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Chapter 1

Introduction

This Ph.D. Thesis has been carried out in the framework aigrterm and large project devoted to
describe the main photometric, chemical, evolutionaryiatetjrated properties of a representative
sample of Large and Small Magellanic Cloud (LMC and SMC respely) clusters. The globular
clusters system of these two Irregular galaxies providesharesource for investigating stellar
and chemical evolution and to obtain a detailed view of tlae firmation history and chemical

enrichment of the Clouds. Therefore, the importance ofchister system results twofold:

1. they represent ideal templates of stellar populatiok®oivn ages and metallicities in order
to study the contribution of evolved sequences, Red Giaah&r (RGB) and Asymptotic
Giant Branch (AGB)n primis, to the total light as a function of the age;

2. they represent good tracers of the chemical enrichmetarkiof the Magellanic Clouds
(MCs) and a detailed analysis of their abundance patteststdition is a fundamental tool
to investigate the role played by the main chemical contoits) as Supernovae Type Il (SN
I), Type la (SN la) and AGB stars.

The results discussed here are based on the analysis ofdsghtion photometric and
spectroscopic datasets obtained by using the last gememaitimagers and spectrographs. The

principal aims of this project are summarized as follows:

e The study of the AGB and RGB sequences in a sample of MC clysteough the analysis
of a wide near-infrared photometric database, includingviag@ellanic globulars obtained
in three observing runs with the near-infrared camera SOFI@(ESO, La Silla). The
entire sample of selected clusters is reported in the mapgof E1, where the globulars

are grouped according to their age and marked with diffecelutrs, blue for young<500
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1.1. Magellanic clusters in the framework of the stellarletron

Myr) clusters, green for intermediate-age500 Myr- 8 Gyr) clusters and red for the old

clusters.

e The study of the chemical properties of a sample of MCs disistey using optical and
near-infrared high-resolution spectra. 3 observing rumgehbeen secured to our group
to observe 9 LMC clusters (with ages betweeh00 Myr and~13 Gyr) with the optical
high-resolution spectrograph FLAMES@VLT (ESO, Paranailyl & very young €30
Myr) clusters (3 in the LMC and 1 in the SMC) with the near-amfed high-resolution
spectrograph CRIRES@VLT. These clusters are marked inlFlgas filled points. All the

target stars are selected by using the near-infrared pledtimndatabase described above.

e The study of the photometric properties of the main evotusequences in optical Color-
Magnitude Diagrams (CMD) obtained by using HST archive dafith the final aim of
dating several clustergia the comparison between the observed CMDs and theoretical
isochrones. The determination of the age of a stellar ptipulaequires an accurate
measure of the Main Sequence (MS) Turn-Off (TO) luminositgd ¢he knowledge of the
distance modulus, reddening and overall metallicity. IR purpose, we limited the study
of the age just to the clusters already observed with higblagion spectroscopy, in order

to date only clusters with accurate estimates of the ovaretallicity.

In Fig. 1.2 a scheme summarizes the global project, emphgdize links between the 3 main
tasks of this project and the aim to obtain a new Age-MetglliRelation (AMR) for the MCs, a

crucial information in the broad context of galaxy evolatio

1.1 Magellanic clusters in the framework of the stellar evaltion

The Magellanic globular clusters provide an unique tool twestigate the integrated
spectrophotometric behavior of stellar populations as rectfan of both age and chemical
composition, given their wide range of ages and metakisiti The necessity to define reliable
and homogeneous metallicity and age scales for this clagtem is a fundamental step in order
to well calibrate the so-calledvolutive clock a theoretical tool able to describe the temporal
evolution of the Spectral Energy Distribution (SED) of dlatepopulation. The spectral evolution
of a Simple Stellar Population (SSP), an aggregate of caawhlchemical homogeneous stars,

and its most relevant color glitches are ideal clocks fomdaprimeval galaxies and deriving a
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Figure 1.1: Spatial distribution of the LMC and SMC globutdmsters observed with the near-
infrared camera SOFI@NTT. Young clusters are marked asdiicles, intermediate-age clusters

as green circles and old clusters as red circles. The filketksiindicate the clusters observed with
high-resolution spectrographs (FLAMES@VLT and CRIRES@YL

suitable relation between look-back time and redshift.ll&tevolution theory predicts that red
stars dominate the bolometric luminosity of a SSP after it &volutionary stages. Two main
events (the so-called Phase Transitions, Ph-Ts) shoutdisantly mark the spectral evolution of
a SSP during its lifetime. They are due to the sudden appearainred and bright AGB after

~ 10® yrs (AGB Ph-T) and RGB after: 10° yrs (RGB Ph-T). From an observational point of
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Figure 1.2: Diagram of the global project with the link beemethe different pieces that compose
the work.

view, if these Ph-Ts are detected in SSPs of known age andlicigtait becomes possible to
yield the appropriate calibration of the clock. Once stediggregates formed, their SED evolve
because of the continuos changes of their stellar conteiné atcurate calibration (in terms of
age and metallicity) of the evolution of their emissivityresents the core of thevolutive clock
This tool results pivotal to trace the evolutive history lkar populations and covers a key role in
cosmological issues, because it can be used to date thevafigadaxies (as discussed in Renzini
& Buzzoni, 1986; Buzzoni, 1989, 2002). The empirical cadiimn and following reading of the
clock which drives the spectral evolution of SSPs and repissthe basic tool for a quantitative

description of galaxy evolution at high redshift, are thalfigoal of our global project.
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Chapter 1. Introduction

1.2 Magellanic clusters in the framework of the chemical eviition

Modern cosmological theories based on the cold dark ma#eadigm predict that all galaxies
form from a local over-density in the primordial matter distition, growing via the accretion
of smaller building blocks The most obvious candidates to be these fragments are tAd dw
spheroidal (dSph) and the dwarf Irregular (dirr) galaxi®edrle & Zinn, 1978; Zinn, 1980). A
detailed screening of the chemical signatures of the statipulations (both field and clusters) in
these classes of galaxies, coupled with an accurate ageniteddion, represents a fundamental
step to understand in detail the evolutionary processess siape galaxies. Moreover, the
comparison of the Milky Way (MW) abundance patterns withsegellite ones provides stringent
constraints to the origin of these galactic systems in thenéwork of themerging scenario
described above. Clearly, if the Galactic Halo formed frad8pks or dirrs (or objects like them),
it should have kept some memory of their kinematical and d¢b@rproperties (see Geisler et al.,
2007).

Direct measurements of chemical abundances of resolvesl istéhe Galactic satellites by
using high resolution spectroscopy are actually a new anigjiring field of research. The recent
advent of 8-10 m class telescopes provides first chemicadrnrdtion for several dSphs (Shetrone
et al., 2003; Letarte et al., 2006), the Sagittarius (Sgphd&mnants (Bonifacio et al., 2000;
Monaco et al., 2005, 2007; Sbordone et al., 2007) and the LW SMC (Hill, Andrievsky
& Spite, 1995; Hill et al., 2000; Johnson, lvans & StetsonQ&0 The observation of resolved
stars in extragalactic systems with high-resolution specéphs is limited by their intrinsic
faintness: indeed the brightest targets stars are typi¢all16-17 and they require several hours of
integration time to achieve appropriate S/N. Fig. 1.3 suniwea the actuastate of the arabout
our knowledge of the chemical signatures for three reptatea a-elements ([O/Fe], [Mg/Fe]
and [Ca/Fe] ratios) from high resolution spectroscopiadase for the Milky Way, dSph galaxies,
Sgr, LMC field stars and clusters and SMC field stars. Thesgdtseare based on very limited
samples, typically 3-5 stars for each dSph, some tens foaiStjless an hundred stars in the MCs.
These samples provide only first guesses about the chemagadnties of these stellar populations,

emphasizing the necessity to expand these database.

1.3 Thesis organization

This Thesis is organized as follows:

Chapter 2 summarizes briefly the vast literature on the astgllopulations in the MCs,
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Thesis organization
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Figure 1.3: Summary of the actual knowledge of [O/Fe], [Mg/&nd [Ca/Fe] abundance ratios in
the dSphs and dlrrs, in comparison to the Galactic abundaaiterns. The MW stars are marked
as grey points (data from Fulbright, 2000; Gratton et a0 ®Reddy et al., 2003; Reddy, Lambert
& Allende Prieto, 2006), LMC field stars as red points (Hillndrievsky & Spite, 1995; Pompeia
et al., 2006), LMC clusters as red triangles (Hill et al., @00ohnson, Ivans & Stetson, 2006)
SMC field stars as green points (Hill, 1997), dSph galaxidsas empty squares (Shetrone et al.,
2003) and Sgr dSph galaxy as blue asterisks (Bonifacio ,£2@00; Monaco et al., 2005, 2007,
Sbordone et al., 2007)

concentrating mostly on our actual knowledge of the glolbaperties of the Magellanic globular
clusters, in terms of age and chemical composition.

Chapter 3 describes the near-infrared photometric asalgiLMC and SMC clusters, the
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Chapter 1. Introduction

morphological properties of the observed sequences (AGBB Rind He-Clump) and the
definition of suitable population ratios in order to study tbontribution of AGB and RGB
sequences to the total cluster light as a function of its age.

Chapter 4 focuses on the results obtained from our obsenaticampaign with the high-
resolution spectrograph UVES@FLAMES. We describe thelteabout the first 4 intermediate-
age LMC clusters analyzed so far. For each cluster we deniyedo 20 abundance ratios
sampling the main chemical elemental groups, namely light-8, «, iron-peak and neutron-
capture elements.

Chapter 5 presents the first results of our project devotexbtain detailed ages of themplate
clusters for which we have already studied the chemical cmitipn. The analysis of the 2
intermediate-age clusters NGC 1978 and NGC 1783 is disdusse

Finally, Chapter 6 summarizes schematically the overalllte and briefly describes the ongoing

projects and the future perspectives of this study.
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Chapter 2

The Magellanic Clouds and their stellar
cluster system

The MCs are the nearest galaxies with a present-day staafeon activity and represent a
formidable laboratory for the study of stellar populatioriBhey exhibit several epochs of star
formation, likely linked to their mutual tidal interactisrand with the MW (Bekki et al., 2004;

Bekki & Chiba, 2005). Given their proximity, stellar poptitmis in the MCs can be easily
resolved, offering an excellent laboratory in a multitud@strophysical issues.

The globular cluster system of the MCs plays a key role to gaiomprehensive picture of stellar
cluster formation and their role in the evolutionary franoekvof their parent galaxies. In this
Chapter we summarize the principal works in the vast liteeaabout the stellar content in the
MCs, focusing on the actual knowledge about ages and chenuogpositions of the different

stellar populations.

2.1 The Magellanic Clouds: morphology and structure

The Irregulars are gas-rich galaxies that evidence the laiclspiral density waves and

bulge/nuclear regions and often exhibit a disk-like stitet The most massive Irregulars with
a disky structure and residual spiral features are calagellanic spiral§see Grebel, 2004). In

particular, the LMC is a Barred Magellanic Spiral, becausthe central, high surface brightness
Bar; instead the SMC is the prototype of the so-callddgellanic irregularsbecause it is less

luminous and less massive than the other Magellanic spieadd without spiral and barred

structures. Fig. 2.1 reports a 3-D representation of theaLGroup (Grebel, 1999) with the

position of all the member galaxies (Spirals, Irregulaplas and dwarf Ellipticals).

The MCs are the two most massive Irregulars in the Local Geonuplocated in immediate
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Figure 2.1: A scaled 3-D representation of the Local Groupeb@l, 1999). The open circles
indicate the large spiral galaxies (M31, M32 and the MW) ebdymbols the Irregular galaxies
(including the LMC and the SMC), green symbols the dwarfgltials and the orange symbols
the dSphs. The dashed ellipsoid marks a radius of 1 Mpc arthad.ocal Group barycenter
(indicated as a red cross).

proximity of the MW, with a distance of 50 and 60 kpc for LMC aS#C respectively. These
galaxies are one of the most important stepping stones opatiethat leads to the extragalactic
distance scale and several methodologies have been afpligdr the distance of the two Clouds,
e.g. the Red Clump magnitude level (Alves et al., 2002), tr@ble stars, both Cepheids and RR
Lyrae (Bono et al., 2002; Dall’Ora et al., 2004), the obsgoves of the Supernova remnant 1987A
(Panagia, 1999). All these analysis evidence an high lelvebosistency. In his monographic
review about the MCs, Westerlund (1997) provides unwetjlaeerages (obtained by using all
distance determinations published prior to 1996}:af— M ),=18.48-0.04 and 18.940.05 for

14



Chapter 2. The Magellanic Clouds and their stellar clugtetesn

the LMC and SMC, respectively. The following review presehby Alves (2004), including
the distance determinations for the LMC obtained since 2@0a8vides an average distance
modulus of(m — M ),=18.50t0.02. This value yields an Hubble constadf=71+10 km/s/Mpc,

in excellent agreement with that derived from tiélkinson Microwave Anisotropy Probef
Hy=72+5 km/s/Mpc (Spergel et al., 2003). Several studies (atrdiffewavelengths and based on
different tracers) in the last decades derived a complextsire for the LMC. We report in Fig.
2.2 a sketch with the main features of this galaxy (from Sew&mith et al. , 2003). The main

components are:

e the Disk — The generally accepted consensus about the LM@@tste indicates an
approximately planar galaxy with a circular geometry agéaradii. When observed in the
H I wavelengths, the LMC appears more symmetrical than ircajpibands. Staveley-Smith
et al. (2003) analyzed the large-scale H | structure of theCl_BVvidencing a well-defined,

nearly circular disk that forms the main body of the galaxy.

e the central Bar — This high surface brightness region regiittcentered with respect to the
center of the optical disk. Recently, Zaritsky (2004) pregubthat the LMC Bar is a triaxal
bulge. Assuming its luminosity of the order v6°L 5, the Faber-Jackson relationship
provides a velocity dispersion 6f70 Km/s. Recently, Cole et al. (2005) derive from a large

Bar giant star sample a velocity dispersior~d0-40 Km/s, rejecting this hyphotesis.

e a (possible) kinematically hot halo — The presence bbtspheroidal stellar halo has been
investigated from several studies but without a definitimeveer. The first evidence of a
kinematically hot population was reported by Hughes, Woo&&id (1991) analyzing a
sample of long period variables. Recently, the sample of 48R Lyrae stars studied
by Minniti et al. (2003), and with a large velocity dispensi¢r,=53+10 km/s) provides
another hint to the existence of an halo component. On ther étéind, other works have

failed to detect this population (e.g. Schommer et al., 1@32rera et al., 2007).

e the Magellanic Stream, a trailing filament of neutral hydnodghat originates from the MCs
and stretches for over100 degrees in the Southern Sky. The widely accepted exana
for this feature links the Stream to the gravitational iatg#ions between the Clouds and the
MW.

e the Magellanic Bridge, a gaseous and stellar structure ¢bahects the two Clouds.

Differently to the Magellanic Stream, which appears to baieemas feature, the Bridge

15



2.2. The Magellanic cluster system: so far, so near

includes a known stellar population

e 30 Doradus is an extended H Il region in the north-east sideeoE MC and represents the

most active starbust region known in the Local Group.
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Figure 2.2: A schematic representation of the LMC structlggved by Staveley-Smith et al.
(2003) from the H | maps. The kinematic center, the Bar, thearklal arms and the supergiant

shells are plotted.

2.2 The Magellanic cluster system: so far, so near

The MC cluster system exhibits striking differences fromattof our own Galaxy, where a clear-
cut dichotomy is observed between young and intermediggesparse open clusters and old

compact globular clusters. MCs include a large populatibpapulous stellar clusters with
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Chapter 2. The Magellanic Clouds and their stellar clugtetesn

mass, morphology and dynamic comparable to the Galactis, dng distributed in more wide
and complex age and metallicity ranges.

Many general aspects of this GC system appear in contraketproperties observed in the
Galactic Globular clusters (GGCs) (see e.g. Westerlun87;19an den Bergh, 1998). These
differences reflect differences in the dynamical and chalrigstory of the host galaxies. In

summary, we can define some main differences:

e The very huge age distribution covered by these clustergesarirom ~12-13 Gyr
(corresponding to the primeval stellar populations borthbo the LMC and SMC) to a
few Myr, with the existence of very young massive clusteembryonicstage (the most
known case is the cluster R136 (Hunter, 1999) with an agesolMyr and located in the 30
Doradus). This distribution results to be not continuouthanLMC, with a lack of clusters
in the range betweern3 and~13 Gyr, the so-called\ge Gap(Rich, Shara & Zurek, 2001;
Bekki et al., 2004; Mackey, Payne & Gilmore, 2006). Natuasequence of this wide age
distribution is the wide distribution of the integrated @@, already investigated by several
authors (e.g. Searle, Wilkinson, & Bagnuolo, 1980; van dergB, 1981; Persson et al.,
1983).

e A corresponding wide metallicity distribution (Olszews#t al., 1991; Grocholski et al.,
2006), with the detection of metal-poor objects (with [Felig¢tween —2.5 and —1.5 dex)

and a large fraction of metal-rich clusters ([Fe#40.6 dex).

e The MC clusters are one order of magnitude less massive llea@&Cs. Fig. 2.3 (upper
panel) shows the mass distribution of a sample of LMC clasbsr Mackey & Gilmore
(2003), that results to be peaked atM - 10* M, (in comparison we report also the mean
mass value for the GGCs; 2 - 1O5M®, see Harris, 1996).

e The MC clusters result more flattened with respect to the cBialaounterparts, with more
stark departures from the spherical symmetry (Geisler &d¢0d 980; van den Bergh &
Morbey, 1984). White & Shawl (1987) show that more than 60%hef GGCs exhibits
a mean ellipticitye <0.10 (with a mean value of = 0.07). Both Geisler & Hodge
(1980) and Goodwin (1997) estimated mean ellipticity far ttMC GCs higher than the
GGCs one, findingg = 0.22 and 0.14, respectively. Fig. 2.3 (lower panel) shows the
ellipticity distribution of the LMC clusters sample by Gleis& Hodge (1980), with marked

the average value for the GGCs.
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Figure 2.3: Upper panel: histogram of the mass distribubbthe LMC clusters, data from
Mackey & Gilmore (2003). The arrow indicates the averageedtom the GGCs. Lower panel:
histogram of the ellipticity distribution of the LMC clust data from Geisler & Hodge (1980).
The arrow indicates the average value from the GGCs.

e A large fraction ofapparentlybinary (or multiple) clusters has been observed in the LMC
(see e.g. Bhatia et al., 1991; Bhatia, 1992; Dieball, M|fi€trebel, 2002; Portegies Zwart
& Rusli, 2007). Pietrzynski & Udalski (2000) presented a svigtlas of the candidates
binary clusters, including 745 star clusters and a totalQff fultiple cluster candidates

with a maximum separation of 18 pc.
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Chapter 2. The Magellanic Clouds and their stellar clugtetesn

2.3 The age distribution of the MC stellar populations

The wideness of the age distribution covered by the steltgoujations in the MCs (and in
particular by their globular clusters) represents one eftiost intriguing feature of these galaxies.
The star formation history (SFH) of MC field stellar popubais is not yet well known. Some
studies, based on HST data in small fields, suggest that theé EFH (both in the disk and in
the Bar) developed in a continuous way, with an increase @fstar formation rate in the last
few Gyrs. Smecker-Hane et al. (2002) obtained CMDs of a fieltared in the LMC Bar and
in another located in the Disk (see Fig. 2.4), deriving samFHs at older ages-{-15 Gyr).
The Bar SFH results dominated by two distinct enhancementisei Star Formation Rate from
4 to 6 and from 1 to 2 Gyr ago, while the Disk exhibits a nearlpstant Star Formation Rate.
A definitive consensus about the Star Formation Rate andpibehs of the main star formation
episodes of the SMC is not yet reached: the main periods offatanation in the SMC disk
are recognized by Harris & Zaritsky (2004) at 400 Myr, 3 Gyd &hGyr, Dolphin et al. (2001)
present a continuous star formation rate in the halo withraidant episode between 5 and 8 Gyr
and Rafelski & Zaritsky (2005) argue that the cluster agéritigtion shows few peaks, without
significativegaps

In order to describe the different stellar populations & MCs (both field and cluster), we

can distinguish three main age families:

e Old population: this stellar population is considered coeval to the Galadialo and
includes the first stars born in the early ages of the MCs. &#lstd.5 bona fideold LMC
and 3 SMC clusters are known and consideredeal/counterparts of the GGCs.

Testa et al. (1995) and Brocato et al. (1996) provided thé diges for some old LMC
clusters based on the direct measurement of the MS TO regidrey found that the
observed objects (namely NGC 1786, 1841, 2210 and 2257) d&ge® comparable with
the metal-poor Galactic clusters, supporting a scenanichich the cluster formation in the
two environments is coeval and similar. Olsen et al. (1998)y@ed WFPC2@HST CMDs
for other 6 old LMC clusters (namely NGC 1754, 1835, 1898,612D05 and 2019), finding
that all these globulars show very similar ages to GGCs anthfee objects evidenced a
discrepancy between the metallicity inferred from the R®B the previous determination
by Olszewski et al. (1991).

Studies concerning the old SMC clusters point toward a gliggpunger ages of these
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Figure 2.4: (V, V-1) CMDs obtained of 2 LMC stellar fields obtad by using WFPC2@HST. Left
panel: field located ait.7° from the center of the LMC. Right panel: field located in the Ci8ar.
Figure from Smecker-Hane et al. (2002).

objects with respect to the old LMC clusters. Shara et al98) @lerived for the old SMC
cluster NGC 121 an age that is 2 Gyr younger than that of mokicBa and old LMC
clusters (result confirmed by the recent findings by Glatt.e208).

e Intermediate population: in this class we include stellar populations with ages leetw
~0.5 and~10 Gyr. The intermediate-age clusters represent the rajatthe entire LMC
and SMC cluster population, as discussed by Olszewski é1391). Despite the similar
extension, the age distribution of the cluster and the fitddssn the LMC appears to be
distinctive for the presence of the so callége Gap corresponding to the lack of clusters
in the wide range between3 and~13 Gyr (Rich, Shara & Zurek, 2001). One only cluster,
namely ESO121-SCO03, has been detected in this age rangeqM#ébdge & Schommer,
1986; Mackey, Payne & Gilmore, 2006), but it is likely thaistbluster has been originated

in the SMC (where thél\ge Gapis not observed and the cluster age distribution appears to
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be continuos) and tidally captured from the LMC. Bekki & Chif2005) discussed three
possible scenarios to solve this problem: (1) after theainiturst of clusters at the epoch
of the galaxy formation {13 Gyr ago) the cluster formation has been interrupted until
~3 Gyr ago; (2) the cluster formation has been not suspendedthe initial burst. The
cluster with ages betweenl13 and 3 Gyr have been tidally stripped, or (3) preferemntiall
destroyed by the LMC tidal field. The most recent theoreticastigations (Bekki et al.,
2004; Bekki & Chiba, 2005) have shown that the main episodesav formation in the
LMC can be related to the close encounters with the SMC. Tlagtsr events could be
also responsible for the formation of the off-center Bar tiredage distribution of the LMC
GC system. Several studies investigated the propertidsesétclusters in different spectral
ranges, near-infrared (Sarajedini et al., 2002; Ferraeb. £1995; Grocholski et al., 2007),
optical (Brocato, Di Carlo & Menna, 2001; Gallart et al., 308&erber, Santiago & Brocato,
2007) and ultraviolet (Meurer, Cacciari & Freeman, 1990leGa al., 1997).

e Young population: as already discussed above, the MCs display a stark stairig
activity, confirmed from the presence of numerous globulasters with ages less than
1 Gyr (Johnson et al., 2001; Kerber et al., 2002; Siriannil.et2@02). One of the most
largely studied LMC cluster, namely NGC 1866, belongs ts fhopulation (Testa et al.,
1999; Barmina, Girardi & Chiosi, 2002).

The first method adopted almost three decades ago to dateGhdugters was described by
Searle, Wilkinson, & Bagnuolo (1980) and based on the looatif each cluster in the integrated
color-color plane. They introduced a simple classificatbithese clusters into 7 classes (called
SWB type). A more refined version of this method was proposeBlbon & Fall (1985). They
divided the sequence described by the MC clusters inthe- B),-(B — V'), diagram in 52
intervals of equal length (see Fig. 2.5) and assigned a whee so called s—parameter) to
each cluster by projecting it normally onto the curve. Thésgmeter correlates linearly with
the logarithm of the age and represents an easy tool to daese ttiusters. Different temporal
calibrations of the s—parameter have been presented iashéno decades (Elson & Fall, 1985,
1988; Meurer, Cacciari & Freeman, 1990; Girardi et al., 2995
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™ e LMC

u-B

Figure 2.5: Color-color diagram for the LMC (filled circleapd SMC (open circles) globular
clusters, obtained from the data of van den Bergh (1981).sdhe curve is divided in 51 intervals,

according to the s—parameter and the large bars indicatpfreximate boundaries of SWB type
I-VII. Figure from Elson & Fall (1985).

2.4 The chemical composition of the Magellanic Clouds

2.4.1 The field stars

The metallicity distribution of the LMC field stars has beawndstigated by using the Ca Il triplet
method in several works (e.g. Cole, Smecker-Hane & Gallad¥#0; Cole et al., 2005; Carrera
et al., 2007). Cole et al. (2005) analyzed 373 red giant $taegted in the LMC Bar, deriving
a metallicity distribution peaked at the median value of/lffe—0.40 dex. This distribution,
reported in Fig. 2.6, can be described by the sum of two gawgdistributions, the first (that
includes the majority of the stars) with a mean value of [Fe#48.37 dex (with a dispersion of
o= 0.15 dex) and the second with mean metallicity of [Fe/H]881dex¢= 0.46 dex). Half of the
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observed stars show metallicity between —0.51 and —0.28aiekonly~10% are more metal-
poor than [Fe/H]=—0.7 dex. By using the Padua isochronesafdiet al., 2000), they estimated
the ages for the target stars, obtaining th@0% of the sample is younger tharé Gyr.

Carrera etal. (2007) discussed the metallicity of sevaratheds of LMC giant stars located in
four fields at different distance from the Bar cent&t, 6°, 6° and8°) and observed with HYDRA
spectrograph at the CTIO 4m telescope. The metallicityritligions derived in each field are
plotted in Fig. 2.7. The most inner fields exhibit mean mei#ks very similar to that obtained
by Cole et al. (2005) (with [Fe/H] between —-0.45 and —0.50 déve outer field shows a decrease

of the metallicity, with a mean metallicity of [Fe/H]=—0.d&x.
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Figure 2.6: Metallicity distribution from the sample of @adt al. (2005) including 373 giant stars
of the LMC Bar. The inner panel shows the metal-poor tail efdistribution.

