy elements, but the light
elements Li, C, N, O, Na, Mg and Al can show substantial intr-
acluster variations. We investigate the degree of inhomeite
of the abundances of cluster members in NGC 4372.
Fig. 5. Box plot of the NGC 4372 star element abundances. Star #7 has Figure[4 shows the abundance ratios versugHF®r indi-
been excluded. For each box the central horizontal linedsmiedian V|dua| member stars |n the Cluster In each panel, the m:ers
of the data, while the lower and upper lines indicate the &gt third  tjon of the dashed lines delimit arlarea around the average
quartile. The whiskers extend out to the maximum and minimvaiie 5,6 * Star-to-star error bar is indicated. Star #7 standsae
of the data. Outliers are identified with small circles. . -
slightly more metal poor than the main body of cluster mem-
bers. Thea-elements of this peculiar star also stand out from
the cluster mean abundances, except for Mg. The radial veloc
[M/H] < 0.0 (Masseran 2006). The interpolation is optimized ity and stellar parameters for this object shown in Tableel ar
account for non-linearities in the grid and the new inteapedl in agreement with those of the rest of the observed stardbut t
model must lie inside a complete cube of existing modelsén tdistinct chemical pattern of this star suggests wither ithaas
parameter space {f;, log g, [M/H]). With the actual grid pa- some kind of anomaly or it may not be a member. The possi-
rameter steps, maximum errors in the interpolated quasti#- bility of star #7 being in a binary system would likely altés i
main below 0.25% and a few % fogRnd R. Within these lim- radial velocity as well as artificially lower its derived ra#icity
its, we do not consider that the error budget might increase ddue to increased continuum flux. As part of the quality cdntro
matically and that the mean method-to-method dispersivesir GES final products include two binary flags: a) a visual inspec
the sensitivity to atmospheric parameter variations. €stgma- tion of the cross-correlation function (CCF), computedopef
tion of the internal error was performed following the pmgsc co-adding multi-epoch observations, has been performeathA
tion of|Marino et al.|(2008). The final total erroer;), has been is flagged as a candidate double-lined spectroscopic hiifittrg
computed as the square root of the sum of the squares of @@Fs are characterized by the presence of more than one peak
individual errors. Tablgl4 lists also the observed stastto-dis- or a single peak with strong asymmetries; b) a star is clagsifs
persion {qps). We remark that our goal is to search for evidenaesingle-lined spectroscopic binary if the median absaletéa-
of star-to-star intrinsic abundance variation in each elenby tion of multi-epoch repeated measurements of the radiatitg
comparing the observed dispersians) and the internal errors is larger than twice the error on the radial velocity. Nonehef
(owot). For this reason, external sources of error as systematMSC 4372 observed stars have been flagged as binary candi-
that do not &ect relative abundances are not considered. dates. Given its spatial location, velocity, position i 8MD

O No Mg Al Si Ca Sc Ti Cr Ni Y Bo La

Article number, page 7 614



A&A proofs:manuscript no. Sanroman_NGC4372_accepted

and low metallicity, it seems very unlikely that this is a diel S B B AL LR L LRI ILRE
star.| Kacharov et all (2014) show that according to the predi 05E + 3
tion of the Besancon Galactic model, only a few field star&wit "o’ o x . ® 1
that velocity are expected in the direction of NGC 4372 wherey; 0.0 S8’ * Tk .
none of them are more metal-poor than -1.8 dex. This suppertt £ E ¢ L T 3
view that star # 7 is a cluster member. Lapenna et al. (2014) su -05F s % R
gest that NLTE &ects driven by over ionization mechanisms are A L o o B o o
present in the atmosphere of AGB stars and significarfica s
Fel lines, while leaving Fell features unaltered. THiget could  — 05¢ + cen 1
underestimate the metallicity of AGB stars. The low metali  « b G Al
. . L. - M .&. *® (]

value of this peculiar star could be due to the fact that itns a &, ; Yy .
AGB star. It is still unclear why the-elements of this star are —0.5F e R L 3
also significantly diferent. To be cautious and conservative, we T T T
exclude star #7 from the analysis. SRR L L

Fig.[3 presents the abundance pattern analyzed in NGC 4372. os5F =
The box plot illustrates the median and the interquartitgea @ - e :
(IQR) of the derived values. Possible outliers are alscuithetl > OO e A R E
where an outlier is defined if it deviates by more than 1.5 IQR.= _, sE . . ."" t CU R
A large abundance ratio range is present for O, Na, Mg and Al. b 3
The star-to-star variations are smaller for the heavienels. b b s b b
La presents a large abundance range but we note that the error -3 =2 [Fe/H] -1 0

in the derived abundances of Sc and La are very large. For both
elements, the spectrum-synthesis method with only a slrngie Fig. 6. Iron-peak element ratios ([@e], [CyFe], [Ni/Fe]) ver-
(Scu 15684.202 A and La 15122.995 A) was used to derivedsus [FgH]. Red symbols correspond to values for NGC 4372
the abundances. The sensitivity of the derived abundamzesffom the present study where the open red circle correspends
these two elements to the atmospheric parameters, and-spée@ peculiar star #7. Blue stars are Galactic Globular Efast
ically to Ters and log g (see Tablel 4), is very significant an@lvans etall 2001; Lee, Carney & Habgood 2005; Lee & Carnéz20
any conclusion drawn from these two elements should beslea€arretta 2006; Carretta et/ al. 2009a, 2010a; Villanova &feei2011;
with caution.To further investigate the degree of homoggneMunoz- Geisler & Villanoval 2013;_Koch & McWilliahi 2011). Gya

