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Summary

This thesis presents a study of the Star Formation HistorghenMagellanic
Clouds using HST and VISTA data.

Chapter 2 introduces the VMC survey and then describes theroing strat-
egy and first observations, the data reduction steps forugind images and cat-
alogs for individual observations. Than present a desonpaf the subsequent
stages of reduction for deep and linked observations arsgptethe archival pro-
cedures.

In chapter 3 as part of the preparation for the VMC survey, ineta access
the accuracy in the Star Formation History (SFH) that carxpeeted from VMC
data, in particular for the Large Magellanic Cloud (LMC). Wst simulate VMC
images containing LMC stellar populations and the foregMilky Way (MW)
stars and background galaxies. We then evaluate the edpactes in the recov-
ered star formation rate as a function of stellar age, §FBarting from models
with a known Age—Metallicity Relation (AMR).

In chapter 4 we applied to the NGC 419 SMC star cluster datzltssical
method of star formation history (SFH) recovery via CMD nestouction, deriv-
ing for the first time this function for a star cluster with mple turn-dfs. The
values for the cluster metallicity, reddening, distancd Bmary fraction, were
varied within the limits allowed by present observationtar $ormation is found
to last for at least 700 Myr, and to have a marked peak at thdleaf this inter-
val, for an age of 1.5 Gyr. Our findings argue in favour of nplétistar formation
episodes (or continued star formation) being at the origithe multiple main
sequence turnis in Magellanic Cloud clusters with ages around 1 Gyr.

In chapter 5 we studied the HBATS colour—magnitude diagrams (CMD) of
the populous LMC star cluster NGC 1751 that present bothadommain sequence
turn-of and a dual clump of red giants. We show that the latter featureal
and corresponds to the first appearance of electron-degnierthe H-exhausted
cores of the cluster stars. We then apply to the NGC 1751 thatalassical



method of star formation history (SFH) recovery via CMD nestouction. After
considering the random and systematic errors in the asabtsir formation in the
cluster centre is found to last for a time span of 460 Myr.

In chapter 6 we present the preliminary results on the regosethe SFH
with VISTA data of 3 LMC VMC (Cioni et al. 2010) fields locatedoaind the
LMC main body. Following the method described in Kerber e{2009a), Harris
& Zaritsky (2004), Gallart et al. (1999) we evaluated the Sfdrving at the same
time the Age Metallicity Relation AMR, the distance modu(us- M), and the
extinctionA, . The comparison of ours results on tAg and fm—M), with
Zaritsky et al. (2004) (for thé/), Nikolaev et al. (2004), van der Marel & Cioni
(2001b) and van der Marel et al. (2002) (for tme—+M)o) to the VMC field 83
show an agreement with this authors in all subregions agdlyz

Chapter 7 summarizes and comments the results obtaine wark.



Riassunto

Questa tesi presenta uno studio sulla storia della formaztellare delle nubi di
Magellano usando dati osservati con i telescopi HST e VISTA.

Il capitolo 2 introduce il programma osservativo VMC e neale® la strate-
gia osservativa e i primi risultati, la riduzione dati e i pafatti per produrre le
immagini scientifiche finali e i relativi cataloghi.

Il capitolo 3 presenta il lavoro di preparazine al programhC al fine di
valutare I'accuratezza sulla ricostruzione della stoedadformazione stellare
(SFH) che ci si aspetta dai dati ottenuti con il telescopi®M nel caso della
grande nube di Magellano (LMC). In questa parte della tesossiate simulate
le immagini del programma VMC nel caso della LMC contenepiche popo-
lazioni stellari osservate nella LMC, stelle appartenahé Via Lattea (MW) piu
le galassie. In seguito sono stati analizzati gli erroriudoal recupero della SFH
in funzione dell’ e, partendo da modelli con conosciuta relaziorze-gtetallicita
(AMR)

Nel capitolo 4e'stato applicato il metodo per il recupero della SFH attrswer
il diagramma colore magnitudine allammasso NGC 419 nelllCSE stato pos-
sibile derivare per la prima volta la SFH per un ammasso obsgoita un turn{és
multiplo. Si sono potuti derivare inoltre la metall@jt’estinzione, il modulo di
distanza e la frazione di binarie nei limiti degli errori chstici e sistematici. Ab-
biamo valutato per questo ammasso un periodo prolungatomiizione stellare
con ampiezza pari a 700 Myr, e con un picco @ atl.5 Gyr. | nostri risultati
favoriscono I'idea che all’origine del turnfid multiplo di sequenza principale in
ammassi delle nubi di Magellano coraeticine a 1 Gyr ci siano episodi di for-
mazione stellari multipli.

Nel capitolo 5 abbiamo studiato il diagramma colore—magtite (CMD) ot-
tenuto utilizzando i dati HSACS dell’ammasso stellare NGC 1751 nella LMC,
il quale presenta un turnffiodi sequenza principale allargato ed un doppio clump
per le giganti rosse. Abbiamo dimostrato che queste castithie nel CMD si



spiegano allo stesso modo di quanto fatto per 'ammasso NG @4l capitolo
precedente. Applicando anche a questo ammasso il metoda peostruzione
della SFH via CMD abbimo valutato il tasso di formazionelatel in funzione
del tempo trovando un’ampiezza pari a 460 Myr.

Il capitolo 6 presnta i primi risultati sul recupero dellakbEon dati VMC
(Cioni et al. 2010) per 3 campi della LMC localizzati attoratba parte cen-
trale della galassia. Seguendo il metodo descritto netaap®, Harris & Zarit-
sky (2004), Gallart et al. (1999) abbiamo misurato la SFH evd® contem-
poraneamente la relazionaahetallicitt AMR, il modulo di distanzarh—M), e
I'estinzioneAy . In fine abbiamo confrontato i nostri risultati p&y e (m—M), con
quelli ottenuti in Zaritsky et al. (2004) (pe¥%,/), Nikolaev et al. (2004), van der
Marel & Cioni (2001b) e van der Marel et al. (2002) (par<{M),). Per il campo
8_3 il confronto mostra un buon accordo nella gran parte dedle aonsiderate.

In fine il capitolo 7 riassume e commenta tutte le pafiticatate in questo
lavoro.
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Chapter 1

Introduction

Determining the star formation histories (SFH) of the M#&gat Clouds (MC)
is one of the most obvious goals in the study of nearby gatatae a series of
reasons. First, this SFH does likely keep record of the pastactions between
both Clouds and the Milky Way (Olsen 1999; Holtzman et al. 4,99mecker-
Hane et al. 2002; Harris & Zaritsky 2004), which are still ®froperly unveiled
(Kallivayalil et al. 2006b,a; Besla et al. 2007; Piatek et24108). Detailed SFH
studies may also provide unvaluable hints on how star faonas triggered and
proceeds in time, from the smallest to galactic-size scaled how these pro-
cesses depend on dynamicfibets (e.g. Harris & Zaritsky 2007; Harris 2007a).

The Magellanic Clouds are also a rich laboratory for studfestar formation
and evolution, and the calibration of primary standard tesydhanks to the si-
multaneous presence of a wide variety of interesting objsath as red clump
giants, Cepheids, RR Lyrae, long period variables, carl@ns,splanetary nebu-
lae, the tip of the red giant branch (RGB), dust-enshroudaxltg, pre-main se-
guence stars, etc. Although the system contains severdréds of star clusters
for which age and metallicity can be measured, the bulk ofriteresting stellar
objects are actually in the field and irremediably mixed y¢bmplex SFH, and
also partially hidden by the presence of variable and pagstiyction across the
MCs. Unveiling this complex SFH may help in calibrating Eteproperties — like
luminosities, lifetimes, periods, chemical types, etc.s-adunction of age and
metallicity.

In the last two decades, many authors demonstrated thatenéeg the SFH
of the MC from optical photometry is indeed feasible and wwltth of the dfort.
Such works are, usually, based either on deep Hubble Sp&sedpe (HST) pho-
tometry reaching the oldest main sequence tufries small MC areas (e.g. Gal-
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4 CHAPTER 1. INTRODUCTION

lagher et al. 1996; Holtzman et al. 1999; Olsen 1999; Els@h 41997; Smecker-
Hane et al. 2002; Ardeberg et al. 1997; Dolphin et al. 200¢iel&t al. 2005),
or on relatively shallow ground-based photometry covelanger areas over the
MCs (Stappers et al. 1997; Gardiner & Hatzidimitriou 1992tk & Zaritsky
2001, 2004). Only in very few cases (e.g. Gallart et al. 2004&| et al. 2007)
have the ground-based optical photometry been deep enoughcdh the oldest
main sequence turnfid. The near infrared VMC survey (Cioni et al. 2010) will
permit to derive with high accuracy not only on the SFR(t) &lsb the ® Mag-
ellanic clouds structure and its extinction map. All thes®imation will help
astronomers to understand the origin and evolution of ttezactive system LMC
+ SMC + MW typical on aACDM cosmological view.

Also using ACS HST data archive help us to study the substrecs star
cluster and small field portion of MC system, improving résoh the determina-
tion of (m—M),, Ay, stellar evolution, and compare the results with thoseinbth
with VMC data.

This thesis is organized as follows:

e Chapter 2 introduces the VMC survey and then describes tkeraing
strategy and first observations, the data reduction stepsréalucing im-
ages and catalogs for individual observations. Than pteseescription
of the subsequent stages of reduction for deep and linkesheditsons and
presents the archival procedures.

¢ In chapter 3 as part of the preparation for the VMC survey, ineta ac-
cess the accuracy in the Star Formation History (SFH) thabesexpected
from VMC data, in particular for the Large Magellanic CloudC). To
this aim, we first simulate VMC images containing not only thC stel-
lar populations but also the foreground Milky Way (MW) starsd back-
ground galaxies. The simulations cover the whole range sitheof LMC
field stars. We then perform aperture photometry over thieselated im-
ages, access the expected levels of photometric errorsraathpleteness,
and apply the classical technique of SFH-recovery baseberetonstruc-
tion of colour-magnitude diagrams (CMD) via the minimipatiof a chi-
squared-like statistics. We verify that the foreground MiArs are accu-
rately recovered by the minimization algorithms, wherdeshackground
galaxies can be largely eliminated from the CMD analysistdubeir par-
ticular colors and morphologies. We then evaluate the drgdeerrors in
the recovered star formation rate as a function of stellay &§Rf{), start-



ing from models with a known Age—Metallicity Relation (AMRY} turns
out that, for a given sky area, the random errors for ages tide ~ 0.4
Gyr seem to be independent of the crowding; this can be exgdaby a
counterbalancingftect between the loss of stars due to a decrease in the
completeness, and the gain of stars due to an increase inetla slen-
sity. For a spatial resolution of 0.1 ded, the random errors in SFRwill

be below 20% for this wide range of ages. On the other handialtiee
smaller stellar statistics for stars younger tha®.4 Gyr, the outer LMC
regions will require larger areas to achieve the same Idadauracy in the
SFR(). If we consider the AMR as unknown, the SFH-recovery aloni

is able to accurately recover the input AMR, at the price ofiraarease
of random errors in the SFB(by a factor of about 2.5. Experiments of
SFH-recovery performed for varying distance modulus addeaing indi-
cate that these parameters can be determined with (relatresiracies of
A(m-M), ~ 0.02 mag andAEgy ~ 0.01 mag, for each individual field
over the LMC. The propagation of these latter errors in thR@®Rmplies
systematic errors below 30%.

In chapter 4 we applied to the NGC 419 SMC star cluster datal#tssical

method of star formation history (SFH) recovery via CMD nestouction,

deriving for the first time this function for a star clusterttvmultiple turn-

offs. The values for the cluster metallicity, reddening, diseaand binary
fraction, were varied within the limits allowed by presebservations. The
global best-fitting solution is an excellent fit to the dataproducing all

the CMD features with striking accuracy. The correspondgiiag formation

rate is provided together with estimates of its random astesyatic errors.
Star formation is found to last for at least 700 Myr, and toéhaunarked
peak at the middle of this interval, for an age of 1.5 Gyr. Ondlifaigs argue
in favour of multiple star formation episodes (or contingtar formation)

being at the origin of the multiple main sequence tufis-an Magellanic

Cloud clusters with ages around 1 Gyr. It remains to be testeether

alternative hypotheses, such as a main sequence spread dgusotation,

could produce similarly good fits to the data.

In chapter 5 we studied the HBNCS colour—-magnitude diagrams (CMD)
of the populous LMC star cluster NGC 1751 that present bothmoad
main sequence turnffioand a dual clump of red giants. We show that the
latter feature is real and corresponds to the first appearahelectron-
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degeneracy in the H-exhausted cores of the cluster starsh&kieapply to
the NGC 1751 data the classical method of star formatiorohygiSFH)
recovery via CMD reconstruction, for ftierent radii corresponding to the
cluster centre, the cluster outskirts, and the underlyiMCLfield. The
mean SFH derived from the LMC field is taken into account dyitite stage
of SFH-recovery in the cluster fields, in a novel approachcwhs shown

to significantly improve the quality of the SFH results. Iettase of the
cluster centre, the global best-fitting solution provide®xzacellent fit to the
data — withy? and residuals close to the theoretical minimum — reprodyicin
all the CMD features with striking accuracy. After considgrthe random
and systematic errors in the analysis, star formation ircthster centre is
found to last for a time span of 460 Myr. The results for a lamgygg re-
gion around the centre indicates even longer star formgbiainn this case
the results are of lower quality and less reliable, probddglgause of the
presence of dierential extinction in the area. Together with our previous
findings for the SMC cluster NGC 419, the present resultsaangtavour of
multiple star formation episodes (or continued star foramgtbeing at the
origin of the multiple main sequence turifimin Magellanic Cloud clusters
with ages around 1.5 Gyr.

¢ In chapter 6 we present the preliminary results on the regayethe SFH
with VISTA data of 3 LMC VMC (Cioni et al. 2010) fields locatedoaind
the LMC main body. Following the method described in Kerbegale
(2009a), Harris & Zaritsky (2004), Gallart et al. (1999) weakiated the
SFH deriving at the same time the Age Metallicity Relation RMthe
distance modulusnf—M), and the extinctiom, . We have Combined
Paw-Print (Irwin 2010) pre-reduced images obtaining dédep bn witch
we made Point Spread Function PSF photometry and Artifideal Tests
AST to derive errors and completeness of the data. Finalliiave run our
pipeline to recover the SFH as described in Kerber et al.9@pand Rubele
et al. 2011 . The comparison of ours results onAheand fn—M), with
Zaritsky et al. (2004) (for théy), Nikolaev et al. (2004), van der Marel &
Cioni (2001b) and van der Marel et al. (2002) (for the{(M),) to the VMC
field 8.3 show an agreement with this authors in all subregions aedly

e Chapter 7 summarizes and comments the results obtaineis ivabk.



Chapter 2

The VMC survey

2.1 Introduction

The new VISual and Infrared Telescope for Astronomy (VIST} started op-
erations. Over its first five years it will be collecting data §ix Public Surveys,
one of which is the near-infraredJK; VISTA survey of the Magellanic Clouds
system (VMC). This survey comprises the Large Magellaniou@l (LMC), the
Small Magellanic Cloud, the Magellanic Bridge connectihg two galaxies and
two fields in the Magellanic Stream.This work provides anressv of the VMC
survey strategy and presents first science results. Thegoala of the VMC sur-
vey are the determination of the spatially-resolved stamftion history and the
three-dimensional structure of the Magellanic system. IWkC survey is there-
fore designed to reach stars as faint as the oldest mainsegtuen-df point and
to constrain the mean magnitude of pulsating variables sgcRR Lyrae stars
and Cepheids. This work focuses on observations of VMC figeldise LMC ob-
tained between November 2009 and March 2010. These obssivabrrespond
to a completeness of 7% of the planned LMC fields.The VMC datacam-
prised of multi-epoch observations which are executemvahg specific time
constraints. The data were reduced using the VISTA Data Bygstem pipeline
with source catalogues, including astrometric and photomeorrections, pro-
duced and made available via the VISTA Science Archive. ThiE\data will be
released to the astronomical community following the EeeypSouthern Obser-
vatory’s Public Survey policy. The analysis of the data shtwat the sensitivity
in each wave band agrees with expectations. Uncertaimi@sampleteness of
the data are also derived.The first science results, aimadsasssing the scien-

7
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tific quality of the VMC data, include an overview of the dibtrtion of stars in
colour-magnitude and colour-colour diagrams, the dedaaif planetary nebulae
and stellar clusters, and tikg band light-curves of variable stars.The VMC sur-
vey represents a tremendous improvement, in spatial fgsoknd sensitivity, on
previous panoramic observations of the Magellanic systethe near-infrared,
providing a powerful complement to deep observations aratlavelengths.