The optical high-resolution spectroscopic database ttagailable for the MC field stars
include less than one hundred stars.
The first chemical abundances based on high resolutionrapeate been presented by several

groups to study small samples of F supergiants in the LMCg8U& Bessell, 1989; McWilliam
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Figure 2.7: Metallicity distributions from the sample of i@aa et al. (2007) including 4 LMC
Disk fields. In each panel the mean metallicity and the cpoeding dispersion are reported.

& Williams, 1991; Hill, Andrievsky & Spite, 1995; Luck et al1998) and just 6 K supergiants in
the SMC (Hill, 1997). Hill, Andrievsky & Spite (1995) analgd 9 F supergiant stars (located in
different regions of the LMC Disk) by using CASPEC and EMMéspra (mounted at NTT@ESO,
La Silla). These stars are metal-rich (from [Fe/H]=—0.34 aled [Fe/H]=—0.15 dex) with a general
depletion of the [O/Fe] and [Mg/Fe] ratios with respect te siolar value, but with enhanced ratios
for [Ca/Fe] and [Ti/Fe]. Moreover, the neutron capture edata Ba and Eu result to be enhanced
(>0.3 dex).

Smith et al. (2002) analyzed an handful of LMC field stars bingishigh-resolution infrared
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spectra obtained with Phoenix spectrometer. These starsssmetallicity range from [Fe/H]=—
1.1 dex and [Fe/H]=—0.3 dex, with [Na/Fe] and [Ti/Fe] ratiosver than their corresponding
Galactic values at the same metallicity level by abe@1-0.5 dex (similar to the findings in
the dSph galaxies by Shetrone et al., 2003). Moreover, thed|datio results subsolar in all the
target stars.

Recently, Pompeia et al. (2006) presented the first largeplsa62 giant stars) of LMC
disk stars observed with the high-resolution spectrogl@fRAFFE@FLAMES and spanning a
range between [Fe/H]=—1.74 dex and —0.28 dex. Their findawggirm the previous ones by
Hill, Andrievsky & Spite (1995), with an overall deficiencyf the [a/Fe] ratios with respect
to the Galactic patterns and an anomalous abundance péiteitme neutron-capture elements,
that display a strong enhancement for [Ba/Fe] and [La/Fel andepletion for [Y/Fe] and
[Zr/Fe]. Moreover, this sample exhibits stark depletions [Na/Fe] and [Cu/Fe], that remark

the substantial chemical difference between this enviesrirand our Galaxy.

2.4.2 The globular clusters

Actually, the major quantity of information about the métatly of these clusters derived mainly
from two extensive surveys based on the Ca I triplet analy®iszewski et al. (1991) presented
radial velocities for 81 LMC clusters and [Fe/H] ratios fdt @bjects of this sample and these
results have been adopted as the references for the mg&dliof the LMC clusters. Fig. 2.8
(upper panels) shows the histograms for the [Fe/H] and Iradliacity distributions obtained from
the dataset by Olszewski et al. (1991). The metallicityritigtion exhibits a large peak at-
0.50 dex with very few objects with [Fe/H] between —1.8 anddet and a secondary peak with
[Fe/H]<-1.8 dex and corresponding to the old population. The dlsigtppear to be distributed
uniformly betweer/,.,4=188 and 343 km/s, according to the HI velocity distributipnStaveley-
Smith et al. (2003). No clear correlation between these @vampeters has been found.
Recently, Grocholski et al. (2006) obtained new metajlieistimates for 28 populous LMC
clusters by using near infrared FORS2@VLT spectra (metigiland radial velocity distributions
are plotted in Fig. 2.8, lower panels). The intermediate-glgsters in this sample evidence a very
tight distribution, with a mean iron content of [Fe/H]=—8.dex =0.09 dex), without clusters
with solar metallicity (at odds with the findings of Olszewsk al., 1991). This metallicity for
the LMC intermediate-age clusters results very similah®previous study about the LMC Bar
by Cole et al. (2005), indicating a similar chemical evalatfor the Bar and the Disk. Moreover,

they identify a possible intermediate, metal-poor clystamely NGC 1718, that they estimate to
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Figure 2.8: Left: metallicity distribution from the samig Olszewski et al. (1991) (upper panel)
and by Grocholski et al. (2006) (lower panel). Right: hedioic radial velocity distribution from
the sample by Olszewski et al. (1991) (upper panel) and bygltiski et al. (2006).
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have~2 Gyr and an iron content of [Fe/H]=—0.80 dex, lower than ttreepintermediate clusters
of about 0.30 dex.

A detailed scenario of the chemical patterns for the difiepopulations of LMC clusters by using
high resolution spectroscopy is still lacking and only spaand incomplete datasets are actually
available.

Several studies have concerned 3 young, populous clusterely NGC 1818 (Richtler, Spite &
Spite, 1989; Korn et al., 2000), NGC 2004 (Korn et al., 2002 and NGC 2203 (Smith et al.,
2002), indicating an high metallicity ([Fe/B}-0.6 dex) and a mild deficiency efelements. On
the other hand, the chemical analysis by Oliva & Origlia @PBased on near-infrared spectra
for several young LMC and SMC clusters indicates an enhaaneof the [Si/Fe] ratio (generally
greater than 0.3 dex). Hill et al. (2000) presented chenaibahdances of Fe, O and Al from high-
resolution spectra of 10 red giant stars in 4 LMC globulastdts, namely NGC 1866, NGC 1978,
ESO 121 and NGC 2210, spanning the entire age range of the Ld&tecs system. They found
[Fe/H]=-0.50, —0.96, —0.91 and —1.75 dex, respectivelgirigin particular a strong discrepancy
(~—0.6 dex) for the iron content of NGC 1978 with respect to thevipus one of Olszewski et
al. (1991). All these clusters exhibit slightly enhancedH€] and slightly depleted [Al/Fe] with
respect to the solar ratios. The older cluster in this sapBC 2210) displays a strong dispersion
in the [Al/Fe] ratio of the three observed stars, accordatipé chemical dishomogeneity observed
in the GGCs but without significant spread in the [O/Fe] ratio

A detailed study of the chemical signatures of 4 old LMC dusi{namely NGC 1898, NGC 2005,
NGC 2019 and Hodge 11) has been presented by Johnson, Ivatet$is (2006), confirming
the low iron content {—1.2 dex) of the old population. They generally found abueedaratios
comparable to those of the Galactic GCs. Exceptions arehd-g] and [Ti/Fe] ratios, similar to
the solar values, and [V/Fe] and [Ni/Fe] which are signiftsannderabundant (by a factor of 2-3)
with respect to the solar ratio.

For the SMC, the database available is limited to some vegngalusters (see e.g. Oliva &
Origlia, 1998; Hill, 1999), confirming the low iron conterfFé€/H]<—0.8 dex) of these objects but
the level of then-enhancement remains unclear and debated (e.g., for thieicNNGC 330 Oliva
& Origlia (1998) estimated a [Si/Fe]=0.5 dex and Hill (19%0inild depletion for the same ratio

of about 0.2 dex with respect to the solar value).
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2.5 Open issues

In the light of the literature review presented in this Cleaptve can summarize some open

guestions about the MC stellar populations:

e — Despite several works have been dedicated to dating thaiviMagellanic clusters,
an homogeneous age scale based on the direct measuremémet MStTO region has
never been computed. The only homogeneous scale actualilalae is the one based
on the s—parameter. This parameter needs to be accuralibyated by using precise age
measurements. A crude comparison between the ages infeoradhe s—parameter and
from MS-TO measurement, evidences as the s—parametedpsogood ages for the young
clusters but fails to date the oldest population (see eggatfe determinations presented by
Bomans et al., 1995; Brocato et al., 1996; Mighell, SarajefliFrench, 1998).

e — Currently, an homogeneous metallicity scale for the Magét clusters based on high-
resolution spectra is still lacking. The only metallicigede results to be the landmark study
by Olszewski et al. (1991), based on the Ca Il triplet methekpite this work represents a
gold-mine of information about the iron content for sevetakters, some papers suggested
for individual cluster discrepant metallicities. Olserakt(1998) noted as the metallicity by
Olszewski et al. (1991) for 3 old LMC clusters are not able &lweproduce the observed
RGB slope. Hill et al. (2000) found for 2 LMC clusters strongfetences 0.2 dex
for NGC 2210 and~0.6 dex for NGC 1978) with respect to the previous ones. Ao t
comparison between the clusters analyzed both by Olszeatsii (1991) and Grocholski

et al. (2006) evidenced strong discrepancies.

e — A detailed screening of the chemical patterns of the @fieMMC stellar populations is
still lacking. The high-resolution spectroscopic samgletsially available provide precious
information about then-elements and the possible depletion of these in the mietal-r
regime with respect to the Galactic patterns. On the othedhaome works identify
opposite trend, with the detection of metal-rich supergséars with enhanced [Ca/Fe] ratios
(Hill, Andrievsky & Spite, 1995) or very-young, metal-postellar clusters with enhanced
[Si/Fe] ratios (Oliva & Origlia, 1998).

Several elements, as Cu, Y, Zr, Ba, exhibit peculiar pastéPompeia et al., 2006), pointing
toward the differences of chemical evolutions between ti@EsMnd the MW. On the other

side, for several other interesting elements (e.g. Li, Ah, Md, Eu) the information actually
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available are limited to few stars or inexistent.

e — The AMR for the MCs is yet not well known. Normally, the adegptAMR is defined
by globular clusters. The combination of the Olszewski e{E891) metallicity scale with
the sparce age estimates available in literature (as diedus Rich, Shara & Zurek, 2001)
provide a preliminary frame of AMR, affected by large scadtied the dishomogeneity of the
age-axis. Other works, based on Washington (Bica et al8)1&9Stromgrem (Dirsch et al.,
2000) photometry, investigated the AMR by using the globalasters or, alternatively, the
alpha content of planetary nebulae (Dopita et al., 1997). All éhesrks provided similar
results, with a metallicity jumps from [Fe/H}-1.5 dex for the oldest objects to [FeAH
0.5 for the youngest ones. The surveys devoted to study thelitiey distribution of the
field stars by using Ca Il triplet (Cole et al., 2005; Carrdralg 2007) provide metallicities
for large sample of stars but the determination of the agédtut stars is not a trivial matter
and the resulting ages are largely uncertain, especialthéoldest populations. Generally,
a possible evidence emerges from these surveys: the AMReibhMC Bar has remained
approximately constant in the last 5 Gyr (Cole et al., 2004)je in the Disk has increased
in the time (Carrera et al., 2007). This finding seems to caonthie theoretical scenario
drawn by Bekki et al. (2004) in order to explain the formaténd the chemical evolution of
the LMC, suggesting that the Bar would have formed from disiemal as a consequence

of tidal interactions between the Clouds and the MW about 6agp.
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Chapter 3

The Near-Infrared photometric survey
of the Magellanic clusters

Based on the results published in :
— Mucciarelli, Origlia, Ferraro, Maraston & Testa, 2006,JAp46, 939

— Mucciarelli, Origlia, Maraston & Ferraro 2008, submitted

In this Chapter we describe the near-infrared (J, H and K $aptiotometric database
of MC clusters, collected by our team in these last years ligguthe near-infrared camera
SOFI@NTT. A detailed investigation of the main near-ind@iproperties of these clusters, both
young-intermediate and old, is a crucial task to well-sttiiy red giant sequences (He-Clump,
RGB and AGB stars) and their contribution to the total cludight. For this purpose, we
obtained quantitative estimates of star population rgbgsiumber and luminosity) in the sampled
evolutionary sequences and compared with theoretical lmadthe framework of probing the so-
called Phase Transitions. An empirical calibration forsthevents, both in terms of age and
metallicity, is a necessary step to use the SSPs as suiabj@dtes in order to predict the age of
unresolved SSPs and of more complex stellar systems aslthésga(see e.g. Renzini & Buzzoni,
1986).

3.1 Theoretical background

A SSP is defined as an aggregate of coeval, initially chelgitelmogeneous, single stars and
described by 4 main parameters, its age, its chemical cdtiggogHe and metal fractions Y
and Z) and the initial mass function (IMF). The stellar chustrepresent the best example of

SSPs provided by the nature; on the other side, the galardesoanplex stellar population (CSP)
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including different stellar generations, with various aigad metallicities. However, a CSP can be
expanded in a series of SSPs and these latter cover the rstiellaf units in order to model more
complex populations. The continuos evolution of a SSP, dukd evolution of its stellar content
(the so called passive evolution), modifies its SED.

The total bolometric luminosity of a SSP of atygan be expressed as the sum of two terms, related
to the MS stars and post-MS (PMS) stars:

L (t) = LiTs(t) + LEiss(1).
The first term depends on the adopted mass-luminosity sala{M,t) and IMF®(M):
Mro
LY (t) = / L(M,t)®(M)dM.
Minf
The second term, that takes into account the PMS stars lootbm, is directly proportional to
the amount of fuel burned during any evolutionary phase amdbe expressed in the following

analytic form:
Lg’-"l(t) =9.75-10% . b(¢t) - Fj(Mro) (Lo)

where b(t) is theevolutionary fluxand F;(Mro) is the nuclear fuel burned by stars with

M = Mo in their PMS evolutionary phage The function b(t) is given by
b(t) = <I>(JWTO)|J\'4TO| (stars yr_l),

and includes the IMB computed fordM/ = M7 and the time derivativé/ro of the analytic
relation that correlated/ro and t. Theevolutionary fluxindicates the number of stars evolving

off the MS per year and represents teath rateof the population. The fuel is defined as
Fy =mi' +0.1mi' (M)

wherem andm!¢ indicate the mass of hydrogen and helium burned during tbigenary
phase .

By using this approach (the so-callédel Consumption Theorersee Renzini & Buzzoni, 1986)
it is possible to compute the time evolution of the relatieatcibution of any evolutionary phase
j (both MS and PMS) to the total light of the population. Fidgl Beports the time evolution of the
ratio L5!/ L%}, for the different evolutionary stages computed by Mara$®98) for a SSP with
solar Z and adopting a Salpeter IMF. Briefly, three age regioa® be identified in this diagram:

(1) Age younger thar-300 Myr: the integrated light of the SSP is completely dortéddrom the
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MS stars that in the first 2700 Myr contribute more than 60% levtiie central He-burning phase
contribute for an almost constant 25%.

(2) Age between-300 and~2 Gyr: the major contributor derives from the AGB stars tlestah

a maximum value~{ 40%) at ~500-600 Myr.

(3) Age older than-2 Gyr: the energetic of the SSP is dominated by the RGB starsges older
than~15 Gyr the relative contributor of the MS stars again dongisdhe energetic of old SSPs,

because the MS integrated luminosity decreases more stbatyb(t) (see also Maraston, 1998).
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Figure 3.1: The time evolution of the relative contribuoh’”/Lf%,,. of stars in the various
evolutionary stages to the integrated bolometric lumiyasi a stellar population.
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These three phases are marked from the fast increase of rbator of AGB and RGB
respectively and corresponding to the first appearance enS8P of AGB stars with C-O
degenerate cores and RGB stars with He degenerate coregéBwereggio & Renzini, 1989,
1990). These events are called AGB and RGB Phase TransRiemz{ni & Buzzoni, 1986) and
represent the main events in the temporal evolution of tleetsp-photometric properties of a
SSP. From antegratecpoint of view, they mark the epochs of the reddening of the SEDmM a
resolvedpoint of view, these events correspond to changes of thehmotogy for AGB and RGB

sequences, with the full development of these branche®iCWD .

3.2 Description of the photometric sample and observations

A total of 33 Magellanictemplateclusters, both in the LMC and in the SMC, have been selected
accordingly to thes-parameter (already discussed in Chapter 2), in order td semhple the
different age families of this cluster system. J, H, Ks inggkthese clusters have been obtained
with the near IR imager/spectrometer SOFI (Moorwood, Cubyi&man, 1998) mounted at
the ESO 3.5m NTT (La Silla, Chile) in three different obsagviruns: (1) 12-14 January 2000
(Program 64.N-0038(A) PI: Ferraro); (2) 27-30 Decemberl2(®ogram ID 68-D-0287(A) PI:
Ferraro); (3) 1-3 January 2006 (Program ID 076.D-0381(BRtraro ).

SOFI is equipped with d024 x 1024 Rockwell IR-array detector. All the observations
presented here have been performed with a scale26R” /pizel, providing a~ 5 x 5 field
of view, each frame. The observations were obtained in geedhg conditions((.7” — 0.8” on
average). Total integration times of 2 min in J, 4 min in H anui@ in Ks for the LMC clusters
and of 4 min in J, 8 min in H and 16 min in Ks for the SMC clustenglifinto sets of shorter
exposures) have been secured, allowing to obtain accu®#te-80) photometry down to~d 19
and H, Ks= 18.5.
For each target cluster, a control field (a few arcminutesydweem each cluster center) has been
observed adopting the same instrumental configuratiorsetfiield images have been used to
construct median-average sky frames. A large sample of &ifjhflat fields in each bands has
been acquired by using an halogen lamp swichted on and efhalively. The final cluster and
field frames have been sky-subtracted and flat-field comtecte

The complete list of all the observed clusters is reportedain. 3.1, with the coordinate
andJ (see Sect. 3.6.2), the s—parameter by Elson & Fall (1988)Giratdi & Marigo (2007),

the corresponding population and the host galaxy. Moredady. 3.2 lists the main information
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about metallicity, age (inferred by adopting the temposgdibecation by Girardi et al., 1995) and

reddening available for these clusters.

Cluster a (J2000) 0 (J2000) s Population Galaxy
NGC 2164 05:58:55.65 -68:31:00.75 23 YOUNG LM
NGC 2157 05:57:36.74 -69:11:53.58 25 YOUNG LM
NGC 2136 05:52:58.54 -69:29:32.32 26 YOUNG LM
NGC 2031 05:33:39.00 -70:59:14.54 27 YOUNG LM
NGC 1866 05:13:38.88 -65:27:53.30 27 YOUNG LM
NGC 2134 05:51:57.54 -71:05:51.63 28 YOUNG LM
NGC 1831 05:06:16.47 -64:55:12.76 31 YOUNG LM
NGC 2249 06:25:49.50 -68:55:14.25 34 INT. LM(
NGC 1987 05:27:17.29 -70:43:56.78 35 INT. LM(
NGC 2209 06:08:34.87 -73:50:06.46 35 INT. LM(
NGC 2108 05:43:57.30 -69:10:55.93 36 INT. LM(
NGC 2190 06:01:00.67 -74:43:29.10 36 INT. LM(
NGC 2231 06:20:43.67 -67:31:13.05 37 INT. LM(
NGC 1783 04:59:08.42 -65:59:12.75 37 INT. LM(
NGC 1651 04:37:33.86 -70:35:09.24 39 INT. LM(
NGC 2162 06:00:30.20 -63:43:15.27 39 INT. LM(
NGC 1806 05:02:11.87 -67:59:10.11 40 INT. LM(
NGC 2173 05:57:59.28 -72:58:42.83 42 INT. LM(
NGC 1978 05:28:45.34 -66:14:09.12 45 INT. LM(
NGC 1841 04:45:23.301 -83:59:55.30 42 OoLD LM
NGC 2005 05:30:13.098 -69:45:35.54 46 OoLD LM
NGC 1835 05:05:05.560 -69:24:08.06 47 OoLD LM
NGC 1466 03:44:33.339 -71:40:18.87 48 OoLD LM
NGC 1786 04:59:07.486 -67:44:47.44 48 OoLD LM
NGC 2210 06:11:32.155 -69:07:18.11 48 OoLD LM
NGC 1898 05:16:38.938 -69:39:47.69 50 OoLD LM
NGC 2257 06:30:12.798 -64:19:35.81 51 OoLD LM
NGC 330 00:56:17.96 -72:27:45.05 19 YOUNG SM
NGC 416 01:07:58.82 -72:21:18.96 35 INT. SM
NGC 419 01:08:17.35 -72:53:04.30 39 INT. SM
NGC 339 00:57:46.19 -74:28:17.58 47 INT. SM
NGC 361 01:02:10.09 -71:36:18.73 49 INT. SM
NGC 121 00:26:48.29 -71:32:10.03 52 OoLD SM

Table 3.1: Near-Infrared photometric dataset for the

oleseMC clusters: coordinates, s—
parameter (from Elson & Fall, 1988; Girardi & Marigo, 200%r fLMC and SMC clusters

respectively), corresponding population and host galaxy.
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3.2. Description of the photometric sample and observation

Cluster [Fe/H] Age E(B-V)
(dex)  (Myr)

NGC 2164 —0.60* 81 0.10
NGC 2157 —-0.60* 114 0.10
NGC 2136 —0.55* 135 0.10
NGC 2031 —0.52® 160 0.18
NGC 1866 —0.50¢ 160 0.10
NGC 2134 —1.00* 190 0.10
NGC 1831 +0.01¢ 315 0.10
NGC 2249 —0.12¢ 524 0.10
NGC 1987 —1.00¢ 620 0.12
NGC 2209 -1.20* 620 0.07
NGC 2108 —1.20¢* 734 0.18
NGC 2190 —-0.12¢ 734 0.10
NGC 2231 -0.67¢ 869 0.08
NGC 1783 —0.45* 869 0.10

NGC 1651 —0.37¢ 1218 0.10
NGC 2162 —0.23¢ 1218 0.07
NGC 1806 —0.23¢ 1442 0.12
NGC 2173 —0.24° 2021 0.07
NGC 1978 —0.96¢ 3353 0.10
NGC 1841 —2.20¢ 2021 0.07
NGC 2005 —1.80¢ 3970 0.10!
NGC 1835 —1.79¢ 4700 0.12
NGC 1466 —2.17¢ 5564 0.07
NGC 1786 —1.87¢ 5564 0.12
NGC 2210 —1.76% 5564 0.10
NGC 1898 —1.22¢ 7789 0.09
NGC 2257 —2.00¢ 9232 0.07
NGC330 -1.33/ 42 0.062
NGC 416 —0.809 620 0.083
NGC 419 —0.609 1218 0.084
NGC 339 —0.709 4700 0.033
NGC 361 —1.45" 6587 0.073
NGC 121 -—1.71» 10700  0.05°

Table 3.2: Near-Infrared photometric dataset for the alexeMC clusters: metallicity, age from
the s—parameter (see Tab. 3.2), E(B-V). References for ¢tallicity: (a) Sagar & Pandey (1989);
(b) Dirsch et al. (2000); (c) Olszewski et al. (1991); (d) IHt al. (2000); (e) Johnson, Ivans
& Stetson (2006); (f) Oliva & Origlia (1998); (g) de Freitagéheco, Barbuy & Idiart (1998);

(h) Mighell, Sarajedini & French (1998). References for teddening: for the LMC clusters

values Persson et al. (1983); for the SMC clusters values (i9 Olsen et al. (1998), (2) Gonzalez
& Wallerstein (1999), (3) Mighell, Sarajedini & French (189 (4) Hunter et al. (2003).
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Chapter 3. The Near-Infrared photometric survey of the Magie clusters

3.3 The data reduction, astrometry and center of gravity

The photometric analysis was performed by usDgOPHOT-II (Stetson, 1987). For each
observed field all the images in the J,H,Ks filters were célyefligned and trimmed in order

to have three output images, one per filter, slightly smdhean the original ones but perfectly
registered. Then, ®BAOPHOT-II Point Spread Function (PSF) fitting run was applied to each
image. The output catalog with the instrumental magnitudesbeen checked for any spurious
detection or missing object (typically 3—4 stars at mostjcWwinave been included in the catalog
by hand.

The instrumental magnitudes have been transformed intdeMicron All-Sky Survey
(2MASS) photometric system, by using the large number akdtigpically a few hundred) in
common. The overall dispersion of these transformations<s0.01 mag in all the three filters.

The calibrated photometric catalogs in each filter were lfimalatched and merged together
in a global catalog, using the CataXcorr and Catacomb soésvdeveloped at the Bologna

Observatory for an optimized cross-correlation.

3.4 The CMDs

In Fig. 3.2— 3.8 we reported the CMDs for the LMC clusters andainding fields grouped

accordingly with the ages inferred by the s—parameter, evkilg. 3.9 and 3.10 plot the

CMDs for the SMC clusters and corresponding fields, respalgti The photometric sample
presented here has been selected in order to span the widearge that characterize the
Magellanic cluster system, with the presence both of veyngoand old objects. In this way,
the corresponding CMDs exhibit different morphologies @amarder to well describe the main
observed morphological features, we have divided the enlsish groups, according to their s—

parameter and different CMD morphology.

3.4.1 Young clusters

The observed CMDs for the young group of cluster (Fig. 3.2&8dor the LMC clusters and Fig.
3.9 and 3.10 for the SMC cluster NGC 330) appear quite complemxce particular care has been
devoted to separate the cluster population from the LMC figldrder to help the reader identify
the two populations we have plotted in the last panel of E@jaZ%ketch showing the mean location
of cluster (grey regions) and field (dashed region) poputaith the CMD. The main properties of

these CMDs can be summarized as follows:
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3.4. The CMDs

(i) Magnitudes as faint as# 18.5 have been measured.

(il) The brightest objects & < 13 are likely AGB stars.

(iii) A blue sequence is clearly visible at -&:3J — K) < 0.3 and K>15.5, corresponding to
the brightest end of the cluster MS.

(iv) Helium clump cluster stars define a sequenc&at 13 — 14 and(J — K) ~ 0.2 in
the youngest objects (namely NGC 2164, NGC 2157, NGC 2136)older clusters (namely
NGC 2031, NGC 1866, NGC 2134, NGC 1831), they define a clumpraressively lower
magnitudes K = 14 — 15) and redder color9)(4 < (J — K) < 0.6).

(v) The direct comparison of each panel in Figs. 3.2 and 3.3lglsaiows the significant
contribution of the LMC field stars. As schematically showrttie last panel of Fig. 3.2, most of
the stars in the regiof.4 < (J — K) < 1 andK > 12 are indeed LMC field stars, with a well
defined RGB a2 < K < 16 and the He-clump at K17.

3.4.2 Intermediate-age clusters

The observed CMDs for the second group of cluster (Fig. 35,36, 3.7, 3.9 and 3.10) show

the following characteristics:

(i) Magnitude limits down to K 18.5, i.e. about 1.5 mag below the He-clump, which is
clearly visible as a clump of stars Bt ~ 17 for the LMC clusters and& = 17.5 for the SMC

clusters (see Fig. 3.9).
(i) A well-populated and extended RGB.