s~eXpbols are halo and disk stars (Fulbright 2000; Reddy! é2G0.3;
g;lt Z?rgfsurya;l Cvevi'l,‘mtlﬁ ecgtrg%?\r/ee Jh;i SS%?g%rnpiLO?hu; iﬂ eb%i(l:]?“éddy. Lambert & Allende Prieto 2006; Cayrel el al. 2004)lehlack
» Kot/ P mbols correspond to extra-galactic objects: Draco, é@extUrsa

abundancesgtos). These \_/alue_s Correspond to columns 6 aNGfinor, Carina and Sagittarius dwarf galaxy (Shetrone, @Fargent
of Table[4. One can consider inhomogeneity when the intfinsing? { Shordone et Al 2007; Koch et al. 2008a) and the wira-dwarf
scatter is significantly higher than the expected dispergieen spheroidals Bodtes | and Herculés (Ishigaki é{ al. 2014;acl.
by the internal errors. If we exclude star #7 from the errar es2008b). Star-to-star error bar is indicated.

mation, a clear intrinsic spread can be identified only in @, N

and Al.

of results (eg. [F#H]zwss=-2.03; Rutledge, Hesser & Stetson
(1997)) [ Carretta et al. (2009c) adopt a new scale that i:a fu

We obtain a mean metallicity for NGC 4372 of [F=-2.23+ damental shift from the older and widely used ZW84 metajiici
0.10. Figurel 4 shows no evidence for an intrinsic Fe abureiagcale. The authors argue that this traditional scale waisratd
spread with the exception of star #7. As discussed in theipredgainst only a handful of high-dispersion spectroscopeHF
ous section, this star is anomalous in its chemical beharidr values available at that time. Carretta etlal. (2009c) definac-
we prefer to exclude it from cluster means. The issue ofrintricurate and updated metallicity scale using high-disperaiud
sic metallicity spreads in GGCs is of great current interggth high signal-to-noise spectroscopic measures of 19 GCsrcove
spreads are found generally only in the most luminous GG the metallicity range of the bulk of GGCs. Based on this
with My < -8.5. NGC 4372 has M= -7.8 so it is unlikely to Scale they provide a value of [F#]=-2.19+ 0.08 for NGC 4372
host an intrinsic Fe abundance spread. However, we do ratte fRetallicity, based on Geisler et al. (1995) Caiplet data. This
Geisler et al[(1995) did find one of their sample of 11 statseto Updated result is in excellent agreement with our metaflici
significantly (about 0.5 dex) more metal-poor than the fEsis The RMS scatter of our metallicity is a measure of the intcins
star, like star #7, also had a velocity compatible with membePread of iron in the cluster. Carretta et al. (2009c) confivat

4.2. Iron and Iron-peak elements

ship. Excluding star #7, we found a mean ffevalue of: the scatter in Fe of most GCs is very small with an upper limit
of less than 0.05 dex. Our observed scatter is consisteimthat
[Fe/H]=-2.19+ 0.03 expected from errors and thus we conclude that there is o cle

metallicity spread in NGC 4372, with the caveat that starg#7 i
The first attempt to derive a metallicity for NGC 437Zonsidered either an outlier for other reasons or a non-rsemb

was by |Zinn & West (1984, ZW84) obtaining a value of The chemical abundances for the iron-peak elements Sc,
[Fe/H]= -2.08 + 0.15. Most recently, Geisler etlal._(1995)Cr and Ni are listed in Tablg] 3. The values are solar within
analyzed medium-resolution spectra of ten giant stars ahe errors except for the Cr abundance which is underabun-
obtain, through the near-infrared @atriplet technique, a dant. Figure[l6 shows the elemental abundance of each star
mean metallicity of [FAH]=-2.10 + 0.04. Several other au-compared with a variety of galactic and extra-galactic ob-
thors have attempted to derive the metallicity based ¢ects. We have included values from GGCs (lvans et al. [2001;
similar techniques but using fiirent scales with a varietylLee, Carney & Habgood 200%; Lee & Carhey 2002; Cairretta
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2006; | Carretta et al. 2009a, 2010a; Villanova & Geisler 2011 o T PR T T T
Mufioz, Geisler & Villanova 2013;_Koch & McWilliam_2011); 05k e e L 5

disk and halo stars| (Fulbright 2000; Reddy et al. _2003;2’ T TR .m ,,.15:. "
4

T
.0
*t

Reddy, Lambert & Allende Priefo 2006; Cayrel et al. 2004) ands  0-0F
extra-galactic objects such as Draco, Sextans, Ursa Mi& _oskE
nor and Sagittarius dwarf galaxy and the ultra-faint dwarf |
spheroidals Boottes | and Hercules (Shetrone, C6té & Sargent FH

2001, | Sbordone et al._2007; Ishigakietal. 2014; Kochetal. 44 T *
20084,b). < Ok PR .;.iaﬁ o
N

+

MEFETEL IR B R [P
LI L s e L I

L F [ ]

In general, we found that NGC 4372 stars have abundancey 0.0F e 1
of these elements which agree with those of other GCs and hato" _j 5E 3
field stars of similar metallicity. £ 3

o)

o: i;:(:oﬁzo*‘;** **o
. . :" o

0.5

4.3. «a elements

All the o elements listed in Table] 3 (Mg, Si, Ca, Hipre E 1
overabundant relative to the Sun. This is a common featur& -0.5F .1, g
among almost every GC as well as among similarly metal- £ 3
poor halo field stars in the Galaxy. A glaring exception is Rup E
106 (Villanova et al. 2013), which shows sotaelement abun- 0.5F
dances. Figurgl 7 shows theelement (Mg, Si, Ca, Ti) ratios as
a function of metallicity. For comparison purpose, we have i s
cluded values from GGCs, disk and halo stars and extradialac ~ -0.5F
objects. The sources of the data are the same as those given in S T Ly Ly Lo
the previous section. Theelements in NGC 4372 seem to fol- -3 -2 -1 0
low the same trend as GGCs and are fully compatible with halo [Fe/H]

field stars. Star #7 stands out from the cluster behaviogestg

ing once again the singularity of this star. Excluding starwe Fig. 7. a-element ratios ([Mg-e], [SjFe], [CaFe], [Ti/Fe]) versus
derive for NGC 4372 a meanelement abundance of: [Fe/H]. Symbols are as in Figl 6.