2.2 The survey

The VMC! is a uniform and homogeneous survey of the Magellanic system
the near-IR with VISTA. The main parameters of the surveysaramarised in
Tab. 2.1. Itis the result of a letter of intent submitted i@@&nd a science and
management plan approved early in 2008. The main sciends gbthe sur-
vey are the determination of the spatially-resolved stamation history (SFH)
and the three-dimensional (3D) structure of the Magellaggtem. VMC obser-
vations will detect stars encompassing most phases of tsmoiumain-sequence
stars, subgiants, upper and lower red giant branch (RGB,sted clump stars,
RR Lyrae and Cepheid variables, asymptotic giant branctB)stars, post-AGB
stars, planetary nebulae (PNe), supernova remnants (SKiRs)These dierent
populations will help assess the evolution of age and metglwvithin the system.
The SFH will be recovered from the analysis of colour-magahét diagrams
(CMDs) and simulations of the observed stellar populatiansounting for fore-
ground stars and extinction. Kerber et al. (2009b) show knpirgary assessment
of the SFH accuracy that can be expected from VMC data. Miodefiear-IR
colours bears no greater uncertainty than optical colondsthe near-IR is par-
ticularly sensitive to the colour of the oldest turfi-stars. The 3D geometry will
be derived using dlierent density and distance indicators like the luminosity o
red clump stars and the Cepheid and RR Lyrae period-luntinosliation, and
period-luminosity-colour and Wesenheit relations. Thesellts will complement
those based on 2MASS data for the AGB and upper RGB poputatitine LMC
van der Marel & Cioni (2001a) and those from optical data efd¢kntral regions
of the galaxies that ardfacted by a higher reddening e.g. Subramanian & Subra-
maniam (2010a) and crowding. We will constrain the epoctoohftion of each
galactic component by mapping the extent dfetient kinds of stars and deriving,
using up-to-date stellar evolutionary models, ages andlhoiies. The VMC

httpy/star.herts.ac.ykmcionjvmc
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survey science addresses many other issues in the fieldr @irstagalaxy forma-
tion and evolution, such as: stellar clusters and streaxtsnded sources; proper
motions; star formation; distance scale; models of Mageadlaystem evolution;
extinction mapping.

2.2.1 The VISTA telescope and camera

VISTA is a new 4m class telescope developed in the United #&ong (UK). It
formed part of the in-kind contribution of the UK to joininge European South-
ern Observatory (ESO). The telescope has an alt-azimutimtimgLand is located
just 15 km from the Very Large Telescope (VLT) site. The VISTA irmfed cam-
era (VIRCAM) (see picture 2.1) is equipped with an array ofR#&ytheon de-
tectors (see picture 2.2) with a mean pixel size @39” and a field of view of
1.65 ded. The VIRCAM has a set of broad-band filtei; Y, J, H andK; and a
narrow-band filter at 18 um. The point spread function of the system is specified
to have 50% of the light from a point source contained withitirale of diam-
eter 051”. The telescope and its camera are described by Eme Emersbn et
(2006) and Dalton et al. (2006), while the performance duoommissioning is
presented by Emerson & Sutherland (2010). The scienceocagrth programmes
are summarised by Arnaboldi et al. (2010).

VISTA is the largest wide-field near-IR imaging telescopéhie world and it
is designed to perform survey observations; at preserd tirersix Public Surveys
underway. VISTA observes a continuous area of sky by filling in the ghes
tween the detectors using a sequence of fiisets, each by a significant fraction
of a detector. The combined image corresponds to a VI8@&Ahat covers- 1.5
deg, while individual dfset positions are nameuw-printsand cover an area of
0.59 dedg. The resulting VISTA tile observes each part of sky withimttleast
twice, except for two edge strips in the extreme ‘Y’ direosof the array. The
tiling process for the VMC survey ensures that adjacens theerlap stficiently
to provide two observations of these areas as well. The auatibn of dfsets
generates small overlapping areas with exposures as largx imes a single
paw-print. These steps are described in the VISTA user ni&nua

The VMC survey is a near-IR¥ JK; survey of the Magellanic system. Com-
pared to previous surveys using the 2MASS and DENIS teles;dpe choice
of VISTA filters for the VMC survey was driven by the followirgpnsiderations.

2httpy/www.eso.orgsciobservingpoliciegPublicSurveyfsciencePublicSurveys.html
3httpy/www.eso.orgscifacilities/paranglinstrumentgristg/dog
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Table 2.1: VMC survey parameters.

Filter Y J K
Wavelength gm) 1.02 125 215
Bandwidth fim) 0.10 0.18 0.30
DIT (sec) 20 10 5
DITs 4 8 15
Exposures 1 1 1
Micro-stepping 1 1 1
Jitters 5 5 5
Paw-prints in tile 6 6 6
Pixel size (arcsec) 0.339 0.339 0.339
System FWHM 051 051 051
Exposure(t) (sec) 800 800 750
Number of epochs 3 3 12
Total exposure(t) (sec) 2400 2400 9000
Predicted sensitivity (Vega mag) 21.3 20.8 18.9
Signal-to-noise required 5.7 5.9 2.9
Total predicted sensitivity (Vegamag) 21.9 214 20.3
Total N at depth required 10 10 10
Saturation limit (Vega mag) 129 127 114
Area (deg) 184 184 184
Number of tiles 110 110 110

Jitter pattern= Jittern. Tile pattern= Tile6zz
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Figure 2.1: View of the VISTA infrared camera (VIRCAM) mowadton the tele-
scope

o p—

Figure 2.2: View of the 16 detectors array
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A total of three filters were chosen to be able to analyse cafolour diagrams.
The availability of a large colour spacing to allow for a gadthracterisation of
the subgiant branch population to derive the SFH. The oeldietween) — H and

J — Ks is quite linear for MC giants, so observations in tHeband would have
provided very little information and priority was given tdkuer filter. TheJ band
was preferred oved as it also sffers less from atmospherifects, and provides
comparative observations with respect to previous survelgs choice ofY over

Z was motivated by a reduced confusion limit. TKefilter was required to de-
termine the average magnitude of variable stars that, stvthvelength, obey a
clear period-magnitude relation that is tiieated by other stellar parameters that
degrade the relation at bluer wavelengths. A comparisomgntiee filter trans-
mission curves for the VMC, 2MASS and DENIS observationhow in Fig.
2.3. The exposure time for the VMC survey (Tab. 2.1) is desigto meet the
two key scientific objectives: the SFH and the 3D geometryaéeurate determi-
nation of the SFH requires CMDs reaching the oldest mainesopiturn-€, to
allow for sampling of diferent stellar populations. The investigation of RR Lyrae
stars and Cepheids requires monitoring observationsaspesific time intervals.
The stacking of the observations that are needed for dgrthie@ mean magnitude
of variable stars in th&s band meets also the depth requirement for the SFH.
The split of epochs in th& and J filters is instead purely driven by scheduling
requirements.

2.2.2 VMC area coverage

Observing the entire Magellanic system extending over redsl of kpc (the
Stream covers half the sky) is a daunting task. The VMC suocarcentrates,
therefore, on a moderately extended area80 ded) that includes the classi-
cal diameter limit aB ~ 25 mag arcseé for both galaxies Bothun & Thomp-
son (1988) as well as major features traced by the distabudf stars (e.g. Ir-
win (1991), Bica et al. (2008)) and Hyas (e.g. Staveley-Smith et al. (2003),
Hatzidimitriou et al. (2005), Muller et al. (2003)), the Bge and two fields at
specific locations in the Stream.

The LMC area (116 de&yis covered by 68 tiles, while 27 tiles cover the SMC
(45 ded) and 13 cover the Bridge (20 ddgsee Fig. 2.4. Additionally, 2 tiles (3
deq) are positioned in the Stream, one approximately to thelNofrthe centre
of the Bridge (corresponding to a dense area of gas) and tres, ait similar
right ascension, to the North of the SMC, corresponding terssd area of stars
following the simulations by Mastropietro (2009). VMC tibentre coordinates
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Figure 2.3: Filter transmission curves for the VMC survEy K — black contin-
uous lines) compared with the transmission of the 2MA38HK; — red dashed
lines) and DENISIJKg — blue dotted lines) surveys.
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are given in the Appendix. Each tile is identified by two numsbéhe first number
indicates the row and the second the column of the positiotheftile in the
mosaic that covers the system. Note that a separate tilibgrpdas been defined
for each region (Figs. A.1, A.2, A.3). Row numbers increasenfSouth to North
and column numbers increase from West to East.

Tiles covering the LMC were oriented at a position angle+80 deg. The
default orientation (position angle 0 deg) points the ‘Y’ axis to the North and
the ‘X’ axis to the West. The position angle is defined to iasefrom North to
East. This represents the best compromise between miniraorber of tiles and
maximum area, increasing théieiency of the survey. The overlap between the
doubly-covered sky areas in adjacent tiles correspond@tam@oth ‘X’ and ‘Y’
directions. The LMC mosaic was created using the Survey Befaition Tool
(SADT — Arnaboldi et al. (2008)). A geodesic rectangle cetiaita = 05:35:50,
6 = —69:27:12 (J2000), with widtk 11.8 deg and height 15.9 deg, was created
as the basis of the tiling process. Outer tiles were remozadithg to the pattern
shown in Fig. 2.4 (see also Fig. A.1). The area covered byildkewas checked
against the distribution of stellar associations, carltars&and other stellar objects
using Aladin (Bonnarel et al. 2000). The centre of the regiamvas adjusted to
include the 30 Doradus nebulosity within a single tile amahilarly, the field that
the future space mission Géiaill repeatedly observe for calibration.

In the process of creating the mosaic, SADT requires as itiqgubbserving
parameters that are associated to small (i.e. jittering)large (i.e. mosaicking)
displacements in the tile position. For the VMC survey theimaim jitter was set
to 157, thebacktrackStepo 100 and the tiling algorithm td ile6zz(these param-
eters are described in the SADT user manual). Guide stars agmigned auto-
matically to each tile using the GSC-2 reference catalogasker et al. (2008)).
This process may result in shifting the tile centre in casmauticient number of
reference stars is available, but this was not the case fdC LiMs.

Tiles covering the SMC region were placed at a position aofjledeg. Keep-
ing the wide tile-edge approximately along the right asmendirection produces
maximum coverage for a minimum number of tiles. This alsoliegxentring the
geodesic rectangle at= 00:50:005 = —73:00:00 (J2000), with widtk 8.0 deg
and height 8.0 deg. This rectangle represents the basis of the tilinggzand
outer tiles were subsequently removed leading to the pasieown in Fig. 2.4
(see also Fig. A.2). As before, the area covered by tiles Wwasked against the
distribution of dtferent stellar objects. The position of the centre of thearagie

“httpy/sci.esa.inscience-gvww/aregindex.cfm?fareaid26
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was tuned to match the area that will be observed in the dgtmaain by the
VST® (VLT Survey Telescope) as part of the STEP survey (P.1. Rj@gpaccioli
et al. (2005)) and to provide ficient overlap for a consistent calibration with the
Bridge area.

Previous observations of the Magellanic Bridge by BattideDemers (1992)
and Harris (2007b) covered fields departing from the LMC aacing arcs at dif-
ferent declinations with only a few fields between the twoolder to maximise
the total population of stars that the VMC survey will detidet 2MASS, DENIS
and SuperCOSMJatabases were explored for stellar densities and compared
with the previous observations. VMC tiles were then posgit to overlap with
the area that provides a good sampling of the stellar papulathile also follow-
ing a continuous pattern. Following a similar proceduretfe LMC and SMC
areas, a geodesic rectangle was drawn with centre=a03:00:006 = —74:30:00
(J2000), with width 135 deg and height 3 deg. Outer tiles were subsequently re-
moved leading to the pattern shown in Fig. 2.4 (see also Fig). A

The two tiles positioned in the Stream region were prepasedguthe same
parameters as for LMC tiles, except for the position angtete® deg. Two
geodesic rectangles centred on the two fields were defined, ei#h a default
size equal to a single tile.

2.2.3 VMC observations

The VMC data described here were mostly obtained duringn8ei&/erification
observations (1531 October 2009) and the so-called dry-run period (1 Novembe
2009 — 31 March 2010) when VISTA was tested and survey opestvere still
being defined. A small amount of data was also taken during E&@d 85 (1
April 2010 — 30 September 2010). The bulk of the VMC observations will be
carried out during the odd—numbered ESO periods starti@riober every year
and ending in March the following year because of the sedsdis®rvability of
the Magellanic system.

Observations of the VISTA Public Survey are obtained in iserynode by
ESO st#. This guaranteediéciency of operations and a high level of data homo-
geneity. The requested observing conditions for the VM@eyiare summarised
in Table 2.2. A dozen tiles, centred on the most crowded reggi@. 30 Dor and
the central regions of both LMC and SMC, have more stringeeitng conditions.

Shttpy/vstportal.oacn.inaf it
Shttpy/surveys.roe.ac.ygsgindex.html
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Figure 2.4: Magellanic system area tiled for VMC observatioThe underlying
image shows the HI distribution (McClure-@iths et al. McClure-Gftiths et al.
(2009)). VISTA tiles are colour coded as follows. Blue regjies represent tiles
for which observations have started during the dry-runsR8&| green rectangles
are for tiles with observations in P86, and red tiles are olag®ns that will not
being before P87.
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Table 2.2: VMC required weather conditions.

Band Seeing Seeing
(arcsec) (arcsec)
uncrowded crowded

Y 12 10

J 11 09

Ks 1.0 0.8
Field Tilerow  Airmass
LMC 2,3,4 17
LMC 5,6,7 16
LMC 8,9,10,11 15
Stream 12 15
SMC 23,45 17
SMC 67 16
Bridge 12,3 17

Moon distance- 80 deg. Sky transpareneyvariable, thin cirrus.
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This is necessary to prevent confusion in the bluest bankie W band obser-
vations will not be limited by confusion for a seeigd.9”. The best FWHMs in
the VISTA images are.6 — 0.7” and undersampling, with respect to a pixel size
of 0.334’, is not a cause of concern in the data treatment.

The Magellanic system never rises above 06m the horizon. Therefore, a
compromise had to be made between observing at reasonabbesaiand achiev-
ing continuous observability over about five months for thenitoring process.
The maximum airmass constraints were optimised as a funofithe tile decli-
nation, as shown in Tab. 2.2. A violation of any observingstoaint by 10% is
still considered as if observations were obtained withiacdations. It is also
assumed that the airmass constraint may be violated by maneli0% provided
the seeing constraint is not.

Table 2.1 describes the main parameters of the VMC obsenstiThe total
exposure time is calculated as follows: (number of epogisk (number of jit-
ters)x (number of DITs)x DIT. The factor of two comes from the tiling pattern,
during which most points of the sky are observed twice (omay&). The excep-
tions are the tile edges, observed once, and some areasabegtlap among the
detectors that are observed four or six times. For examptetht Ks band the
total exposure timeis: 12 2 x 5x 15x 5 = 9000 sec.