(iif) The brightest objects & < 12 and atK < 12.5 in the LMC and SMC clusters

respectively are likely AGB stars.

(iv) Unlike the first group of clusters, in these objects clustef féeld populations do overlap.

3.4.3 Old clusters

We grouped here the 8 LMC clusters plotted in Fig. 3.8 and M€ Sluster NGC 121 (see Fig.
3.9 and 3.10). All these clusters evidence the well popdI®EB; the He-Clump is not detected,
due to the old age of these objects (Testa et al., 1995; Brastaal., 1996; Olsen et al., 1998,

showed as all these clusters exhibit Blue Horizontal Branch
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Chapter 3. The Near-Infrared photometric survey of the Magie clusters

10

Figure 3.2: (K, J-K) CMDs of the 7 observed LMC clusters with 23 — 31. In the last panel a
sketch of the CMD loci dominated by the cluster (grey regjiar the LMC field (dashed box)
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3.4. The CMDs
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10

12

14

16

18

10

12

14

16

18

LMC

\
NGC 2249
FIELD

‘ I
NGC 1987
FIELD

NGC 220
FIELD

‘ I
9 ,

NGC 2108
FIELD

- NGC 2190
FIELD

0 1
J—K

Figure 3.5: (K, J-K) CMDs of the fields adjacent to 6 observ&tlCLclusters withs = 34 — 37.
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3.4. The CMDs
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3.5. Basic assumptions

3.5 Basic assumptions

3.5.1 Reddening

Correction for extinction is computed accordingly to &3 — V) values reported in Table 3.2

and the Rieke & Lebofsky (1985) interstellar extinction law
Jo=J—-0874-E(B-YV)

Ho=H —0542-E(B-V)
Ko=K —0347- E(B—V).

The infrared dust maps by Schlegel, Finkbeiner, & Davis 890 the direction of the observed
clusters provide very similar (on average withit0.03 mag)E(B — V) corrections, with the
exception of NGC 2031, for which the discrepancy is aboun@aly. However, the overall impact
of such a discrepancy on the infrared magnitudes is alwaydl gmell within 0.1 mag), hence
reddening correction is not a critical issue in this context

Absolute and bolometric magnitudes have been obtained bptiag a distance modulus
(m — M)y = 18.5 (van den Bergh, 1998; Alves, 2004) and suitable bolometitections by
using the(J — K), color and the empirical calibrations by Montegriffo et 41998). In computing
luminosities, we adopted/5°’ = 4.74 and MX = 3.41 for the Sun. In the following all the

derived luminosities are expressed in unit 6f L.

3.5.2 Age scale

A suitable calibration of the LMC cluster age is still a majooncern since homogeneous
determinations based on the MS TO, for a significant numbefustters, are not available yet.
Here we use the—parameter. Being a pure empirical quantity, it needs to bereted with age.

The most used calibrations by Elson & Fall (1988) based onmaal models
logt = 6.054 0.079 - s
and by Girardi et al. (1995) based on overshooting models
logt =6.227 + 0.0733 - s

provide somewhat surprisingly, very similar ages (withi15 %). Although a new calibration

of the sparameter as a function of age is urged, in the following depéed the most recent one
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by Girardi et al. (1995) and based on the models with overtshgpdy Bertelli et al. (1994). We
assume a conservative error®f=+1, which translates into & 20% age uncertainty. Only for
the SMC cluster NGC 416 we adopted the age derived by MigBeliajedini & French (1998)
by MS TO measurement. Indeed, Mighell, Sarajedini & Frerd&98) presented WFPC2@HST
photometry for the clusters NGC 339, 361 and 416, finding ganjlar ages, attributing to these
an age ofr ~5-7 Gyr. We note that these age estimates are in good agreevitarthe ages
inferred from the s—parameter for the clusters NGC 339 arid BGt not for NGC 416, that

exhibits a strong discrepancy between these two age deigions (A7 ~5 Gyr).

3.6 Star counts and integrated luminosities

A quantitative analysis of the AGB and RGB populations (bynber and luminosity) is crucial
to empirically calibrate the relative lifetimes and to qtitatively evaluate the impact of each
evolutionary stage on the total luminosity of a SSP. In orepbtain reliable stellar counts
and luminosities in each branch, we proceeded as follods: stars in each evolutionary
stage have been identified on the basis of suitable selebtimes as defined in the CMDs
(as shown in Fig. 3.12, 3.13 and Fig. 3.182) each sample of stars has been corrected for
incompleteness, following the standaudificial star technique (see below{3) the contamination
from foreground/background stars in each population hasn bevaluated and statistically
subtracted to the observed samples. While the definitiorh@fselection boxessiep (1) for
the AGB and RGB populations are described in Sects. 3.8 @&hdekspectively, in the following
we briefly discuss the procedure adopted to perfstep (2)andstep (3)

3.6.1 Completeness and field decontamination

The degree of completeness can be quantified by using thdywided artificial star technique.
For each cluster we have derived the RGB fiducial line and ghpopulation of artificial stars,
having magnitudes, colors, and luminosity functions rdsliarg the observed distributions was
generated and added to the original images. Since crow(fecieare more severe in the central
regions, the frame area sampling the cluster has been diuidiaree concentric region&gégion

A, B and C see left panel of Fig. 3.11) and the completeness has bésrat=] independently in
each of them. The maximum spatial extension of each clustebbien estimated from the cluster
radial density profile. A total 0&200,000 artificial stars have been simulated in each clurster

about 1000 simulation runs. Indeed, in order to not alterctiogvding conditions, only 100—200
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3.6. Star counts and integrated luminosities

stars have been simulated in each run. The fraction of reed\abjects in each magnitude interval

was estimated as = ]]VV— and a suitable completeness curve was obtained in each 8fH)C

regions (see right panels of Fig. 3.11).
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Figure 3.11: An example of cluster radial mappihgft panei the cluster frame is divided into 3
concentric annuli, to account for different crowding cdiwgis. Right panel completeness curve
for each radial sub-region, as labeled in the left panel.

Star counts in each radial region have been finally correfttethcompleteness, by dividing
each observed distribution by the correspondinfactors. We note that the number of stars lost

for incompletenessi(..,,,) in each bin of magnitude is
Ncomp = nobs(l/A - 1)

wheren,, is the number of stars observed in that bin. The total numbstaos has been finally
obtained by summing the completeness-corrected numbé¢arsfaf the A,B,C regions.

The artificial star technique provides only a first-orderrection. In fact, the observed
distribution is, in principle, distorted because of two m@henomena: the loss of faint stars
due to incompleteness and an excess of bright stars due s$iblgoblending effects of two or

more faint stars into a brighter one. Only the first effeciseh into account by the artificial star
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simulation. Blending from faint MS stars is a more compkcheffect to simulate, however in the
near IR it is negligible (Testa et al., 1999) .

Another important effect which needs to be investigatethésdegree of contamination of the
selected samples by the foreground/background stars.idstiidy we have applied a statistical
decontamination technique, using a control field adjaaetiid clusters. The total number of stars
observed in each evolutionary sequence (AGB, RGB and Hegllhas been counted accordingly
to theselection boxeboth in the cluster (see Figs. 3.2, 3.4, 3.6 and 3.9) and fseld Figs. 3.3,
3.5, 3.7 and 3.10) CMDs, and corrected for incompleteness &bove). The star counts in
the field population have been scaled to take into accoundiffexent surveyed area, and their
contribution have been subtracted from the cluster pojomat

In summary, for each radial region, each selection box spoeding to each evolutionary
stage has been divided in bins of magnitude (typically 0.2y mvée). Then, the "corrected”

number of stars in each bin has been computed as follows:

Neorr = Mobs + Ncomp — N f

wheren,, is the number of stars observed in that bin,,,, is the number of stars lost for
incompleteness; ; is the expected number of field stars.

Analogously, the total luminosity of each evolutionarygaaan be computed accordingly to
the following relation:

n

Lcorr = (Z L?bS) + (ncomp X Leq) B (nf X Leq)
=1

where the terny_7_, L is the total luminosity of the stars observed in a given hig,,,,, is the
number of stars lost for incompleteness, is the expected number of field stars, aig is the
equivalent luminosity of that bin, that is the luminosityao$tar with magnitude equal to the mean
value of the bin.

Finally, star counts and total luminosity of each evoludipnstage have been obtained by

summing the contribution of all the bins in each selectior. bo

3.6.2 Integrated magnitudes

In order to properly perform cluster to cluster comparisame needs to take into account the size
of the total cluster population. Hence both star counts andriosities needs to be normalized to

a reference population or to the cluster integrated lunifiyos
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The large FoV of SOFI offers the opportunity to independendttermine the near-infrared
integrated magnitudes for the program clusters. In doiig tlie adopted a simple approach,
by performing aperture photometry over the entire clustéeresion (typically90”). In order to
correct for the field contamination, an equivalent aperplretometry has been also performed on
each control field and the resulting luminosity has beenraated from the cluster value.

The cluster center has been computed by applying a staretgrdiue (Calzetti et al., 1993)
which uses the knowledge of the position of individual stewghe innermost region of the
cluster, allowing an high precision determination of thatee of gravity. Hence, by applying
the procedure described in Montegriffo et al. (1995) we categC,.., by simply averaging the
« andé coordinates of stars lying within a fixed radius from a firaegs center estimated by eye.
The barycenter of the stars is then derived iteratively édse Ferraro et al., 2003b). The center
of gravity (Cyrav) Of the programme clusters are listed in Tab. 3.1. Our neimasts turn out to
be reasonably consistent (within 10”) with available determinations (as those in the SIMBAD
astronomical database by the CDS, Strasbourg). The tyhicahcertainty of our estimatesds 5
pixels corresponding to 1.5” in botfayog0g anddjogee. The position of the center of 2 clusters,
namely NGC 2136 and NGC 2173, appears to be significantlyq@petrcmin) different from the
SIMBAD coordinates.

The case of NGC 2136 deserves an additional comment. Indessdalltwin cluster, namely
NGC 2137, is present at an angular distancé.sd’ (Hilker, Richtler & Stein, 1995). Since its
integrated luminosity, although significantly fainter,cisntaminating the aperture photometry of
NGC 2136, it has been properly subtracted.

Integrated K magnitudes, colors and derived bolometricinasities in the K band and in

bolometric for the entire sample of 33 clusters are liste@iable 3.6.2.

3.6.3 Error budget

Formal errors are directly estimated from the photometim@es, by assuming that star counts
follow the Poisson statistics. The errorbars for the varipapulation ratios (by number and/or by
luminosity) have been computed accordingly to the follayfiormula

\/R? -0+ 0%

D

with R = N/D, N being the numerator anfd the denominator of the ratio.

OR —

In the computation of the population ratios different ersources are at work, depending on

the observable.
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Cluster K | 3K|HK][LE, | LB,
NGC 2164| 8.57 | 0.61| 0.12 | 19.76 | 12.82
NGC 2157| 8.29 | 0.66| 0.19 | 25.79 | 15.18
NGC 2136| 7.97 | 0.67| 0.12 | 34.57 | 19.78
NGC 2031| 8.22 | 0.94| 0.32 | 28.14 | 11.36
NGC 1866| 7.28 | 0.74| 0.15 | 65.02 | 33.13
NGC 2134| 9.16 | 0.74| 0.19 | 11.52 | 5.88
NGC 1831| 8.31 | 0.80| 0.23 | 25.16 | 11.67
NGC 2249| 9.98 | 0.93| 0.34 | 5.40 | 2.06
NGC 1987| 8.81 | 0.99| 0.32 | 16.00 | 5.75
NGC 2209| 8.95 | 1.22| 0.34 | 13.79 | 3.54
NGC 2108| 8.81 | 1.15| 0.40 | 16.38 | 4.96
NGC 2190| 9.27 | 1.19| 0.32 | 10.43 | 2.83
NGC 2231| 9.33 | 1.10| 0.33 | 9.81 | 2.97
NGC 1783| 7.09 | 1.03| 0.28 | 77.53 | 25.77
NGC 1651| 8.89 | 0.97 | 0.30 | 14.72 | 5.32
NGC 2162| 9.07 | 1.25| 0.37 | 12.40 | 3.07
NGC 1806| 7.08 | 1.05| 0.27 | 79.11 | 25.97
NGC 2173| 9.05 | 1.03| 0.30 | 12.33 | 4.02
NGC 1978| 7.18 | 0.89 | 0.29 | 71.10 | 28.69
NGC 1841| 9.22 | 0.68| 0.11 | 10.57 | 54.05
NGC 2005| 7.87 | 0.59| — | 48.47 | 22.20
NGC 1835| 7.87 | 0.79| — | 58.58 | 15.92
NGC 1466| 9.58 | 0.45| 0.05 | 9.96 | 60.37
NGC 1786| 8.17 | 0.43| 0.11 | 36.49 | 23.02
NGC 2210| 8.87 | 0.49| 0.10 | 19.15| 10.49
NGC 1898| 7.71 | 0.61| 0.13 | 55.79 | 24.57
NGC 2257 10.07| 0.54| 0.12 | 10.44 | 51.98
NGC 330 | 7.54 | 0.17] 0.78 | 87.90 | 36.51
NGC 416 | 8.68 | 0.13| 0.68 | 30.76 | 14.01
NGC419 | 7.49 | 0.31| 1.09 | 92.05 | 23.22
NGC 339 | 9.38 | 0.10| 0.72 | 16.14 | 6.84
NGC 361 | 8.94 | 0.11| 0.78 | 24.21 | 9.73
NGC 121 | 8.81 | 0.11| 0.71 | 27.29 | 12.53

Table 3.3: Integrated K magnitude, colors and luminositiethe target clusters
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3.7. Theoretical models

e total cluster luminosity: the main source of uncertaintyhis case is the positioning of the
cluster center. We estimate that an off-centering of 5 pixekresponds to a 5% variation
in luminosity. An additional uncertainty of 10% has been considered in the computation
of bolometric luminosities, in order to take into accourg tmcertainty in the bolometric

corrections.

e AGB luminosity: a conservative uncertainty of 0.2 mag irtisgtthe faint end of the AGB
luminosity distribution, implies a<5% variation in the total AGB luminosity. However,
for this observable the major source of uncertainty is threloan error associated to the
number of detected AGB stars (in the Poisson regime v/ N 4 5), which can suffer large
fluctuations due to the small number statistics. On avetthgegverallop associated to the

K
ﬁgﬁ ratio turns out to be 30%.
TOT

e number and luminosity of C-stars: as in the case of AGB sthese observables and their
associated errors suffer large fluctuations due to the smaiber statistics. On average, the

. LE .
overallop associated to thef;ﬂ ratio turns out to be=50%.
TOT

e RGB luminosity: in the clusters showed in Fig. 3.4, 3.6 artltBe RGB is well populated,
hence the estimated luminosity is much less affected bysstal fluctuations or by the
selection box definition. On average, we estimatera~20% for the RGB population

ratios.

3.7 Theoretical models

The population ratios defined following the procedure dbsdrabove have been compared with
theoretical predictions computed by using SSP models byaMan (1998) and Maraston et al.
(2001), for which the synthetic colors have been calibratedhe observed integrated colors of
MC clusters. The adopted evolutionary code estimates thegetics of any post-MS phase by
using the fuel consumption theorem (discussed in Sect.a®d Jallows us to model the two key
AGB and RGB Ph-Ts.

The main synthetic ingredients that mostly influence therigcal predictions are as follows:

(1) The adopted stellar evolutionary tracks. The stelcks used here are taken from Cassisi &
Salaris (1997) and Bono et al. (1997). There @asonicatracks, withoutovershootingin which
the most recent input physics (opacities, equation of s&dte) are adopted. The mixing-length

parameter has been calibrated on the Sun and scaled to o#tellicities by using empirical
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relations (Salaris & Cassisi, 1996).

(2) The integration method. The method adopted to deterrtheenumber of stars (and
luminosity) in any post-MS phase in the fuel consumptionrapph is different with respect to that
used in the isochrone technique (Charlot & Bruzual, 199hjcvis based on the mass dispersion
along the post-MS phases. Conversely here, the post-M&rdielck of a mass equal to the TO
mass at a given stellar population age is divided into alsleitaumber of subphases. Then, the
evolutionary timescale is combined with the fuel consuompin order to evaluate the number of
stars and their luminosity in each subphase.

(3) The temperature-color transformations. Transforomatiare taken from the Basel table
(Lejeune, Cuisinier & Buser, 1997), in which the classicalricz library down to 3500 K is
linked to models for cooler temperatures (Bessell et aB9)9and recalibrated on the observed
colors of individual stars.

In order to make a preliminary check of the impact of the défe treatment of mixing on the
observables described in the previous sections, we havputethSSP models with the procedure

outlined in this section, but adopting the stellar trackéhwiershooting from Girardi et al. (2000).

3.8 The contribution of the AGB and C-stars

Theoretical models (Renzini & Buzzoni, 1986; Maraston, 892005) predict that the most
important contributors to the integrated cluster lightviestn 10 and 10° yrs are AGB stars.
The AGB population includes both O-rich (M-type) and C-riathrs. During the thermal pulsing
phase (hereafter TP-AGB) an AGB star becomes C-rich if iengoes the third dredge-up mixing
process (see e.g. Iben & Renzini, 1983). The presence chrS-st stellar clusters depends on
their age and metallicity (Renzini & Voli, 1981).

In intermediate age clusters the bulk of the AGB populat&omore luminous than the RGB
Tip, and a minor overlap does exist between the faintest &t AGB and the brightest portion of
the RGB. Here we use our data set in order to investigate thtgiloation to the cluster luminosity
of the brightest portion of the AGB populations as a functibthe cluster age. In order to consider
the young-intermediate age clusters that spans a large @rages (fron80 Myr to 7 Gyr, see
Tab. 3.1), in the following we consider only AGB stars brighthan K 12.3 and Kx 12.62,
corresponding to the RGB Tip level for the LMC and SMC clustier our sample (see Cioni et
al., 2000).

The left panel of Fig. 3.12 shows the brightest portion oflthe(J — K), cumulative CMD, where
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3.8. The contribution of the AGB and C-stars

all the stars detected in the 19 surveyed LMC clusters arteplo The selection box adopted to
sample the bright AGB population is over-plotted to the déag. The right panel of Fig. 3.12
shows the cumulative] — H)y, (H — K)g color-color diagram for the selected AGB stars. This
diagram is especially suitable to isolate C-stars, sineg #re significantly redder than O-rich
stars (see also Cioni et al., 2005). As shown in Fig. 3.12 allptipn of 26 candidate C-stars
(plotted asfilled circleg has been identified on the basis of their extremely red saftothe 19
surveyed clusters. Fig. 3.13 shows the same diagrams cethfartthe 4 SMC intermediate-age

clusters, where 10 candidate C-stars have been identified.
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Figure 3.12:Left panel cumulative, de-reddendd, (J — K), CMD for the young-intermediate
LMC cluster sample. The selection box adopted to isolateAtBB population (arge circleg is
shown. Right panel de-reddened color-coldd — H)o, (H — K)y diagram of the AGB stars. In
both panelspen circlesare O-rich AGB filled circlesare C-starsSolid lineboxes to distinguish
C-stars and Long Period Variables (LPV) are from Bessell &B{1988), (see also Ferraro et al.,
1995). The mean locus for K giant staselid line) is from Frogel et al. (1978).
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Figure 3.13:Left panel cumulative, de-reddendd,, (J — K), CMD for the intermediate SMC
clusters. The selection box adopted to isolate the AGB @il (arge circleg is shown.Right
panel de-reddened color-coldd — H),, (H — K), diagram of the AGB stars. Same symbols and
references of Fig. 3.12.

Note also that the artificial star experiments demonstrétatl stars lying in the brightest
portion of the RGB can be safely recovered (with an overatitpimetric uncertainty ot~ 0.03
mag) even in the innermost region of the clusters, excluthegossibility that blending of RGB
stars could produce spurious bright objects lying withie A6B selection box.

We used both the cumulative color-magnitude and colorradilngrams in Fig. 3.12 and 3.13
to make a census (both by number and luminosity) of the AGB sidghter than the RGB Tip
as well as of C-stars in each cluster. Although the numbertla@duminosity of AGB stars are
affected by large fluctuations due to the small-numbersiiesi we still performed a statistical
decontamination, following the procedure described in.Sa8®.1.

The number of AGB stars counted in each clusters and the nuadopted after the field de-
contamination are listed in Table 3.4. Once the accuratsuseof the AGB population (by number
and luminosity) is available for all the sampled clustensumber of suitable diagnostics tools can

be used in order to study the AGB properties as a functioneate.
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. K LK

Cluster  N§&y, NASH NES T2 Neowar g St e
NGC 2164 2 0 2 0.10 0 0 0 0
NGC 2157 9 1 8 0.52 0 0 0 0
NGC 2136 9 1 8 0.31 1 0.05 0.03 0.09
NGC 2031 7 1 6 0.64 0 0 0 0
NGC 1866 12 0 12 0.36 0 0 0 0
NGC 2134 2 1 1 0.71 0 0 0 0
NGC 1831 7 1 6 0.45 3 0.26 0.12 0.31
NGC 2249 1 0 1 0.32 0 0 0 0
NGC 1987 9 4 5 0.90 3 0.52 0.19 0.61
NGC 2209 4 0 4 0.72 2 0.56 0.14 0.58
NGC 2108 5 1 4 0.87 1 0.20 0.06 0.34
NGC 2190 2 0 2 0.74 2 0.71 0.19 0.72
NGC 2231 1 0 1 0.32 1 0.34 0.10 0.32
NGC 1783 16 1 15 0.36 2 0.08 0.03 0.11
NGC 1651 4 0 4 0.51 1 0.19 0.07 0.09
NGC 2162 4 1 3 0.73 1 0.32 0.08 0.59
NGC 1806 13 4 9 0.22 4 0.15 0.05 0.17
NGC 2173 5 1 4 0.53 1 0.25 0.08 0.15
NGC 1978 13 1 12 0.25 4 0.14 0.06 0.13
NGC 416 1 0 1 0.04 0 0 0 0
NGC 419 17 0 17 0.41 10 0.43 0.11 0.33
NGC 339 1 0 1 0.08 0 0 0 0
NGC 361 1 0 1 0.06 0 0 0 0

Table 3.4: Star counts and luminosities for AGB and C-sta®tar counts are corrected for
incompleteness. K-band and bolometric luminosities aweits of 10* L.

The upper panel of Fig. 3.14 shows the ratio between the AGBtlaa cluster integrated K-
band luminosity, as a function of the cluster age. It is ré&wble the rapid increase (up to a
factor 2) of the AGB luminosity atz 200 Myr which reaches its maximum contribution in the
300-700 Myr range followed by a rapid decrease. Note thatdlu&ers (namely NGC 2108 and
NGC 1987 ats = 35 — 36 corresponding té ~ 600 — 700M yr) the brightest portion of the AGB
population account for 90% of the total cluster luminosity. These results are in goagegent
with Ferraro et al. (1995), who found that the maximum cdutiion of the AGB to the cluster
light occurs ats = 35, corresponding to an age of 600 Myr.

The lower panel of Fig. 3.14 shows the same ratio as in therymp®el but with the clusters
grouped in five age bins accordingly to their s—parametenefas=23-26, 27-31, 35-36, 37-39
and 40-45, respectively. For each bin we computed the waghtean and the corresponding

standard deviation. Theoretical predictions from Managi®98, 2005) for [Z/H]=-0.33 are also
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Figure 3.14: Upper panel: observed AGB contribution to thtaltcluster K-band luminosity as
a function of age for the LMC clusters. The open circle maHesintrinsically poor populated
cluster NGC 2249. Lower panel: weighted mean and standatidta® of the same ratio with the
LMC clusters grouped in five age bins, accordingly with tleiparameter, namely s=23-26, 27-
31, 35-36, 37-39 and 40-45, respectively (the cluster NG 2tas been excluded). Theoretical
predictions for the temporal evolution of the entire AGBAEB and TP-AGB solid line) and for
the dominant TP-AGBdashed lingare overplotted. Both models are computed at [Z/H]0.33.
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Figure 3.15: Upper panel: observed AGB contribution to tialtcluster K-band luminosity as a
function of age for the SMC clusters (black points). Greyleis indicate the values for the LMC
clusters (see Fig. 3.14). Lower panel: weighted mean amdigtd deviation of the same ratio
with the SMC clusters grouped in 2 age bins, accordingly Widir s—parameter (black squares).
Grey squares indicate the age bins obtained from the LMGasligsee Fig. 3.14). Theoretical
predictions for the temporal evolution of the entire AGBAEB and TP-AGB solid line) and for
the dominant TP-AGBdashed lingare overplotted. Both models are computed at [Z/H}0.33.
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plotted. In these models the TP-AGB energetics was cadiiraiith previous (Frogel, Mould &
Blanco, 1990; Ferraro et al., 1995) intermediate age MCtetugata (see Maraston (1998) for
full details). Our new observations nicely confirm the maugland those early results. Old
canonical models of stellar evolution (Renzini & Buzzor®86) were dating the occurrence of
the AGB Ph-T at significantly earlier epochs (107 yrs) of the stellar lifetime with respect
to the new models. This discrepancy is due to a differentrireat for the TP-AGB stars that
experiencing the envelope burning process (Renzini & \i8i81; Bloecker & Schoenberner ,
1991), as widely discussed in Maraston (1998). Moreovey, Bil5 reports the results obtained
for the 19 LMC clusters (plotted as grey symbols) in comperig/ith the same population ratios
for the 4 SMC clusters (black symbols). The cluster NGC 41&h(an age oi~1.2 Gyr) results
in good agreement with the behaviour showed from the otheCldWisters with comparable ages.
The 3 SMC clusters with ages of5-7 Gyr (an age range not sampled in the LMC, because
corresponding to thé\ge Gap evidence a marginal contribution-(5%) from the AGB stars,

confirmed from the total lack of C-stars in these clusters {&b. 3.4).