0.0F ce e e

Ca/Fe]

T
O
1

0.0F ¢

[Ti/Fe]

gy

[a/Fe] = +0.37+ 0.07

Figure[8 represents the/fFe] versus [F&H] relation. Differ- 06k ° ]
ent symbols and colors are defined as in Figlire 7. Similarlw ha r . . 1
Milky Way stars, GGCs show a constant overabundanaesbé- - e % & *
ments over a wide range of metallicities (JAg < -1). Contrarily 0.4r . - oKk : v ]
metal-rich dwarf spheroidal galaxies, [F& > -2, tend to have a i ¢ o, 0 % ok
much lowera content than Galactic objects at similar metallic- E 0.2+ °eo® S ¢ .
ity leading in some cases to even sub-solar ratios (Geisl#re [ N -4 R o
2007). NGC 4372 falls in a region where both Galactic and ex-— r o % A
traGalactic objects overlap in theirelement content so it is not 0.0 e * ST
possible to draw conclusions regarding its origin from dhes- [ ° .
gram. -0.21 + e 0

L o]
. . -0.4 [ 1 1 1 L]
4.4. Na-O anticorrelation
-4 -3 -2 ~1 0
The Na-O anticorrelation is the classical signature of tre p [Fe/H]

cess of proton-capture reactions in H-burning at high tempe

ture in a previous generation of stars. All GGCs studied iaitle Fig. 8. Mean a-element abundance versus fig Symbols are as in

to date show this feature with the possible exception of Beiurr Fig.[6.

106 (Villanova et al. 2013). It is important to mention thatk

abundance trends are not seen in the halo field stars withasimi

metallicity. As described in the Introduction, this cheatisig- _ _ ,
nature has been proposed to define a GC (Carrettal et al. 2019%er is O poorer and is represented by the trend of the stars i
Figure[® shows the Na-O abundances in the stars of our san2C 2808 ([F¢H]=-1.51). Followingd Carretta et al. (2009b) we
ple. For comparison purposes, abundances of GGCs and Hiaye obtained the dilution model for NGC 4372. The red dash-
and disk field stars have been overplotted. In addition, tige ddotted line was obtained using the full sample and the dashed
tinct Na-O anticorrelations have been over-plotted as bl I|r_1e exc_:ludes star #7. NGC. 4372 stars ha\{e a clear intrinsic
lines, which correspond to the dilution models determingd 1§iSPersion and apparent anti-correlation, which corrateothe
Carretta et a1/ (2009b). One is O richer and is representekjeby‘:hem'cal inhomogeneities found in section 4.1. Fidure 9 con

trend of the stars in NGC 7078 (M15) ([fF§=-2.31) while the firms the initial assumption that NGC 4372 is a multiple popu-
lation GC. Star #1 poses a value of/f@] significantly smaller

3 Since O shows a star-to-star variation and the Na-O antetzion than the rest of the sample. This star does not follow the Na-O
(see Sectioh414), it will be treated separately. anti correlation describe by the rest of the stars in NGC 4372
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Fig. 9. [O/Fe] vs [NdFe]. Red symbols correspond with this studyrig. 10. [Mg/Fe] vs [Al/Fe]. Symbols are as in Figl 9. Star-to-star error
where the open red symbol corresponds to the peculiar staBlégk bar is indicated.

symbols correspond with GGC data from _Carretta et al. (2009dle

gray symbols correspond with halo and disk field stars frorbritaht

(2000); Reddy et all (2003); Reddy, Lambert & Allende Pri006).

Blue solid lines correspond to the dilution model from Cteaet al. 1.0 T T T T T
(2009b) for NGC 7078 (M15) and NGC 2808. The red dash-dotted | o8l N 1 N
is the dilution model for NGC 4372 considering the full saephd the

dashed line excluded star #7. The black lines are the empsépara- @' 064 ] sl '.f;,.*'.',*. 1 R &
tions into primordial, intermediate and extreme populagiaccording X 04f . 3.5 ‘m e T L0 :,ﬁ:
tolCarretta et all (2009b). Star-to-star error bar is indida L oob % ST et 1 42 0
0.0f
—0.2 i : : .
10} a=087+018 Ja=1.67 £0.29 .
r =0,94 . o« Xpr=094 os X
—_ ST L O SRR R .
The O abundances were obtained using the §i6800.30 A. & o5 L ‘.ff,m <or . *.-..-3;%*
This line is significantly weaker in star #1 than in the rest of 2 P U . ,.g.‘&.-.
the sample. In addition, NGC 4372 stars inhabit an area in the™ 0.0 A ,..--'.'-" . T y "gf o
figure that follows the general GCs trend, although our sempl e F R L S
lies at the high [@Fe] end. —05L : : s +
-05 00 05 10 -05 0.0 0.5 1.0
[Al/Fe] [Mg/Fe]

Some interesting characteristics can be identified among ou

sample. One star is very Na-p@Orrich, which corresponds to _ ) )
the putative primordial stellar component, while a groupNat  F19- 11. Same as Figuie 10 but for [Se] versus [AlFe], [SjFe] versus

; ) ; ; Mg/Fe], [NgFe] versus [AlFe] and [N@Fe] versus [M@~e]. Symbols
rich/O-poor stars would be associated with a second generat[ilééléq as in Fid.19. Star-to-star errors bars are indicateddh panel. Dot-

of S_tars. However the low number statistics can not.conflram t ed red lines correspond to the linear fit excluding star #¥% Slope
split. Our sample does not seem to show any star with verglarg e ach fit is represented aswith the correspondent sigma error. The
O-depletion which would lie in the Extreme region, resemdli arameter corresponds to the Pearson correlationfbcient.

the behavior of other metal-poor clusters such as NGC 7078

(M15), NGC 7099 or NGC 4590 (Carretta etlal. 2009b).