The observations follow the nesting sequence FPJME (seéAlBer Man-
ual’). This sequence first sets a filter, then obtains images fitt@ted positions
of the first paw-print, before moving to the next paw-printdaaking all the jit-
tered images at that position, and so on, until all six pantpithat form the tile
are completed. The jittern pattern waters5n and the tile pattern wagkle6zz

The progress of the VMC survey is shown in Fig. 2.4 and detailéfab. 2.3.
The reader is referred to the VM@ublic web page for following up the survey
progress beyond that described in this work.

Science Verification

The observation of a single paw-print in tiYelK; filters was requested during
the instrument Science Verification (SV) time. The main geas to verify the
observing strategy and to test the saturation limits foratiepted DITs of 6, 10
and 20 sec in th&g, J andY bands, respectively. The observations were carried
out on the night of 17 October 2009, but the data were onlyl@iai after the
dry-runs had started.

"httpy/www.eso.orgscifacilities/parangiinstrumentgistgdog
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Table 2.3: VMC survey progress.

Description VMC LMC LMC

all all season|
Total number of tiles 110 68 6
Total number of epochs 1980 1224 108
Total number ofY-band epochs 330 204 18
Total number ofl-band epochs 330 204 18
Total number oKs-band epochs 1320 816 72
Observed number of-band epochs 18 18 18
Observed number af-band epochs 18 18 18
Observed number dfs-band epochs 51 51 51
Total number of observed epochs 87 87 87
Completion in they-band 5.4% 8.8% 100%
Completion in thel-band 54% 8.8% 100%
Completion in theKs-band 3.9% 6.2% 71%
Total completion 4.4% 7.1% 80%

The SV data indicate that the saturation limit varies frore detector to an-
other. On average, it is 18 mag for the 6 se&s band exposure, with seeing of
0.94”. The linearity is mild at 15 mag, but becomes severe for point sources
brighter than 1y mag. These limiting magnitudes are somewhat fainter then p
dicted. Prior to the beginning of the dry-runs it was decitteceduce th&s band
DIT down to 5 sec, which improves the photometry of the brigars and max-
imises the range of overlapping magnitudes with 2MASS. Tseoving strategy
was then established and no modification was needed for deaiions that had

already started.

Other SV observations were obtained on 28 Nov 2009 in the SMEése
are K5 band observations of one tile, with a six paw-print mosaid BitiT= 10
sec, with the purpose of checking the sky-subtraction ghoes. Images were
obtained to test anfbsky algorithm which is not applicable to VMC data. In
addition, some 2MASS touchstone fields that are observazhimiometric checks
are located in the VMC survey area, providing extra, aldeallsw (DIT= 5 sec),
multi-epoch data in all VIRCAM filters.
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2.3 Data Reduction

The raw VISTA images acquired for the VMC survey were redungethe VISTA
Data Flow System (VDFS) pipeline at the Cambridge Astromatburvey Unit
(CASL®). The VDFS pipeline is specifically designed for reducingdVA data
(Irwin et al. (2004)) and is used to process up to 250/ri&ght of data. The
pipeline is a modular design allowing straightforward didadi or removal of pro-
cessing stages. The VMC data are reduced together with Wli8aiA data on
a weekly basis. Prior to this science reduction the data laeeked at the ob-
servatory site (ESO Chile) using a simplified version of tHeR& pipeline and
library calibrations. The data are subsequently checkdt5& in Garching for
monitoring the instrument performance and to feed updatidmation back to
the observatory.

The most relevant VDFS steps for the reduction of VMC survatadare as
follows:

e reset, dark, linearity, flat and de-striping (removing hontal stripes in the
background) correction;

e sky background correction (tracking and homogenisatioimgumage stack-
ing and mosaicking);

e jittered and paw-print stacking;
e point source extraction;

e astrometric and photometric calibration (the latter puaminternally uni-
form system));

¢ bad pixel handling, propagation of uncertainties affieiative exposure times
by use of confidence maps;

¢ nightly extinction measurements.

The diferent observational uncertainties are propagated duneglata pro-
cessing, to give the users a clear picture of the final dathtgusarious quality
control parameters are calculated during the data redutdiononitor the data,
and to evaluate both the observing conditions (in retra3mkoing the observa-
tion, and the individual data reduction steps. Among theen tre zero-point to

8httpy/casu.ast.cam.ac.(skirveys-projectsista
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measure the atmospheric extinction, the FWHM to measursdéimg, the ellip-
ticity to evaluate the quality of the guiding and active optcorrection, the sky
level to estimate the background level and its variations,. eThe processing
history is recorded directly in FITS headers.

Atile image is produced by combining 9&kdirent images (16 detector images
per each of 6 paw-prints). Their sky level and individual parnt astrometric
and photometric distortion are adjusted in the drizzlingnfbination) process.
Tile catalogues are produced following the application afedulosity filter to
the paw-prints in order to removeftlise varying background on scales of’ 30
larger (Irwin (2010)). This method has shown that the deiaobf objects and
their characterisation (astrometry, photometry and maligdical classification)
are considerably improved.

The first VMC reduced images and catalogues, correspondiaoggervations
obtained during November 2009, were received in Januar9.ZDliese data were
reduced with version.8 (v0.6) of the VDFS pipeline and refer to individual paw-
prints, not yet combined into tiles. This means that in psactfor example, the
observation of &-band OB of a given field has 6 associated images, 6 catalogues
and 6 confidence maps. Each image and catalogue are delimeRide com-
pressed format and are multi-extension FITS files contgiaacth the information
for all of the 16 detectors covering the VIRCAM field-of-vieim March 2010 we
received more data processed with an upgraded version gfipiedine (v08).
These data include all observations obtained until the édémuary 2010. The
processed observations obtained after this date and lwalrtd of the Magellanic
season (March 2010) were received in April 2010. Followinglgy inspection
a few images were re-reduced (9pto fix some specific problems with a small
subset of the data. The ¥data were ingested into the VISTA Science Archive
(VSA) by June 2010 (Sect. 2.4). They include astrometry amotgmetry in
single-band, band-merged and epoch-merged tables assnkp stacks. In Oc-
tober 2010 v10 data have become available and the mdifecence from previous
releases is that they include tile images and catalogues.

Figure 2.5 shows most of a tile of the@LMC field including the star forming
region 30 Dor. This image was produced for an ESO press géledwere other
zoomed-in images are also available. The exposure timeeithtiee wave bands
was 2400 sec ilY, 2800 sec inJ and 4850 sec ilKs.

Shttpy/www.eso.orgpublignewgeso1033
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Figure 2.5: Most of VMC tile of LMC field 66. This is a colour compos-
ite image whereY is shown in blue,J in green andKs in red. East is to the
left and North at the top. The 30 Doradus star forming reg®wisible to-
gether with other smaller regions towards the South as veeBtellar clusters
and the field population. For more details and a high resmiutnage refer to
http;//www.eso.orgpublicnewgeso1033
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2.3.1 Linearity and background

The individual VISTA detectors haveftirent non-linearity and saturation prop-
erties and these properties may also vary across a giveotoletd he detector
system is non-linear and linearity corrections are apgidtie pixel level during
the initial image processing stages. The saturation lerelstored in the image
header keywords and, together with the peak flux derived trephotometry of
the observed sources, it is possible to establish a cavrettiat enables recovery
of stars up to a few magnitudes brighter than the saturaitiiti | Irwin (2009)).
This correction is not implemented by VDFS prior to the prctthn of VMC cat-
alogues but it is applied at a further stage of the data psoegg¢Sect. 2.4). The
expected saturation values listed in Tab. 2.1 are sensdigeeing variations. In
fact, the 30 Dor region was observed under very good comditiand saturation
appears at fainter magnitudes.

The application of a nebulosity filter to the paw-print imagpeior to the con-
struction of a tile image (Irwin (2010)), may influence theaeery of the magni-
tude of stars close to the saturation limit. This would, hesveonly dfect heavily
saturated stars, i.e. those where a significant halo witlamelier comparable to
that of the filter size+{ 30”) is visible.

The sky background for VMC observations is estimated, fahgzaw-print,
from all paw-prints observed for one tile in a given band aina given time. This
method, referred to as ‘tilesky’, has shown very good reseNen for the 30 Dor
tile where there is a substantial emission from the nebula.

Persistenceftects due to bright stars are usually automatically remoyetd
VDFS pipeline when the observations, like for VMC, follovetRPIJME sequence
(see VISTA User Manué). Adding up all VMC images for a given field and filter
does not produce any noticeabl&eet due to persistence.

The moon has a negligibléfect on the VMC background because it is always
>80 deg away from any of the fields. This results in low contatian, even
in the' Y band which is most susceptible to the lunar contaminatidme Major
absorption is caused by water vapour and carbon dioxideeimtimosphere. At
the VMC filters the background will also be dominated by nberinal aurora
emission, OH and @lines especially in observations obtainel 2 2 hours after
twilight.
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2.3.2 Astrometry

Astrometry is based on positions of the many 2MASS sourcésirweach de-
tector. The astrometric calibration of a paw-print is erembth the FITS image
headers using the Zenithal Polynomial projection (ZPN)evittile refers to a sin-
gle tangent plane World Coordinate System (WCS) image (Cettta & Greisen
(2002)). The median astrometric root-mean-square is 8Camass dominated by
2MASS uncertainties. Residual systematic distortionsssthe VISTA field-of-
view are at the-25 mas level and can be further improved, if required, byatliye
characterising the distortion pattern. In a dithered segei¢he detectors are ro-
tated slightly to maintain the position angle on the sky; emparison between
identical VISTA observations shows a residual rotatior0f5 pix.

Figure 2.6 shows a comparison between the right asceng)aan@l declina-
tion (6) coordinates of stars that are in common between VISTA and3®lin
the VMC field 88. The excellent match shows the quality of the astrometry. A
systematic shift is perhaps present at the level 09.01” in both axes. This
accuracy is perfectly adequate for cross-correlationistugetween external cat-
alogues and VMC. The relative accuracy within VMC data ishiigand a more
detailed investigation of the suitability of VMC data foustes of, for example,
proper motions will be addressed elsewhere.

2.3.3 Photometry

The photometric calibration relies on the observation afstrom the 2MASS
catalogue with magnitudes in the range 124 mag in all bands. The pro-
cedure is similar to that adopted to calibrate data from thdeViField Camera
(WFCAM) mounted at the United Kingdom Infrared Telescop&I(RIT). For the
WFCAM filters, which are very similar to VISTAs (except thtlFCAM hasK
and VISTA hasK), Hodgkin et al. (2009) have shown that the calibration ef th
Y band, not included in 2MASS, is possible where the extimcigonot too high,
i.e. E(B-V) < 15. This is well within the average extinction values towards
the Magellanic system (Westerlund (1997)). However, infsteming regions the
extinction can reach larger values and the calibration noaye reliable. To rem-
edy this situation a calibration based on the observatiérséamdard stars will
be produced together with a thorough investigation of &tamning regions from
previous data.

A high quality global photometric calibration of the VMC sey will be sup-
ported by the homogeneity and accuracy of the 2MASS catalogbe best ab-
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Figure 2.6: Comparison between VISTA and 2MASS astrometitire 88 field.
Histograms have bins of@1” in size. The best fitting gaussians are indicated and
correspond t@ of 0.080" and 0085’ for Aa andAd, respectively.
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Table 2.4: VMC-2MASS comparison.

Band Range Mean Median Sigma
(mag) (mag) (mag) (mag)

Y 105-150 +0.018 +0.012 Q110

J 105-145 -0.005 -0.003 Q092

Ks 100-140 -0.003 -0.003 Q069

solute photometry is expected to be accurate to about 1%amdyerage, 2%,
but relative photometry will reach a much greater accuraeyilli-magnitudes
for brighter sources). At periodic intervals and at the ehtthe survey the global
photometric calibration will be assessed.

Figure 2.7 shows the behaviour of VISTA photometric undeti@s in the
VMC 8.8 field where data represent stacked paw-prints and tilese that the
uncertainties reduce by about50% compared to the individual tiles, and will
reduce further for deep tiles. In the VMC catalogues seaatture flux magni-
tudes are given that sample the curve of growth of all imaghs.recommended
aperture ‘aper3’, used in this work, corresponds to a catrusaof 1’ (3 pixels)
that contains 75% of the total stellar flux in 80 seeing observation.

Figure 2.8 shows a comparison between VMC and 2MAS8gnitudes. By
selecting a suitable range of magnitudes the parameteng abimparison (mean,
median and sigma) are indicated in Tab. 2.4. Note that by 281A&% do not
refer to 2MASS magnitudes, but to the magnitudes obtainedyubke following
colour equations:

Yomass = Jom + 0.550% (Jom — Hom) (2.1)
Jomass = Jom — 0.070x (Jom — Hom) (2.2)
Komass = Kom + 0.020% (Jom — Kam) (2.3)

where Jom, Hom Ko @are 2MASS magnitudes. These are the formulas used to
calibrate the VISTA photomett). They include the correct colour term but do
not include the small zero-point shifts (see chapter 6) din@atnecessary to bring
the observations into a Vega magnitude system.

Ohttpy/casu.ast.cam.ac.[sirveys-projectsistgtechnicalvista-sensitivity
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Figure 2.7: Photometric uncertainties in the VMC data facked paw-prints

(dashed, dotted and continuous lines in Kae J andY bands respectively) and
tiles (red, green and blue circles in tdg, J andY bands respectively) in the 8

field. Uncertainties are progressively smaller fr&gto Y and are systematically
smaller in tiles than in stacked paw-prints.
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The morphological classification is encoded in a flag witlueal-1 for stel-
lar, +1 for non-stellar, O for noise and2 for borderline stellar sources. This
classification indicates the most probable source morglyoémd is &ected by
crowding and sensitivity. For details about the photoroedpertures, the source
classification and other catalogue parameters the readefeised to the CASU
web pages.

2.3.4 Image quality

The quality of the VMC images is evaluated at threfedent steps — during the
observations, the data reduction, and the archiving psocHse VMC team per-
forms additional quality control checks that interleavehag@ach of these three
steps. The first identifies obvious causes for re-observasach as observa-
tions that exceeded the required constraints or that fealé@ completed because
of technical reasons. These observations are usually tesp@most immedi-
ately. All images are processed by CASU and archived at th&, Vi&yardless of
whether their observing constraints are met.

All CASU-reduced VMC survey images for individual detecdrave been
inspected visually for quality control. The purpose of timspection is to recog-
nise artefacts and residuals from the reduction procesa$mito identify features
that are intrinsic to the observations. The results of thaityjuinspection are as
follows:

e The upper 13 of detector #16 isféectively noisy in the bluer bands, this
also causes a calibration problem for that region: so the Wwéand ob-
servations sfier more than thel and Ks ones. This problem causes an
increasing background level and influences the detectipalzbties.

e The observations obtained before 20 November 208@istrom intermit-
tent problems in detector #6 channel #14 (each detector Gahdnnels,
processed by flierent analog-to-digital convertors) that required reglac
ment of a video board in the controller. These stripes conearaa compa-
rable to that of a bright foreground star.

e A special sky frame needs to be used for reducing imagesnautaluring
the night of 19 November 2009, due to investigations on tmepmment re-
sponsible for the previous problem. This step is impleneiméhe pipeline
reduction from version.@ onwards.
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Table 2.5: Average VMC parameters from all single tile insmge

Band FWHM Ellipticity Zero— point 5 Mag. Limit
(arcsec) (mag) (mag)
Y 103+0.13 0065+0.011 23520+0.070 21111+ 0.395

J 100+£010 0064+0.011 23702+ 0.206 20527+ 0.382
Ks 0.93+0.08 0051+0.009 22978+ 0.245 19220+ 0.340

¢ A low quality region at the bottom €Y’) of detector #4 creates a horizon-
tal pattern that does not cancel out with stacking imagesioéd from the
exposure and jittering sequence. This problem will likebty afect subse-
guent reductions of the data.

e Overall the reduced images show a smooth gradient mosteaditie in the
Ks band (possibly caused by thefbimg system of VIRCAM as a result of
thermal radiation), but does not present a problem for thiecgoextraction.