As a further evidence, Fig. 3.16 shows the ratio between timber of C-stars and total
bolometric luminosity and the ratio between the K luminpif C-stars and the total K-band
cluster luminosity, as a function of the cluster age. The lpemof C-stars in each cluster is listed
in Table 3.4. We assumed all these stars being cluster memibdeed, we estimate that the
probability to find a field C-star within the sampled clustezaais<30%. The contribution of C-
stars to the total cluster luminosity as a function of thestduage, closely follows the one shown
by the entire AGB population (see Fig. 3.14 and 3.15) andiitstwut to be larger than 50% in the
700—1000 Myr age range. In NGC 2190 (with= 36, hence = 730 Myr) the C-stars accounts
for 70% of its total luminosity. Previous works by Frogel, Md & Blanco (1990) also found that
the fraction of luminosity from bright AGB and C-stars is nmaxm for SWB V clusters (i.es
between 35 and 40). Moreover, the C-stars accounts forhass20% of the total luminosity for
ages larger than-2 Gyr, with a zero contribution in the range5-7 Gyr, due to the total lack
of observed C-stars in the 3 older SMC clusters, as showedin317. This latter result is in
well agreement with the theoretical predictions that shoat there is a minimum envelope mass
needed for the occurrence of the third dredge-up. Starsinitibl mass of the order of1-1.2
Mg, present a residual envelope mass which is too small and #ayot experience the third

dredge-up.
It is worth noticing the case of NGC 2249, whose a@jg (t = 8.72) corresponds to the
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epoch when the AGB contribution is expected to reach its maxi. Conversely, both Figs. 3.14
and 3.16 shows that NGG 2249 (marked with an open circle) hasyalow AGB luminosity
for its age. Indeed no C-stars and only 1 AGB have been det@ctthis cluster. On the other
hand, NGC 2249 is the least luminous cluster in our saniple¥£ 5 x 10*L,), hence the fastest
evolutionary stages (as the AGB) are expected to be intafigipoorly populated in its CMD.
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Figure 3.16: Upper panel the number of C-stars normalized to the K-band luminosftyhe
cluster as a function of agéower panel the K-band luminosity of the C-stars normalized to the

total cluster luminosity as a function of age. Taygen circlemarks the intrinsically poor populated
cluster NGC 2249.
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Figure 3.17:Upper panel the number of C-stars normalized to the K-band luminosftyhe
cluster as a function of age for the SMC clusters (black gpihbwer panel the K-band
luminosity of the C-stars normalized to the total clustenilmosity as a function of age foe the
SMC clusters. Grey points indicate the LMC clusters showegig. 3.16.
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3.9 The contribution of the RGB stars: probing the RGB Phase
Transition

For the analysis of the RGB Ph-T we have considered the imfgiate-age clusters in our data-
base withs > 34. Obviously the 7 youngest LMC clusters in our sample (Fi@) &re not
considered in the following discussion because they havdeweloped a populous RGB yet. The
considered sample covers a wide range of ages (B@im\/yr up to7 Gyr) and it allows to probe
the entire development of the RGB.

Using the cumulativeky, (J — K)o CMDs for the 12 LMC and the 4 SMC clusters we
identified the mean loci of the upper RGB and the He-Clump agfiheld the corresponding
selection boxes sampling these populations. As discussBddt. 3.8 the RGB Tip is expected to
be atK, ~12.3 for the LMC and afs, ~12.62 for the SMC . As an example, Fig. 3.18 shows
the de-reddened CMD of NGC 1651 where the two selection bfmtethe RGB and He-clump
population, respectively, have been plotted.

Since the photometric errors can significantly broadenaimt §equences, the size of the boxes
including the base of the RGB and the He-clump has been cais@ly assumed to be 5 times
the photometric error at that level of magnitdide

Population counts and luminosities for stars in the RGB awrecldmp evolutionary stage
have been obtained and corrected for incompleteness addcbatamination accordingly with
the procedure discussed in Sect. 3.6.1. The results a@d lisfTable 3.5 and plotted in Figs. 3.19
and 3.19. Fig. 3.19 shows the behavior of the number of RGRB sarmalized to the number of
He-Clump stars as a function of the cluster age. Fig. 3.1@%shbe bolometric luminosities of
RGB stars normalized to the bolometric luminosities of Hardp stars as a function of the cluster
age (upper panel) and the bolometric luminosities of RGBsst@rmalized to the bolometric
luminosities of entire cluster as a function of age (lowengia

Note that, in a few high density clusters (see Table 3.5) séVere crowding, completeness
drops down to 60% at the He-clump magnitude level in the imost A region (see Fig. 3.11).
Hence, in these clusters star counts and luminosities hese tomputed only in the outer B and
C regions.

At an age of~ 500 Myr the rapid increase of the RGB population ratios (by a factoe®

in number andx=4 in luminosity) in a timescale as short as400 Myr flags the occurrence of

!Note that, since the boxes sample the bulk of the populationgaeach evolutionary stage, a slightly different
assumption in the selection box size has a negligible impathe overall results.
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Figure 3.18: An example of &y, (J — K ), de-reddened CMD with the selection boxes adopted
to distinguish the RGB and the He-Clump populations fortelisswiths > 34 (see Fig. 3.4 and
3.6). The position of the RGB Tip is also indicated.
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Cluster NroB (a) Nie_c (a) Ll;gééb) L?;iig))
NGC 2249 9 98 0.16 0.51
NGC 1987 42 322 0.92 2.05
NGC 2209 24 160 0.61 0.81
NGC 2108 40 231 1.11 1.38
NGC 2190 28 174 0.94 0.89
NGC 2231 36 114 0.71 0.59

NGC 1783°) 150 352 4.58 1.98
NGC 1651 43 177 1.16 1.09
NGC 2162 40 143 0.99 0.78

NGC 1806°) 75 218 2.25 1.30
NGC 2173 36 84 1.11 0.48

NGC 1978 182 402 5.03 2.23
NGC 416 190 299 5.47 1.66
NGC 4199 263 608 8.69 3.85
NGC 339 107 188 3.09 1.20
NGC 361 109 180 4.25 1.23

Table 3.5: Star counts and bolometric luminosities for R@B Be-Clump stars(a) Star counts
are corrected for incompleteness and field contaminati@s). Bolometric luminosities are in
units of 10* L. (c) Due to severe crowding conditions, star counts and luntiesshave been
computed only in the outer B and C regions, see Fig. 3.11.

the RGB Ph-T. At the age o 900 Myr a progressive flattening of the ratios suggests that the
full development of an extended and well populated RGB hasiroed. The overall increase of
the population ratios between 500 Myr and~ 3.5 Gyr is a factora~5 by number and=7 by
luminosity. These two figures support the hypothesis thatthster set presented here properly
samples the epoch of the full development (in both luminaaitd star number) of the RGB. This
result fully confirms the finding by Ferraro et al. (1995), wtientified NGC 1987 and NGC 2108
as the two intermediate-age clusters on the verge of the RGRB P

Empirical data have been compared to theoretical predstidn Fig. 3.19 and Fig. 3.19, we
over-plotted the predictions of canonical models (Manasi®98, 2005) withZ/H| = —0.33.
The models nicely agree with the observations over theeentinge of considered ages, well
describing the epoch, the duration and the increasingibatitn of the RGB phase. In Fig. 3.19
we report also the prediction of overshooting models (@irat al., 2000) with [Z/H]=—0.4. The
major difference between the two scenarios is the delay ti#e00 Myr) at which the RGB Ph-T
occurs when overshooting is taken into account, somewhedritrast to the observations. The
two models well agree each other and with observations #feecompletion of the RGB Ph-T.

The mismatch shown in Fig. 3.19 suggests some problems d@taviolutionary timescales of the
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overshooting models by Girardi et al. (2000) and/or with @ieardi et al. (1995) calibration of
the s—parameter. However, a similar discrepancy was aineaigtd by Ferraro et al. (1995) in the
previous generation of overshooting models. A new calibnadf the s—parameter in terms of age
by using high-quality CMDs and updated models is urgentldeel to clarify this issue.
It is worth noticing the population ratio excess (both by tw@mand by luminosity, see Figs. 3.19
and 3.19) of NGC 1783, when compared with other clusterssiitiilar values of the—parameter
(i.e., NGC 2231). It is likely that this cluster is older thanggested by the—parameter, since
its CMD (see Fig. 3.6) shows a fully populated RGB, typicakhfsters with s—parametes0.
Indeed, its RGB morphology is more similar to that one ofdtssuch as NGC 1806, NGC 2173
and NGC 1978 rather than that one of NGC 2231 (see Fig. 3.4 #&)d Bhis evidence further
supports the urgency of a new homogeneous calibration afghescale of LMC cluster
Furthermore, we have computed the same population ratiadhdéod intermediate-age SMC
clusters. The adopted procedure is the same used for the LidEis, by using suitable boxes
defined on the cumulative CMD of these clusters and adoptingR@B-Tip magnitude level
K(=12.62 and distance modulus @f. — M )(=18.99 (Cioni et al., 2000). These clusters allows
to study the evolution of the RGB in an age range not coverdtidoyMC clusters and for a more
metal-poor metallicity. The results are listed in Tab. 318 plotted in Fig. 3.21 and 3.21 (as black
points), in comparison with the LMC clusters (as grey pgint&/e plotted both the predictions
of the canonical models for [Z/H]=-0.33 (solid line) and f@/H]=-1.35. The cluster NGC 416
displays population ratios slightly higher with respecttie theoretical predictions (in a similar
way to the one noted for the LMC cluster NGC 1783) but conststéth the development of the
RGB Ph-T. The other 3 clusters show an increase in the popuoledtios between RGB and He-
Clump stars, both in counts and luminosities. All these oleseratios well follow the behaviour

described by the theoretical models computed with [Z/H]351
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NRGB /NHe—C
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Figure 3.19: Ratio between the number of the bright RGB aneCHenp stars as a function of
age for the 12 LMC clusters with > 33. Stars belonging to the two populations are selected
accordingly to the selection boxes shown in Fig. 3.18. THiel $ime represents the prediction
of the canonical theoretical model with [Z/H]—0.33 (Maraston, 1998) and the dashed line the
prediction of the overshooting models with [Z/H]=-0.4 (&di et al., 2000).
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Figure 3.20: Upper panel: the bolometric luminosity of th@BRnormalized to the He-Clump as
a function of age for the 12 LMC clusters with> 33. The line represents the prediction of the
canonical theoretical model with [Z/H] —0.33 (Maraston, 1998). Lower panel: the bolometric
luminosity of the RGB normalized to the total bolometric lmwsity for the 12 LMC clusters. The
line represents the prediction of the canonical theoretieadel with [Z/H]= —0.33 (Maraston,
2005).
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2000 4000 6000 8000
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Figure 3.21: Ratio between the number of the bright RGB aneChenp stars as a function of
age for the 4 intermediate-age SMC clustgmy circles in comparison with the 12 LMC clusters
showed in Fig. 3.19 (open circles). The lines represent tadigtion of the canonical theoretical
model with [Z/H]= —0.33 (solid line) and [Z/H} —1.35(dashed line) (Maraston, 1998).
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Figure 3.22: Upper panel: the bolometric luminosity of tH@BRnormalized to the He-Clump as
a function of age for the 4 intermediate-age SMC clustersni®ys and lines are as in Fig. 3.21.
Lower panel: the bolometric luminosity of the RGB normatize the total bolometric luminosity
for the 4 intermediate-age SMC clusters.
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Chapter 4

The chemical composition of the LMC
clusters

Based on the results published in :
— Ferraro, Mucciarelli, Carretta & Origlia, 2006, ApJL, 6489

— Mucciarelli, Carretta, Origlia & Ferraro, 2008, accepfedpublication in AJ

Despite the new generation of 8-meter class telescopes|edethemical information about
the LMC clusters from high-resolution spectra is limitecatéew stars in a few clusters and they
are insufficient to draw a global picture of the chemical j@mtips of these objects and to constrain
the timescales of the chemical enrichment. In this Chapterpresent the first results about
the project of a large high-resolution spectroscopic sudevoted to the screening of the main
chemical properties of sontemplateLMC clusters. We have observed a total of 9 LMC clusters
with the optical high-resolution spectrograph UVES@FLASIE/LT, ESO), 2 with ages less
than~1 Gyr (namely NGC 2157 and 2108), 4 of intermediate age (NG&116783, 1978 and
2173) and 3 old (NGC 1786, 2210 and 2257). The 4 intermedigéeelusters have been already
analyzed and discussed in this Chapter; the analysis ofttiee observed clusters is currently in
progress.

The overall goal of this project is twofold:

(1) the definition of a new and homogeneous metallicity séale¢he LMC GC system based
on high resolution spectra of giant stars, members of a septative number gbillar clusters,
sampling different ages. This scale, combined with higahlguoptical photometric datasets, will
be crucial to obtain precise ages for these clusters (agstied in Chapter 5);

(2) a detailed comparison of the cluster populations anil dmemical abundance patterns with

those in the LMC fields and in other galactic environments.isTi& crucial to constrain the
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4.1. The derivation of the chemical abundances: basic iegsat

AMR and the overall star formation and chemical enrichmdrthe LMC. Moreover, a detailed
knowledge of the whole chemistry of the GC system (both yaamdjold clusters) is fundamental
to understand the formation of the dwarf Irregulars (like Cdnd SMC) in the framework of the

hierarchical models (see the accurate review by Geisldr, &Q07).

4.1 The derivation of the chemical abundances: basic equains

The major portion of the stellar spectrum originates in ttedlar atmospherical region called
photosphereand its thickness depends mainly from the stellar gravitgt e opacity of the
photospherical gas. The most efficient way to transfer tleeggnthrough the stellar photosphere

is the radiation. The basic equation to describe the radiatansfer is the following:

dl,
- = _Iy SV
dr, +

where], is the intensity of the energy flow, is the optical depth (defined as = [ x, pdz,
wherek,, is the absorption coefficient and dx represents the thickota gas element) arfs, is
the source function, defined as the ratio between the emissid absorption coefficient.

The concept of thermodynamical equilibrium cannot be &ppto a stellar photosphere as
whole but it is applied only to small volumes of the photogghdn the one dimensional model
atmospheres (e.g. the Kurucz models adopted in this woekpkiotosphere is described as the
overposition of several layers and all the thermodynangjoahtities depend only on height (in the
case of plane-parallel geometry) or radius (in the case leérégal models). This approximation
is called Local Thermodynamic Equilibrium (LTE) and allows describe the excitation, the
ionization, the source function and the thermal velocistrithution by using one only temperature

in each layer. In this approximation the source functioneisalibed by using the Planck function

2h3 1
2 elw/kT) _q

S, =B, =

where h is the Planck constant; the light speed and the Boltzmann constant. Two
fundamental equations that rule the population of the gewelolved in a transition are the
Boltzmann and the Saha equations.

The Boltzmann equation provides the ratio of populationsvim different levelsn andn:

_ 9n e~ On—xm)/kT
9m

e
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Chapter 4. The chemical composition of the LMC clusters

whereg; is the statistical weight of the levglwith g;=2J+1, with J the inner quantum number.
The Boltzmann equation provides also the ratio betweendpelption of the leveh and the total

number of atoms of a specie:

Ny, In

N ul)’

where u(T) is the partition function defined as

w(T) =" gi-e X7

—0xn

Moreover, the Saha equation allows to compute the humbetoaisin the ionization level
j+1 with respect to the atoms in the ionization lejel

Nt _ 2(T)
N; P,

where

(T) = 0.6665 - L1 . 725 10~ 0xren

uj
The combination of these two equations provides the numbatoms in a given ionization
level with respect to the total number of atoms of the element
Generally, for a weak line dominated by Doppler broadenimg équivalent width (EW)
(normalized to the corresponding wavelength) can be egpdeaccording to the follow formula
(see Gray, 1992):

Ie (EW) g (WeQ(Nj/N)NH Nui
A mec?u(T) Ny

whereeis the electron chargen. the electron masg,N;/N) is the number of atoms of a

) +lg (=) +1g(gfA) —O0x — gk,

generic element in the ionization stgteith respect to the total number of atoms of that element,
Ny is the total number of hydrogen atoms per unit volume.
The procedure to derive chemical abundances from stellsorption lines is an elaborate

numerical process involving different steps, summarizetbbows:

e Define a model atmosphere, normally based on the radiatidéhparostatic equilibrium.
Theoretical model atmospheres serve as the fundamentdbtabe analysis of observed
stellar spectra. The basic parameters that described krstmosphere(effective
temperatures, surface gravities, chemical compositigggcity and additional velocity

fields) are described as a function of the optical depth
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4.2. Description of the sample, target selection and olasiens

e compute atomic level populations at each depth point (gdligeassuming LTE);

e compute the absorption coefficients as functions of thetdept distance from the line

centre;

e solve the equation of radiative transfer (see e.g. Gray2 1f® a detailed discussion about
the integration methods) in order to produce a synthetictgp® as a function of the

assumed abundances of each element of interest;

e convolve the synthetic spectrum with the surface velocéidf{e.g., effects of rotation and

granulation) and with the instrumental profile;

e compare the obtained synthetic spectrum with the obserpedtrsm or EWs of the

absorption lines of interest.

4.2 Description of the sample, target selection and obsertians

The observations were performed by using the multi-objpetsograph FLAMES (Pasquini et
al., 2002), mounted at the Kueyen 8 m-telescope (UT2) of 8@© Kery Large Telescope on Cerro
Paranal (Chile). We used FLAMES in the UVES+GIRAFFE/MEDU&@&mbined mode for a
total of 8 UVES and 132 MEDUSA fibres. Here we present the tesflthe UVES Red Arm
observations which provide high resolution~Rt7000) spectra in the 4800-6804 wavelength
range for 6-7 stars in one shot. The spectra were acquirgdgd@r nights allocated to the
ESO Program 072.D-0342(A). Additional observations werdggmed as back-up programmes
in two Visitors Mode runs (ESO Program 072.D-0337(A) and BROgram 074.D-0369(A)).
The selection of the target stars is based on our high quadigr-infrared (J, H and K filters)
photometric catalogs of a large sample of LMC clusters, aarse by our group (see Chapter
3). These catalogs have been astrometrized onto the 2MAS&nsy The selected stars for the
spectroscopic survey belong to the bright portion of the R&B 14), whose tip is located at
Ky ~12.1 (Cioni et al., 2000), in order to minimize the possilatamination by AGB stars, and
without bright companions. Fig. 4.1 shows the (K, J-K) CMDs$he 4 clusters with marked the
spectroscopic targets. The spectra have been acquiredes e€4-6 exposures ef45min each:
the pre-reduction procedure has been performed by using\WiS ESO-MIDAS pipeline (Mulas
et al., 2002), which includes bias subtraction, flat-fieldection and wavelength calibration with

a reference Th-Ar calibration lamp. All the exposures iedato a given star have been sky-
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Figure 4.1: K, J-K color-magnitude diagrams for the uppeBR&the 4 observed LMC clusters
(Mucciarelli et al., 2006): the black points indicate thegtd stars of the present work.
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4.3. Equivalent widths

subtracted, corrected for radial velocity (by using sevegas of metallic lines) and average-
combined together, providing a final, equivalent spectriitotal exposure time of 3-5 hrs, with
a typical S/Nv30-40 (at about 600@01). Fig. 4.2 shows some portions of the final, combined
spectrum of the star NGC 2173-5 with marked several spde@alires of interest.

The radial velocities included heliocentric correctiorsglculated by using the IRAF task
RVCORRECT. We findv, =233.11.8 km/s (rms=3.6 km/s)y, =277.6+1.0 km/s (rms=2.3
km/s),v, =236.8+0.4 km/s (rms=1.2 km/s);, =293.1-1.5 km/s (rms=3.1 km/s) for NGC 1651,
NGC 1783, NGC 1978 and NGC 2173, respectively. These vaheds axcellent agreement with
previous determinations by Olszewski et al. (1991) and otk et al. (2006). Tab. 4.1 lists the
main data for each observed star: S/N, heliocentric raéialcity, near-infrared magnitudg and

color (J — K)o, right ascension and declination (see Chapter 3).

4.3 Equivalent widths

The analysis of the observed spectra and the computatioheoftiemical abundances (for Fe
and other elements) was performed by using the ROSA packaggt¢n, 1988). The line EWs
from the observed spectra have been measured by Gaussianditthe line profiles, adopting a
relationship between EW and FWHM (see e.g. Bragaglia e2@01). The local continuum has
been derived by applying an iterative clipping average tiverpoints with highest counts around
each line.

An empirical estimate of the internal error in the measumna EWs can be obtained by
comparing a large sample of line EWs in pairs of stars withilamphysical parameters. We
derived an average rms of 13.3, 8.5, 10.3 and 1045fan NGC 1651, NGC 1783, NGC 1978 and
NGC 2173, respectively. Such rms estimates should be divige,/2, since they are distributed
in equal proportion to the two stars in each pair, thus givingl values of 9.4, 6.0, 7.3 and 7.4/m
for the 4 clusters, respectively. These errors are larger those obtained from the Cayrel (1988)
formula (which yields a typical uncertainty ef4.2 mA), since the latter neglects the uncertainty
in the continuum location, which is the dominant source ofrein metal-rich, crowded spectra of

rather cool giants.

4.4 Oscillator strengths

The choice of the oscillator strengths is a crucial step éndiemical abundances determination,

because the abundance depends linearly on the gf valuesgeasbed in the Sect. 4.1). In this
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Figure 4.2: Portions of the spectrum of the target star NGZ3ZA. Some spectral features of
interest are indicated.
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4.4. Oscillator strengths

StarID SIN Viwio Jo (J—K)y RA@Q2000) Dec(J2000
(km/s)
1651-6 35 2343 1358 0.99 69.3880040 -70.6012B35
1651-8 30 227.3 13.66 0.98 69.3799588 -70.5734(344
1651-10 30 232.1 13.87 0.94 69.3844841 -70.5838366
1651-12 30 235.7 14.11 0.86 69.3573261 -70.5738910
1651-16 25 236.2 14.49 0.88 69.3824681 -70.5959887
1783-22 35 277.4 13.63 1.02 74.7264895 -65.9723560
1783-23 30 275.1 13.66 0.98 74.7793127 -65.9862323
1783-29 30 275.2 13.75 0.94 74.7830715 -65.9957|701
1783-30 30 281.2 13.79 0.95 74.8010628 -65.9629302
1783-32 30 2779 13.87 0.93 747707871 -65.9799639
1783-33 35 278.8 13.88 0.98 74.8011665 -65.9906/700
1978-21 35 2955 13.52 1.07 82.1515305 -66.23221134
1978-22 40 290.6 13.48 1.01 82.2014424 -66.2339097
1978-23 35 288.7 13.54 1.06 82.2092677 -66.2568186
1978-24 30 2915 1354 1.02 82.1915173 -66.2387280
1978-26 30 296.3 13.69 1.05 82.1751055 -66.2325960
1978-28 35 2923 13.72 1.05 82.1774043 -66.2079169
1978-29 35 2984 13.75 1.06 82.1906198 -66.2420488
1978-32 30 290.5 13.89 1.01 82.1764751 -66.2351731
1978-34 20 292.1 1391 0.98 82.2041703 -66.2277/628
1978-38 30 297.1 13.93 0.99 82.2221112 -66.2352105
1978-42 35 2915 14.00 0.96 82.1706985 -66.2461504
2173-4 50 237.6 12.95 0.86 89.4861621 -72.9749/781
2173-5 50 2348 13.15 0.99 89.4910121 -72.9652H85
2173-6 40 237.3 13.47 1.04 89.5475844 -72.9757P05
2173-8 55 2379 13.68 0.85 89.4955156 -72.9785015
2173-10 40 236.3 14.03 0.94 89.4816674 -72.9815157

Table 4.1: Main information about the target stars: S/N cotegp at 60004, heliocentric radial
velocity, near-infrared magnitudes and colors, and coaitéss.
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Chapter 4. The chemical composition of the LMC clusters

work we employed the linelist described by Gratton et alO@Q by using, whenever possible,
laboratory and theoretical oscillator strengths with lomcertainties, typically below 0.05 dex
(similar errors translate into abundance errors below @€). For some transitions, for which
accurate gf are not available, the oscillator strengtheshave been derived from an inverse solar
analysis. All the references for the oscillator strengtfesawvailable in Gratton et al. (2003) and
Carretta et al. (2004).

For the collisional damping, we adopted the recent thezakthodels presented by Barklem,
Piskunov & O’Mara (2000).

Finally, as reference solar abundances, we adopted thelahces obtained by Gratton et al.
(2003), adopting the same linelist and procedure desciibékis Chapter and the solar model

atmosphere by Kurucz (1994).

4.5 Stellar parameters

StellarT,;; were obtained from the near-infrared color (J-K), corrédter reddening by using
the E(B-V) values from Persson et al. (1983), and the extindaw defined by Rieke & Lebofsky
(1985). We adopted two different col@iy ; transformations, namely by Montegriffo et al. (1998)
and Alonso, Arribas & Martinez-Roger (1999, 2001). Sinoe derived temperatures are well in
agreement withir< 50 K, we used the average of the two values.

Gravities were estimated by using the relation betwEgn, stellar mass and luminosity:

T, M
log(--) = 410g(=LL) + 0.4 (Mot — Myor,0) + log(-),
9o eff,0 ©]

by adopting the solar references 19g=4.437,T, ;= 5770 K andM,, »= 4.75, according to
the IAU recommendations (Andersen, 1999). For each tatgei\%,,, has been estimated from
the K magnitude, and usingn — M ),= 18.5 (van den Bergh, 1998; Alves, 2004) and bolometric
corrections by Montegriffo et al. (1998). Stellar massegehaeen estimated by using suitable
isochrones (Castellani et al., 2003; Cariulo, Degl'iInmicé& Castellani, 2004), adopting ages
derived from the s—parameter calibration (Elson & Fall,&;98irardi et al., 1995), and an average
metallicity of Z=0.008 (Cole et al., 2005), typical of the IQMWe derived masses of 1.81, 1.98,
1.37 and 1.55V/, for NGC 1651, 1783, 1978 and 2173, respectively. All the progstars have
similar T¢ s ¢ (~3600-4000 K), and gravities log g-0.5-1.2 dex).

Microturbulent velocities were estimated by eliminatirge ttrend of abundances with the
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4.6. Error budget

expected line strengths, according to the prescription afaih (1984) and by using a large
number (80-90) of Fe | lines for each star.

The model overall metallicity [A/H] was chosen as that of thedel atmosphere extracted
from the grid of ATLAS models by Kurucz (1993), with the ovieosting option switched
on, whose abundance matches the one derived from Fe | lines atiopting the appropriate
atmospheric parameters for each star.

Fig. 4.3 shows, as an example of consistency check, the bondance log n(Fe) from the
Fe | lines as a function of the excitation potentiglexpected line strength and wavelength for
one of the star in our sample, together with the linear fit tchedistribution (dashed lines). The
log n(Fe)x relationship for each target star shows only a marginalesiep—0.02 dex/eV and
reported in Fig. 4.4 as a function of tlg, ;), confirming that the adopted photometiic; ; well
reproduce the excitation equilibrium. The lack of signific&rends in the relationship between
iron abundance and the expected line strength (Fig. 4.3dlmiokanel) supports the validity of
the adoptedy values. The derived iron abundances show no trend with thelergth (Fig. 4.3,

lower panel); this represents a good sanity check regatdmgontinuum placement.