The dilution model considered by Carretta etal. (2009b) 105 mg-Al cycle
explain the Na-O anti-correlation (Figl 9, blue and reddine
makes the basic assumptions: a) the polluting material ha#haddition to the CNO and Ne-Na cycle, there is evidence that
well-defined composition and b) that polluting materialtisnt  the Mg-Al cycle is also active in GC polluters. Models predic
diluted with a variable amount of primordial material prathg that Al should show correlations with elements that are anbd
the characteristic pattern of the Na-O anti-correlatidme Tin- by the action of the Ne-Na (such as Na) and Mg-Al cycles
imum Na and maximum O abundances in each cluster repres@id should anti-correlate with elements that are depletédt i
the original Na and O composition of the cluster. NGC 437urning at high temperature (such as O and Mg) (see disgussio
has abundances for O slightly high compared with the sampteGratton, Carretta & Bragaglia 2012). We analyze the abun-
of [Carretta et &l.[ (2009b). High values of O content (asran dances of some proton-capture elements to identify any-(ant
element) would imply a marginal contribution by type la SNgcorrelation in the cluster.
to their original composition. However, the rest of theabun- The pattern of abundances of the elements participating in
dances (Mg, Si, Ca and Ti) analyzed in NGC 4372 are full corproton-capture reactions (Na, Al, Mg, Si) observed in NGC23
patible with GGCs (Fi@l7 arid 8). The apparefiiset of the Na-O giant stars is summarized in Figuire 10 and Fiduie 11. Thé leve
anti-correlation observed in Figl. 9 could indicate that N@&Z2 of scatter in all these plots is significant. For comparisan p
was formed in an environment with high O for its metallicity. poses, abundances of GGCs and halo and disk field stars have
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been over-plotted. If the temperature is high enough, onaldh
expect some degree of anti correlation between Mg and Al.-How
ever the production of Al at the expense of Mg via the MgAl-
cycle does not result into such a well-defined anticorretatis
the Na-O one (Langer & Htman 1995). In fact, large variations
in Al are often accompanied by much smaller changes in Mg
abundances (Carretta etlal. 2009a). The Mg-Al behavior iICNG
4372 (Figuré_1I0) presents similar features to the ones faund
studies of other GGCs (Carretta et al. 2009a).

A clear Al spread is present in our sample with a star-to-star
variation range in the Al abundances f0.5 dex (excluding
star #7). However we need to consider the potential influefce
NLTE effect in Al abundances. Thygesen et al. (2014) show that
there is a non negligible NLTEfct on at least some Al lines.

loge (EI)

La

This NLTE dfect correlates with J; where cooler stars would Y I N N I I
show stronger negative NLTE correction that warmer onds. Ta 20 45 50 55 60
ing into account the small range of stellar parameters (and i Atomic Number (Z)