None of these problems require re-observation of the tilasttave been obtained
for the VMC survey.

The quality of the images was further inspected by compattiegF\WHM
of the extracted sources with the expected seeing requimsmAs expected the
FWHM varies among the VIRCAM detectors. For example, theaye FWHM
in the corners of detector #1 is larger than in other detect@his implies that
some detectors will have a FWHM that exceeds the seeingresgant by more
than 10%. The average seeing among the detectors and tlagagereing among
the six paw-prints of a tile is, however, always within thqueed limit, except in
a few cases.

Table 2.5 shows the average seeing, ellipticity, zero4pamal limiting mag-
nitude from all VMC images. These parameters have beenlastcuexcluding
problematic observations and represent average valuasliegs of their execu-
tion as part of a concatenation, group or monitoring secggieaswell as from the
specific requirements of thefterent VMC fields with respect to crowding.
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2.4 Data archive

The data reduced by the VDFS pipeline at CASU are ingestediiat VSA! at
the Wide Field Astronomy Unit (WFAU) in Edinburgh which isrsiar to the WF-
CAM Science Archive (Hambly et al. (2008)). At present, #hase data reduced
with v1.0 of the CASU pipeline and include all VMC data observed ueridl of
May 2010 . At VSA the data are curated to produce standardia&products.
The software that runs at WFAU and populates the VSA is theedhiatt runs at
CASU and this guarantees that the data are processed hoewagpinthroughout
the entire processing chain.

The most important processes, available at present, fovih@ survey are:
individual passband frame association and source associat provide multi-
colour, multi-epoch source lists; cross-association wikternal catalogues (list-
driven matched photometry); deeper stacking in specifiddsfiguality control
procedures.

There are three main types of VSA tables that are importanthi® VMC
survey. These are thancDetectiortable, thevmcSourceable and thesrmcSyn-
optic table(s). The vmcDetection table contains the catalogagesponding to
individual observations. At the moment there is one catadoger paw-print,
regardless of band and tile of origin. The vmcSource tablgains the list of
sources obtained from deep stack images and each sourcécisathan the three
VMC bands. In practise, each row of the vmcSource table wititainY, J and
Ks magnitudes for a source. At present, because VSA is orgabispaw-prints,
the same source may appear two or more times in the vmcSabledepend-
ing on its location with respect to the overlap among the sw-prints forming
a tile. The synoptic tables contain the colour informatiow ghe multi-epoch
information for individual observations (a single OB). Matetails about the syn-
optic tables are given by Cross et al. (2009). The positiehraagnitude for each
source in any given table refers to the astrometrically amatgmetrically cali-
brated measurements using the parameters specified in #ge ineaders. These
parameters are discussed in Sect. 5.2. In addition, therseseral quality flags
that are specifically introduced at the VSA level. These fidgstify problems
occurring during the ingestion of the data into the archirepmpleteness in the
set of data (for example missing exposures in a paw-printesgce), problems
related to the pairing of data, etc.

The magnitudes of the brightest stars are corrected foregain dfects (Sect.

Uhttpy/horus.roe.ac.yksaglogin.html
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2.3.1). Figure 2.9 shows th€s magnitude dierence for stars in the_8 field
compared to 2MASS before and after saturation correctiatur&tion éects are
present forks < 12 mag, with the magnitudes of brighter stars recovered to at
leastKs = 10 mag after correction.

The VSA is queried using Structured Query Language (SQL)egmaint-and-
click web form for browsing. This is a dual (sophisticated @mple) end-user
interface for the data. A key feature to note is the desigh mitilti-waveband cat-
alogue data that allows the user to track back to the indalidaurce images and
merged-source tables, and present the user with a geneplicable, science-
ready dataset. The VSA has a high-speed query interfades, titnanalysis tools
such as TopCat, and advanced new VO services such as MySjrec¥ SA sup-
ports a diferent range of queries and the most common for the VMC sumesy a
() querying the archive to check which data have been irgesiti) querying the
vmcSource table to extract magnitudes from the deep stéidksjuerying the
synoptic tables to extract light-curves and statisticdhenevels of variability and
(iv) querying the VSA using an input list of sources and skiag for their VMC
counterpart. For each source in (i) it is possible to inspestage stamp images
in each wave band.

Before creating the deep stack images, the quality corggallts discussed in
Sect. 2.3.4 need to be taken into account. In particulanreles except those
with a large seeing arar ellipticity are included in the deep stacks. This means
that tile images with a reduced number of jitters or paw-grane included into the
deep stacks if their observing conditions are met. Therlatiiéstill be available
as individual epochs, and will be linked to the other obsiowns in the synoptic
tables, because they may contain useful information foakée stars or for source
confirmation.

In the future it may be possible to automatically join the emdxposed areas
at the two ends of each tile with those of the adjacent tiles po source extrac-
tion. The VSA also contains external catalogues, like 2MAB8t can be linked
with the VMC data via an SQL query. Catalogues that are spadifiimportant
for the Magellanic system, e.g. the MCPS and the SAGE cata®gre also be-
ing ingested into the VSA. VMC is intrinsically a multi-waeagth project and a
large fraction of its science will come from the linking of §TA data with those
from other surveys; the VSA is designed to enable such links.
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2.5 Analysis and Results

Figure 2.10 shows the CMDs of the VMC data in thé 30 Dor) and 8
(Gaia) LMC fields. These data were extracted from the VSA. magnitudes
and colours of each source correspond to a single deteetoif, the same source
was detected in another detector it is not included in the GMIhis is because at
this stage the archiving process is organised by paw-pnhfitgen tiles, resulting
from the combination of six paw-prints, become availablg 8A then the expo-
sure time per source will be at least doubled. At present xpesure times per
band for the sources shown in the CMDs correspond to 120t36di00 sec in
J and to~ 4000 sec irK.

The distribution of stars in the CMDs shows clearly thatent stellar pop-
ulations characterising these LMC fields. The blue-mostasimucture bending
to red colours at bright magnitudes is formed by main-secei¢hlS) stars of in-
creasing mass with increasing brightness. The MS joingh@aub-giant branch,
the RGB beginning at2 mag below the red clump, the approximately circular
region described by the highest concentration of stars. stilueture of the red
clump depends on stellar parameters (age and metalliaitydlbo on interstellar
extinction. Extinction causes the clump to elongate to @duwrs, as seen in the
CMDs for the 30 Dor field where extinction is higher than in taia field. The
RGB continues beyond the red clump at brighter magnitudssrdeng a narrow
structure bending to red colours. The abrupt change in salensity at the tip of
the RGB marks the transition to brighter AGB stars. The bngartical distribu-
tion of stars below the RGB is populated by MW stars. In the GMWiDthe Gaia
field these are easily distinguished from LMC stars. Cephettisupergiant stars
occupy the region of the diagram to the bright and blue side@RGB while RR
Lyrae stars are somewhat fainter than the red clump and Ire mrdess parallel
to the sub-giant branch.

Figure 2.11 shows the colour-colour diagram of the VMC dathe 88 field.
The data shown here are the same as in the CMDs (Fig. 2.10jlss@above.
The distribution of sources in the colour-colour diagraserables the body of an
ant. Following this analogy:

e The lower part of the ant bodyéste) at -0.1 < (Y - J) < 0.2,-0.3 <

(J - Ks) < 0.2, corresponds to the location of MS stars in the LMC, with
the youngest stars being at the bluest extremity. The witithis feature

is mainly caused by photometric uncertainties. Its extansd the red is
also set by the limited depth of the VMC data, since the faii& should
continue to even redder colours.
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e The middle part of the ant bodyngesosomgat 02 < (Y — J) < 0.4, 03 <
(J — Kg) < 0.65, corresponds to the main locus of helium-burning giamts i
the LMC. The bulk of them are in the red clump (see Fig. 2.10},also
brighter helium burning giants, and stars in the faint esiem of the red
clump, fall in this same blob.

e The petioleis a small thin extension of the mesosoma at its red side, at
02<(Y-J)<03,02< (J-K) < 0.3, and is mainly caused by bright
stars in the MW foreground — more specifically by the interiatdage and
old turn-dtfs of MW disk populations (a5 < 15).

In addition to this well-defined petiole, gaster and mesasame also con-
nected by the relatively less populated LMC sub-giantsgktwuminosity RGB
stars, and horizontal branch stars in the LMC.

e The upper part of the ant bodizigad is a more complex feature. Its main
blob at 04 < (Y - J) < 0.6, 06 < (J — Ks) < 0.8 is defined by low-mass
stars in the MW foreground, especially those with mass@sb M, which
clump at the same near-IR colous{ Kq ~ 0.7; see Nikolaev & Weinberg
(2000a), Marigo et al. (2003a)). The same structure formarked vertical
feature in the CMDs.

e Two antennaedepart from this head, the upper one & Q (Y — J) < 0.6,
0.8 < (J - Kg) < 1 being formed by the more luminous RGB stars in the
LMC, close to their tip of the RGB, extending up td<{ Ks) = 1 mag. This
upper antenna finishes abruptly because the tip has bedreceakhe lower
antenna atJ — K¢) ~ 0.8, (Y — J) > 0.6, is more fuzzy, and corresponds to
theY — J red-ward extension of low-mass stars in the MW foregrourids T
red ward extension is partially caused by photometric uagdres and by
the particular colour-colour relation followed by the cestt M dwarfs.

2.5.1 Completeness

Some key science goals of the VMC survey require accurateasts of the com-
pleteness of the stellar photometry as a function of locaiross the Magellanic
system, and position in the CMDs. This is estimated via theauprocedure
of adding artificial stars of known magnitudes and posititmthe images, then
looking for them in the derived photometric catalogues.

For this work, the paw-print images, available for th& & MC field, were
combined to produce a tile image using the SWARP tool (Batial. 2002a). A
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region of the tile image with a size of 40604000 pixels was selected. Then,
PSF photometry using the DAOPHOT and ADDSTARS packages AFlRas
performed. Figure 2.12 shows an example of the photomettig@(preliminary)
stacked image.

The artificial stars are positioned at the same random pasiin theY JK;
images. Their mutual distances are never smaller than 30spigo that the pro-
cess of adding stars does not increase the typical crowdithg @mage. Later on,
artificial stars spanning small bins of colour and magnitaegrouped together
to provide estimates of number ratio between added and eeedstars — i.e. the
completeness — as a function of position in the CMDs.

Typical results of this process are illustrated in the Fig.32which shows the
completeness as a function of magnitude, for both casesgliesepoch and deep
stacked images. For this relatively low density tile, thefegshows that the50%
completeness limit goes as deep a2P22190, and 2140 mag in theY, J and
Ks bands, respectively. These results are in good agreemgnthei expectations
derived from simulated VMC images (Kerber et al. 2009b).
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Figure 2.12: CMD for a region of 40004000 pixels extracted from the8LMC
deep tile. Objects witld — K5 > 1 and fainter thaks = 16 mag are background
galaxies.
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Chapter 3

Simulating the VMC data and the
recovery of Star Formation History

3.1 Introduction

The VISTA Survey of the Magellanic Systér(Cioni et al. 2010, VMC, see) is
an ESO public survey project which will provide, in the nexyé&ars, critical
near-infrared data aimed — among other goals — to improve ppEsent-day SFH
determinations. This will hopefully open the way to a moreptete understand-
ing of how star formation relates to the dynamical processeter way in the
system, and to a more accurate calibration of stellar ma@felprimary standard
candles. Regarding the SFH, the key contributions of the \&d®@ey will be: (1)
It will provide photometry reaching as deep as the oldeshmaguence turntb
over the bulk othe MC system, as opposed to the tiny regions sampled by HST,
and the limited area covered by most of the dedicated griased observations.
(2) VMC will use the near-infraref JK; passbands, hopefully reducing the errors
in the SFH-recovery due to variable extinction across thesMC

On the other hand, the use of near-infrared instead of dilieas will bring
along some complicating factors, like an higher degree otamination of the
MC photometry by foreground stars and background galaaied the extremely
high noise contributed by the sky, especially in Kagand.

Indeed, VMC will be the first near-infrared wide-area surte@yrovide data

1See httpgywww.vista.ac.uk and
httpy/www.star.herts.ac.ykmcionjvmd/
for further information.

41
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suitable for the classical methods of SFH-recoveiyith the new space-based
near-infrared cameras (the HSYFC3 IR channel, and JWST) and ground-based
adaptive optics facilities, observations similar to VMGCesrwill likely be avail-
able for many nearby galaxies. VMC may become the precufsietailed SFH-
recovery in the opening window of near-infrared wavelesgibemonstrating the
feasibility of VMC goals, therefore, is of more general nest.

Another particularity of the VMC survey is that, once stdrtés data flow
will be so huge that algorithms of analysis have better torepared in advance,
in the form of semi-automated pipelines. Similar approadiee beefare being
followed by some ambitious nearly-all-sky (SDSS, 2MASS;nm+lensing (MA-
CHO, OGLE, EROS), and space astrometry (e.g. HipparcosAaurveys.

In this work, we describe part of the preparatory work fordleevation of the
SFH from VMC data, which can be summarised in the followingyweirst we
simulate the VMC images for the LMC (Sect. 3.2), where werlatrform the
photometry and artificial stars tests (Sect. 3.3) that ailewo access the expected
levels of photometric errors, completeness, and crowding,the contamination
by foreground stars and background galaxies. We then pilogitle many experi-
ments of SFH-recovery (Sect. 6.3), evaluating the unceiéa in the derivation of
the SFH as a function of basic quantities such as the statsity over the LMC,
the area included in the analysis, and the adopted valug¢sdatistance and red-
dening. Doing this, we are able to present the expected narada systematic
errors in the space-resolved SFH. Such information may b&iu® plan com-
plementary observations and surveys of the LMC in the nexifsars. as well as
better explore thefeect in the recovered SFH due to the uncertainties associated
with the MC geometry, dferential reddening, initial mass function, fraction of
binaries, etc.

3.2 Simulating VMC data

Our initial goal is to obtain realistic simulations of VMC ages, containing all
of the objects that are known to be present towards the MCdilkaly to be de-

tectable within the survey depth limits. These objects asetially stars belong-
ing to the MW and the MCs, and background galaxies. Moreaemrssential

2The previous attempts of Cioni et al. (2006a,b) basetléq data, were based on the shallow
observations from DENIS and 2MASS, which are limited to tipper RGB and above. Conse-
quently, they could access the general trends in the meaarabmetallicity across the MCs, but
not the detailed age-resolved SFH.
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component of the images is the high signal from the infralgd &ach one of
these components will be detailed belowftDse objects such as emission nebu-
lae and star clusters will, for the moment, be ignored.

3.2.1 VISTA and VMC specifications

VMC will be performed with the VIRCAM camera mounted at the AHETA
telescope at ESO’s Paranal Observatory in Chile. VIRCAM 120482048
detectors which, with the image scale of 0.386secper pixel on average, cover a
sky area of 0.037 dégach. The basic mode of the observations will be to perform
6 exposures (paw-prints) with the subsequent construofidrd x 1.5 ded tiles.
In the following, we will adopt the area of each detector. (06037 ded) as the
basic unit of our simulations.