4.6 Error budget

We computed the total uncertainty in the derived abundam@esrding to the treatment discussed
by McWilliam et al. (1995). The variance of a generic aburtdaratio [X] is estimated by using

the following formula:

5[X])2 2 (@[XJ 2 oX] RS

2 2 2 2 2 2 2
Oix] = Opw + 0T, Tlogg 810gg) + 0ja/H) (m) + 0oy, - ( 90, )%

,ff'(aTeff

whereo gy is the abundance uncertainty due to the error in the EW meamint,o; is the internal
error related to the atmospheric parameétand % indicates the differential variation of the
derived abundance [X] with respect to the atmospheric perarn These latter terms have been
computed for all the elements analyzed in this work by reatteg the analysis varying each time
only one parameter, by assuming variations\df, ; /=100K, Alog g=0.2 dex,A[A/H]=0.1 dex
and Av;=0.2 km/s. Tab. 4.2 reports the results of such an analysithéostar NGC 1783-29.
The terms of covariance that measure the correlation betiheeatmospheric parameters are not
included in the above formula.

The main error sources in the determinatiori/pf, are the photometric error related to (J-
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Figure 4.3: The trend of the derived abundances from Fe § Ifoethe star NGC 2173-8 as a
function of the excitation potential (upper panel), the expected line strength (middle panel) an
the wavelength (lower panel). The dashed lines represenintbar fit to each distribution.
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Chapter 4. The chemical composition of the LMC clusters

Ratio Ters logg [A/H] vy <N > ogw
+100 K +0.2dex +0.1dex +0.2km/s
[O/Fe] 0.028 0.042 0.040 -0.016 2 0.127
[Na/Fe] 0.085 -0.010 0.006 -0.075 4 0.090
[Mg/Fe]  0.004 0.001 0.027 -0.059 4 0.090
[Al/Fe] 0.069 0.003 0.005 -0.047 2 0.127
[Si/Fe] -0.113 0.027 0.025 -0.047 4 0.090
[Ca/Fe] 0.063 -0.060 -0.032 -0.185 13 0.0%0
[Se/Fe]ll  0.018 0.101 0.093 -0.091 5 0.080
[Ti/Fe] 0.168 0.016 0.031 -0.167 13 0.0%0
[V/Fe] 0.156 0.004 0.024 -0.195 7 0.068
[Cr/Fe] 0.138 0.047 0.058 -0.073 14 0.048
[Fe/H|l  -0.016 0.019 0.028 -0.114 86 0.019
[Fe/H]Il -0.210 0.068 0.043 -0.063 2 0.127
[Co/Fe]  -0.033 0.024 0.026 -0.117 3 0.104
[Ni/Fe]  -0.040 0.028 0.028 -0.099 25 0.036
[Y/Felll ~ -0.016 0.081 0.034 -0.160 3 0.104
[Zr/Fe] 0.160 0.038 0.021 -0.154 3 0.104
[Ba/Fe]ll 0.019 0.056 0.050 -0.090 3 0.104
[La/H]Il  0.018 0.087 0.037 -0.113 1 0.180
[Ce/H]Il  0.013 0.082 0.038 -0.062 1 0.180
[Nd/Fe]ll 0.019 0.079 0.038 -0.166 2 0.127
[Eu/Fe]ll  -0.014 0.083 0.036 -0.053 1 0.180

Table 4.2: Sensitivities of the abundance ratios to theatian of the atmospheric parameters
(Ters, log g, [AH], v), with the corresponding average number of used liresN >) and
the error of the abundance associated to the typical err&\h(oz ), as computed for star
NGC 1783-29.
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4.7. Measured chemical abundances

K) color and reddening E(B-V). All the program stars are bigy than Kk-14 and the typical
photometric error for the (J-K) color is 0.03 mag; for the reddening we assumed a conservative
uncertainty of~ 20%. These terms translate intot®0 K temperature uncertainty. In computing
the uncertainty due to the stellar gravity, we took into agtdour main error sources: the error
in T, ¢ 7, in mass £10%), in distance modulusH0.1 mag) and in bolometric correctior-Q.05
mag). From the quadratic sum of these uncertainties, agatat inlog g of £0.08 dex has been
obtained. To estimate the error in the microturbolent vigjage repeated the analysis by changing
thev; value until the &, value for the slope of the abundance - expected line strenagtion
has been reached. The internal error associategdisatypically 0.10-0.17 km/s.

An estimate of the error in the derived abundances due tortbertainty in the measurement
of EWs has been estimated by weighting the average Fe |ditied scatter (0.18 dex) with the
square root of the mean number of measured liKigkr eachi element:

o _ 018
PN

Finally, we assumed an addition&l0.1 dex uncertainty due to the choice of the best-fit model

atmosphere.

4.7 Measured chemical abundances

Tab. 4.3-4.8 report the abundances of all analyzed elenferits the adopted reference solar
values, the number of measured spectral lines and the porrding line-to-line scatter) for the
target stars and Tab. 4.9 and 4.10 summarize the averagdaatmenratios for the 4 LMC clusters
with the number of used stars, the observed star-to-stétes¢a,,;) and the expected erros ;)
computed according to the procedure described in SectFdrGeach cluster, Fig. 4.5-4.9 plot the
average values of the derived abundance ratios (big grey)oi

For comparison, the corresponding abundance ratios of witegmediate-age stellar populations
are reported, namely LMC disk giant stars by Pompeia et @02 (empty triangles),
intermediate-age LMC cluster giants by Hill et al. (2000nfgy squares), Galactic thin disk
dwarfs by Reddy et al. (2003) (small grey points) and Sgrtgséars by Bonifacio et al. (2000);
Monaco et al. (2005, 2007); Sbordone et al. (2007) (smatiabeints).

4.7.1 Iron and Iron-peak elements

The mean iron abundance of the cluster NGC 1651 results [Eef-80+0.03 dex with rms=0.07

dex, whereas Olszewski et al. (1991) derived [Fe/H]=—8@20 dex. Photometric determinations
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have been presented by Dirsch et al. (2000, from Stromgréetometry) and Sarajedini et
al. (2002, from isochrones fitting), suggesting [Fe/H]650dex and [Fe/H]=—0.G#0.10 dex,
respectively. Recently, Grocholski et al. (2006) estirddtee/H]=—0.53£0.03 dex, by using the
Ca ll triplet of 9 giant stars.

NGC 1783 shows a mean iron abundance of [Fe/H]=—-8®B82 dex with rms=0.06 dex. For this
cluster only photometric determinations are available gaé& Pandey (1989) found [Fe/H]=—
0.45 dex and de Freitas Pacheco, Barbuy & Idiart (1998) fgbatH]=—0.75 dex.

The results about the iron abundance of NGC 1978 ([Fe/HB&40.02 dex with rms=0.07 dex)
have been discussed in detail in Sect. 4.8.

The iron content of NGC 2173 turns out to be [Fe/H]=—@5103 with rms=0.07 dex. Olszewski
et al. (1991) give [Fe/H]=—0.240.20 dex, de Freitas Pacheco, Barbuy & Idiart (1998) found
[Fe/H]=—0.50 dex and Grocholski et al. (2006) found [FeA)42+-0.03 dex, by using the Lick
index and the Ca Il triplet, respectively.

We also measured lines of several elements of the Fe-graupely Sc, V, Cr, Co and Ni.
Corrections for the hyperfine structure (HFS) due to now-zerclear magnetic moment, were
applied to the Scll, V and Co lines, as in Gratton et al. (2003 references therein). The
abundance ratios between these elements and Fe is rouddufyirsall the 4 clusters. In order
to cross-check the abundances derived from the EW measntgnvee performed a synthetic
spectrum fitting for some lines of these elements, findinggligible difference between these

two determinations.

4.7.2 Light odd-Z elements

Na abundances were derived from th5682-88A4 and \\6154-60A4 doublets and they include
non-LTE corrections computed according to Gratton et &9¢). The differences between LTE
and non-LTE derived abundances are generally as larg® &sdex, with a maximum discrepancy
of ~0.35 dex in the coolest star of the sample. Three clustersC(NG651, NGC 1783 and
NGC 1978) exhibit mild depletion of [Na/F€}-0.1 dex while this ratio is solar in NGC 2173,
without appreciable intrinsic star-to-star scatter.

Al abundances were derived from tha6696-98A doublet. These lines do not include non-LTE
corrections, following the extensive discussion by Bauleu& Gehren (1996). All the target
clusters are characterized by a significant depletion oH&j| typically < —0.3 dex. Also for this
ratio, the intrinsic star-to-star scatter is negligibleG® 1978 was previously observed by Hill et

al. (2000) who found [Al/Fe]=0.10 dex from the analysis ofidrgs, only. This value turns out
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4.7. Measured chemical abundances

to be~0.6 dex higher that that found here ([Al/Fe]=—0.52 dex), diserepancy is likely due to
the strong difference~(0.6 dex) in the iron content derived from the two analysie Sect. 4.8).

Indeed, their [Al/H] abundance is consistent with our eatienwithin the errors.

4.7.3 «-elements

A number of lines for those elements formed throughapture, namely O, Mg, Si, Ca and Ti,
were measured. For all these elements we note an high lehehodgeneity, with the star-to-star
scatter consistent with the measured errors and withonifisignt trends witHl, ;.

The O analysis is based on the forbidden lines&800.314 and\6363.79A. These lines are not
blended with telluric features, with the only exceptionloé tine at\6300.314 in the NGC 1978
spectra, which is blended with a telluric absorption liner these stars this spurious contribution
was removed by using the IRAF task TELLURIC and adopting agptate spectrum an early
type star. At the UVES resolution, the6300.31A feature is well separated from the Scll line at
A6300.694 but contaminated by the very close Ni transitiol\&800.34A. In order to measure
the correct oxygen abundance we used spectrum synthesidweoh with a Gaussian instrumental
profile.

To model the Ni line we used the measured abundance (seedeédt), while to model the
various CN lines we needed to assume C and N abundances J§€0Fe dex and [N/Fe]=+0.5
dex) since not directly measurable. However, it must be chdbat the assumed C and N
abundances in the typical range shown by RGB stars (e g[G/Fe]<0.0 and 0.&[N/Fe]<+1)
have only a marginal impact on the derived O abundance. ootiera-elements we cross-
checked the results derived by the EW measurements, byrpeinip a synthetic spectrum fitting
for sometestlines. This sanity check confirms the reliability of the @ded abundances for these
elements. Furthermore, the spectral region betwegtb5 and\6167 A (used to test the Ca
abundances) includes the Ca line\&.62.174 with strong damping wings, that are very sensitive
to the electronic pressure and to the gravity but not seesiti7 ¢ s, v; and non-LTE effects (see
discussion in Mishenina et al., 2006). We are able to weligduce the wings shape of this line,
confirming the reliability of the adopted gravities.

All 4 clusters show mildly subsolar [O/Fe] ratios (-0.04 —XDdex), with star-to-star scatter
less than 0.10 dex. For NGC 1978 Hill et al. (2000) measuréBd{> 0.37 dex with a star-to-star
scatter of 0.10 dex, clearly in disagreement with our deitgation ([O/Fe]=-0.11 dex), but this
discrepancy can be again manly ascribed to the differentdomtent.

For the other elements, the/Fe] turns out to be roughly solar, with a mild enhancement of
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Chapter 4. The chemical composition of the LMC clusters

[Mg/Fe] (~0.10-0.19 dex) and [Ti/Fe] in NGC 2173 (0.15 dex).

4.7.4 s and r-process elements

Several s-process elements, namely the light Y and Zr anldetiney Ba, La, Ce and Nd have been
measured, together with Eu, a r-process element.

The Ba abundance was derived by measuring the EWs of thie=e [ifne inclusion of the HFS
has a negligible €0.5%) effect on the derived Ba abundance, in agreement wathis\ Ryan
& Beers (1997) findings for tha6496.91 A line. This was also verified by mean of spectrum
synthesis simulations of the three lines, using both thglsinomponent line and the separated
HFS components taken from the linelist by Prochaska (20@®.has an even atomic number
Z=58 and all of the isotopes have even neutron nunithenence there is no HFS. However, an
isotopic splitting is possible but we did not consider itcgirthe calculations of Aoki et al. (2001)
show that it has a negligible impact on the derived abundafice Nd line HFS can be neglected,
because the only isotopes (the dd¢iVd and'* N d) that show it account for20% (Den Hartog
et al., 2003) of the total abundance, only. Finally, both lthell line at A 6390.46 A and the
Eu Il line at \6645.14 have EWs small enough<(0 mfl) to ignore the HFS. In order to check
the possible impact of the HFS effects on the Eu abundancesested our abundances with the
spectrum synthesis (by using the HFS parameters for tlesbynLawler et al., 2001). We find a
negligible difference between the two determinations,greament with the results by Gratton et
al. (2006) and Carretta et al. (2007) for the Galactic GCs M@£&L and NGC 6338, respectively
(whose metallicity is very similar to the mean metal aburéaof the present sample).

In all the target clusters [Y/Fe] and [Zr/Fe] ratios resudfnificantly depleted €—0.30 dex)
with respect to the solar value. Heavy-s elements show eelda-0.20-0.45 dex) [Ba/Fe],
[La/Fe] and [Nd/Fe] ratios but [Ce/Fe] which turns out to b&as Finally, all the clusters display

an enhanced>0.30 dex) [Eu/Fe] abundance ratio.

4.8 About the iron content of NGC 1978

This intermediate-age cluster is very massive2(- 10° M, Westerlund, 1997) and located in an
high density stellar region, about 3.5orth of the bar field. It also shows a peculiar, very high
ellipticity (e = 0.3, Geisler & Hodge, 1980; Fischer, Welch & Mateo, 1992). Thétitnior BVRI
photometry by Alcaino et al. (1999) has shown a broad RGBsistent with a metallicity spread
of [Fe/H]~0.2 dex. On the basis of this evidence, the authors suggtstqubssible existence of
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Figure 4.5: The trend of [Na/Fe] and [Al/Fe] as a function B&fH] (upper and lower panel
respectively) for the 4 analyzed LMC clusters (big grey pg)in For comparison, previous
determinations of these abundance ratios in the LMC fieldotgririangles from Pompeia et al.
(2006)), other LMC clusters (empty squares from Hill et 2aDF0)), the Galactic thin disk (little
grey points from Reddy et al. (2003)) and Sgr (little blacknp® from Bonifacio et al. (2000),
Monaco et al. (2005), Monaco et al. (2007) and Sbordone €@0.7)) are also plotted.
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Figure 4.6: The trend ofi-elements ([O, Mg, Si, Ca, Ti/Fe]) as a function of [Fe/H] tbe 4
analyzed LMC clusters (same symbols and references of Fig. 4
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Chapter 4. The chemical composition of the LMC clusters

StarID T¢ry logg [A/H] v n [Fe/H]l rms n [Fe/H]Il rms

(K) (dex) (dex) (km/s) (dex)  (dex) (dex)  (dex)
1651-6 3780 0.76 -025 148 79 -027 019 — — -+
1651-8 3810 081 -040 152 81 -041 020 2 -0.18 001
1651-10 3890 092 -032 155 69 -032 019 2 -0.22 0.16
1651-12 4035 107 -031 170 89 -031 019 2 -0.20 0.10
1651-16 4010 1.20 -020 149 74 -021 015 2 -0.15 0.15
1783-22 3730 080 -0.27 135 79 -026 019 3 -0.35 0.05
1783-23 3810 085 -035 138 86 -0.34 017 — — -+
1783-29 3870 091 -037 132 101 -0.38 0.20 2 -0.25 0.13
1783-30 3850 092 -036 137 79 -036 020 1 -0.27 1—
1783-32 3800 092 -030 122 95 -031 019 3 -0.33 0.11
1783-33 3800 093 -041 132 75 -044 013 1 -0.40 —
1978-21 3790 064 -043 154 74 -043 0.16 — — -+
1978-22 3700 055 -037 150 78 -039 017 7 -0.27 0.19
1978-23 3630 057 -024 135 70 -025 021 — — -+
1978-24 3750 062 -030 140 59 -030 017 1 -0.17 1—
1978-26 3820 0.71 -043 153 83 -042 017 1 -0.28 —
1978-28 3740 069 -033 128 8 -033 018 2 -0.17 0.01
1978-29 3750 0.71 -0.44 158 89 -044 021 4 -0.30 0.06
1978-32 3700 0.73 -040 139 84 -041 019 2 -0.30 0.18
1978-34 3900 083 -0.32 149 84 -032 020 — — -+
1978-38 3840 081 -043 159 72 -044 014 2 -0.37 0.11
1978-42 3880 086 -043 155 92 -043 018 2 -0.26 0.17
2173-4 380 051 -049 175 97 -050 018 9 -0.49 011
2173-5 3780 052 -047 173 101 -0.47 022 3 -0.37 0.13
2173-6 3680 062 -057 165 77 -057 021 — — -+
2173-8 4060 083 -057 1.72 106 -0.58 0.14 17 -0.44 Q.16
2173-10 3880 091 -042 165 97 -041 0.18 2 -0.35 0.12

Table 4.3: Adopted atmospheric parameters and inferretraleand ionized iron abundances.
Adopted reference solar abundances are log n(Fe 1)=7.5/bgmFe 11)=7.49.
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4.8. About the iron content of NGC 1978

[

X)

08
13
.07
.06
.02

StarID n [O/Fe] ms n [Na/Fe] rms n [Mg/Fe] rms n J[Al/Fe] rmm
(dex) (dex) (dex)  (dex) (dex)  (dex) (dex) (de
log Ng 8.79 6.21 7.43 6.23
16516 2 -0.12 005 4 -014 012 3 +0.16 013 2 -042 O
1651-8 2 -0.07 008 4 -041 007 2 +0.18 011 2 -0.69 O
1651-10 2 -0.05 006 4 -016 005 2 +0.16 007 2 -018 O
1651-12 2 -005 006 4 -003 010 3 +0.12 014 2 -028 O
1651-16 2 -0.10 008 4 -031 012 3 +0.10 016 2 -059 O
1783-22 2 -004 006 4 -013 013 3 +009 005 2 -045 O
1783-23 2 -012 011 4 -012 009 3 +0.12 005 2 -043 O
1783-29 2 000 004 4 -021 013 4 +009 009 2 -045 O
1783-30 2 -0.12 0.07 4 -020 0213 4 +019 015 2 -036 O
1783-32 2 -0.04 010 4 +0.03 008 3 +0.09 008 2 -073 O
1783-33 2 +0.01 009 4 +000 011 4 +0.17 024 2 -055 (@
1978-21 2 -003 006 4 -035 007 4 +0.17 016 2 -053 O
1978-22 2 -020 008 4 -005 013 4 +0.12 012 2 -050 O
1978-23 2 -0.15 0.07 4 +0.10 011 4 +0212 009 2 -055 Q@
1978-24 2 -014 011 4 -024 014 4 +019 015 2 -041 O
1978-26 2 +0.02 008 4 -025 011 4 +023 007 2 -061 Q
1978-28 2 -005 005 4 -006 015 4 +022 012 2 -055 O
1978-29 2 -0.06 008 4 -009 009 4 +022 010 2 -057 O
1978-32 2 -0.08 007 4 -019 009 4 +0.19 007 2 -039 O
1978-34 1 0.02 — 3 -036 009 3 +0.19 011 2 -056 O
1978-38 2 -0.02 008 4 -024 013 4 +020 010 2 -054 O
1978-42 2 -0.10 0210 4 -021 02112 4 +011 015 2 -055 O
2173-4 2 -004 012 4 +027 011 4 +0.15 008 2 -032 O
2173-5 2 -011 010 4 +0.04 009 4 +0.07 013 2 -035 O
2173-6 2 -007 007 4 -029 009 3 +0.09 005 2 -040 O
2173-8 2 -0.08 007 4 +0.18 012 4 +0.15 008 2 -0.14 O
2173-10 2 -0.05 008 4 -023 011 4 +004 016 2 -036 O

A2
.07
.06
.08
.07
.09
.08
01
.18
A1
.02
.02
.05
.08
05
.08
.02
03
.07
.01
.09
.07

Table 4.4: Chemical abundances, number of measured linkiinarto-line scatter for O, Na, Mg
and Al. Oxygen abundances are derived from spectral syistHeégdium abundances are corrected
for departures from LTE.
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X

)

StarID n [SilFe] s n [Ca/Fe] mms n [Sc/Fe]ll rms n [Ti/lFe] sm
(dex) (dex) (dex)  (dex) (dex) (dex) (dex) (de
log Ng 7.53 6.27 3.13 5.00

16516 4 -0.12 0.10 12 +0.04 016 5 -0.06 0.12 15 +0.11

1651-8 3 +0.00 0.04 12 +0.00 0.17 5 -0.11 0.10 13 +0.11 Q@

1651-10 3 -0.01 010 12 -0.02 014 5 +0.03 0.15 11 +0.09 (@
1651-12 4 -0.12 0.10 11 +0.03 0.16 4 -0.09 009 9 +0.04 G
1651-16 3 -0.12 0.07 11 -0.07 013 4 +0.00 0.15 18 +0.15
1783-22 2 +0.04 004 13 -0.09 013 5 -0.06 0.16 14 +0.06
1783-23 4 +0.10 0.07 13 -013 012 5 -0.16 0.14 12 -006 (
1783-29 3 -0.06 004 12 -0.07 013 5 -0.04 0.16 13 +0.13
1783-30 3 -0.04 006 12 -017 014 3 -0.16 0.06 13 +0.03
1783-32 3 +0.05 0.08 13 -0.17 0.09 5 -0.01 0.10 16 +0.00 (@
1783-33 4 +0.07 0.12 12 -015 009 4 -0.10 0.08 12 +0.01 (@
1978-21 3 +0.06 0.112 13 -0.14 013 5 -0.18 0.11 15 +0.18 (
1978-22 3 +0.10 0.02 14 -0.12 0.18 4 -0.15 006 13 -0.02 ¢
1978-23 4 +0.14 0.07 14 -010 015 4 -0.26 0.06 14 +0.11 (¢
1978-24 4 +0.10 0.02 12 -0.13 0.17 4 -0.06 0.13 12 +0.08 (
1978-26 4 +0.05 0.12 9 -0.17 007 5 -0.18 0.15 15 +0.16
1978-28 3 +0.11 0.09 12 -011 015 5 -0.14 0.15 13 +0.07
1978-29 4 +0.14 0.08 11 -0.10 0.17 5 +0.01 0.12 15 +0.04
1978-32 3 +0.17 006 13 -011 014 3 -0.23 0.08 13 -0.09 d
1978-34 3 +0.05 0.03 12 -0.08 0.17 4 -0.15 0.08 13 +0.08 (@
1978-38 3 +0.08 0.09 14 -0.08 0.16 5 -0.09 0.14 16 +0.00 ¢
1978-42 4 +0.04 007 8 -018 008 5 -0.31 0.11 17 +0.06
2173-4 4 +0.07 010 11 +0.00 0.16 4 -0.11 0.10 10 +0.18 (Q

2173-5 4 +0.04 004 12 -001 014 5 -0.19 0.13 14 +0.19

2173-6 3 +0.13 011 11 +0.02 0.14 4 -0.14 0.09 17 +0.15 (

2173-8 4 +0.05 0.07 13 +0.00 0.16 5 -0.15 0.09 19 +0.12 (

2173-10 4 +0.07 0.10 12 -0.09 0.16 4 +0.00 0.08 13 +0.09 (

14
A3
A3
.06
A5
.16
.07
.09
15
14
14
13
.09
A7
A5
15
A2
17
15
A2
19
.18
15
.16
15
.09

Table 4.5: Chemical abundances, number of measured limEnaato-line scatter for Si, Ca, Sc
and Ti. Scandium abundances include HFS corrections.
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4.8. About the iron content of NGC 1978

StariD n [VIFE] mms n [Cr/Fe] rms n [Co/Fe] rmms n [Ni/Fe] rms
(dex) (dex) (dex)  (dex) (dex)  (dex) (dex) (dex)

log Ng 3.97 5.67 4.92 6.28

16516 8 +0.09 008 10 -0.14 015 2 -002 006 23 +0.00 Q.16
1651-8 8 +0.08 0.13 13 000 014 2 -002 005 24 -0.04 Q13
1651-10 6 +0.05 006 12 -0.16 010 3 -0.01 0.11 23 +0.07 0.16
1651-12 8 -005 0.08 12 -004 016 3 -006 002 27 -0.02 Q.16
1651-16 9 -003 0.12 15 -008 015 2 -0.03 014 30 +0.06 0.13
1783-22 7 +0.14 0.11 13 -0.16 0.15 2 +0.07 0.04 24 +0.00 0.15
1783-23 7 -0.13 015 14 -021 015 3 -005 005 26 -0.01 Q.16
1783-29 7 +0.13 0.14 13 -005 016 3 +0.05 0.09 25 +0.00 0Q.12
1783-30 5 -004 012 16 -019 015 3 +0.00 006 25 -0.05 Q.16
1783-32 7 +0.05 015 14 -007 015 3 -009 0.08 25 -0.01 Q.15
1783-33 7 -001 015 14 -005 016 3 +0.05 0.10 28 +0.02 0.16
1978-21 9 +0.03 016 15 -0.12 016 3 -0.12 015 23 +0.02 0.14
1978-22 6 -009 013 14 -0.17 015 3 -010 0.15 26 +0.08 Q.15
1978-23 5 +0.16 0.07r 13 -0.03 0.17 3 -0.13 012 26 +0.11 (.15
1978-24 6 +0.18 0.13 14 -0.13 0.16 2 +0.09 0.05 25 +0.13 Q.15
1978-26 6 +0.22 0.16 14 -0.12 016 3 -0.11 011 25 +0.10 Q.16
1978-28 5 +0.15 008 9 -001 015 3 +0.04 013 27 +0.01 Q.16
1978-29 6 +0.05 0.10 14 -0.10 0.15 3 +0.00 0.06 23 +0.04 0.10
1978-32 5 +0.13 0.12 13 -0.14 016 3 +0.09 0.13 24 +0.02 0.14
1978-34 6 +0.00 0.17 12 -020 015 2 +0.00 0.05 20 +0.11 Q.16
1978-38 7 -0.14 005 13 -016 012 3 +0.11 015 31 -0.05 Q.15
1978-42 7 -002 0.17 11 -0.17 016 3 +0.03 0.15 31 -0.02 Q.12
2173-4 7 +0.04 009 18 -008 016 3 -0.11 013 30 -0.15 Q.16
2173-5 7 +0.09 010 12 +0.03 0.12 3 +0.03 0.10 27 -0.05 D.1
21736 8 -003 013 11 -005 017 3 +0.01 0.13 16 -0.07 Q.13
2173-8 11 -0.11 0.16 17 -0112 014 3 -010 014 35 -004 Q.13
2173-10 8 -0.13 0.07 12 -006 0124 4 -020 015 32 -0.05 Q.15

Table 4.6: Chemical abundances, number of measured limkbn@rto-line scatter for V, Cr, Co
and Ni. Vanadium and Cobalt abundances include HFS coorecti
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StarID n [Y/Fe]l rms n [Zr/lFe] rms n [Ba/Fe]ll rms n [La/Fe] | rms
(dex)  (dex) (dex)  (dex) (dex) (dex) (dex) (dex)
log Ng 2.22 2.60 2.22 1.22
1651-6 3 -0.39 002 3 -053 008 3 +0.44 011 1 +0.19 —
1651-8 2 -0.27 016 3 -041 013 3 +0.49 008 1 +0.34 —
1651-10 3 -0.51 011 2 -049 001 3 +0.49 009 1 +0.26 —
1651-12 2  -0.32 0.08 2 -041 007 3 +0.38 001 1 +0.12 —
1651-16 2  -0.50 012 1 -0.39 — 3  +0.44 004 1 +0.11 +—
1783-22 2 -0.64 003 3 -038 011 3 +043 009 1 +0.34 —
1783-23 2  -0.40 0.09 3 -057 007 3 +0.44 010 1 +0.28 —
1783-29 2 -0.48 001 3 -057 007 3 +0.44 009 1 +0.35 —
1783-30 3 -0.58 014 2 -039 002 2 +0.40 012 1 +0.25 —
1783-32 2 -0.59 002 3 -0.67 006 2 +0.44 013 1 +0.37 —
1783-33 3 -0.43 013 2 -0.64 004 3 +0.37 008 1 +0.31 —
1978-21 2 -0.42 006 3 -029 010 3 +0.48 011 1 +0.31 —
1978-22 3 -0.42 008 3 -044 007 3 +0.37 011 1 +0.10 —
1978-23 1 -0.54 — 2 -026 007 3 +0.49 009 1 +0.20 +—
1978-24 2 -041 005 2 -052 006 3 +047 010 1 +0.09 —
1978-26 2  -0.70 011 3 -052 012 2 +0.37 004 1 +0.30 —
1978-28 2  -0.57 004 3 -032 013 3 +0.52 010 1 +0.28 —
1978-29 2 -0.68 006 3 -056 013 3 +0.34 013 1 +0.19 —
1978-32 2 -0.50 002 2 -065 001 3 +0.38 003 1 +0.22 —
1978-34 2  -0.65 011 3 -038 014 3 +0.50 013 1 +0.21 —
1978-38 3  -0.46 012 3 -048 005 3 +0.57 0.09 — — -
1978-42 1  -0.55 — 3 -055 008 3 +041 011 1 +0.26 +—
2173-4 2 -034 016 3 -037 004 3 +044 008 1 +0.17 —
2173-5 2 -0.35 005 4 -030 005 3 +0.36 011 1 +0.16 —
2173-6 2 -0.35 013 3 -035 007 3 +040 0.08 1 +0.29 —
2173-8 3  -0.36 018 3 -049 011 3 +0.47 0.09 1 +0.19 —
2173-10 3 -0.21 014 2 -044 004 3 +042 003 1 +0.18 —

Table 4.7: Chemical abundances, number of measured limkbnaato-line scatter for Y, Zr, Ba
and La.