particular Tes¢) of our sample stars, the Al spread should not be
affected significantly by NLTE corrections. On the other hanéjg. 12. Abundance distribution of heavy neutron-capture elemints
the larger uncertainty on Mg suggests that Mg may be consisC 4372. Black symbols correspond to the individual stadenred
tent with no spread. The correlation detected among starssSymbols represent the mean abundance for the cluster ¢xglstar
NGC 4372 follows the behavior displayed by GGC stars with)- Solid and dashed lines show the scaled-selands-process pat-
a clear distinction from disk and halo field stars. Unlike thﬁ%ms respectively (Simmerer e1ial. 2004) and have beenaimed to
well-known O-Na anti correlation, the Mg-Al anti correlatti the mean abundance of Ba. Notation: iol)= 10g10(Nei/Nw) + 12.0
is more difficult to reproduce in simulations (Denissenkov et al.
1998; Ventura et al. 2001). Carretta et al. (2009a) showAhat
rich and Mg-depleted stars are present only in massiveerkis
(NGC 2808, NGC 6388, NGC 6441), metal-poor clusters (NG
6752) or both (NGC 7078 M15). In those clusters a clear Mg-
Al anti correlation is observed even among main sequencg sta
(Bragaglia et al. 2010). More precise Mg values would be r@:6. Heavy Elements
quired to clarify the present of a Mg spread in NGC4372. The
presence of a Mg-Al anti correlation in NGC4372 would indi¥Vhile light-element variations are well-known in GCs, insic
cate that the polluted generation has been enriched by ialatefispersion among heavier elements is less common. Moseof th
from stars where the Mg-Al burning cycle was active. heavier elements (2 30) are produced either by slow or rapid
Top panels in Figurie11 show the abundances of elementsigUtron-capture reactions (the so-caltedndr- processes). S-
volved in the Ne-Na, Mg-Al cycles of proton-capture reagtio Process happens in a(ﬁayent physical co_ndlt_lon with respect to
in high temperature H-burning. The dotted red line in eagtepa F-Process and are thus likely to happen iffetient astrophysical
of Figure[11 corresponds to a linear fit of the sample (exclugit€s. We measured the abundances of the neutron-capédre el
ing star #7) where the parameterrepresents the slope of theMents: Y, La and Ba. These elements are mainly produced by the
fit with the sigma error. The Pearson correlationfient,r, is  SProcess at solar metallicity in which the neutron-captimet
also shown in each pan&l. Carretta ét(al. (2009a) found tht siS much longer than the beta-decay lifetime. From our data we
with extreme Al overabundance also show Si enhancement wi@#!d not determine the ands-process ratio of neutron capture,
respect to the remaining stars in the same cluster. Agais, tAecause we did not measure a reliable abundance for a typical
effect is limited to massive or metal-poor GGCs. The correlRIOCESS Species (e.g. Eu).
tion between Si and Al abundances is a signature of productio The abundance pattern of heavy neutron-capture elements
of 28Si from the Mg-Al cycle [(Yong et al. 2005). The reactior(Y, Ba, La) is shown in Fig._12. We have over plotted the pure
producing this isotope becomes predominant in the Mg-Al ¢y ands-process patterns from_Simmerer et al. (2004). The Ba
cle when the temperature is very high (exceedigg=T65 K) abundance was used to set the zero point of the curves. Athou
(Arnould, Goriely & Jorissen 1999). The chemical pattern olihe analysis includes very few points for any solid conduosi
served in these giant stars must be imprinted by a previmerge the observed abundance of Y can be reproduced by arpure
ation of massive stars to be capable to reach those high tampgrocess pattern.
tures. If we exclude star #7 from the analysis (open red syymbo  Figure[I3 shows the abundance ratios of the heavy elements
Si does not show large star-to-star variations but unfately analyzed as a function of [&e] and [AJFe]. The [BdFe]
the number of stars with reliable Si abundances are verydomi abundance ratio is sub-solar in agreement with recentesudi
A clear Na-Al correlation is evident in our data. This is agefl which found that [BA-e] decreases with low metallicites and
tion of the relation between Mg-Al and Ne-Na cycles (see dibecomes sub-solar at least in fields stars withyHife< -2.0
cussion in_Gratton, Carretta & Bragaglia 2012). In fact, Aa (e.g..Gratton & Sneden 1994; Fulbright 2002). These suérsol
Na are predicted to be simultaneously enhanced when the Malues will agree with recent studies that indicate thatatnet
Na and Mg-Al cycles are both acting. A Na-Mg relation is alspoor globular clusters primarily exhibitprocess signatures,
identified in NGC 4372 stars. This behavior does not folloes ttdue to the infficiency ofs-process in low metallicity environ-
general trend of GGCs and in fact one would expect to findnaents [(Gratton, Sneden & Carretta 2004; Roederer gt al.;2010
Na-Mg anti correlation. This relation is driven mostly byaw Koch, Coté & McWilliam| 20009). At [FEH] < -2 dex, the envi-
stars only. Large Mg errors could cause this unexpectetiorla ronmentwas not yet polluted by afSaient number of low mass

ore extensive samples of stars with accurate determimatid
undances are required for a more detailed analysis.
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Fig. 13. Neutron capture elements [f¥e], [BgFe] and [LgFe] as a function of light elements [W&e] and [AJFe]. Open symbol corresponds to
star #7.
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Fig. 14. Relation of the light and heavyprocess elementshyls|=[Ba/Y], as a function of [B#e€]. Open symbol corresponds to star #7. The
dashed line corresponds to the linear fit excluding star #&.Sblid line corresponds with the 1:1 correlation. The slofthe fit is represented as
a with the correspondent sigma error. The Pearson corralatdticient is also shown.

AGB stars and the averaggrocess abundances are low. All theies fors-process elements, Y, Zr and Ba, in M22. They also
elements show an apparent small dispersion however, the ioentified a bimodality among these elements. None of the el-
served range is very comparable to that expected from tbeserrements show a correlation with Na, O and Al. The bimodality
(see Tablé¢ 4) so we can not confirm any clear evidence foriars-process elements in M22 resembles the case of NGC 1851
intrinsic spread in any of these elements. (Yong & Grundahl 2008) although in this case thelement
abundance appears to correlate with the Na, Al, and O abun-
Only a handful of metal-poor globular clusters showances. The metal-poor globular cluster M 15, with/HHe= -
a potential star-to-star _dispersion in neutron-capture- eP.31 + 0.06 dex |(Carretta et &l. 2009b), has also proven to be
ments |(Roederer 2011; Kacharov, Koch & McWilliam_2013)n interesting case for study. Sneden et al. (1997, 200@xfau
Marino et al. [(2009) found a wide range of abundances val-
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scatter of heavy neutron-capture elements but no signifieanthat NGC 4372 was formed in an environment with high O for
process enrichment in M15. More recently, Worley etlal. G)01its metallicity. Intrinsic spreads are also seen in othgintliele-
found a bimodal distribution of Ba, Eu and possibly La in M15nents, in particular an apparent Mg-Al anti correlation basn
Both modes of the bimodality seem to be indicative of a pollgetected. The Fe-peak elements generally show good agneeme
tion scenario dominated by theprocess and only varying duewith other GCs and halo field stars with no dispersion. &he
to a diferent degrees of enrichment. A group of La-rich and Lalements show an enhancementgfe]= +0.37+ 0.07 typical
poor stars can be identified in our sample but such a smalllsamgf other GCs indicating similar fast star formation timelssa
does not allow us to carryout further investigation. A relation between light and heagyprocess elements has been

The weak s-process accounts for the major fraction of thelentified. A larger sample of stars at various evolutiondrgses
light s-process I&-) elements, like Y, and occurs in core Heand extensive chemical analysis is required for a more digéni
burning massive stars (M8M,) (Pignatari et all 2010). The analysis.

main S-process takes P'ace, In thermally pU|Satmg AGB Staﬁ%knomﬂedgements We thank Michele Bellazzini for a very careful reading and
(IMo<M <8Mo) prOdUCmg lights-process I&) and heavys- useful comments and suggestions that helped to improvetiityqof the pa-
processlfs) elements, like Ba and La (Arlandini et'al. 1999)per. We also thank an anonymous referee for comments thatlygienproved
Therefore, analysis of ratios betweks and hs- elements are this paper.