The specifications of the VMC survey will be detailed in amttvork (Cioni
et al., in preparation). For our aims,fBoe it to mention the following: De-
spite for the crowded fields, it is expected that the obsematwill be sky-noise
dominated. The mean sky brightness at Cerro Paranal is @f 18.0, 13.0
mag arcse? in Y JK;, respectively. The required seeing is of &rdseq(FWHM)
in theY band, being the most crowded regions observed in nightssgiing bet-
ter than 0.8arcsec The targetted signal-to-noise ratio (SNR) is equal to 10 at
magnitudes of 21.9, 21.4, 20.3 mag respectively. The phetioenzero-points
in our simulations were fixed via the VISTA exposure time okdtor, so as to
be consistent with these values. Considering these suiwég,|in our simula-
tions we include all objects brighter th&q = 22.5, which at the LMC distance
correspond to a stellar mass-00.8 M, in the main sequence turrffo

VMC tiles will cover most of the Magellanic System, summingttotal area
of 184 ded (see Cioni et al. 2007, Cioni et al., in preparation, for dgtaFig. 3.1
shows a histogram of the total area to be observed as a faraftibie density of
upper RGB stard\rgg, Which is defined as the number of 2MASS stars inside a
box in theKgvs. J — K CMD (0.60< J - Kg <1.20 and 1200 < K < 14.00 for
the LMC and 1230 < K < 14.30 for the SMC), for each unit area of 0.05 deg
Notice the higher mean and maximum stellar densities of i€ Las compared
to the SMC. The stellar densities vary over an interval ofual205 dex.

3.2.2 Stars in the UKIDSS photometric system

Since VISTA is still being commissioned at the time of thistuag, the through-
puts of VISTA filters, camera, and telescope are still notlakée. It is however
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Figure 3.1: The area VMC will likely cover in the LMC (solidnke) and SMC
(dashed line) as a function of the surface density of RGB disg. The fraction
of the covered area in each MC, for four ranges of densityisis shown in the
top of the figure.
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clear that the VISTA photometric system will be very similathe UKIDSS one,
with the diferences being mainly in the higher performance of VISTA, iartitie
fact that VISTA will use aK-short filter (Ks) similar to the 2MASS one.

Given the present situation, we have so far used the UKIDSt®8yas a surro-
gate of the future VISTA one. Tests using the preliminary TASilter curves (Jim
Emerson, private communication) indicate very smdtiedences in the synthetic
photometry, typically smaller than 0.02 mag, between VIS UKIDSS 3

Stellar isochrones in the UKIDSS system have been recemtlyiged by
Marigo et al. (2008). The conversion to the UKIDSS system takes into account
not only the photospheric emission from stars, but also ¢peocessing of their
radiation by dusty shells in mass-losing stars, as destitbilarigo et al. (2008).
The filter transmission curves and zero-point definitionmedrom Hewett et al.
(2006). The stellar models in use are composed of Girardi €@00a) tracks for
low- and intermediate-mass stars, replacing the thernpallying asymptotic gi-
ant branch (AGB) evolution with the Marigo & Girardi (2007 e&s. In this work,
these models are further complemented with white and bravarfd as described
in Girardi et al. (2005, also Zabot et al., in preparationy with the Bertelli et al.
(1994) isochrones for masses higher thaMy. Fig. 3.2 presents some of the
Marigo et al. (2008) isochrones in thdx vs. Y—K diagram, for a wide range
in age and metallicity. As can be readily noticed, the isonks contain the vast
majority of the single objects that can be prominent in tharniefrared obser-
vations of the LMC, going from the lower Main-Sequence (M&)rs, up to the
brightest AGB stars and red supergiants. The stellar massies MS and the ap-
parent magnitude for a typical LMC distance<M), = 1850 (Clementini et al.
2003; Alves 2004; Schaefer 2008) are also indicated in thisdi. We recall that
our models contain, in addition, the very-low mass staywbrdwarfs and white
dwarfs, which are important in the description of the fooegrd MW population
(Marigo et al. 2003b).

The interstellar extinction cdiécients adopted in this work do also follow from
Marigo et al. (2008)Ay = 0.385Ay, A; = 0.283Ay, andAx = 0.114Ay, which
imply Ey; = 0.351Egy andEyx = 0.931Egy. They have been derived from
synthetic photometry applied to a G2V star extincted witlmde#i et al. (1989)
extinction curve. Although the approach is not the most eatewone (see Girardi
et al. 2008), it is appropriate to the conditions of moderatidening Egy <

3Throughout this work, we will name the 2un filter askKs when referring to VISTA, 2MASS
and DENIS, and aK when referring to our simulations and to UKIDSS data. Notiogever that,
for all practical purposes, the actualidrence between these filters is not a matter of concern.
“httpy/stev.oapd.inaf jtlustyAGB07
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Figure 3.2: A series of Marigo et al. (2008) isochrones in thdDSS photo-
metric system. The figure shows the absoldik (Y-K) CMD as well as the
apparent K, Y—K) one for a typical distance to the LMC. Stellar masses and
isochrone ages and metallicities are also indicated in ¢huedi
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0.2 mag) typical of the Magellanic Clouds.

The simulation of the input photometric catalogues and #reegation of arti-
ficial images are described in the next subsections. In,dhefinput catalogues
for the LMC (Sect. 3.2.3) and the foreground MW stars (Se@.43 come from
the predictions made with the TRILEGAL code (Girardi et &03), that simu-
lates the photometry of resolved stellar populations fihg a given distribution
of initial masses, ages, metallicities, reddenings antdces. The catalogues of
background galaxies (Sect. 3.2.5) are randomly drawn fre€tD3S (Lawrence
et al. 2007). The simulation of images is performed with thROPHOT and
ARTDATA packages in IRAF (Sect. 3.2.6), always respecting the photometric
calibration and expected image quality required by the VM@ ay.

3.2.3 The LMC stars

The stellar populations for the LMC are simulated as an ‘talal object” inside
the TRILEGAL code (Girardi et al. 2005), where the input paegers for a field
are:

the star formation rate as a function of stellar age, $fFR(

the stellar AMR Z(t) or [M/H](t);

the total stellar mas$lot mc;

the distance modulusi=M);

the reddeningEgy = 3.1Ay;

the Initial Mass Function (IMF)y(M;);

the fraction of detached unresolved binarigs,

As commented before, for convenience we are simulatingemafr0.037 deg
equivalent to a 2048 2048 VIRCAM detector. The value & uc is suitably
chosen such as to generate the total number of RGB starsveddey 2MASS,
Nrgg, inside this same area.

SIRAF is distributed by the National Optical Astronomy Obssipry, which is operated by
the Association of Universities for Research in AstronodyRRA) under cooperative agreement
with the National Science Foundation.
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In the LMC simulations presented in this work, we adopt autrdVIR con-
sistent with the one given by stellar clusters (Olszewskilel991; Mackey &
Gilmore 2003; Grocholski et al. 2006; Kerber et al. 2007) &aftl stars (Cole
et al. 2005; Carrera et al. 2008), together with a constaR{({$FSince the SFR)
in the LMC is clearly spatial dependent (Holtzman et al. 1,99&ecker-Hane
et al. 2002; Javiel et al. 2005), the assumption of a conSB&R) shall be con-
sidered as just a way to ensure a uniform treatment for dldsfgopulations over
the LMC.

In terms of distance we are initially using the canonicabeabf (m—M), =
1850 (Clementini et al. 2003; Alves 2004; Schaefer 2008) athmpted by the
HST Key Project to measure the Hubble constant (Freedmdn2€(i ), whereas
for the reddening we are assuming a valueEgf, = 0.07, typical for the ex-
tinction maps from Schlegel et al. (1998a). For real VMC iemgthese two
parameters are expected to be free parameters, since thepkdd€nts disk-like
geometries with a significant inclinatior 30—40 deg) (van der Marel & Cioni
2001b; van der Marel et al. 2002; Nikolaev et al. 2004) and-maiform extinc-
tion (Zaritsky et al. 2004; Subramaniam 2005; Imara & Bli@02).

Finally the assumed values for the remaining inputs areCtiegbrier (2001)
lognormal IMF® | and f,;, = 30% with a constant mass ratio distribution for
my/m, > 0.7 7. There are no strong reasons to expect significant devefim
these choices, especially for the IMF since we are dealitig stars with masses
approximately between 0.8 and 124} where the IMF slope seems to be univer-
sal and similar to the Salpeter one (Kroupa 2001, 2002). @wmirtg the fraction
of binaries, our choice is consistent with the values fowrdlie stellar clusters
in the LMC (Elson et al. 1998a; Hu et al. 2008). For the mom#rgse will be
considered as fixed inputs. Further works will use simuregio order to quantify
the systematic errors in the recovered SFH introduced byribertainties related
to these choices.

3.2.4 The Milky Way foreground

The MW foreground stars are simulated using the TRILEGALecad described
in Girardi et al. (2005). Towards the MCs, the simulatedsséae located both in a

5With a slopea ~ —2.3 for 0.8 < m/M, < 5.0 ande ~ -3.0 for m > 5.0M,, where the
Salpeter slope ig = —2.35.

"This is the mass ratio interval in which the secondary sigaifily afects the photometry of
the system.
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disk which scale-height increasing with age, and in a oltlate component. Dif-
fuse interstellar reddening within 100 pc of the Galact@rfelis also considered,
although it d@ects little the near-infrared photometry.

In Girardi et al. (2005), it has been shown that fdf-plane line-of-sights,
TRILEGAL predicts star counts accurate to within about 158ra wide range
of magnitudes and down tb~ 20.5 andK =~ 185. This accuracy is confirmed by
theK < 20.5 observations of Gullieuszik et al. (2008) for a field nextte Leo |l
dwarf spheroidal galaxy. Moreover, Marigo et al. (2003)wes that TRILEGAL
describes very well the position of the three “vertical firgj@bserved in 2MASS
K vs. J — Ks diagrams. Similarly-comforting comparisons with UKIDSStal
(including theY band) are presented in Sect. 3.3.2 below.

Although predicting star counts with an accuracy of aboybIbay be good
enough for our initial purposes, we are working to furthepriove this accuracy:
In short, we are applying the minimisation algorithm ddsed in Vanhollebeke
et al. (2008) — which was successfully applied to the daovedf Bulge param-
eters using data for inner MW regions — to recalibrate theLBBAL disk and
halo models. It is likely that before VMC starts, foregrowtdr counts will be
predicted with accuracies of the order of 5%.

3.2.5 The background galaxies

In order to simulate the population of galaxies backgrounthé MCs, we make
use of the large catalogues of real galaxies obtained by KIBSS Ultra-Deep
(UDS; Foucaud et al. 2007) and Large Area Surveys (LAS; Waeteal. 2007),
from their Data Release 3 (December 2007). The LAS includésfdr an area of
4000 ded down toK = 184, for Y JK filters, whereas the UDS includes an area
of 0.77 ded observed down t& ~ 23, but only forJHK passbands.

In our input catalogue for each simulation, we include theabar of UKIDSS
galaxies expected for our total simulated area. More peggis/e randomly pick
up from the UDS catalogue, a fraction of galaxies given by rtte between
the areas covered by UDS and by our image simulation. Fromatadogue, we
extract theirJ andK magnitudes, and morphological parameters (position angle
size, and axial ratio). In this way, our simulations resgbetobserved-band
luminosity function of galaxies, and thelr— K colour distribution, down to faint
magnitudes. Th¥-band magnitudes, instead, have been assigned in the fiotjow
way: we take the—K colour of each galaxy inthe UDS, and then randomly select
a galaxy from the LAS which has the most similar K (within 0.2 mag), and
take itsY — J. This means that th¥ — J vs. J — K relation from LAS is being
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extrapolated down to deeper magnituties

3.2.6 Simulating images

Once defined the input catalogues for stars and galaxies walagied the im-
ages inside IRAF, in accordance with the VISTA and VMC speatifons (see
Sect.3.2.1). The basic sequence of steps (and the R8l performed for a
given filter is the following:

1. Definition of the image sizetextimagé and introduction of the sky bright-
ness and noiser(knoisg;

2. simulation of a Gaussian stellar profifg(s3 respecting the expected see-
ing for an image of a photometric calibrated (using the VISHRAC v1.3)
delta function with a known number of electrons;

3. addition of the LMC and MW stars in the sky imagesidstar$ follow-
ing the previous calibrated Gaussian stellar profile witidan poissonian
errors in the number of electrons;

4. addition of galaxiesnjkobjec} in the previous image respecting all infor-
mation concerning the morphological type, position anglee and axial
ratio.

To assure a uniform distribution of the objects in the imagars and galax-
ies are always added at random positions. Fig. 3.3 showsammg of image
simulation for a typical field in the LMC disk. The false-caloplot evidences
the colour and morphologic filerences between stars and background galaxies
— with the latter being significantly redder than the formier.the same image,
we have inserted two populous stellar clusters typical ier tMC with differ-
ent ages, masses and concentration of stars (following g'&profile), just to
illustrate our capacity to simulate also this kind of stetibject.
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Figure 3.3: An image simulation for the area next to the shaster NGC1805
(@ = 5.03 h,6 = —66.07°), for a single 2048« 2048 array detector of VIR-
CAM. This is a false-color image where blue-green-red cdavere associated
to theY JKfilters, respectively. The location corresponds to aNegs ~ 2.00 in
Fig. 3.1. The detector area corresponds to 0.0372ddgb x 11.6 arcmin) in the
sky, which is about /H0 of a single VIRCAM tile, and /6000 of the total VMC
survey area. The two small panels at the bottom presentsiefahe simulated
stars, stellar clusters and galaxies fd® 2 2.9 arcmin and & x 0.7 arcmin ar-
eas. At the LMC distance the top panel corresponds appra&iynt a box of
175x 175 pc, whereas the bottom panels correspond to4¥pc and 1k 11 pc,
respectively (larcsec~ 0.25 pc).
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Figure 3.4: Photometric errors (left panels) and compkdercurves (right panels)
in the artificial Y JK images for the LMC for dterent levels of crowding. The
thin curves present the results for the aperture photonetvering the entire
expected range of density of field stars (Mgsg = 1.50, 1.75, 2.00, 2.25, 2.50,
2.75, 2.90, see also Fig. 3.1). The three highest densigjdevere simulated with
the smallest values for seeing required for the LMC centiee thick black line
illustrates the results of performing PSF photometry far bighest density level
(logNrgg = 2.90). The expected error in magnitude for a SNIR is shown by

the dashed line.
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3.3 Performing photometry on simulated data

3.3.1 Aperture and PSF photometry

The IRAF DAOPHOT package was used to detect and to performiuapeoho-
tometry in our simulated images. Candidate stars were wetesingdaofind
with a peak intensity threshold for detection set to.4, whereo, corresponds
to the rms fluctuation in the sky counts. The aperture photgmeas carried out
running the taskhotfor an aperture radius of 3 pix(1.0arcseg.

The photometric errors and completeness curves that cametfris aperture
photometry in our simulated LMC images can be seen in Fig. Bh® photomet-
ric errors in this case are estimated using théedences between the input and
output magnitudes; more specifically, for each small magieitoin we compute
the half-width of the error distribution, with respect t@timedian, that comprises
70% of the recovered stars. The completeness instead idystafined as the
ratio between total number of input stars, and those reeovby the photome-
try package. Fig. 6.5 presents the results féiedent simulations covering a wide
range of density of field stars in the LMC, from the outer disfions to the centre
regions in the bar (see Fig.3.1). Notice that in these sititnia we are following
the requirement that the most central and crowded regiogiNdcg > 2.50) will
be observed under excellent seeing conditions only.

It can be noticed that the VMC expected magnitudes at SNRor isolated
stars Y = 219, J = 214, K = 20.3) is well recovered in the simulations for
the lowest density regions, attesting the correct photomeslibration of our
simulated images. For these regions the 50% completenesisisereached at
Y ~ 225, ~ 222 andK ~ 21.8.