99



4.8. About the iron content of NGC 1978

StarID n [Ce/Fe]ll rms n [Nd/Fe]l rms n [Eu/Fe]ll rms
(dex) (dex) (dex) (dex) (dex) (dex)

log Ng 1.55 1.50 0.51

1651-6 1 -0.03 — 2 +041 015 1 +0.32 —
1651-8 1 +0.03 — 2 +0.52 008 1 +0.18 —t
1651-10 1 +0.16 — 2 +0.30 006 1 +0.32 —
1651-12 1 +0.08 — 3 +0.40 003 1 +0.42 —
1651-16 — — — 2 +0.22 0.07 — — —
1783-22 1 +0.08 — 2 +0.29 001 1 +0.44 —
1783-23 1 +0.00 — 3 +0.22 0.07 1 +0.75 —
1783-29 — — — 3 +0.30 013 1 +0.52 —
1783-30 1 +0.10 — 2 +0.40 012 1 +0.26 —
1783-32 1 -0.13 — 1 +0.21 — — — —
1783-33 1 -0.08 — 2 +0.49 005 1 +0.23 —
1978-21 1 -0.08 — 3 +0.56 0.08 1 +0.26 —
1978-22 1 +0.05 — 3  +0.44 013 1 +0.70 —
1978-23 1 -0.02 — 3 +0.39 015 1 +0.48 —
1978-24 — — — 4 +041 0.07 — — —
1978-26 1 -0.06 — 3 +0.36 007 1 +0.26 —
1978-28 1 +0.10 — 2 +0.31 0.10 1 +0.23 —
1978-29 1 -0.13 — 3 +0.32 014 1 +0.49 —
1978-32 1 +0.03 — 3 +0.33 012 1 +0.43 —
1978-34 — — — 1 +0.22 - — — —
1978-38 1 +0.03 — 2 +0.16 0.02 1 +0.12 —
1978-42 1 -0.02 — 2 +0.35 0.08 — — —
2173-4 1 -0.02 — 2 +0.31 006 1 +0.37 —
2173-5 1 +0.07 — 3 +042 009 1 +0.37 —t
2173-6 1 +0.00 — 2 +0.21 0.07 1 +0.94 —t
2173-8 1 -0.01 — 2 +0.36 002 1 +0.64 —
2173-10 1 +0.05 — 2 +0.20 005 1 +0.26 —

Table 4.8: Chemical abundances, number of measured lindsarto-line scatter for Ce, Nd and
Eu.
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NGC 1651 NGC 1783
Ratio Natar Mean Oobs  Oexp Natar Mean ous  Oerp
[O/Fe] 5 -0.07 0.04 0.14 6 -0.06 0.08 0.14
[Na/Fe] 5 -0.21 0.15 0.11 6 -0.10 0.10 o0.11
[Mg/Fe] 5 +0.10 0.04 0.11 6 +0.12 0.04 0.10
[Al/Fe] 5 -0.43 0.21 0.14 6 -0.49 0.13 0.14
[Si/Fe] 5 -0.07 0.06 0.13 6 +0.03 0.06 0.12
[Ca/Fe] 5 +0.00 0.04 0.13 6 -0.13 0.04 0.12
[Sc/Felll 5 -0.05 0.06 0.15 6 -0.08 0.06 0.14
[Ti/Fe] 5 -0.03 0.02 0.16 6 +0.03 0.06 0.14
[V/Fe] 5 +0.03 0.06 0.18 6 +0.02 0.10 0.15
[Cr/Fe] 5 -0.08 0.07 0.12 6 -0.12 0.07 0.12
[Fe/H] 5 -0.30 0.07 0.10 6 -0.35 0.06 0.07
[Fe/H|N 5 -0.19 0.03 0.21 6 -0.29 0.06 0.19
[Co/Fe] 5 -0.03 0.02 0.17 6 +0.01 0.06 0.12
[Ni/Fe] 5 +0.01 0.05 0.09 6 -0.01 0.02 0.07
[Y/Felll 5 -0.40 0.11 0.16 6 -0.52 0.10 0.14
[Zr/Fe] 5 -0.45 0.06 0.22 6 -0.54 0.13 0.16
[Ba/Felll 5 +0.45 0.04 0.13 6 +0.42 0.03 0.10
[La/Felll 5 +0.20 0.10 0.21 6 +0.32 0.04 0.20
[Ce/Felll 4 +0.06 0.08 0.21 4 +0.01 0.10 0.19
[Nd/Felll 5 +0.37 0.11 0.14 6 +0.32 0.11 0.16
[Eu/Felll 4 +0.31 0.10 0.21 5 +0.44 0.21 0.20

Table 4.9: Mean abundance ratios for NGC 1651 and NGC 1783.
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NGC 1978 NGC 2173
Ratio Natar Mean Oobs  Oexp Natar Mean ous  Oerp
[O/Fe] 11 -0.11 0.08 0.14 5 -0.04 0.03 0.14
[Na/Fe] 11 -0.16 0.13 0.13 5 +0.01 0.25 0.11
[Mg/Fe] 11 +0.19 0.04 0.14 5 +0.10 0.05 0.10
[Al/Fe] 11 -0.52 0.07 0.14 5 -0.31 0.10 0.14
[Si/Fe] 11 +0.09 0.04 0.12 5 +0.07 0.03 0.12
[Ca/Fe] 11 -0.11 0.05 0.15 5 +0.00 0.06 0.13
[Sc/Felll 11 -0.17 0.09 0.15 5 -0.12 0.07 0.14
[Ti/Fe] 11 +0.08 0.07 0.16 5 +0.15 0.04 0.16
[V/Fe] 11 +0.05 0.13 0.18 5 -0.03 0.09 0.18
[Cr/Fe] 11 -0.13 0.04 0.11 5 -0.05 0.05 0.11
[Fe/H] 11 -0.38 0.07 0.10 5 -0.51 0.07 0.09
[Fe/H|N 11 -0.26 0.06 0.18 5 -0.37 0.06 0.15
[Co/Fe] 11 -0.01 0.09 0.14 5 -0.07 0.09 0.13
[Ni/Fe] 11 +0.05 0.06 0.09 5 -0.07 0.04 0.08
[Y/Felll 11 -0.54 0.11 0.14 5 -0.32 0.06 0.15
[Zr/Fe] 11 -0.45 0.12 0.18 5 -0.39 0.07 0.18
[Ba/Felll 11 +0.45 0.07 0.11 5 +0.42 0.04 0.11
[La/Felll 10 +0.22 0.08 0.20 5 +0.20 0.05 0.20
[Ce/Felll 9 -0.01 0.07 0.20 5 +0.02 0.04 0.21
[Nd/Felll 11 +0.35 0.11 0.18 5 +0.30 0.09 0.16
[Eu/Felll 8 +0.37 0.19 0.20 5 +0.51 0.27 0.21

Table 4.10: Mean abundance ratios for NGC 1978 and NGC 2173.
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two different sub-populations as the result of a mergings $henario was furtherly supported by
Hill et al. (2000) who analyzed the high resolution specfrem@ giant stars located in the south-
east region of the cluster. They found [Fe/H]=—1.1 and —@i&2 with a significant star-to-star
difference (\[Fe/H]~0.3 dex). However, the same stars were previously obsernyé&ldzewski
etal. (1991), who found [Fe/H]=—0.46 and —0.38, i.e. a mughédr (by a factor of=3) metallicity

and a much smallerf[Fe/H]~0.08 dex) star-to-star difference.

Our average metallicity is in good agreement with the previestimate by Olszewski et
al. (1991), who obtained [Fe/H]=—0.4D.04 dex, while both these estimates disagree with the
significant lower abundance ([Fe/H]=—0:86.15 dex) found by Hill et al. (2000). Unfortunately
we did not re-observed the two stars measured by Hill et BD{®, hence no direct comparison
can be done. However, the relatively large number of giamtssured in this work and the accurate
tests we perform on the abundance analysis suggested thratsoilt is quite solid. It is also worth
noticing that high metallicity estimate for this intermatéi-age cluster is in agreement with the
recent finding (see e.g. Cole, Smecker-Hane & GallagherQ;28fith et al., 2002; Cole et al.,
2005) that the metallicity distribution of intermediatgeaLMC field stars shows a remarkable
peak in the abundance distribution at [Fe#H]-0.4 + 0.2 dex.

It is interesting to note that NGC 1978 is in the age range whdédferent star formation (SF)
models provide significantly different predictions in th&IR. For example, the predictions of
the two models discussed by Pagel & Tautvaisiene (1998)t(s=e Fig. 4), show significant
differences for clusters in the 2-10 Gyr age range. The twdetsoare also discussed by Hill et al.
(2000) and compared with some observations (see their BjgHere we just note that the current
age estimate for NGC 1978<8.5 Gyr, Girardi et al., 1995), and our metallicity deteration,
place the cluster in a position within the age-metalliciiggiam more consistent with a smooth SF
rather than with a bursting model. Of course no firm conclusi@n be reached on the basis of only
one cluster, however we strongly emphasize how only the guatibn of accurate metallicities
and age determinations could significantly improve our Kedge in the star formation history of
the LMC.

NGC 1978 is one of the most massive stellar cluster in the LM@ iahas been suspected
to harbor a chemically inhomogeneous stellar populatiostehat both the most massive stellar
systems in the halos of our Galaxy Cen,M ~ 3 - 10°M, Merritt, Meylan & Mayor , 1997)
and M31 (G1,M ~ 7 -10°M, Meylan et al., 2001) show evidence of a metallicity spread

and a complex star formation history (Ferraro et al., 20@Hdlima al., 2005). Curiously, both
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Figure 4.10: Location of the 11 program stars (black pointghin the cluster area. X,Y
coordinates are in pixels. The two filled triangles mark tosition of the two stars measured
by Olszewski et al. (1991); Hill et al. (2000).

these massive stellar systems show a relatively largdieitip(¢ ~ 0.2), similar to NGC 1978.

These properties have been interpreted as possible sigaatia merging event (note that several
clusters in the MC appear to be binary (or show clustertister interaction). Hence our findings
deserve a few additional comments in the context of thealdistmation. The fact that our targets
are well distributed within the entire cluster area (see #ifj0) and that they show an high level of

homogeneity in their iron abundance allows us to safely kemiecthat NGC 1978 does not show
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any signature of metallicity spread. Also, the IR CMDs aliediscussed in Chapter 3 (see Fig.
3.6) do not confirm the presence of a significant spread aloadRGB (contrary to the claim of
Alcaino etal., 1999). Of course, our finding makes the mergiypothesis poorly convincing since
it would require either that the two sub-units had similatatiiity or that the two gas clouds with
different metallicities efficiently mixed at better thaf¥'e/H] = 0.07 dex before star formation
started. Both these occurrences are quite unlikely, hemceaw safely conclude that there is not
signature pointing at a merging event in the formation Inystd this cluster. Moreover, previous
dynamical studies of this cluster (Fischer, Welch & Mate@92) already found no evidence for
merging. Finally, it is also worth noticing that elliptigitis a common feature of many LMC
and Galactic clusters (see e.g. Goodwin, 1997) with no ecel®f a metallicity spread. A few
explanations for a large ellipticity, other than mergingn ®e advocated, the two most likely being

either cluster rapid rotation and/or strong tidal intei@ts with the parent galaxy.

4.9 The global interpretation

All the 4 LMC globulars analyzed here, belonging to the same population but located in
different regions of the LMC disk, result to bmetal-rich with a mean metallicity of [Fe/H]=—
0.38 dex (rms=0.09 dex). This finding confirms the previousiesolution analysis based on the
Ca Il triplet by Olszewski et al. (1991) and Grocholski et(@006), that showed as the young
and intermediate-age LMC clusters exhibit a very narrowattieity distribution (Grocholski et
al., 2006, estimated a mean metallicity of -0.48 dex with axth09 dex from 23 intermediate-
age clusters). Our metallicities are also consistent withrhean metallicity of the LMC Bar
([Fe/H]=-0.37 dex) by Cole et al. (2005) and of the LMC didkegH]}~-0.5 dex) by Carrera et al.
(2007). The theoretical scenario for the formation of the@ Bihd its GCs drawn by Bekki et al.
(2004) indicates as the efficient GC formation does not oaatit the LMC and the SMC start to
interact violently and closely~3 Gyr ago). Moreover, also the formation of the Bar is prestict
to occur in the last-5 Gyr. The similar iron content between the LMC GC system &ed tMC
Bar seems to confirm this hypothesis.

Our chemical analysis also evidences an high degree of hemedty for all the elements.
Even the abundances of Na and Al show a low dispersion, anegiwith Galactic GCs which
show strong O-Na and Mg-Al anticorrelations (see e.g. GmatBneden & Carretta, 2004, for an
extensive review).

The depletion (by a factor of 2-3) of [Na/Fe] and [Al/Fe] abance ratios with respect to
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the solar and Galactic thin disk values, is consistent Withdne observed in the LMC and Sgr
fields. These two elements are likely connected to the SNettabse their main production sites
are C and Ne burning (see Pagel, 1997; Matteucci, 2003)ecésply. Another possible channel
to produce Na and Al are the p-captures in the intermediassm\GB stars (NeNa and MgAl

cycles). However, the high degree of homogeneity of theimdance in the LMC clusters and
the lack of clear Na-O and Mg-Al anti-correlations seem teofathe SN Il channel for their

production. Also, since the Na and Al yields depend on thernauexcess and increase with
metallicity (Pagel, 1997), under-abundant [Al/Fe] and [iNg ratios suggest that the gas from

which the LMC clusters formed, should have been enrichectlafively low-metallicity SN 1.

Also the a-elements are produced mainly by high-mass stars which legid $hort life
exploding as SN II, but at variance with Na and Al, their prciiln factors are poorly sensitive
to metallicity. The p/Fe] ratio represents a powerful diagnostics to clarifyridative role played
by SN II (producers of-elements) and SN la (main producers of Fe) in the chemic@henent
process. Indeed, there is time delay (Tinsley, 1979) betviiee explosion of SN II, occurring
since the onset of the star formation event, and SN la, whigpén later on (Greggio, 2005a).
The roughly solard/Fe] abundance ratios measured in the LMC GCs well matcletfaashd in
the LMC field and MW thin disk intermediate-age populations are consistent with a standard
scenario, where SN la had enough time to significantly erthielgas with iron. Some depletion
of [Mg/Fe], [Ca/Fe] and [Ti/Fe] is observed in the Sgr stars.

The bulk of the iron-peak elements are produced by the SNday stars with intermediate-
mass progenitors and located in single-degenerate bigatgras (lwamoto et al., 1999), or from
double-degenerate binary systems (Ilben & Tutukov, 19840)r derived abundances for these
elements well trace iron, as do the LMC field and MW thin diskrst We only note a mild
discrepancy between our [Ni/Fe] solar ratio and the shghtiderabundant ([Ni/Fe]-0.2 dex)
values by Pompeia et al. (2006), also observed in the Sgr #tat show a significant depletion
(by a factor of 2-3) of iron-peak elements. It is interestiognote that the old LMC clusters
analyzed by Johnson, Ivans & Stetson (2006) show a gengyltuba of the [iron-peak/Fe] ratios
(in particular [V/Fe] and [Ni/Fe]): actually, an explarati for such a depletion for the iron-peak

elements is still lacking.

The elements heavier than the iron-peak group are not luiftam thermonuclear burning
but via a sequences of neutron captures on seed Fe or Ni nifdle¢ time-scale of the neutron

capture sequence is longer than the typical time-scaleeofttiecay, the resulting elements are
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called slow or s-process elements, while in case of fast neutron captueezlements are called
rapidor r-process elements. The s-process elements are mabalyged by low-massy(1-4 M)
AGB stars during the thermal instabilities developing abtve quiescent He-burning shell (the
so-calledmaincomponent), with a minor contribution by the high masssstre so-calledveak
component) (see Busso, Gallino & Wasserburg, 1999; Travaglal., 2004). The bulk of these
neutron captures are connected to thé'(a, n)'°0 and?? Ne(a, n)?> Mg reactions, which are

major sources of neutrons.

The behaviour of the s-process elements in the LMC clusigrsas to belichotomic with a
deficiency of light s-elements (Y and Zr) and an enhancemidmtavy ones (Ba, La and Nd), with
the only exception of Ce, that shows a solar [Ce/Fe] aburedeat®o. The [Ba/Y] abundance ratio
represents a powerful diagnostic of the relative contittoubf the heavy to the light s-process
elements (see Venn et al., 2004). In our LMC clusters [Basyémhanced by0.9-1 dex (see
Fig. 4.9). similar values have been observed also in the LM f{iHill, Andrievsky & Spite,
1995; Pompeia et al., 2006) and in Sgr (Sbordone et al., 2@Qif)not in the MW, where the
[Ba/Y] ratio is solar at most. The interpretation of thesaratance patterns is complicated by the
complexity (and uncertainty) of the involved nucleosyssike Theoretical models (Busso, Gallino
& Wasserburg, 1999; Travaglio et al., 2004) indicate that AGB yields could be metallicity-
dependent. In particular, the heavy-s elements have thadimum production factor at lower
metallicities than the light-s ones. Hence, an high [Ba/&f]a could suggest a major pollution
of the gas by low-metallicity AGB stars. Moreover, abundapatterns for [Y/Fe] and [Ba/Fe]
consistent with the Galactic values have been observeceinlthLMC cluster by Johnson, Ivans
& Stetson (2006). Being these objects the first ones formélden.MC, these clusters have been
not contaminated by the AGB stars, because the low-mass A&B Isad no time to evolve and
incorporate completely their yields in the interstellardiuen (differently to the intermediate-age

clusters).

The [Eu/Fe] abundance ratio (see Fig. 4.9) measured in th€ lcMsters and Sgr stars
is enhanced by a factor of two with respect to the Galactic thisk value. This is somewhat
puzzling and inconsistent with the solar [«/Fe] > measured in all the three environments.
Indeed, Eu is a typical r-process element (Arlandini et18199; Burris et al., 2000), whose most
promising site of nucleosynthesis are SN Il (SN 1l with low<{NI1 M, Cowan & Sneden, 2004)
mass progenitors are interesting candidates), althouwr atternative sites are possible (see e.g.

Cowan & Sneden, 2004). Such an anomalous high [Eu/Fe] abgadatio seems to suggest that
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in the LMC clusters and Sgr the Eu is not or not only synthesirea similar fashion as the
a-elements.

Finally, the ratio between the s-process elements (whielpegdominantly formed through
slow neutron captures, with a minor contribution from rapi&ltron captures) and Eu (a pure
r-process element) represents a powerful diagnosticstitnags the relative contribution of the
different neutron-capture processes. The theoreticalk $BB/Eu] in case of pure rapid neutron
captures turns out to be —0.70 dex (Arlandini et al., 1998 [Ba/Euk0.0 dex abundance ratios
measured in the LMC clusters as well as in the Galactic thsk dnd Sgr stars, suggest that s-
process elements should be mainly produced by AGB staraghrslow neutron captures, with a
minor (if any) contribution from massive SN Il through rapidutron captures.

At variance, the strong [Y/Eu]<-0.7 dex) depletion measured in the LMC clusters and Sgr
stars is very different from the higher values ([Y/Ex0.20 dex at [Fe/H]=—0.40 dex, see Fig.
4.9) observed in the thin disk stars. This may suggest thpéd r@eutron captures can also have
a different role in the production of light and heavy s-pisxelements, (as suggested by Venn et
al. (2004) in order to explain similar patterns in the dSpig) this seems to be environment-
dependent. Alternatively, galactic winds could have beareneffective in removing these

elements from the LMC and Sgr (see e.g. Matteucci & Chio$33)9
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Chapter 5

The age of the LMC clusters: first
results

Based on the results published in :
— Mucciarelli, Ferraro, Origlia & Fusi Pecci, 2007, AJ, 12853
— Mucciarelli, Origlia & Ferraro, 2007, AJ, 134, 1813

Accurate ages for the LMC clusters based on the measureriietlaminosity of the MS-TO
region are still sparse and very model (i.e. isochronesgmi@gnt. The only homogeneous age-
scale available still relies on the so called s—parametiso(E&: Fall, 1985, 1988), an empirical
quantity related to the position of the cluster in the deesdd (U-B) vs (B-V) color-color
diagram. The definition of a new homogeneous age scale fdtNt@ cluster system represents
one of the most important and necessary step toward to alglolkerstanding of the stellar
populations in the LMC. With the ultimate goal of constragtian homogeneous age-metallicity
scale for the LMC clusters, we started a program which malsesaf the last generation of
instruments (imager and multi-object spectrograph) ireotd perform an appropriate study of
stellar population, age, metal content and structuralrpatars for a number of pillar clusters.
In this section we discuss the first results related to therate determination of the age of
a number oftemplateLMC clusters by using high-resolution photometry obtaineith the
Advances Camera for Survey (ACS) on board of Hubble Spa@sdepe (HST). We present the
high resolution photometry for two intermediate-age @ustnamely NGC 1978 and NGC 1783,
already studied by our group for their near-infrared phatria properties (see Chapter 3) and for
their chemical signatures (see Chapter 4).

Stars with initial masses larger thavl-1.2 M, (the exact value depends on the initial chemical

composition) during the central hydrogen burning phaseldgva convective core. This derives
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from the dependence of the CNO cycle efficiency on tempezailine extension of the convective
core is classically defined by adopting the Schwarzschiigbrasn. It might be possible that
a moving fluid element exhibits a nonzero velocity beyond $lebwarzschild boundary along
a certain length. This mechanism, referredoaesrshootinginduces an increase of the central
hydrogen burning phase lifetime (in order of the more hydrogvailable) and of the luminosity
of the star, due to the increase of the mean molecular weight.

Young stellar populations (with ages300 Myr) are characterized by large convective cores.
Theoretical studies (see e.g. the numerical simulationapoted by Freytag, Ludwig &
Steffen, 1996) suggest that the penetration of convectements into a stable regiowi& the
Schwarzschild criteridncan produce non-negligible evolutionary effects. Thaseligtions seem
to be confirmed by several works (Becker & Mathews, 1983; BaaynGirardi & Chiosi, 2002;
Chiosi & Vallenari, 2007) which require some amountovershootingn the MS star convective
core, in order to reproduce the observed morphologies agltarstounts of young clusters,
although this issue is still matter of debate and theory-observatiomomparison provides yet
contradictory results (Testa et al., 1999; Barmina, Gir&r€hiosi, 2002; Brocato et al., 2003).
At variance, in older ¥5-6 Gyr) stellar populations the growth of large radiatizees tends to
erase the possible evolutionary effectsooershooting Intermediate-age stellar populations like
those in NGC 1978 and NGC 1783 LMC stellar clusters reprefentransition stage between
these two regimes, where the amounbwgérshootingcales with the initial stellar mass, and thus

represent ideal test-bench to study twershootingeffects.