; : ; ; ; Based on data products from observations made with ESOcbgles at the La
very interesting in order to constrain these formation psses. Silla Paranal Observatory under programme ID 188.B-3082s& data products

Figure[14 shows thehjis|=[Ba/Y] ratio as a function of the paye peen processed by the Cambridge Astronomy Survey CABU) at the
heavys-process element Ba. Although the large errors should iagtitute of Astronomy, University of Cambridge, and by fReAMES/UVES
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difficult to measure. For example, Ba absorption lines are quiteugh ERC grant number 320360 and by the Leverhulme Thustigh grant

strong among luminous RGB stars so saturation could be a prBBCG-2012-541. We acknowledge the support from INAF and $timo dell
truzione, dell’ Universitd’ e della Ricerca (MIUR) in tiferm of the grant

. . . S
lem. The}’ have hyperflne StrucFure and involve th? Ch_OIC&_—Of ili\Dremiale VLT 2012". The results presented here benefit filgoussions held
mospheric parameters. In particular, they are quite se@sd  during the Gaia-ESO workshops and conferences supportételgSF (Euro-
the choice of microturbulent velocities. Thegkeets could pro- pean Science Foundation) through the GREAT Research Nefvogramme.
duce an increase in the uncertainties. I.S.R. gratefully acknowledges the support provided by t@emini-

: : ICYT project 32110029. C.M. acknowledges the suppormfCONICYT-
The S-process elements can be considered as a Slgnaﬁj(?ﬁ‘A/Doctorado Nacion#014-21141057. D.G. gratefully acknowledges sup-

of the processes that occur in intermediate mass AGB stgéf form the Chilean BASAL Centro de Excelencia en Astiofisy Tec-
(Busso et al. 2001), whose wind could have polluted the primaologias Afines (CATA) gran PFB-{E007. S.V. gratefully acknowledges the
dial material from which the second generation of stars &atm support provided by Fondecyt reg. 1130721. AK and NK ackedge the

; ; ; :Reutsche Forschungsgemeinschaft for funding from Emmgthir grant Ko
If the spread ins-process contents in NGC 4372 is real, thi 16%1. U.H. acknowledges support from the Swedish National &pzaard

WOU_ld argue against the abundancespfrocess elements be-(snsp). s.6.S acknowledges the support from the Fundag@oap@iéncia e
ing intrinsic to the cluster and suggest that AGB stars caa b&ecnologia, FCT (Portugal) and PORSE (EC), in the form of the fellowships
possible polluter. However, none of the analyzed heavy efeen SFRHBPD/476132008.
show any clear relations with other lighter elements thatado
suggest an obvious pollution by AGB stars. Since this paéent
spread seems unrelated with the spreads in light eleméts, boterences
variations could be attributed to the original inhomogéasiin _
the gas which formed the cluster. A larger sample surveméstﬁ:ca!”o g ﬁ|74vvo&f§é613;§4§1 a7
. . . . caino G., Liller VV., , f y
at various evolutionary phases and extensive abundanbesanay, in, G., Liller W., Alvarado F., Wenderoth E., 1991, ADZ] 159
of a range of key nucleosynthetic indicators would be esslen{ariandini C., Kappeler F., Wisshak K., Gallino R., Lugaro ,MBusso M.,

to confirm whether this potential star-to-star scatter &.re Straniero O., 1999, ApJ, 525, 886
Arnould M., Goriely S., Jorissen A., 1999, A&A, 347, 572
Bastian N., Lamers H. J. G. L. M., de Mink S. E., Longmore S.®bpdwin
5. Summary S. P., Gieles M., 2013, MNRAS, 436, 2398
Bragaglia A. et al., 2010, ApJ, 720, L41
In this paper we present the first detailed chemical abumian@raBgaglll(a '3-, ssnAEd?en C-,chrreztgal E-AGSat;%% Fé-sG-, Lucagl, Bernath P. F.,
i i i iyhBrooke J.S. A, RamR. S, , ApJ, 796,
of 1‘} e!emer?tshm 7 red giant member:s Of. NIGCb4322 usmghhlgpessan A., Marigo P., Girardi L., Salasnich B., Dal CeroRubele S., Nanni
resolution, high B\ spectroscopy. Chemical abundances have, "»012' MNRAS, 427, 127
been computed by Concepcion Node within the GES collabogocato E., Buonanno R., Malakhova Y., Piersimoni A. M., 898&A, 311,
tion. The classical EW method has been used when possilsle. Fo'78 , _ ,
5 elements whose lines arffected by blending, the SpeCtrum_Busso M., Gallino R., Lambert D. L., Travaglio C., Smith V, 9001, ApJ, 557,
synthesis mgthod was p_referred. One 01_‘ the stars of our samgp]; V. D'Antona F., 2011, MNRAS, 417, 228
shoyvs a radial _veloc!ty in agreement with the cIustgr bulk bdarretta E., 2006, AJ, 131, 1766
a distinct chemical signature so we have excluded it from tlerretta E., Bragaglia A., Gratton R., D'Orazi V., Lucate$., 2009¢c, A&A,
statistical analySiS' CarSr%?t’aﬁlgs Bragaglia A., Gratton R., Lucatello S., 2009%A, 505, 139
We f°‘!”d ametallicity of [F’é.-l]: § 2';"9i 0.02 with 80obs = Carretta E., Bragaglia A., Gratton R., Lucatello S., BeliazM., D'Orazi V.,
0.03 dex, in good agreement with previous, low-resolusstud-  2010a, ApJ, 712, L21
ies. We rule out an intrinsic metallicity spread, althoulgh low Carretta E., Bragaglia A., Gratton R. G., D'Orazi V., Lud@tsS., Sollima A.,
value for the one (excluded) star should be bornin mind. Wie co_ 2014, A&A, ?61, Asg
firm the Na-O anti correlation although not very extendedppr S2retta E. etal., 2010b, A&A, 520, A9S
. Carretta E. et al., 2009b, A&A, 505, 117
ably due to our small sample. The abundances of O are réiativ€arretta E., Bragaglia A., Gratton R. G., Recio-Blanco Awcétello S., D'Orazi