Crowding significantly &ects in the quality of the aperture photometry, mak-
ing the stars measured in central LMC regions to appearfgigntly brighter, and
with larger photometric errors, than in the outermost LM@ioas. As shown in
Fig. 6.5, crowding clearly starts to dominate the noise fldé with IogNres =
2.00 that correspond to about 20% (7%) of the total area cover¢de LMC
(SMC) (see Fig. 3.1). Therefore, PSF photometry is expeiddie performed
whenever crowding will prevent a good aperture photomegr ¥ MC images.
The significant improvements that can be reach by a PSF plattgare also il-
lustrated by the thick black lines in Fig. 6.5. These restitsespond to a PSF

8This is of course a crude approximation since deeper susayple larger galaxy redshifts.
However, it is justified by the lack of deep-enouglilata, and by the little impact that such faint
galaxies have in our stellar photometry (see Sect. 3.3.2).
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photometry applied to the LMC centre (Idfgcs = 2.90), where the PSF fitting
and the photometry were done using the IRAF tgsfandallstar.

Figure 3.5 shows an example of CMD obtained from the apephiotometry
in a simulated field with an intermediate level of density e LMC. This fig-
ure reveals the expected CMD features — and the wealth ahiraftion — that will
become available thanks to the VMC survey: well evident lageAGB, red super-
giants, RGB, red clump (RC), Sub-Giant Branch (SGB) as wetha MS, from
the brightest and youngest stars down to the oldest tffrpeint. In comparison,
the present-day near-infrared surveys of the MCs are cdaepldy for the most
evolved stars — excluding those in the most crowded regiand,those highly
extincted by circumstellar dust. DENIS and 2MASS, for inst are limited to
Ks < 14, revealing the red supergiants, AGB and upper RGB, anddimg just
a tiny fraction of the upper MS (Nikolaev & Weinberg 2000bp@i et al. 2007).
IRSF (Kato et al. 2007) extends this range dowrKto< 16.6, which is deep
enough to sample the RC and RGB bump, but not the SGB and thmbkss MS.

3.3.2 Comparison with UKIDSS data

Since the present work depends on simulations, it is impbttecheck if they re-
produce the basic characteristics of real data alreadym@stainder similar con-
ditions. UKIDSS represents the most similar data to VMC t@blable for the
moment. Therefore, in the following we will compare a sintethUKIDSS field

with the real one.

For this exercise, we take the 0.21 ddigld towards Galactic coordinates
¢ = —220degree b = 40 degree which due to its similar distance from the
Galactic Plane as the MCsffers a good opportunity to test the expected levels of
Milky Way foreground, and the galaxy background.

We have taken the original image from the UKIDSS archive, padormed
aperture photometry with both DAOPHOT (Stetson 1987) adtiator (Bertin
& Arnouts 1996). A image for the same area has been simulaied WKIDSS
specifications (pixel scale, SNR, etc.) and submitted te#mae kind of catalogue
extraction. Fig. 3.6 shows the results, comparingkhes. Y—K diagrams for
the UKIDSS observed (left panel) and simulated (right peinedds, for both stars
(blue points) and galaxies (red points). Stars and galawees separated using the
SExtractor Stellarity parametst. We adoptedst > 0.85 for stars, andt < 0.85
for galaxies.

Both DAOPHOT ad SExtractor aperture photometries turnédodoe remark-
ably consistent with the ones provided by the Cambridgeohsimical Survey
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Figure 3.5: Example ofi{, Y-K) CMD from aperture photometry in a simulated
image for the VMC survey. The choices in the parameters septea field of
~ 0.1 ded with ~ 10° stars (loglNres) = 2.00) following a constant SFR(and a
AMR typical for the LMC clusters (see details in the text).elé¢plours represent
the density of points in a logarithmic scale. The informataiout approximated

stellar masses, ages and metallicities can be obtainedRign3.2.
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Figure 3.6: A comparison between the aperture photomebm fUKIDSS im-
age data (left) and the corresponding simulation (riglat),af 0.21 degarea to-
wardst = —220degreeb = 40degree The photometry was performed using both
DAOPHOT and SExtractor. The main panels show the CMD obtaaoenbining
DAOPHOT photometry with SExtractor stgalaxy classification (blyeed dots,
respectively). The histograms show the total colour andmtade distributions
of stars and galaxies (blue and red lines, respectively).
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Unit (CASU) data reduction pipeline. This is very comfogisince the CASU
will adopt the same data reduction pipeline to the futureM$lata. The his-
tograms at the right and top of the CMD panels show the objectber count
distribution in both colour and magnitude. As can be appited, our simulated
objects distribute very similarly in colour and magnitudethe observed ones.
The discrepancies are limited to a few aspects of the simualgtfor instance the
peak in the colour distribution at—K ~ 1.3 is clearly narrower in the models
than in the simulations. This peak is caused by thin disk thtass massive than
0.4 M, (Marigo et al. 2003b), and its narrowness in the models coelichdicating
that TRILEGAL underestimates the colour spread of thesg-k®v mass stars.

The most important point of the model-data comparison of i@, however,
is that the simulations reasonably reproduce the numbetis ésrors limited to
~ 20%), magnitudes and colours of the observed objects. Tyes gs confidence
that our MC simulations contain the correct contributiaonirforeground Milky
Way stars and background galaxies.

3.4 Recovering the SFH

3.4.1 Basics

The basic assumption behind any method to recover the SRH &@ompos-
ite stellar population (CSP) is that it can be considered asngly sum of its
constituent parts, which are ultimately simple stellarydapons (SSPs) or com-
binations of them. Therefore determining the SFH of any C8like-the field stars
in a galaxy — means to recover the relative weight of each B&Pmodern stellar
population analysis in the late 80’s (Tosi et al. 1989; Fers al. 1989) and in the
early 90's (Tosi et al. 1991; Bertelli et al. 1992) — markedlny advent of the first
CCD detectors —was done assuming parameterized SFH, veviealed the main
trends in the SFH but was still limited by a small number ofgole solutions.
The techniques to recover the SFH from a resolved stellanlptpn started to
become more sophisticated with the works of Gallart et &96b,a), but they
were significantly improved by Aparicio et al. (1997) and plah (1997), who
developed for the first time statistical methods to recowsr-parameterized SFH
from the CMD of a CSP. In practice these two works were the tirsteal with a
finite number of free independent components, obtained dingdhe properties
of SSPs inside small, but finite, age and metallicity binseseh“partial models”
(Aparicio et al. 1997) are so computed for age and metalltits that should be
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small enough so that the SSP properties change just ligldarthem, and large
enough so that the limited number of bins ensures reaso@dtiletimes for the
SFH-recovery. Furthermore, being the partial models cdetpfor the same and
constant star formation rate inside each age bin, impliatittrey needed to be
generated only once, saving a large amount of computatresalirces (Dolphin
2002).

Considering that a CMD is a distribution of points in a planadid into Ny
boxes, these ideas can be expressed (Dolphin 2002) by

m =1, (3.1)
]

wherem is the number of stars in the full model CMD for an CSP inithé&ox,
ri is the SFR for thg™ partial model, and; ; is the number of stars in the CMD
for the j'" partial model in thé" CMD box.

Notice that the above equation is in fact written in terms eksl diagrams
since we are dealing with the number of stars in CMDs. So itmadhat the
“observed” Hess diagram for a CSP can be described as a sumiegendent
synthetic Hess diagrams of partial models, being thefiwoentsr; the SFRs to
be determined. Fig. 3.7, to be commented later, illustiaegeneration of such
synthetic Hess diagrams for the partial models of the LMC.

The classical approach to determine the se{is to compute the fierences
in the number of stars in each CMD box between data and maoeksiclsing for
aminimisation of a chi-squared-like statisticbhis kind of approach was applied
for the first time to recover the SFH of a real galaxy by Aparet al. (1997), and
has been successfully used in the analysis of the field sténe idwarf galaxies in
the Local Group (Gallart et al. 1999; Dolphin 2002; Dolphirak 2003; Skillman
et al. 2003; Cole et al. 2007; Yuk & Lee 2007), including the $4Olsen 1999;
Holtzman et al. 1999; Harris & Zaritsky 2001; Smecker-Hanhale2002; Harris
& Zaritsky 2004; Javiel et al. 2005; Chiosi & Vallenari 200¥0él et al. 2007).
Although these works have in common the same basic idea othogcover the
SFH, there are clear variations in terms of the adoptedstitatiand strategy to
divide the CMD in boxes (Gallart et al. 2005).

An interesting alternative to recover the SFH from the asialpf CMDs is
offered by thenaximum likelihoodechnique using a Bayesian approach (Tolstoy
& Saha 1996; Hernandez et al. 1999, 2000; Vergely et al. 2002his approach
the basic idea is to establish for each observed star a pgtibpab belong to a
SSP (based on the expected number of stars from this SSP jpositeon of the
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Figure 3.7: SimulatedK, Y—K) CMD illustrating the building of partial mod-
els for the analysis of LMC stellar populations and its fecegpnd MW stars.
Panel (a) shows the theoretical stars generated from TRALEGorresponds to
the following ranges in log(yr): 8.00-8.40 (red), 8.40-8.80 (green), 8.80-9.20
(blue), 9.20-9.60 (cyan), 9.60-10.00 (magenta), 10.0a51(ellow), plus the
foreground MW (black). Panel (b) shows the same after cenisig the &ects of
photometric errors and completeness. Panel (c) is the Hageadh for the sum
of all partial models. Panels (d) and (e) show the input $F&R(d AMR, respec-
tively, the latter in comparison with LMC clusters (squaredata from Mackey
& Gilmore 2003; Kerber et al. 2007; Grocholski et al. 200602 To avoid an
extremely large size for this figure only 5% of all stars tyig used ¢ 107) to
build the partial models are shown in the top panels.
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observed star in the CMD). Doing it for all observed stars oan recover the
SFRs that maximises the likelihood between data and mota.iriteresting to
note that in the recent years there is an increasing numheortds applying this
kind of technique for a wide range of problems, which incltige determination
of physical parameters of stellar clusters (Jargensen &egnen 2005; Naylor
& Jeffries 2006; Hernandez & Valls-Gabaud 2008) as well as of idds stars
(Nordstrom et al. 2004; da Silva et al. 2006).

It is beyond the scope of the present work to discuss in dégtiparticularity
of each aforementioned approach, but there are no strosgnedo believe that
one can intrinsically recover a more reliable SFH than theio{Dolphin 2002;
Gallart et al. 2005). So for a question of simplicity and aamee with the major-
ity of the works devoted to the MCs, we adopted the classigalmisation of a
chi-squared-like statistickechnique to determine the expected errors in the SFH
for the VMC data, using the framework of the StarFISH coder(id& Zaritsky
2001, 2004), thg?-like statistics defined by Dolphin (2002) assuming thatssta
into CMD boxes follow a Poisson-distributed data, and aamifgrid of boxes in
the CMD.

3.4.2 StarFISH and TRILEGAL working together

The StarFISH codehas been developed by Harris & Zaritsky (2001) and success-
fully applied by Harris & Zaritsky (2004) and Harris (200#%o)recover SFHs for

the MCs inside the context of the Magellanic Clouds Photoim&urvey (Zarit-

sky et al. 1997, MCPS$). This code, originally designed to analyse CMDs built
with UBVI data from the MCPS, and using Padova isochrones (Girardi et a
2000a, 2002), fbers the possibility of dierent choices for generating synthetic
Hess diagrams (set of partial models, CMD binning and masksbination of
more than one CMD, etc.) and-like statistics, being also ficiently generic to

be implemented for new stellar evolutionary models, ph@toin systems, etc.

As illustrated in Fig. 3.7, the TRILEGAL code can also sintalthe synthetic
Hess diagram for a set of partial models, with the advantdgasily generating
them in the UKIDSS photometric system, allowing also a greedntrol of all in-
put parameters involved (see Sect. 3.2.3). Therefore widelexdirectly provide
these Hess diagrams to StarFISH, using it as a platform tvmdéte the SFRs for
our VMC simulated data by means of &like statistics minimisation. The search

9Available at http/www.noao.ed|staf/jharrigSFH
Onttpy/ngala.as.arizona.ediennigmcsurvey.html
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Figure 3.8: Example of simulated(Y—-K) Hess diagrams for the VMC (left
panel) and for the best solution found by StarFISH (middiegha They?-like
statistics map is also shown in the right panel. These Heggalins are limited
t0 1200 < K < 20.50 and-0.50 < Y-K < 2.20 and were built with bin sizes of
0.10 mag both in colour and in magnitude.
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of the best solution is done internally in StarFISH by #moebaalgorithm that
uses a downhill strategy to find the minimyflike statistics value.

An extra possibility éfered by TRILEGAL is the construction of an addi-
tional partial model for the MW foregrourtd. Indeed, this is done by simulating
the MW population towards the galactic coordinates undamneration, for the
same total observed area but averaging over many simwatmas to reduce the
Poisson noise. This partial model is provided to StarFIS#iused in thg2-like
statistics minimization together with those used to déscthe MC population.
With this procedure, the presence of the MW foreground isnidkto account in
the SFH determination, without appealing to the (oftenyigkocedures o$ta-
tistical decontaminatiobased on the observation of external control fields. To
our knowledgement, this is the first time that such a proceduadopted in SFH-
recovery work. Notice that, once the MW foreground model&dl walibrated, its
corresponding; could be set to a fixed value, instead of being included in¢o th
y?-like statistics minimization.

Figure 3.7 illustrates the generation of a complete set dighanodels, cover-
ing ages from log('yr) = 8.00 to 1015 (t from 0.10 to 1413 Gyr) divided into 11
elements with a width oA logt = 0.20 each, and following an AMR consistent
with the LMC clusters (see the panel d, and Sect. 3.2.3). infifpure we have
grouped the partial models in just 6 age ranges (plus the MiMgfound one)
just for a question of clarity. What is remarkable in the feyis the high degree
of superposition of the ¢lierent partial models over the RGB region of the CMD
— except of course for the partial model corresponding toMNhé foreground.
The MS region of the CMD, instead, allows a good visual separaf the dif-
ferent populations over the entire age range, even afteidering the &ects of
photometric errors and incompleteness.

3.4.3 Results: Input vs. output SFRt)

An example of SFH-recovery is presented in the Hess diagodifigy. 3.8. The
input simulation (left panel) was generated for a constdfRR(@§, for an area
equivalent to 1 VIRCAM detector (037 ded) inside a region with a stellar den-
sity typical for the LMC disk (lod\res = 2.00, that produces a total number of
stars ofNgis ~ 5x10%). For this simulation, StarFISH fits the solution represent
in the middle panel. Not surprisingly, the data—maogklike statistics residuals
(right panel) are remarkably evenly distributed acrosdHass diagram.

H1See httpystev.oapd.inaf jtrilegal
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Figure 3.9: Errors in the recovered SERiI terms of the mean SFR((top
panel) and input SFRY (bottom panel). The input simulations correspond to a
typical LMC disk region (lod\rcg = 2.00) inside a single VIRCAM detector
(~ 0.037 ded). The central solid line corresponds to the median soluomd
over 100 realizations of the same simulation, whereas tioe lears correspond to

a confidence level of 70%.
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Figure 3.9 presents the median of recovered $FR(d its error, obtained
after performing 100 realizations of the same simulatios. eXpected, the me-
dian SFR{) over this 100 realizations reproduces remarkably welitipat one,
with no indication of systematic errors in the process of SEebvery? . The
error bars correspond to a confidence level of 70%, which st 70% of all
individual realizations are confined within these errorsbé&trror bars are almost
symmetrical with respect to the expected SFR(t). Furtheenegrors are typically
below 0.4 in units of mean SFg((top panel), which means uncertainties below
40% (bottom panel) for almost all ages. The only exceptiahésyoungest age
bin which presents errors in the SFR that are about two tiargef than those for
the intermediate-age stellar populations.

There are a many factors that cafieat the accuracy of a recovered SEPR(
Among them, the most important are:

1. the quality of the data in terms of stellar statistics ahdtpmetry, that de-
pends in principle (for the same photometric conditionsegfiisg, exposure
times, calibration, etc.) on the density of the field andagsred area in the
sky;

2. the uncertainties in the models themselves, that conma the possible
errors in the adopted input parameters (distance, redgdgivif, fyi,, AMR,
etc.), in the stellar evolutionary models, and in the imgetrfeproduction
of photometric errors and completeness;

3. the incorrect representation of the contamination fraheosources, like
foreground MW stars, stars from LMC star clusters, and bemkad galax-
ies;

4. the non-uniform properties of the analysed field, likeatential reddening
or depth in distance.