5.1 Observations and data analysis

The photometric dataset discussed here consists of higidieon images obtained with
ACS@HST through the F555W and F814W filters, with exposuresi of 300 and 200 sec for
NGC 1978 and 250 sec and 170 sec for NGC 1783, for the filterS\W=thd F814W, respectively.
These images have been retrieved from ESO/ST-ECF SciertevAr(Proposal ID 9891, Cycle
12). The observations have been obtained with the Wide Relhnel (WFC) that provides a
field of view of ~200” x200” with a plate scale of 0.05 arcsec/pixel. The WFC is a neost

two CCDs, both with 40982048 pixels separated by a gap-@50 pixels. The first chip has been
centered on the cluster center, while the second chip sanaptentiguous field. All images were
reduced with the ACS/WFC pipeline, in order to perform biad dark subtractions and flatfield
correction. The photometric reduction was performed bypgighe DAOPHOT-II (Stetson, 1987)
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Chapter 5. The age of the LMC clusters: first results

PSF fitting method. The output catalog for NGC 1978 includesug 47,000 objects and the one
obtained for NGC 1783 about 44,000. Both these catalogs these calibrated in thACS/WFC
Vega-magsystem, following the prescriptions of Bedin et al. (200Bnally, both catalogs have
been astrometrized in the 2MASS astrometric system by nmgi¢he IR catalogs (discussed in
Chapter 3) and using the cross-correlation software CataXdoth the final catalogs reach a
magnitude limit of F555W. 26, deeper than the others CMDs previously published iralitee

for LMC clusters.

5.2 NGC 1978

5.2.1 The Color-Magnitude Diagram

Fig. 5.1 shows the calibrated CMD of NGC 1978 for the chip eerd on the cluster. Stars
in the brightest portion of the Giant Branches could be s#ar and/or in the regime of non
linearity of the CCD. Hence for stars brighter than F555W81(this magnitude level is marked
with an horizontal dashed line in Fig. 5.1), magnitudespiand level of incompleteness are not
safely measured. This CMD shows the typical evolutionaaguiees of an intermediate-age stellar
population, namely:

(1) the brightest portion of the MS at F555¥21 shows an hook-like shape, typical of the
evolution of intermediate-mass stars\{ > 1.2M, ) which develop a convective corfe In
particular, the so-calle@verall contractionphase (Salaris & Cassisi, 2006) is clearly visible
between the brightest portion of the MS and the beginninchefSub-Giant Branch (SGB) at
F555W~-20.9.

(2) the SGB is a narrow, well-defined sequence at F5580/.7, with a large extension in
color (§(F555W-F814W)~ 0.6 mag). The blue edge of the SGB is broad and probably atfect
by blending, especially in the most internal region of thestgr.

(3) the RGB is fully populated,; this is not surprising since ttlisster has already experienced
the RGB Phase Transition (see the discussion in Chapter 3).

(4) the He-Clump is located at F555W. 9.1 and (F555W-F814W)1.15.

Fig. 5.2 shows the CMD of the external part of the ACS@HST fidldiew (corresponding
to r>140" from the cluster center). This CMD can be assumed asseptative of the field

population surrounding the cluster. In particular, the Cktidws two main components:

!Note that the width of the distribution in color of the brightrtion of the MS &(v—n ~0.05 mag) turns out to
be fully consistent with the observational errors estimdtem the completeness experimenis (~ o5 ~0.03 mag,
corresponding tor(y_ ) ~0.04 mag).
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Figure 5.1: (F555W, F555W-F814W) CMD of the LMC cluster NGG78, obtained with
ACS@HST (only first chip). The dashed line indicates therséitan level.
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Chapter 5. The age of the LMC clusters: first results

(1) a blue sequence extended up to F5551V.
(2) a SGB which merges into the MS at F555\2.2, corresponding to a population b
Gyr. We interpret this feature as a signature of the majaffetanation episode occurred 5-6 Gyr

ago, when LMC and SMC were gravitationally bound (Bekki et2004).

s L NGC 1978 |
ACS@HST (chip 2) r>140"

18 o | .

20 - o _

F555W

R2 [~

24 —

FOoOW-F814W

Figure 5.2: (F555W, F555W-F814W) CMD of the outer region 40" from the cluster center)
of NGC 1978, as obtained with ACS@HST (only second chip).

5.2.2 Completeness

In order to quantify the degree of completeness of the finatghetric catalog, we used the

well-know artificial star technique (Mateo, 1988), and dated a population of stars in the
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same magnitude range covered by the observed CMD (exclsthng brighter than F555W=17.6,
corresponding to the saturation level) and with (F555W4W8)~ 0.8 mean color. The artificial
stars have been added to the original images and the entaeretduction procedure has been
repeated using thenrichedimages. The number of artificial stars simulated in each run (
2,000) are a small percentage5%) of the detected stars, hence they cannot alter the aligin
crowding conditions. A total o~~250 runs were performed and more than 500,000 stars have
been simulated. In order to minimize the effect of incomgretss correction, we have excluded
the very inner region of the cluster{®0”, where the crowding conditions are most severe) from
our analysis. In Fig. 5.3 the completeness fagtos ]]\,V—m (defined as the fraction of recovered
stars over the total simulated ones) is plotted as a funofitile F555W magnitude in two different
radial regions, namely between 20” and 60" ancceB@” from the cluster center, respectively. In
the inner region the sample 1s85% complete down to F555%22, remaining~60% complete
until to F555WA-25, while in the outer region is90% complete down to F555%24.
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Figure 5.3: Completeness curves computed in two radiakrsgions of NGC 1978. The black
points indicate the value of the = ]]VV—m parameter calculated for each magnitude bin. The
completeness curves have been computed for F555%W6, corresponding to the saturation level.
Tipycal errorbars are also indicated.
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5.2.3 The RGB-Bump

The extended and populated RGB in NGC 1978 gives the pdsgital search for the so-called
RGB-Bump. This is the major evolutionary feature along th@BR It flags the point when the
H-burning shell reaches the discontinuity in the H-abuéaorofile left by the inner penetration
of the convection. This feature has been predicted sincedHg theoretical models (Iben, 1968)
but observed for the first time in a globular cluster almosi tlecades later (King, Da Costa &
Demarque, 1984). Since that first detection the RGB-Bumpidergified in several GGCs (Fusi
Pecci et al., 1990; Ferraro et al., 1999; Zoccali et al., 1298 in a few galaxies in the Local
Group, e.g. Sextant (Bellazzini et al., 2001), Ursa Minoel(@zzini et al., 2002), Sagittarius
(Monaco et al., 2002). According to the prescriptions ofifRRexcci et al. (1990), we have used
the differential and integrated luminosity function (LF) identify the magnitude level of the
RGB-Bump in NGC 1978. In doing this, we hayg) selected stars belonging to the brightest
(F555Wk20.6) portion of the RGB(2) carefully excluded the bulk of the He-Clump and AGB
stars by eyef3) defined the fiducial ridge line for the RGB, rejecting thosgstying at more than
20 from the ridge line. Fig. 5.4 shows the final RGB sample (mbent600 stars) and both the
differential and integrated LFs. The RGB-Bump appears éndifferential LF as a well defined
peak atF'555W PP = 19.10 and it is confirmed in the integrated LF as a evident changken t
slope.

For both LFs the assumed bin-size is 0.1 mag; in order to ctiexkincertainty in the Bump
magnitude level, we have tested the position of this feadtyrasing LFs computed with different
binning. The impact of the selected bin-size is not cru@aldifference of 0.2 mag corresponds to
a variation<0.05 mag in the detection of RGB Bump. By considering thdrisic width of the
peak in differential LF, we estimate a conservative exr6r10 mag.

Finally, we note that the RGB Bump is brighter and reddest tifahe bulk of the He-Clump
and the latter merges into the RGB at faintest magnitude5¥#5519.3, see Fig. 5.4); hence the

possibility of contamination is negligible.

5.2.4 The cluster ellipticity

Most globular clusters in the Galaxy show a nearly sphesape, with a mean ellipticife=0.07
(White & Shawl, 1987) and more than 60% withc0.10. One of the most remarkable exception

is represented by Centauri that is clearly more elliptical than the other GGiBsellipticity is

2Note that ellipticity is defined here as1-(b/a), where a and b represent major and minor axis of e,
respectively.
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Figure 5.4: Left: the bright portion of the CMD of NGC 1978¢gpoints) with the selected RGB
stars (black points). The arrow indicates the magnitudéh@fRGB Bump. Right: differential
(upper panel) and integrated (lower panel) LFs, computedhi® RGB stars, excluding the He-
Clump and AGB populations. The arrow in the upper panel migis the position of the RGB
Bump. The dashed lines in the lower panel are the linear fihldorégions above and below the
RGB Bump.
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€=0.15 in the external regions with a evident decrease imiheriregions, witli=0.08 (Pancino et
al., 2003). Conversely, the LMC clusters (as well as thoskdérSMC) show on average a stronger
departure from the spherical symmetry. Geisler & Hodge Q) 3&timated the ellipticities of
25 populous LMC clusters, finding a mean valuecg0.22; Goodwin (1997) obtained a lower
average value for the LMC clusters=0.14), but still higher than the mean ellipticity of the G&C
Moreover, in the LMC the presence of many double or tripldoglar clusters has been interpreted
as a clue of the possibility of merger episodes between gstaek with the result to create stellar
clusters with high ellipticities (Bhatia et al., 1991). s determinations (Geisler & Hodge,
1980; Fischer, Welch & Mateo, 1992) suggested large valtieBipticity for NGC 1978.

We have used the ACS catalog to derive a new measurement @fifitecity of the cluster, in
doing this we computed isodensity curves and adopting aptidekernel technique, accordingly
to the prescription of Fukunaga (1972). In doing this we haglepted the center of gravity of
the cluster computed using the near-infrared photomettgimdd with SOFI (see Chapter 3).
The isodensity curves have been computed using all the istding first chip with F555W:22
(approximately two magnitudes below the TO region) in ordleminimize the incompleteness
effects3. Finally, we have fitted the isodensity curves with ellips€%y. 5.5 shows the cluster
map with the isodensity contours (upper panel), the coordipg best fit ellipses (central panel)
and their ellipticity as a function of the semi-major axisairtsecond (lower panel). No evidence
of subclustering or double nucleus is found. The averageevaf the ellipticity results= 0.30
(with a root mean square of 0.02), without any radial trenkisValue is in good agreement with
the previous estimates (Geisler & Hodge, 1980; Fischerchv& Mateo, 1992) and confirms the
surprisingly high ellipticity of NGC 1978.

5.2.5 The cluster age

The determination of the age of a stellar population reguine accurate measure of the MS-TO
magnitude and the knowledge of the distance modulus, réuglemd overall metallicity. For
NGC 1978 we used our determination of [Fe/H]=—GtB8)2 dex and< [«/Fe] > almost solar
(see Chapter 4), based on high-resolution spectra, toadr@/overall metallicity [M/H]. In doing
this, we adopted the relation presented by Salaris, ChieStr@niero (1993):

[M/H) ~ [Fe/H] + log (0.694 - 10<1*/F<l> 4 0.306),

3Note that a different assumption on the magnitude threstimés not affect the result.
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Figure 5.5: Upper panel: the map of NGC 1978 with the isodgregintours; central panel: the
best fit ellipses of the isodensity contours; lower paneliptadity of the best fit ellipses as a
function of the semi-major axis in arcsecond. The horizotéshed line indicate the mean value.
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obtaining [M/H}~—0.37 dex.

In the case of intermediate age stellar systems, the measate of the age is complicated
by the presence of a convective core, whose size needs toramet@ized. The overshooting
efficiency is parametrized using the mixing length theorpl{B-Vitense, 1958) with\,,=I/H,,
(wherel is the mean free path of the convective element &ids pressure scale height) that
guantifies the overshoot distanadovethe Schwarzschild border in units of the pressure scale
height. Some models as the "Padua ones” define this paraagtee overshoot distanegross
the Schwarzschild border, hence thg, values from different models are not always directly
comparable.

We then use different sets of theoretical isochrones witkreint input physics, in order to study
the impact of the convective overshooting in reproducirgrttorphology of the main evolutionary

sequences in the CMD.

e BaSTI models BaSTI (A Bag of Stellar Tracks and Isochrones evolutionary code
described in Pietrinferni et al. (2004) computes isochsomigh and without the inclusion of
overshooting. The overshoot efficiency depends on thastakss: (1)\,s= 0.2 for masses
larger than 1.1V ; (2) Aps = 0.25 - (M /Mg — 0.9) for stars in the 1.1-1.34., range; (3)

A,s= 0 for stars less massive than I, .

e Pisa models: PEL (Pisa Evolutionary Libray; Castellani et al., 2003) provides an
homogeneous set of isochrones computed without oversigpaind with two different

values ofA,;, namely 0.1 and 0.25.

e Padua models in these isochrones (Girardi et al., 2060) " *4u2= 0 for stars less massive
than 1M, where the core is fully radiative. The overshooting efficiehas been assumed
to increase with stellar mass, according to the relatigfi“*® = M /Mg, — 1 in the 1-1.5
M, range; above 1.8/ a constant value ak??u?= 0.5 is assumed. Note that this value
corresponds td,; ~ 0.25 in the other models, where the extension of the cometigion
(beyond the classical boundary of the Schwarzschild @it¢iis measured with respect to

the convective core border.

4The BaSTI isochrones are available at the URL http://198262/index.html.
*The PEL isochrones are available at the URL http://astnandffi.it/ SAA/PEL/Z0.html.
5The Padua isochrones are available at the URL http:/plptdstro.it/
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From each set of theoretical models, we selected isochwitesZ=0.008 (corresponding to
[M/H]=-0.40 dex), consistent with the overall metallicifthe cluster and we assumed a distance
modulus(m — M), ~ 18.5 (van den Bergh, 1998; Clementini et al., 2003; Alve943@nd E(B-
V)=0.10 (Persson et al., 1983). However, in order to obtiaénitest fit to the observed sequences
with each isochrone set, we left distance modulus and redigldree to vary by< |10/% and
< |30/% , respectively. Fig. 5.6 shows the best fit results for eackhirone set, while Tab.
5.1 lists the corresponding best fit values of age, reddemiistance modulus and the predicted

magnitude level for the RGB-Bump.

Parameter BaSTI BaSTI PEL PEL PEL PADUA
Aps=0 Aps=0.2 A,s=0 A,s=0.1 A,s=0.25 A,,=0.25
Age (Gyr) 1.9 3.2 1.7 1.9 2.5 2.2
(m— M)y, 18.47 18.43 1850 18.50 18.50 18.3&
E(B-V) 0.09 0.09 0.09 0.09 0.09 0.07
Mro (Mg)  1.47 1.45 1.49 1.49 1.44 1.45
V£§mp 19.10 19.22 18.73  18.88 19.39 19.44

Table 5.1: Age, distance modulus, reddening, TO mass anditndg level of the RGB Bump
from best-fit BaSTI, PEL and Padua isochrones.

The best fit solution from each model set has been identifidlieasne matching the following
features: () the He-Clump magnitude levelij) the magnitude difference between the He-Clump
and the SGB andii() the color extension of the SGB. The theoretical isochrdmege been
reported into the observational plane by means of suitadtestormations computed by using the
code described in Origlia & Leitherer (2000) and convolvithg model atmospheres by Bessell,
Castelli & Plez (1998) with the ACS filter responses. In thiofeing, we briefly discuss the

comparison between the observed evolutionary featurethaodetical predictions.

e BaSTI models By selecting canonical models from the BaSTI dataset, &gt fit solution
gives an age of 1.9 Gyr, with E(B-V)= 0.09 and a distance maslaf 18.47. Despite
of the good matching of the He-Clump and SGB magnitude lexeti the RGB slope,
this isochrone does not properly reproduce the shape of @eegion and theoverall
contraction phase(panel (a)of Fig. 5.6). The best-fit solution from overshooting models

gives an age of 3.2 Gyfin — M),= 18.43 and E(B-V)=0.09, and matches the main loci of
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Figure 5.6: Best-fit theoretical isochrones overplottethtoobserved CMD of NGC 1978 (only
stars at 20" from the cluster center are plotted) obtained with tiedioal isochrones: each panel
shows a different model and the corresponding value and age. Reddening and distance moduli
for each model are reported in Tab. 5.1.
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the evolutionary sequences in the CMD. In particular, te€hrone provides a better match

to the hook-like region (between the MS and the SGB psaee| (b)of Fig.6).

e PEL models Panels (c), (d)and(e) of Fig. 5.6 show the best fit solutions obtained by
selecting 3 different\,;. In all casegm — M)y= 18.5 and E(B-V)= 0.09 are used. As
can be seen values &f, ;= 0 andA ;= 0.25 isochrones fail to fit the SGB extension and the
hook-like feature, conversely a very good fit is obtainedwaitmild-overshooting/A,s=0.1)

and an age of=1.9 Gyr.

e Padua models The best-fit solution gives= 2.2 Gyr,(m — M ),= 18.38 and E(B-V)=0.07
( Panels (f)of Fig. 5.6). This isochrone well-reproduces the complexcstire of the TO
and the core contraction stage, as well as the SGB struatgr¢ha RGB slope. However,
it requires distance modulus and reddening significantiiefathan those generally adopted

for the LMC.

From this comparison, it turns out that only models with eheoting are able to best fit the
morphology of the main evolutionary sequences in the olese@MD. In particular, the best
fit solutions have been obtained with the BaSTI overshoatieglel with 7= 3.2 Gyr, the PEL
mild-overshooting modelA,,= 0.1) and7= 1.9 Gyr and the Padua model witt} *@ = 0.25
(corresponding ta\,,= 0.25) andr= 2.2 Gyr.

However, it must be noted that none of these models can fifaetiorily the observed Bump
level, the BaSTI and Padua models beif.1 and 0.3 mag fainter, respectively, and the PEL
model~0.2 mag brighter, perhaps suggesting that evolutionacksréor stars with N1, still
need some fine tuning to properly reproduce the luminosithisffeature. Since the comparison
between the observed CMD and theoretical isochrones iswbatejualitative, we also performed
a quantitative comparison between theoretical and enapipicpulation ratios: this yields a direct
check of the evolutionary timescales. To do this, we defing fwoxes selecting the stellar
population along the main evolutionary features in our CMBmely the He-Clump, the SGB,
the RGB (from the base up to F555W19.4) and finally the brightest(1 mag) portion of the
MS; these boxes are shown in Fig. 5.7, overplotted to theeri@®MD. Star counts in each box
have been corrected for incompleteness, by dividing therebd counts by the factor obtained

from the procedure described in Sect. 5.2.2 (see also RYyfdr.each bin of magnitude.
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Figure 5.7: The bright portion of the NGC 1978 CMD (only statsr>20" from the cluster
center are plotted) with the selection boxes adopted to keating MS, SGB, RGB and He-Clump

populations.

FOOOW—-I814W

123

1.5
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Star counts have been also corrected for field contamination estimate the degree of
contamination by foreground and background stars we hapkedpa statistical technique. We
have used the CMD shown in Fig. 5.2 as representative of tltedagulation. The number of
stars counted in each box in the control field has been narathto the cluster sampled area and
finally subtracted from the cluster star counts. Tinal star counts per magnitude bin in each box

have been estimated according to the following formula:

N, obs
¢

whereN,,, are the observed counts aig,.;; the expected field star counts. We fiNd;s= 4331,

Ncorr =

— Ntield,

Nsap= 632, Nrgp= 450 andNy.,= 311, whereNyss, Nras, Nsar and Ng._c; are the
number of stars in the box as sampling the MS, the RGB, the S@ERhe He-Clump population,
respectively.

Uncertainties in the computed population ratios have bestimated using the following

formula
R? 0% + 0%
D
whereR = N/D is a given population ratio, N is the numerator and D the denator of the

OR —

ratio. The errorgry andop for any population have been assumed to follow a Poissoistatat

In addition, in the error budget we also include the uncetyailue to the positioning of the box
edges: note that a slightly different{o) assumption in the definition of the box edge has little
impact (typically 7-8%) on the star counts. This uncertaimhs been quadratically added to the
Poissonian error.

On the basis of the boxes shown in Fig. 5.7 we defined four jaipul ratios’, as listed in
Tab. 5.2: () Nras/Nscp; (i) Nre/Nue—ci; (i) Nsap/Nue—ci; (V) Navs/N(saB+raB)-
For each selected model, corresponding theoretical populaatios have been estimated by
convolving the isochrone set shown in Fig. 5.6 with an Ihikass Function (IMF), according
with the prescriptions of Straniero & Chieffi (1991). In orde check the sensitivity of the
population ratios to the adopted IMF, we have used threereffit values for the IMF slope:
2.35 (Salpeter, 1955), 2.30 (Kroupa, 2001) and 3.5 (Sc&®6)Llat M>1M ;. In the considered

mass range (between 1 and)2), the theoretical population ratios are poorly dependent o

"Note that the bluest portion of the SGB can be affected byditen To check this effect, we also defined a second
box sampling the SGB populatios G B;), by excluding the bluest region at (F555W-F814¥0)7. The population
ratios obtained by using this selection box (and reportefaim 5.2) are fully consistent with the results by using the
standard SGB box, suggesting that blending effects (if &amyhe SGB population have a negligible impact on the
results.
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the assumed IMF, with a 16% maximum variation (between Saatb Kroupa IMFs) for the

Nus/Nisap+rap) ratios. Hence in the following the population ratios are pated by using a

Salpeter IMF.

Population BaSTI BaSTI PEL PEL PEL PADUA  Observed
Ratio Aos=0 Aps=0.2 Aps=0 Ay=0.1 A,=0.25 A,s=0.25
MS/(RGB+SGB) 2.40 6.05 2.10 3.27 7.06 6.92 4:0040
SGB/He-Cl 4.16 1.63 4.90 2.01 1.62 1.05 21UB22
RGB/He-Cl 1.95 1.07 2.41 1.64 1.03 0.78 144519
RGB/SGB 0.58 0.65 0.49 0.81 0.64 0.75 GEaL10
SGBs/He-Cl 1.39 0.64 1.43 0.85 0.61 0.36 1212
MS/(RGB+SGB;) 4.14 9.61 4.00 4.75 11.43 11.29 54342

Table 5.2: Theoretical population ratios from BaSTI, PEld &adua best-fit isochrones and
corresponding observed ratios for NGC 1978.

We found that BaSTIl and PEL canonical models predict a lovmsr €£40%) of the
Nus/Nsayrap) and higherNrep/Npe—ci and Nsgp/Npe—ci1 (by <35% and <100%,
respectively) population ratios with respect to the obsérwnes. Isochrones with high
overshooting {,s= 0.2-0.25) show an opposite trend, with higher ¢§0%) Ns/N(sap+raB)
and lower (by<30%) Nrcp/Nyge—ci and Nsap/Nge_c; ratios. The isochrone withh,,= 0.1
from PEL dataset reasonably reproduces all the populatidost Only theNys/N(sqp+raB)
ratio turns out to be- 15% lower than the observed one.

We conclude that the best agreement with observations {bdtgrms of evolutionary sequence
morphology and star counts) has been obtained by using PEels@omputed with a mild
overshooting §,,= 0.1) andr= 1.9 Gyr. Also, the required values of distance modulus and
reddening are fully consistent with those generally adbfpoe NGC 1978. In order to estimate
the overall age uncertainty, we took into account the majmresource, namely the distance
modulus. Hence, we have repeated the best-fitting procdgutsing the PEL isochrones with
mild-overshooting, and varying the distance modulusth®.05 and+ 0.1 mag with respect to
the reference value of 18.5. A variation-6f0.05 mag still allows a good fit of the CMD features
with isochrones withirng 0.1 Gyr from the reference value of 1.9 Gyr. A variationdoD.1 mag

in the distance modulus, does not allows to simultaneoustiidiHe-Clump magnitude level and
the extension of SGB, whatever age is selected. Hence, wassagn a formal error of 0.1 Gyr

to our age estimate.
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5.3 NGC 1783

5.3.1 The Color-Magnitude Diagram

Fig. 5.8 shows the observed CMD of NGC 1783 using only the ABI§ sampling the cluster
core. The useful magnitude rangd iz6 < F555W < 26. Indeed, we note that the brightest stars
at F555Wk 17.6, could be in the non-linear regime of the CCD or satdrateheir central pixels,
making the corresponding magnitudes and colors somewleattam.
The main features of the observed CMD can be summarizedlas/$ol
(1) The MS extends over more than 6 magnitudes in the F555W &ad the TO point is located
at F555W~21.2 (the identification of the TO magnitude was done by me&msparabolic fit of
this region). The TO region shows a mild spread in color;
(2) the slope change of the MS is at F55522.2 and flags the transition between radiative and
convective core stellar structures;
(3) the SGB is a poorly populated sequence, with a typicalnitage of F555W-20.5. We note
that the blue edge of this sequence is not well-defined:;
(4) the RGB is well populated and it extends owes magnitudes;
(5) the Helium-Clump is located at F555W9.25 and (F555W-F814\W)1.15;
(6) the AGB Clump (corresponding to the base of the AGB secgieis visible at F555W.18.4.
Fig. 5.9 shows the radial CMDs by using the entire sampleartsietected in the ACS FoV.
The bulk of the cluster population lies in the central 2 arcbiy radius); atx»130" the SGB, RGB
and He-Clump are barely detectable, while the brightediqroof the cluster MS is still visible.
The mild color broadening of the TO region deserves a brigfudision. Recently, Bertelli et al.
(2003) found a color dispersion in the brightest portionhaf MS of NGC 2173, while Mackey &
Broby Nielsen (2007) found a bifurcation of the bright MSiegof NGC 1846, and interpreted
it as a double TO. These two observational evidences sutfgestossible existence of an age-
dispersion in these stellar clusters. In order to check draghe broadening of the TO region in
NGC 1783 can be ascribed to a possible age-dispersion gaweaihlculated the color distribution
of the MS stars in the 208F555Wk<21.1 magnitude range. The color distribution turns out to
be roughly Gaussian withgsssw— ps1aw ~0.05, which is fully consistent with the observational
errors G rsssw ~ orsiaw ~0.03, implying a color uncertainty pss51— ps14w ~0.04). Similar
results are obtained by computing the color distributiotheradial CMDs of Fig. 5.9. Thus, we
can conclude that the spread in color of the TO region in NG&31can be explained in terms of

photometric errors and there is not any evidence of an agpediion.
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Figure 5.8: (F555W, F555W-F814W) CMD of the LMC cluster NGE83, obtained with
ACS@HST (only stars lying into the chip containing the custore have been plotted).
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Figure 5.9: Radial (F555W ,F555W-F814W) CMD of NGC 1783 at@asing distances from the
cluster center.