high compared with other globular clusters which couldéatie V., Cassisi S., 2010c, A&A, 516, A55

Article number, page 13 ¢f 14



A&A proofs:manuscript no. Sanroman_NGC4372_accepted

Carretta E., Gratton R. G., 1997, A&AS, 121, 95

Carretta E., Lucatello S., Gratton R. G., Bragaglia A., Di@rV., 2011, A&A,
533, A69

Casetti-Dinescu D. I., Girard T. M., Herrera D., van Altena® Lépez C. E.,
Castillo D. J., 2007, AJ, 134, 195

Cayrel R. et al., 2004, A&A, 416, 1117

Cohen J. G., 2004, AJ, 127, 1545

Cohen J. G., Kirby E. N., Simon J. D., Geha M., 2010, ApJ, 728, 2

CunhaK. et al., 2014, ArXiv e-prints

D’Antona F., Caloi V., Montalban J., Ventura P., Gratton B02, A&A, 395,
69

de Laverny P., Recio-Blanco A., Worley C. C., Plez B., 201&/AA544, A126

de Mink S. E., Pols O. R, Langer N., Izzard R. G., 2009, A&A75D1

Decressin T., Meynet G., Charbonnel C., Prantzos N., Eks8§ 2007, A&A,
464, 1029

Denissenkov P. A., Da Costa G. S., Norris J. E., Weiss A., 1888\, 333, 926

D’Ercole A., Vesperini E., D’Antona F., McMillan S. L. W., Rehi S., 2008,
MNRAS, 391, 825

Ferraro F. R. et al., 2009, Nature, 462, 483

Fulbright J. P., 2000, AJ, 120, 1841

Fulbright J. P., 2002, AJ, 123, 404

Geisler D., Piatti A. E., Claria J. J., Minniti D., 1995, AD)9, 605

Geisler D., Villanova S., Carraro G., Pilachowski C., Cumgs J., Johnson C. I.,
Bresolin F., 2012, ApJ, 756, L40

Geisler D., Wallerstein G., Smith V. V., Casetti-DinesculD2007, PASP, 119,
939

Gilmore G. et al., 2012, The Messenger, 147, 25

Gratton R., Sneden C., Carretta E., 2004, ARA&A, 42, 385

Gratton R. G. et al., 2001, A&A, 369, 87

Gratton R. G., Carretta E., Bragaglia A., 2012, A&A Rev., 20,

Gratton R. G., Sneden C., 1994, A&A, 287, 927

Grevesse N., Asplund M., Sauval A. J., 2007, Space Sci. R89,,105

Gustafsson B., Edvardsson B., Eriksson K., Jargensen Wadjund A., Plez
B., 2008, A&A, 486, 951

Harris W. E., 1996, AJ, 112, 1487

Hartwick F. D. A., Hesser J. E., 1973, ApJ, 186, 1171

Heiter et al. A., 2015, in prep

Ishigaki M. N., Aoki W., Arimoto N., Okamoto S., 2014, A&A, 26 A146

Ivans I. I, Kraft R. P., Sneden C., Smith G. H., Rich R. M., Btwee M., 2001,
AJ, 122, 1438

Joo S.-J., Lee Y.-W.,, 2013, ApJ, 762, 36

Kacharov N. et al., 2014, A&A, 567, A69

Kacharov N., Koch A., McWilliam A., 2013, A&A, 554, A81

Koch A., C6té P., McWilliam A., 2009, A&A, 506, 729

Koch A., Grebel E. K., Gilmore G. F., Wyse R. F. G., Kleyna JHarbeck D. R.,
Wilkinson M. I., Wyn Evans N., 2008a, AJ, 135, 1580

Koch A., McWilliam A., 2011, AJ, 142, 63

Koch A., McWilliam A., Grebel E. K., Zucker D. B., Belokurov.\2008b, ApJ,
688, L13

Langer G. E., HGman R. D., 1995, PASP, 107, 1177

Lapenna E., Mucciarelli A., Lanzoni B., Rosario Ferraro Palessandro E.,
origlia L., Massari D., 2014, ArXiv e-prints

Lardo C. et al., 2014, ArXiv e-prints

Lardo C. etal., 2013, MNRAS, 433, 1941

Lee J.-W., Carney B. W., 2002, AJ, 124, 1511

Lee J.-W., Carney B. W., Habgood M. J., 2005, AJ, 129, 251

Letarte B., Hill V., Jablonka P., Tolstoy E., Francois P. 4@ G., 2006, A&A,
453, 547

Marino A. F., Milone A. P., Piotto G., Villanova S., Bedin L..RBellini A.,
Renzini A., 2009, A&A, 505, 1099