Notice that the first factorfeects the generation of observed Hess diagrams, while
the synthetic Hess diagrams may become unrealistic due tothier factors. Fur-
thermore, they produce ftierent types of errors: whereas the first preferentially
rules therandomerrors, the second is the main source ofghistemati@rrors. A
discussion on errors is addressed below.
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Figure 3.10: Errors in the recovered SBRfpr four different stellar densities,
from the outer LMC disk (top-left panel) to the LMC centre {toon-right panel).
The thick black solid line corresponds to the median sofufibmind using 4< 10°
stars, whereas the error bars correspond to a confidend¢@1&@6. The thin red
lines outline the same confidence level for a decreasing euoftstars: 2< 10°,
10, 5x 10* stars.
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Random errors for a known AMR

In order to estimate the expected random errors in the kR the LMC we per-
formed controlled experiments similar to the one shown g Bi9, but covering a
wide range of conditions in regard to the stellar statistied crowding. Fig. 3.10
presents the results for fourftérent levels of density, from the outer LMC disk
(top-left panel) to the LMC centre (bottom-right panel); éonumber of stars (or
area) varying by a factor of 8. As can be seen, these two fach@matically
change the level of accuracy than can be achieved in the esad\EFRY): an
increase in the number of stars reduces the errors whergéasraase in crowding
for a fixed number of stars acts in the opposite way.

The errors in the recovered SER&s a function of the covered area, for all
simulated density levels, are shown in Fig. 3.11 for paniatiels of four diferent
ages, from young (top-left panel) to old ones (bottom-riggmel). Here, a very
interesting result can be seen: for stars older thart lgg(~ 8.60 (t ~ 0.4 Gyr)
the curves for dterent levels of density are almost superposed, revealatgdh
a fixed area the accuracy in the recovered $FR(roughly independent of the
level of crowding. It can be understood as a counterbalaeffedt between the
loss of stars due to a decrease in completeness, and thefgatBr®due to an
increase in density. Therefore, it seems that the §ABY(this wide range in age
can be determined with random errors below 20% if an areal@ded is used.
Increasing the area by a factor of four means that the lewvehoértainty drops to
below 10%.

On the other hand, for partial models younger thantlogf ~ 8.60 (t ~ 0.4
Gyr) a fixed area does not imply a constant level of accuratiyarSFR{), being
the errors significantly greater in the less dense regiomeeStars in this small
age range are mainly identified in the upper main sequence gt < 20, and
in the core-helium burning phases at$&K < 18 (see Fig. 3.7), thiskect can be
understood by the fact that for these brighter stars theass in stellar density is
not followed by a significant decrease in completeness.dddeig. 6.5 indicates
the completeness is in general higher than 60% and 90%, fgr kK8< 20 and
14 < K < 18 stars, respectively, for the entire range of stellar idiessof the
LMC. In this situation, what determines the accuracy for adiarea is simply
the number of observed stars, which is proportional to thesithe In particular,
our simulations reveal the lack of stellar statistics indléermost and less dense
LMC regions, which require great areas to reach a statibtisignificant number
of young stars. For instance, a level of uncertainty 20 % énrédtovered young

2As a consequence, the total integral of the SFR is also wedvered.
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Figure 3.11: Errors in the recovered SER{s a function of covered area and
density of stars (dierent lines) for 4 partial models of fékrent ages (dlierent
panels).
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SFR¢) is obtained for an area 10 times larger{ 1 ded) in the periphery of the
LMC than in more central regions.

The errors in the SFR(were also compared with those expected by the Pois-
son statistics in the number of observed stars for eachapartidel, as presented
by Fig. 3.12. This figure reveals that the errors in the $F&4n be roughly un-
derstood as a propagation of the Poisson errors by a factd@. This explains
why errors are smaller for the older ages, despite the fatthie diferent partial
models are — due to the adoption of a logarithmic age scaleghig uniformly
separated in the CMD.

Random errors for an unknown AMR

In our previous discussion we have naively assumed that MR Af the LMC
is well known, by using a set of partial models which stridtylows the AMR
used in the simulations. The real situation is much more dicated. Not only
the AMR is not well established, but also it may present $icgut spreads (for a
single age), and vary from place to place over the LMC dislartter to face this
situation, it is advisable to allow a more flexible approashthe SFH-recovery,
in which for every age bin we haveftirent partial models covering a significant
range in metallicity.

We adopt the scheme illustrated in the top panel of Fig. 3tA&; is: for
every age bin, we build partial models of Gfdrent metallicities, centered at the
[M/H] value given by the reference AMR, and separated by step2afex. This
gives a total of 56 partial models, and drastically increabe CPU time (by a
factor of ~ 100) needed by StarFISH to converge towardsythéike statistics
minimum. Once the minimum is found, for each age bin we compioer;(t)-
added SFR{ and ther(t)-weighted average [NH](t) over the five partial models
with different levels of metallicity. After doing the same for 100ieions of the
input simulation, we derive the median and the confidenod l&70% (assumed
as the error bar) for the output SRR&nd [M/H](t). Figs. 3.13 and 3.14 illustrate
the results for the case of a constant input SF&¢d logNrgs = 2.00.

In the top panel of Fig. 3.13, the dots with error bars showoiput AMR,
which falls remarkably close to the input one (continuoung)i The error bars
are smaller than 0.1 dex at all ages. The bottom panel pletestative errors in
the derived [MH](t), showing that they are slightly larger for populations géa
log(t/yr) < 9.2. Anyway, the main result here is that the errors inlH{t) are
always smaller than the 0.2 dex separation between ffexeint partial models.

Figure 3.14 instead compares, for the same simulationytbesen the SFRY
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Figure 3.12: Distribution of the fraction of observed st@op panel) and its Pois-
son relative errors (bottom panel, black lines) as a funcige. These errors cor-
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also shown (bottom panel, red lines) for a vertical scalarh@g larger (compare
the labels of the two vertical axis in the bottom panel).
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Figure 3.13: The top panel shows the distribution of metitilis of the partial

models adopted in this work: The central solid line is the AM&pted as a
reference, and is used in all of our SFH-recovery experimefit every age (or

age bin), 4 additional partial models (along the dotteddjrean be defined and
inserted in the SFH-recovery, then allowing us to acces&MR and its uncer-

tainty (see text for details). The bottom panel shows tlieince between the
input and output AMRs for the case in which 5 partial modelsensdopted for

each age bin.
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Figure 3.14: Errors in the recovered SBR( terms of the mean SFB((top
panels) and input SFB((bottom panels), for a typical LMC disk region inside
the area of 8 VIRCAM detector (95 ded). The left panel correspond to a SFH-
recovery that uses partial models distributed over a SiANIR, whereas the right
one uses 5 partial models for each age bin. The central soédbrresponds to
the median solution found over 100 realizations of the samalation, whereas
the error bars correspond to a confidence level of 70%.
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that result either considering (right panel) or not (lefhek the partial models
with metallicity different from the reference AMR one. In other words, the left
panel shows the SFR(that would be recovered if the AMR were exactly known
in advance, whereas the right panel shows the §FB( the cases in which the
AMR is unknown — or, alternativelyfBected by significant observational errors. It
can be easily noticed that the SER$§ correctly recovered in both cases, although
errors in the second case (right panel) are about 2 or 3 tiangsrithan in the first
case. Needless to say, the second situation is the morstieahe, and will likely

be the one applied in the analysis of VMC data.

Systematic errors related to distance and reddening

Accessing all the systematic errors in the derived $FR(beyond the scope of
this work. However, the errors associated with the vanetim the distance and
reddening are of particular interest here, since both dgfiesare expected to vary
sensibly across the LMC, hence having the potentiakitecathe patterns in the
spacially-resolved SFH. Fortunately, these errors arngea@sily accessed with our
method, since we know exactly thea{ M), andAy values of the simulations, as
well as those assumed during the SFH-recovery.

The propagation of the uncertainties in the assumed distamadulus and
reddening in the recovered SER(vas explored in a series of control experi-
ments, in which a simulation performed with the canonioat M), = 18.50 and
Egv = 0.07 was submitted to a series of SFH-recovery analyses cmyaniange
of (m—M)o andEgy. More specifically, in— M), was varied from 18.40 to 18.60,
andEgy from 0.04 to 0.1. The results of these tests can be seen i8 &, which
presents thefBect of wrong choices in these parameters not only in the ereav
SFR() (bottom panel) but also in the minimum value for gtelike statistics (top
panels).

As expected, the absolute minimum value for tidike statistics was found
for the synthetic Hess diagrams with the right distance rmadand reddening.
Based on thg?-like statistics dispersion for 100 simulations we estiedathat
the errors in these parameters are abom—-M), = +£0.02 mag andAEgy =
+0.01 mag. These errors also imply systematic errors in thevezed SFRY) of
up to~ 30% (Fig. 3.15, bottom panel).

The above experiments clearly suggest us that the meamckssad redden-
ing should be considered as free parameters in the anadyslsyaried by a few
0.01 mag so that we can identify the best-fitting valueshof 1), andEg.y to-
gether with the best-fitting SFH. This kind of procedure hasrbadopted by e.g.
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Holtzman et al. (1997) and Olsen (1999) in their study of $megjions over the
LMC, and it is also implemented in the MATCH SFH-recovery kege by Dol-
phin (2002). Occasionally, one could also consider smadiagts in bothro— M),
andEgy and test whether they further improve frelike statistics minimization.
Once applied to the entire VMC area, the final result of thmcpdure will be
independent maps of the geometry and reddening across they/M€m, that can
complement those obtained with other methods.

3.5 Concluding remarks

In this work we have performed detailed simulations of the@ Whages expected
from the VMC survey, and analysed them in terms of the expleateuracy in de-
termining the space-resolved SFH. Our main conclusionarsaré the following:

1. For atypical L0 ded LMC field of median stellar density, the random er-
rors in the recovered SFBWwill be typically smaller than 20% for 0.2 dex-
wide age bins.

2. For all ages larger than 0.4 Gyr, at increasing stellasities the better
statistics largely compensates thiéeets of increased photometric errors
and decreased completeness, so that good-qualityts¢dR(be determined
even for the most crowded regions in the LMC bar. The $F&tors de-
crease roughly in proportion with the square of the total benof stars.
The exception to this rule regards the youngest stars, wigchuse of their
brightness are lesstacted by incompleteness. In this latter case, however,
the stellar statistics is intrinsically small and largeaa@re necessary to
reach the same SFR(@ccuracy as for the intermediate-age and old LMC
stars.

3. Although the AMR [MH](t) can be recovered with accuracies better than
0.2 dex, the uncertainties in the AMR can significantliget the quality of
the derived SFRY], increasing their errors by a factor of about 2.5.

4. The minimisation algorithms allow to identify the begthfig reddening and
distance with accuracies of the order of 0.02 mag in distamegulus, and
0.01 mag inEg.y.

All of the above trends were derived from analysis of smallCldreas, that
we have considered to be homogeneous in all of their prgsefiMR, distance
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and reddening). The errors were derived by varying each éileese param-

eters separately. The real situation will be, of course, hmmaore complicated,

with significant spatial variations of all of these quamstiacross the LMC. This
consideration may lead us to suppose that errors here dexreeunderestimated.
However, the above-mentioned parameters can be furthestreomed by simply

taking into consideration additional data — for instanoe #évailable reddening
maps, the limits on the relative distances provided by atiggpendent distance
indicators, the metallicity distributions of field starg;.e- in our analysis. More-
over, our work indicates clearly how the random errors adeiced when we in-

crease the area to be analysed. It is natural that, once sensatic errors are
fully assessed, we will increase the area selected for taklysia, so that random
errors become at least smaller than the systematic ones.

It is also worth mentioning that our present results weraioled using the
Y-K colour only. VMC will also provide CMDs involving thd passband, and
their use in the SFH analysis can only reduce the final errors.

Another factor to be considered, in the final analysis, i$ thaold ages the
SFR{) is expected to vary very smoothly across the LMC, as inditdor in-
stance by Cioni et al. (2000) and Nikolaev & Weinberg (2000m)is large-scale
correlation in the old SFRY may be used as an additional constraint during the
SFH-recovery, and may help to reduce the errors in the SER&ll ages.

A forthcoming work will discuss in more detail the expectedaracy over the
complete VMC area, including the SMC, and how this accurapetds on other
variables and constraints which were not discussed in thi& binaries, depth
in distance, reddening variations, IMF, etc.). Anyway, gnesent work already
illustrates the excellent accuracy in the measurementsedspace-resolved SFH,
that will be made possible by VMC data. Moreover, it demaatst that detailed
SFH-recovery using deep near-infrared photometry is &asible, as much it has
always been for the case of visual observations.
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Chapter 4

The SMC star cluster NGC 419: its
dual red clump and star formation
history

4.1 Introduction

In the last decade, wide field imagers and the Hubble Spaasdagbe (HST)
have provided detailed CMDs for the star fields in the Mag@ti&€louds. One
of the main surprises was the discovery that the red clumpi-Ele burners is
not a compact feature, but may present extensions amoumtiagew 0.1 mag
departing from its top and bottom parts, as well as a bluenside that connects
with the horizontal branch of the old metal-poor populasion

The ground-based observations from Bica et al. (1998) aaiti Bt al. (1999)
evinced a~ 0.4 mag extension of the red clump to fainter magnitudes, sippear
wide areas of the outer LMC disk. Girardi (1999) gave a clesrpretation to
this extention — thereafter namedcondary red clumg claiming that it is made
of the stars just massive enough to start burning He in ngeerate conditions,
at ages ot~ 1 Gyr, whereas the main body of the red clump is made of all the
intermediate-age and old stars which passed through degensores and the
He-core flash at the tip of the RGB. The same feature was stegbisbe present
in the Hipparcos CMD for the Solar Neighbourhood (Girardakt1998), and
provides an explanation to the vertical extension — amagrit about B mag in
the F814W band (see e.g. Holtzman et al. 1997) — of the red clump in thepsh
CMDs obtained by the HST for several LMC fields.

77
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Plots of the red clump magnitude versus age for star clustasin Girardi
(1999, figs. 3 and 4), and Grocholski & Sarajedini (2002, fig- eem to confirm
the theoretical framework that led to Girardi’s (1999) pctidn of a secondary
clump: the In this work, we apply to the NGC 419 data the ctadsnethod of
star formation history (SFH) recovery via CMD reconstrantideriving for the
first time this function for a star cluster with multiple tuoffs. The values for
the cluster metallicity, reddening, distance and binaagtion, were varied within
the limits allowed by present observations. The global-fi#gtg solution is an
excellent fit to the data, reproducing all the CMD featurethwstriking accuracy.
The corresponding star formation rate is provided togethtr estimates of its
random and systematic errors. Star formation is found tddast least 700 My,
and to have a marked peak at the middle of this interval, fageof 1.5 Gyr. Our
findings argue in favour of multiple star formation episof@scontinued star for-
mation) being at the origin of the multiple main sequenca-uiffs in Magellanic
Cloud clusters with ages around 1 Gyr. It remains to be testexther alternative
hypotheses, such as a main sequence spread caused bynratatitdl produce
similarly good fits to the data clearly indicate a red clumprdasing in luminos-
ity up to ~ 1 Gyr, then a jump upwards by about 0.4 mag, and a much slower
evolution thereatfter.