5.3.2 Completeness

In order to quantify the degree of completeness of the finakghetric catalog, we used the
artificial star technique (Mateo, 1988), by adopting the esgarocedure described in Sect. 5.2.2
for the cluster NGC 1978. We simulated a population of starthe same magnitude range

covered by the observed CMD (excluding stars brighter tHeBbW/=17.6, corresponding to the
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Chapter 5. The age of the LMC clusters: first results

saturation level) and with a (F555W-F814M().8 mean color. The number of artificial stars
simulated in each run~ 2,000) is always a small percentage5%0) of the detected stars, A
total of ~250 runs were performed and more than 500,000 stars havesimealated. We have
excluded from our analysis the very inner region of the elu$t<20”), where the crowding

conditions are prohibitive. Fig. 5.10 shows the completsrfactor¢ = ]]\\,’— defined as the

fraction of recovered stars over the total simulated onges, fanction of the F555W magnitude
in two different radial regions, namely between 20” and 50d at r~50” from the cluster center,
respectively. In the inner region the sample-i®0% complete down to F555%/22.5, while in

the outer region is>- 90% complete down to F555%/24.

0.8

©0.6

0.4
20" <r<b0”

0.2

0.8

©0.6

0.4

0.2

Figure 5.10: Completeness curves computed in two radiategions of NGC 1783. The black
points indicate the value of the = ]]va parameter calculated for each 0.5 magnitude bin.
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5.3. NGC 1783

5.3.3 The cluster ellipticity and structural parameters

The knowledge of the position of each star over the entirereston of the cluster (and in particular
in the innermost region) allows to compute the center of iyalC',.,) with high precision.
In doing this, we applied the procedure described in Moiiffeget al. (1995), averaging the
and ¢ coordinates of the detected stars with F555®2, in order to minimize the effects of
incompleteness. Thé,,,, of the cluster turns out to be locatedoat 4h 59™ 09578 andy=-65°
59’ 177.82. This finding is in good agreement with our prewaletermination based on near-IR
photometry (see Chapter 3).

We also used the ACS photometry of NGC 1783 to derive new astsnfor the cluster
ellipticity and structural parameters. The isodensityearare computed with an adaptive kernel
technique, accordingly to the prescription of Fukunaga/ 219 We used all the stars in the first
chip with F555W& 22 in order to minimize incompleteness effects and we fitsbdénsity curves
with ellipses. Fig. 5.11 shows the cluster map with the issig contours (upper panel), the
corresponding best fit ellipses (central panel) and théptieity as a function of the semi-major
axis in arcsec (lower panel). The ellipticitfdefined ag=1-(b/a), where a and b are the major and
minor axis of the ellipse, respectively) turns out to be 6:103. This value results slightly lower
than the previous determinations of Geisler & Hodge (1988) found an average ellipticity of
e=0.19.

By following the procedure already described in previouggpa (see Ferraro et al., 2004b),

we also compute the projected density profile of the clustbe area sampled by the first ACS
chip has been divided in 18 concentric annuli, each one w=htenC,,..,, and split in four sub-
sectors. The number of stars lying in each sub-sector wagedwand the mean star density was
obtained. The standard deviation was estimated from than@ among the sub-sectors. The
radial density profile is plotted in Fig. 5.12.
We used the Sigurdsson & Phinney (1995) code in order to ctertha family of isotropic single-
mass King models. These models are defined by three main pmanthe central potentidly,
core radius-. and the concentration=clog (r;)/(r.), wherer, is the tidal radius. Fig. 5.12 also
shows the single-mass King model that best fit the derivedityeprofile. The best-fit model has
been selected by usingy@ minimization (shown in the lower panel of Fig. 5.12).

We find Wy= 5.5, r.= 24.5” and c= 1.16 , corresponding to a tidal radiys 5.9' . Our

estimate of-. is consistent with the one by Elson (1992) who foupd 20”. The resulting lies

8We underline that the structure of the profile and the comedimg derived parameters does not change if different
magnitude limits are adopted.
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Figure 5.11:Upper panel the map of NGC 1783 with the isodensity contoucentral panel
the best fit ellipses to the isodensity contodasyer panel ellipticity of the best fit ellipses as a
function of the semi-major axis in arcsec. The horizontaheal line indicates the mean value.

out of the field of view of ACS. In order to properly fit the mosternal points of the radial profile,
the best-fit King model has been combined with a constantdraakd level (corresponding to a

density of 350 starat-cmin?), and shown as a horizontal dashed line in Fig. 5.12.
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Figure 5.12:Upper panel observed radial density profile for the cluster NGC 1783¢ $hlid
line is the best fit King model, with.=24.5" and c=1.16. Thhlorizontal dashed linendicate the

background levelLower panel the y? test for the observed radial density profile and best-fit King

model (solid line).
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5.3.4 The cluster age

In the previous section we performed a detailed comparidatheo observed morphology and
star counts of NGC 1978 with different set of theoretical glsdandovershootingefficiencies.
The best agreement between observations and theoreteditioons was reached with the Pisa
Evolutionary Library (PEL).

Hence, we have used the PEL isochrones also to determingehef &GC 1783. We select
isochrones with Z= 0.008 (corresponding to [M/H]= -0.40 dag estimated in Chapter 4 from
high-resolution spectroscopy), and with three differenbant ofovershootingefficiency, namely
A,s= 0.0 for the canonical isochrones, afigh= 0.10 and 0.25, representative of mild and strong
overshootingegimes, respectively.

These theoretical isochrones have been transformed iatolikervational plane, by means
of suitable conversions computed with the code describe®iiglia & Leitherer (2000), and
convolving the model atmospheres by Bessell, Castelli & RE998) with the ACS filter
responses. Guess values(of — M)y= 18.50 (Alves, 2004) for the distance modulus and E(B-
V)= 0.10 (Persson et al., 1983) for reddening have been adoptowever, in order to obtain the
best fit of the observed sequences we allowed these paranetary by< |10|% and< [40|%
factors, respectively.

Fig. 5.13 shows the best-fit solutions for the different ealofA,;, as obtained by matching
the following features:

(1) the magnitude of the He-Clump;
(2) the magnitude difference between the He-Clump and theeflgon of the SGB;
(3) the difference in color between the TO and the base of BB.R

As can be seen, the canonical model with= 0.0 fit the observational features (1) and (2)
reasonably well withm — M)y= 18.57, E(B-V)= 0.13 and= 0.9 Gyr, but fails to reproduce
feature (3).

Fig. 5.14 (panel (a)) shows a portion of the CMD, as zoomed &m¢ TO region, with the
best-fit = 0.9 Gyr) and 0.3 Gyr olderrE 1.2 Gyr) isochrones. The older isochrones better fits
feature (3) but predicts a too bright (by0.3 magnitudes) He-clump. Moreover, it requires a
(m — M)p=18.16 distance modulus, which is definitely too short fer tiViC (Alves, 2004).

Fig. 5.14 (panels (b) and (c)) shows a similar comparisorttferovershooting models. For the
Ays=0.10 model (panel (b)), the best-fit 1.2 Gyr) and 0.2 Gyr olderr& 1.4 Gyr) isochrones

are plotted. As for the canonical model, the older isochs@@mmewhat better fits feature (3) but
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Figure 5.13: Best-fit theoretical PEL isochrones overptbtin the observed CMD of NGC 1783.
Models with different assumptions of the overshooting &fficy (A,) are used: the best fit age,
distance modulus and reddening (see text) for each choidg,aire also marked.
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predicts a too bright (by 0.25 magnitudes) He-clump and a too shaeut— M )= 18.25 distance
modulus.
For theA,s=0.25 model (panel (c)), the best-fitf 1.6 Gyr) and 0.2 Gyr younger£ 1.4 Gyr)
isochrones are shown. The younger isochrone slightly ibBtsethe SGB region but predicts a
too blue MS. Also it predicts a slightly too faint (by0.2 magnitudes) He-clump and too long
(m — M)o=18.66 distance modulus.
In summary, we can conclude that canonical models, regardhle adopted isochrone age, do
not provide an acceptable fit to the observed CMD, while nmodath A,;= 0.10 and 0.25
overshooting E(B-V)= 0.13, (m — M),= 18.45 and ages betweerr 1.2 and= 1.6 Gyr,
respectively, reasonably well reproduce all the threerthatics features.

A quantitative check to discriminate between the diffel@rérshooting scenariasto perform
a comparison between the observed and theoretical LFs dM&stars normalized to the number

of the He-clump stars, defined as

2. Nus

Nie—ci

Such a normalized LF is a powerful indicator of the relativeetscales of the H and He burning

Dporm = 1g

phases. The observdd,,,.,,, is obtained by counting the number of MS stak(s) in each 0.5
magnitude bin, after the correction for incompletenessfaatd contamination, and normalized to
the total number of He-Clump stars. The innermost regiomefduster ¢ < 20", see Fig. 5.9)
has been excluded from this analysis because of its profelitowding. Formal errors for the
observedd,,.,, in each magnitude bin are computed under the assumptiosttratounts follow
the Poisson statistics, by using the following formula:

Voo et P

Npe-ci
Since the ACS field of view is not large enough to properly dantpe field population

O-(I)norm -

around NGC 1783, we used the most external region-(150") of the decontamination field
for NGC 1978. Indeed, these two clusters are close enougthéopurpose of decontamination
and their field RGB sequences are well-overlapped.

Fig. 5.15 shows the histogram of the number of MS starsapemin? at r> 150" from the
center of NGC 1978. The number of MS and He-Clump stars infikid has been subtracted
from the NGC 1783 cluster stellar counts, after the normasibn for the sampled area.

Hence, the total number of stars in each magnitude bin is\diye
Nobs
¢
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Figure 5.14: Best-fit theoretical PEL isochrones overptbtin the observed CMD of NGC 1783.
Models with different assumptions of the overshooting &fficy (A,) are used: the best fit age,
distance modulus and reddening (see text) for each choidg,aire also marked.
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Figure 5.15: Histogram of the number of MS stars permin? at r>150” from the center of
NGC 1978.

In order to compute the theoreticél,,,.,, predicted by the PEL models, we have adopted
the well-know technique of synthetic diagrams. By using ltlest-fit models described above,
we randomly distributed the stars along the isochrone dawogrto a Salpeter IMF. An artificial
dispersion has been added in order to simulate the photienestors. For each model, 200
synthetic diagrams are computed by using Montecarlo siioaks, and the correspondinig, o,
are extracted and averaged together.

Fig. 5.16 (panel(a) shows the observed LF (black points) compared with the réimal
expectations, computed by using the three differ@rgrshootingmodels. Clearly, the\,;=0.0
model predicts &b, value ~ 10-15% lower than the observed one; thg= 0.10 and 0.25
models marginally £5%) underestimate the observed valuebgf,.,,. This small offset can be
easily accounted for by adding a binary population in thetsstic LF. To do this, we assumed that
a given fractionf;, of the simulated stars be the primary star of a binary sysieém. mass of the
primary is randomly extracted, while the mass of the secgnsiar is assigned by adopting the

mass ratiay, between the secondary and primary star. The magnitude ditlary system is given
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5.4. Comparison between NGC 1783 and NGC 1978

prim

by My = —2.5- log (102 (Missiw +Mifioow) ), whereM ity , Miiny, Mgy are the
magnitudes of the binary, the primary and the secondary gpectively. The latter has been
obtained from the isochrone mass/luminosity relation.eP@r) in Fig. 5.16 shows the comparison
between the observed and theoreti®al,.,, with a binary population. The inclusion ef10%
binaries with a flat distribution of mass ratiag=(0.80) provide a good match between theoretical
and observed,,,,, for the models with overshooting. A residual discrepancydf0% is still
present between the observed and the theorebiggl,, as predicted by tha,;=0.00 model. The
adopted binary fraction is somewhat smaller than previgtisnates € 30%) in other LMC and
SMC clusters (Testa et al., 1995; Barmina, Girardi & Chi@8i02; Chiosi & Vallenari, 2007).

5.4 Comparison between NGC 1783 and NGC 1978

We have investigated the main properties (in terms of mdoggyp structural parameters and age)
of two massive, intermediate-age LMC clusters, namely N@&3land NGC 1978, by using high-

resolution ACS@HST photometry. Briefly, the main resultsaoted are summarized as follows:

(1) the firm detection of the RGB bump along the RGB of NGC 19¥&ated at
F555W= 19.18-0.10; this features results to be not detectable in NGC 1783, duts f{poorly
populated RGB;

(2) the ellipticity of these two clusters turn out to be0.14+ 0.03 and 0.3& 0.02 for
NGC 1783 and NGC 1978. The high-ellipticity of these two ckgeposes two major questions:
i) why the LMC clusters in general, and NGC 1978 in particuleg, & average, more elliptical
than those in the Milky Way?) why NGC 1978 is more elliptical than the other LMC clusters?
Goodwin (1997) suggests that the relatively small LMC tftltl can preserve the pristine triaxial
structure of the clusters, while the strong tidal field of Galaxy tend to destroy it, thus removing
at least part of the ellipticity. In order to explain the esply high ellipticity of NGC 1978
three main hypothesis have been proposed in the past: angergisode, a rotation effect and
an anisotropic velocity dispersion tensor (Fischer, Wé&dWateo, 1992). The merging scenario
has been proposed because the broad RGB from ground-baskd @idtometry (Alcaino et
al., 1999) and because the preliminary evidence of a matgltlispersion from high-resolution
spectroscopy of two RGB stars (Hill et al., 2000)Ke/H]~ 0.2-0.3 dex). However, the narrow

RGB sequence presented in this work as well as the recenabbondance estimate from high-
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norm

Figure 5.16: Pandh) integrated LF of the MS stars normalized to the number ofdienp stars:
black pointsindicate the observed LF and the error-bars correspondeio tincertainties. The
three line are the theoretical LFs computed by adopting=0.0 (dashed), 0.10 (dotted) and 0.25
(continuous). Pangb). same as pangh), but adding a 10% binary fraction in the computation of
the theoretical LFs.
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resolution spectra of eleven RGB stars presented by Feztalo(2006) and discussed in Chapter

4 definitely excluded any significant metallicity spreadhivitthe cluster.

(3) We derived the structural parameters, (r; and c) for the cluster NGC 1783. These
structural parameters and the age of the cluster inferr@u this study, allow us to constrain
the dynamical state of this cluster. The resulting coreusdif .= 24.5” (corresponding to
~ 5.9 pc adopting the distance modulus(of — M ),= 18.45, obtained from the best-fit with the
overshootingnodels, see Sect. 5.3.4) is consistent with the age-conesreglationship discussed
by Mackey & Gilmore (2003) and based on the surface brigistnadial profiles of 53 LMC rich
clusters. The youngest (ages-200 Myr) clusters of their sample exhibit core radii3 pc, while
the older (both intermediate and old-age) stellar clustbosv a more scattered distribution, with
r. between~1 and~8 pc, a major peak at. ~2.5 pc and the presence of several objects with
r. >~5 pc. The inferred concentration parameter, c= 1.16, isistamg with a not core-collapse

cluster (Meylan & Heggie, 1997), as expected given theiwelgtyoung age of NGC 1783.

(4) We have studied the evolutive sequences in the observiiais©@f these two clusters, both
in terms of morphologies and number counts, in comparisdh different theoretical libraries.
We have shown that the best fit solutions to the observed CMibifes are obtained by selecting
Aops=0.1-0.25 and= 1.2-1.6 Gyr for NGC 1783 (see Sect. 5.3.4) angk= 0.1 andr= 1.9 Gyr
for NGC 1978.

The overall CMD characteristics of NGC 1783 are quite simitathose of NGC 1978,
although there is evidence of an age difference. Furtheghhon the relative age of the
two clusters can be obtained from the direct cluster-tstelucomparison of the overall CMD
properties. To this aim we can define tel’; ! parameter as the magnitude difference between
the luminosity distribution peak of the He-Clump and the fiéagion of the SGB. Thislifferential
parameter can provide an independent estimate of the agé, iarformally the analogous of the
so-calledvertical methodbased on the magnitude difference between the TO and thedftal
Branch magnitude level, and used to infer the age for theloluildars (see e.g. Buonanno, Corsi &
Fusi Pecci, 1989). Fig. 5.17 shows the two observed CMDsmitked theSVi/; ©' parameter:
we find §V4ts; “'= 0.90 andL.56 for NGC 1783 and NGC 1978, respectively. This difference is

an independent, clearcut indication that NGC 1783 is youtigen NGC 1978.
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Figure 5.17: ACS@HST (F555W, F555W-F814W) CMDs for the LMQster NGC 1783 (left
panel) and NGC 1978 (right panel). The arrows indicate thgnitade differencesVai; "
between the He-Clump and the flat portion of the SGB.
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Fig. 5.18 shows the theoretical relations betweendtig's; “' observable and the age, as
derived from the PEL models with different amountsafershooting The grey area marked
the region of the %, 6V5{{GE§CI) plane for a mild/strong overshooting efficiency apprajeritor
NGC 1783. Hence, by entering the measueﬁé’gﬁGegCl in the above relations, an independent
estimate of the age based on this differential parametebearbtained. By using the measured
value of VI = 0.90, we find 7= 1.4+0.2+0.1 Gyr for NGC 1783, where the first errorbar
refers to the uncertainty iwvershootingefficiency and the second to the uncertainties in the
adopted reddening and distance modulus. This age is stilisient with the one inferred by
Geisler et al. (1997)7= 1.3 Gyr), while it is significantly older than the age dedvieom the
s—parameter( ~0.9 Gyr) and by Mould et al. (1989)r€ 0.7-1.1 Gyr). In Chapter 3 we
noted that theNp,igni— raB/NHe—c1 POpUlation ratio computed for NGC 1783 is too high for
the clusters undergoing the RGB Phase-Transition, as steghéy the s—parameter age. Our
new determination of an older age for NGC 1783, better rat®tiee Np,ign:— raB/NHe—Cl
population ratio with the observed well-populated RGB.

Finally, we stress the importance of these new age estinwegled with the new iron
abundance determinations discussed in Chapter 4. Thipéxialy important, since the correct
shape of the AMR in the LMC is still matter of debate: in parté&r the origin of the observed
bimodality in the LMC cluster age distribution has beeniipteted as the evidence for two major
episodes of star formation. Pagel & Tautvaisiene (1998)mded two different AMR semi-
empirical models for the LMC, with a continuous star forroatiand with two burst episodes
occurred~14 and 3 Gyr ago, respectively. Fig. 5.19 shows the resulthese theoretical
predictions with the position of these 2 clusters in the mwgallicity plane using the new
coordinates obtained for these objects. Similar accuf&edH], ) coordinates for a significant
number of LMC clusters with different ages and metallicita@ge urgently needed to disentangle
different formation scenarios. This is the aim of our ongogiobal project. The grey boxes
in Fig. 5.19 show the position of the clusters actually inparation (see Chapter 4). By
combining detailed chemical abundance (from high-resmuspectra) and ages (from high
quality photometry) to a number of pillar LMC clusters, weaplto calibrate a suitable age and
metallicity scale for the entire LMC globular cluster systewith the ultimate goal of providing a
robust AMR.
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Figure 5.18: Theoretical predictions for the magnitudéedénce between the He-Clump and the
flat portion of the SGB as a function of the age for three différovershootingassumptions:
Aos=0.0 (dashed line)Aps=0.10 (dotted line) and s=0.25 (solid line). The observed values
for 5VSHC§§CZ and the inferred ages for NGC 1783 and NGC 1978 are plottethek points.
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Figure 5.19: Theoretical predictions for the LMC AMR comgaiby Pagel & Tautvaisiene (1998).

The solid line refers to an AMR obtained assuming contindasfermation, and the dashed line
corresponds to a bursting model. The black points indidageobsition of NGC 1783 and NGC

1978 using the metallicities and the ages derived in thidysturhe grey boxes represent the
age/metallicity area covered by the sample of clusters twiie are currently analyzing.
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Chapter 6

Conclusions and future perspectives

Near-Infrared survey of the Magellanic Clouds

We obtained high-resolution J, H and K photometry for 33 Miagéc clusters (27 belonging
to the LMC and 6 in the SMC), spanning the entire age rangeredvey this cluster system. We
performed an accurate analysis of the AGB and RGB popukatiath in young and intermediate

age clusters. In particular:

e By performing a detaileccensusof the AGB stars in the young and intermediate-age
target clusters, we estimated that the AGB contributionhi® tbtal luminosity starts to
be significant at~200 Myr and reaches its maximum at 500-600 Myr, with a follogvi
decrease. This maximum contribution derives mainly from @stars population. These
stars account for60-70% of the total luminosity in the 700-1000 Myr age raragzording
to the previous work by Frogel, Mould & Blanco (1990). For sgdé ~5-7 Gyr (an age
range sampled by the SMC clusters of our database) the loatidn of the AGB to the total

cluster light is of~5%, with the total lack of C-stars.

e We computed population ratios, by using both star countslaminhosities, in order to
estimate the contribution of the RGB stars (hormalized ¢éoHle-Clump population and to
the total cluster light). These observed RGB populatioiosashow a sharp enhancement
at ~700 Myr, suggesting that the RGB Ph-T occurs at this age, ima-$cale of~300
Myr. This represent the first empirical probe of the occurof the so-called RGB Ph-
T. The comparison with suitable theoretical models evideras this behavior is in good
agreement with the canonical models, whilgershootingmodels predict a significantly
larger age 1.3 Gyr) for the RGB Ph-T.
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For ages greater thanl Gyr the population ratios show a flattening, according ® th

predictions of theoretical canonical models.

The chemical composition of the LMC clusters

We performed a detailed abundance analysis of the most tamgarhemical elements of 27
giant members of 4 LMC intermediate-age clusters. We coetptire inferred abundance patterns
with those of other intermediate age populations in difiemgalactic environments, namely the
LMC field, the Galactic thin disk and the Sgr dSph. Such anyaighllows us to obtain important

information about the chemical properties of the interratdage population of the LMC:

e As unequivocally traced by both field and cluster stars, titerinediate-age population of

the LMC is metal-rich, with an average iron content betwenahd half solar.

e The interstellar medium from which these stars formed hadtittne to be significantly
enriched by SN la and AGB star ejecta, as traced bydied] and [s-process/Fe] abundance

patterns.

e An enhanced pollution of the gas (from which these clustersiéd) by SN Il and AGB
stars with low metallicity could explain either the depdetiof [Al/Fe] and [Na/Fe] and the
enhancement of the [Ba/Y] abundance ratios with respedhdgovalues measured in the

Galactic thin disk stars.

e The lack of clear O-Na and Mg-Al anti-correlations seemsthdate that the studied LMC
clusters did not undergo appreciable self-enrichmentjkatylthe old Galactic GCs did.

However, this has to be proven on a better statistical ground

e The enhanced [Eu/Fe] ratios appear to be in contradictitmtive solar {/Fe] ratio, despite
the same nucleosinthetic site (massive stars). This déongupetween r- andv-elements
seems to be a distinctive feature of several extragalaoticanments (LMC, SMC, Sqr,
dSphs).

e The chemical analysis of these clusters provides an ovepreflire of the metal-rich,
intermediate-age component of the LMC cluster system, reabdy different with respect
to the Galactic field populations of similar ages and meitiis. We found similar

[a/Fe] and [iron-peak/Fe] ratios and discrepant light Z-odd aeutron-capture elements.
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Chapter 6. Conclusions and future perspectives

Moreover, the comparison with the Sgr dSph evidences samitasiies ([Na/Fe], [Al/Fe]
and the neutron capture elements pattern) but also seviiededces (as the average
value of the f/Fe] and [iron-peak/Fe] ratios). Our results point towardcanario of
chemical evolution dominated by previous generations wof-ricetallicity stars, able to
produce the observed depletion of light Z-odd elements disas¢he behaviour of the s-
process elements. The extension of our study to additiamaiger and older LMC clusters
will provide new insight towards the understanding of the CNbrmation and chemical

enrichment history.

The ages of the LMC clusters

We have began an extensive survey based on high-resolutiotorpetry, in order to
investigate the main morphological properties of a samphaassive LMC globular clusters and
derive for these accurate ages. We have presented thesrémuttvo intermediate-age clusters,
(namely NGC 1978 and NGC 1783), by using ACS@HST deep phdtgnaad discussing

different theoretical evolutionary libraries.

e We compared the morphologies and star counts along evoéugicstellar sequences in the
observed CMDs and different evolutionary libraries, exipig different assumptions for the
overshootingparameter, namelyips=0.0, 0.10 and 0.2/0.25. A very good match can be
obtained only with the Pisa Evolutionary Library (PEL) assog a non-zeradpg. We
obtained an age of 1.9 Gyr for NGC 1978 (adopting models Wity= 0.10) and of 1.4
Gyr for NGC 1783 (obtained by the average between the agesréaf by using models
with Aps=0.10 and 0.25, because a clear discrimination between thesmodels results

not trivial).

e We noted the necessity to include an amounbwdrshootingn order to well reproduce the
observed population ratios. Of course, only two clustetsatiow us to clearly disentangle
clearly the amount oA g, but the results point toward the inclusion of a moderatewarho
of overshooting The direct comparison between these two CMDs confirms tieireda

age difference.

e The age estimate for these 2 clusters evidence a clear plisarg with the ages inferred by
adopting the s—parameter and the temporal calibration byr@iet al. (1995). We found a
differenceA = Agero — Ages—pqr 0f 0.5 Gyrand —1.5 Gyr for NGC 1783 and NGC 1978,
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respectively. These first results confirm the urgency to dedinew age scale for the LMC
clusters based on direct measurement of the MS TO and by tisimdo define a new

calibration for the s—parameter.

e We confirmed the high ellipticity of both the clusters, aating to the previous
determinations. We obtained: 0.30+0.02 and 0.14:0.03 for NGC 1978 and NGC 1783,

respectively.

e We detected the RGB Bump along the RGB of NGC 1978 and located a
F555W=19.16-0.10. This is the first detection of such an evolutive featore so young

stellar population.

Future perspectives

The results discussed in this Thesis are only the first stesder to derive new age and
metallicity scales for the LMC clusters and in this way defingew robust AMR.
The works actually in progress and the future observaticaalpaigns of this project are oriented

to the following directions:

e The study of the main morphological features of the old LM@ &MC clusters in the

near-infrared plane and the comparison with the nearsiedraroperties of the GGCs.

e To complete the chemical analysis of the other 5 LMC clus(@rsvith ages less than
~1 Gyr and 3 belonging to the old population) already obsemvé the optical high-
resolution spectrograph FLAMES@VLT. Moreover, similarsebvations to study the

chemical composition of SMC clusters are mandatory.

e The chemical analysis of 4 very young LMC and SMC clusters &ingiinfrared high-
resolution spectra obtained with CRIRES@VLT.

e The study of the optical CMDs of all the clusters for which wavé derived accurate
metallicities (similarly to the study of NGC 1783 and NGC 837

e A detailed study of the impact of thevershootingeffects by using this extensive optical
photometric database, in order to well calibrate the coramsount of overshootingto

include, if any, in the evolutionary models to reproducedhserved stellar populations.
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