Marino A. F. et al., 2011, ApJ, 731, 64

Marino A. F., Villanova S., Piotto G., Milone A. P., Momany,Bedin L. R.,
Medling A. M., 2008, A&A, 490, 625

Mashonkina L. I., ShimanskV. V., Sakhibullin N. A., 2000, Astronomy Re-
ports, 44, 790

Masseron T., 2006, PhD thesis, Observatoire de Paris

McLean B. J., Greene G. R., Lattanzi M. G., Pirenne B., 200@®stronomical
Society of the Pacific Conference Series, Vol. 216, AstrasahData Anal-
ysis Software and Systems IX, Manset N., Veillet C., Crabie, eds., p.
145

Modigliani A., Larsen J. M., 2012

Modigliani A., Mulas G., Porceddu I., Wi§IB., Damiani F., Banse B. K., 2004,
The Messenger, 118, 8

Mufioz C., Geisler D., Villanova S., 2013, MNRAS, 433, 2006

Mucciarelli A., Dalessandro E., Ferraro F. R., Origlia Larizoni B., 2014, ApJ,
793, L6

Mucciarelli A., Origlia L., Ferraro F. R., Pancino E., 200%J, 695, L134

Mucciarelli A., Pancino E., Lovisi L., Ferraro F. R., LapenB., 2013, ApJ, 766,
78

Article number, page 14 ¢f14

Pancino E., Gaia-ESO Survey consortium o. b. o. t, 2012, lAr¥-
prints:1206.6291

Pancino et al. E., 2015, in prep

Pignatari M., Gallino R., Heil M., Wiescher M., K&ppeler Rerwig F., Bisterzo
S., 2010, ApJ, 710, 1557

Piotto G. et al., 2007, ApJ, 661, L53

Randich S., Gilmore G., 2012, in Science from the Next Geimgramaging and
Spectroscopic Surveys

Recio-Blanco et al. A., 2015, in prep

Reddy B. E., Lambert D. L., Allende Prieto C., 2006, MNRAS7 36329

Reddy B. E., Tomkin J., Lambert D. L., Allende Prieto C., 20RBNRAS, 340,
304

Roederer I. U., 2011, ApJ, 732, L17

Roederer I. U., Cowan J. J., Karakas A. |., Kratz K.-L., Lugit., Simmerer J.,
Farougi K., Sneden C., 2010, ApJ, 724, 975

Rosenberg A., Piotto G., Saviane |., Aparicio A., 2000, A&A34, 5

Rutledge G. A., Hesser J. E., Stetson P. B., 1997, PASP, 009, 9

Sacco G. G. et al., 2014, A&A, 565, A113

Sbordone L., Bonifacio P., Buonanno R., Marconi G., MonacoZaggia S.,
2007, A&A, 465, 815

Sbordone L., Bonifacio P., Marconi G., Buonanno R., Zaggia2805, A&A,
437, 905

Schlegel D. J., Finkbeiner D. P., Davis M., 1998, ApJ, 506 52

Shetrone M. D., C6té P., Sargent W. L. W., 2001, ApJ, 548, 592

Simmerer J., Sneden C., Cowan J. J., Collier J., Woolf V. Mwler J. E., 2004,
ApJ, 617, 1091

Skrutskie M. F. et al., 2006, AJ, 131, 1163

Smiljanic R. et al., 2014, A&A, 570, A122

Sneden C., 2004, Mem. Soc. Astron. ltaliana, 75, 267

Sneden C., Johnson J., Kraft R. P., Smith G. H., Cowan J. te Bb S., 2000,
ApJ, 536, L85

Sneden C., Kraft R. P., Shetrone M. D., Smith G. H., Langer.GPEsser C. F.,
1997, AJ, 114, 1964

Sneden C. A., 1973, PhD thesis, THE UNIVERSITY OF TEXAS AT AUR.

Stetson P. B., 1987, PASP, 99, 191

Stetson P. B., 1992, in Astronomical Society of the Pacifiof€e@nce Series,
Vol. 25, Astronomical Data Analysis Software and Systenwdyrall D. M.,
Biemesderfer C., Barnes J., eds., p. 297

Stetson P. B., 2000, PASP, 112, 925

Stetson P. B., Pancino E., 2008, PASP, 120, 1332

TautvaiSiee G., Wallerstein G., Geisler D., Gonzalez G., CharbonnegR@4,
AJ, 127,373

Thygesen A. O. et al., 2014, ArXiv e-prints

Tinsley B. M., 1979, ApJ, 229, 1046

Valdes F. G., 1998, in Astronomical Society of the Pacific féoence Series,
Vol. 145, Astronomical Data Analysis Software and Systentis AMbrecht
R., Hook R. N., Bushouse H. A, eds., p. 53

Ventura P., D’Antona F., Mazzitelli I., Gratton R., 2001, Af»50, L65

Villanova S., Geisler D., 2011, A&A, 535, A31

Villanova S., Geisler D., Carraro G., Moni Bidin C., Mufioz 2013, ApJ, 778,
186

Worley C. C., Hill V., Sobeck J., Carretta E., 2013, A&A, 5337

Yong D., Grundahl F., 2008, ApJ, 672, L29

Yong D., Grundahl F., Nissen P. E., Jensen H. R., Lambert D205, A&A,
438, 875

Yong D. et al., 2014, MNRAS, 441, 3396

Zacharias N. et al., 2010, AJ, 139, 2184

Zinn R., West M. J., 1984, ApJS, 55, 45



	1 Introduction
	2 Observations and Data Reduction
	3 
	4 
	4.1 
	4.2 
	4.3 
	4.4 
	4.5 
	4.6 Heavy Elements

	5 Summary