A handful of faint red clump stars are also found among théatagtlocity
members of the open clusters NGC 752 and 7789, and posssolyraNGC 2660
and 2204 (Mermilliod et al. 1998; Girardi et al. 2000b). Th#dr authours as-
sociated these stars with the secondary clump feature rigad® figure out how
it could appear in an object for which the age spread was sgabp very small.
Indeed, from their discussion it is clear that a single @uage corresponds to a
very narrow range of red clump masses and hence to the saygdleither the
faint (secondary) or the bright (classical) red clump. The ted clumps could
not appear together in a single star cluster, unless sonee wichanism —e.g. a
dispersion in the mass loss along the RGB, or in tfieiency of overshooting on
the main sequence (MS) — were invoked.

The reasoning from Girardi et al. (2000b) would however naily &t least for
the star clusters in the Magellanic Clouds. Indeed, mavknowthat many of
them do not represent single ages, but rather a range of lagiesan extend up
to a few 100 Myr (Mackey et al. 2008; Milone et al. 2009) — or ieglently, to a
range of MS turn-6& (MSTO) masses of a few 0.08..

By visual inspection of the CMDs for a few SMC star clustensdstd by
Glatt et al. (2008), we came across what wasy evidentlya composite structure
of maint+-secondary red clump in NGC 419. The presence of a secondampch
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this cluster was indeed noticed by Glatt et al. (2008, thest.s3.6), who however
have suggested it to be “a red clump of the old SMC field staufadijpn”. They
also noticed the composite structure in the MS, attributitman extended period
of star formation, similarly to the one claimed by Mackey et(2008) for three
LMC clusters.

In the following, we demonstrate that the composite stmgctdi the red clump
in NGC 419 is real and undubiously associated to the cluSect( 4.2). We
show that it corresponds to the simultaneous presencersftach have started
burning He under non-degenerate and degenerate condiBent 4.3). We then
illustrate that this rare occurrence in a cluster allowsuset stringent constraints
on the cluster age and amount of convective core overshragpdtiring the MS
evolution (Sect. 4.4). We then briefly suggest that NGC 4Ithbtsa unique case,
and draw some final comments in Sect. 4.5.

4.2 NGC 419 photometry and CMD

We have retrieved from the HST archive the NGC 419 data obthlyy GO-
10396 (PI: J.S. Gallagher). The dataset consists of a 74@@rarea observed
with the Advanced Camera for Surveys (ACS) High Resolutibar@hel (HRC)
centered on NGC 419, plus @24 x 10* arcseé area observed with the ACS Wide
Field Channel (WFC) 37 arcsedfset from the cluster centre. Both datasets were
reduced via standard procedures (Sirianni et al. 2005). HRE€ data, given its
high spatial resolution, is the most useful for the studyefflGC 419 population,
whereas the WFC dataset provides the comparison data éwpieting the SMC
field.

We have performed aperture and PSF photometry on the daiibHRC im-
age, finding that both provide CMDs very similar to the Glatale (2008) ones.
We have then opted for the PSF catalogue and cutted it apfshaf+shargg, ay)Y? <
0.2. This quality cut eliminates many outliers from the CMDpesially at the
faintest magnitudes, but do natect the morphology of features at the red clump
and MSTO level.

The HRC data is plotted in Fig. 4.6, which shows both the dl@D and
separate panels detailing the red clump and the MSTO regidhs extended
nature of the red clump is evident in the fighrelt seems to be formed by a

1The choice of thé=814W band for the ordinate is not casual, sirfe@14W presents flatter
bolometric corrections thaR555W, over theTes range of the red clump. This improves the
separation in magnitude of the clump substructures, atéatme time keeps the subgiant branch
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Figure 4.1: The CMD for NGC 419 as derived from the HRC dataered on
the cluster (left panel). Theoslerror bars, as derived from artificial star tests,
are drawn at the left. The right panels detail the red clurop)(and MSTO
regions (bottom). The overlaid isochrones are from Marigale(2008), for a
metallicity Z = 0.004, ages varying from loglyr) = 9.10 to 925 with a constant
spacing of 0.05 dexXzrsssnrsiav = 0.09, and (h— M)eg1av = 18.85. Notice that
these particular isochrones describe reverse sequentesWtSTO and red clump
regions of the CMD: whereas the MSTO gets dimmer for increpages, the red
clump gets brighter.
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Figure 4.2: The CMDs for 27 x 10* arcseé field around NGC 419, as derived
from the WFC data after subtracting a circular area of ra@isrcsec around
the cluster. The overlaid isochrones are the same as in FigadAd are plotted
for reference only. The bulk of the red clump is below the satan limit at
F555W/~17.9.
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main blob located betwedf814AN =181 and 18.65, followed by a well-defined
faint wing betweer-F814W=1865 and 19.0, which we tentatively identify as the
secondary clump. We note that there is no similar wing exteniiom the top of
the red clump. These sequences are about 0.08 mag blues%BW — F814W)
than the ridgeline of RGB stars. In addition, the red parhef€EMD shows a well
delineated subgiant branch, and the bump of early asyrnogaint branch (AGB)
stars centered &814AN=17.7.

There are 55 stars betwe&®14AN = 18.65 and 19.0, 8 out of which are red
enough to belong to the RGB rather than to the secondary cldine main red
clump instead contains 341 stars. These numbers corresptmelHRC &ective
area of 740 arcséccentered on NGC 419. We verified that both sets of stars
distribute all over the HRC image, and share similar distrans of photometric
errors and sharpness. So, it is unlikely that the secondampccould be an
artifact of a given subsample of the data.

Can the field SMC stars account for the 47 stars in the secpmtlamp, as
suggested by Glatt et al. (2008)? To answer this questiotgakeat the WFC data
of Fig. 4.2, which covers an area 33 times larger than the HRC b was obtained
subtracting from the complete WFC catalogue — without apglany quality cut
— a circular area of 75 arcsec in radius around NGC 419. Thaireng area of
2.47x 10* arcseé was considered to be “SMC field”, and contains 150 red clump
stars in the=814W range between 18.1 and 19.0. Therefore, the expected number
of these stars in the 740 arcdecea of HRC is of just 4.5. Moreover, their typical
magnitudes are closer to those of the main red clump in NGC r&iBer than to
the secondary one. We conclude that the field cannot coteribith more than
~10% of the 47 stars observed in the secondary clump, and lpsobantribute
much lessThe bulk of the secondary clump observed in HRC data inddeddpe
to NGC 419

4.3 Modelling the two clumps

Our interpretation of the red clump structure in NGC 419 ieadly clear in
Fig. 4.6 and in the discussion of Sect. 4.1: the fainter sgagnred clump is ex-
plained by the core-He burning stars belonging to the youisgehrones, which
have just avoidededegeneracy before igniting He. This feature has beengffrou
fully discussed in Girardi (1999) and Girardi et al. (1998)he context of galaxy

out of its magnitude range.
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field populations. It appears naturally in simulations argborming galaxies
with moderate-to-high metallicities, provided that thedarlying stellar models
do present a fine resolution in mass (better tharM), 1see Girardi 1999).

In the following, we discuss the specific case of NGC 419 bymaed newly-
computed evolutionary tracks of initial compositich£ 0.004 Y = 0.250). The
input physics is the same as in Bertelli et al. (2008). We hanlly adopted a
moderate amount of convective overshooting,Ag=0.5, whereA. is the size of
the overshooting region across the convective boundapygssure scale heigths,
following the Bressan et al. (1981, 1993) definitions. Fomaited interval of
initial massedVl;, typically going fromMuer— 0.4 Mg t0 Muer+0.4 My, we follow
the evolution up to the thermally pulsing AGB, whereas foaar masses (down
to 0.6 M) we have computed only the MS evolution. Stellar tracks pezed by
AM; =0.05 M,. These tracks are converted to stellar isochrones in thelARS
and ACSWFC Vegamag systems using the transformations from Girtrdil.
(2008).

The isochrones are then fed to the TRILEGAL population sgsithcode (Gi-
rardi et al. 2005) to simulate the photometry of star clissétithe SMC distance.
We apply to the TRILEGAL output the photometric errors ded\rom artificial
star tests performed on the original HRC images. The resautsllustrated in
Fig. 4.3, which shows the expected time evolution of the tadp for a cluster
for two different cases: either for an almost-instantaneous bursaiofostmation
(with a duration ofA logt=0.01), and for a burst spanning a range\dbgt=0.15.
The latter case corresponds roughly to the situation inelichy the MSTO stars
in Fig. 4.6. 20 % of the stars in the simulation are assumee ttettached binaries
with a mass ratio comprised between 0.7 and 1 (Woo et al. 2@)3ge this latter
prescription is rather uncertain, binaries are always etviith a diferent colour
in our plots.

It is evident from Fig. 4.3 that the red clump rapidly trasgibm a vertically-
extended feature, to a much more compact and slightly migittmp at a mean
aget close to 1.25 Gyr. The transition takes place completelyiage interval of
just~ 0.1 Gyr for the case of an intanstaneous burst, and in aboue tiis time
for the case of & logt=0.15-wide burst. From now on, we will refer to the mean
age of this transition ager.

We note that vertically-extended red clumps are preserdlf@ges younger
thantyer, €ven in the intanstaneous-burst case; however, they aer Wian ob-
served in NGC 419, and present drop-shaped LFs —i.e. withra slat at the bot-
tom and a more extended tail at the top. This is not what oksenthe red clump
of NGC 419, which presents the maximum of its LF at the topetbgr with a
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Figure 4.3: Models for the evolution of the red clump featur¢he CMD as a
function of mean population agefor both a single-busrt population (top panels)
and for a composite one with duration #fogt = 0.15 (bottom panels), in both
cases with the assumption of moderate convective oversigo@t. = 0.5) and
Z=0.004. Single stars are marked in blue, double stars in rech el presents
on the top right a box evincing the red clump, and on the tapthef luminosity
function (LF) for the stars in this box. The best-fitting diste modulus and the
associategy? are also displayed. For comparison, the top right panel shbes
HRC data of NGC 419 on the same scale, after being arbitrshifged by 19.0
and 0.09 in magnitude and colour, respectively. The greeticatlines in all
panels mark the median colour of the red clump, and the bagdsur of the MS
(see text).
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FB14W (HRC)
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Figure 4.4: Top panels: The same as in Fig. 4.3, but now shpiliemmodels that
best fit the red clump for several values of overshootifigiencyA., and for the
Alogt=0.15 case only. Although all models reproduce the observeditedp
similarly well, they diter very much in their age (from 0.94 to 1.99 Gyr, /8s
increases from 0.2 to 0.7), and producgatient MSTO magnitudes and colours.

bump at the faintest magnitudes. A configuration similar @419 is obtained
only in the extended-burst case, for ages comprised betivddnand 1.58 Gyr:
indeed, this age range is the only one which combines theabytextended red
clump of younger ages, with the compact and brighter red plafiolder ages, in
about the right proportions to explain the observations.id#atify NGC 419 as
belonging to this very limited — and surely very singular € agerval. In order to
identify the best-fitting age, we compute thebetween data and model, for the
red clump region only. The distance modulus is varied uh#élminimum value
of y? is met for each agé The results are printed in Fig. 4.3, and evince the
excellent quality of the fit for the 1.41 Gyr-old model witHogt=0.15.

Finally, it is worth mentioning that the MSed clump binaries tend to draw
a plume departing from the red clump towards bluer colours laghter mag-
nitudes, which (1) is easily identifiable in observed CMDsédese of its colour
separation from the red clump, and (2) do not change the slnaped form of the
LF for the younger red clumps. Binaries cannot mimick theduad LF observed
in the red clump of NGC 419.

A question raised by the referee is whether the two red cluopkl be caused
by populations with dferent helium content, abundances of CNO elements, or
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overshooting fiiciency. Although nothing can be excluded, so far there are no
indications of suchféects in clusters as young as NGC 419. Moreover, it is Oc-
cam’s razor to refrain us from looking for more complicateealatives: in fact,
our explanation requiremnly standard physics added to a quite simple distribution
of stellar ages — the same one indicated by the clusters’ MSWbile keeping all
other parameters constant. We recall that the transitibndsn faint and bright
red clump is something that inevitably happens, soonerter, lfor everysingle
stellar population, causirgjwaysabout the same amount of brightening in the red
clump over a similar timescale (which is dictated mainly bg equation of state

of partially-degenerate matter). Therefore, there is @e frarameter to be fixed in
order to explain the presence and position of the two red piyrtinere is just the
very loose requirement of “a prolonged-enough duratiorefdtar formation”.

4.4 Overshooting and the age scale

According to the interpretation given in this work, the rddnep in NGC 419
corresponds to stars with a precise internal configurafi@n E-exhaustion: their
cores have a mass very close to ON33, as their central temperatures approach
T.=10° K. Slighty higher core masses lead to non-degenerate HaeignSlightly
smaller core masses lead to@egeneracy, which halts the core contraction and is
followed by the cooling of the central core by plasma newosiras a consequence
the He-ignition is postponed to a later stage — namely the R®B at which the
core masses have grown up to OM35 (see Sweigart et al. 1990).

These core masses after H-exhaustion do also correspondaoav inter-
val of initial masses, comprehending the transition betwegermediate- and
low-mass starsMper. It has long been known that convective core overshoot-
ing changes the relation between the initial mass and thehdtested core mass,
hence directly fiecting the value oMyer, and its corresponding adger (€.9.
Bressan et al. 1993). Even if théieiency A, can be constrained by means of
several methods which use either the morphology of the CM&asrcount ratios
(e.g. Woo et al. 2003, and references therein), this isastitlain source of uncer-
tainty in settling the age scale of intermediate-age ctas&nd in the theory of
stellar populations in general.

Can the NGC 419 giants help us to set constraintslgg: andtyer, and hence
on A.? Probably yes, considering that highéy,.r values (lowerA.) imply bluer
MSTOs. Once we identify a star cluster during the particaget,.r, fixing the
position of its red clump(s) in the CMD, the relative positiaf the MSTO should
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Figure 4.5: Confidence regions in thes. A. plane. The continuous red line fol-
low the locus of minimumy? values derived from the fitting of the red clump mor-
phology (see also Fig. 4.4). The continuous blue line deedtie models which
perfectly fit the colour dierence between the red clump and MSTO. Dashed lines
present the estimated 70% confidence limits.

depend mainly on overshooting.

With this idea in mind, we have computed several set of stellalutionary
tracks and isochrones, with; varying from 0.2 to 0.7. For each one of these
sets we identify the age at which, forndogt=0.15 star formation burst, the red
clump morphology is best reproduced (just as in Fig. 4.3)eéd, Fig. 4.4 shows
that similarly good fits of the red clump morphology are obeai for all values of
A¢, but at diferent ages$.r. We recall that these fierent fits actually represent
very similar distributions of the core mass after H-exhaurst

We then measure the colourfidrence between the median of the red clump,
and the bluest border of the MSTO region defined by the 98%epéte of the
star counts above an absolute magnitude of 2.5. This quastiiitle sensitive
to the fraction of binaries, and our simulations indicatat tih can be measured
with a 1o~ error of 0.006 mag. Fig. 4.5 shows this quantity in thes. A, plane,
together with the estimated 70% confidence level region@bst-fitting model
to the red clump morphology. The best simultaneous fit of Wee quantities is

obtained forA;=0.47*524 andt = 1.35'33% Gyr (with random errors only).
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Importantly, thesé and A, determinations are largely free from uncertainties
in the cluster distance and reddening. However, they mayidpetly affected by
other factors like the assumed fraction of binaries, theimgptength parameter,
and the detailed star formation history of NGC 419. More itedlaanalysis (in
preparation) will aim to reduce these uncertainties bygigiformation from the
complete CMD, and better exploring the parameter space. WApi@liminary
conclusions can be advanced here: (1) ModelsAftmgt values of 0.1 and 0.2
do also provide good fits of the red clump morphology, withirthest-fitting
ages difering by less than 6% from those we find #biogt = 0.15; these age
differences are comparable to the above-mentioned randora.gr@wever, such
models have to be excluded because they clearly provide st @escription of
the MSTO region of the CMD. (2) On the other hand, models witraation of
binaries as small as 10% tend to provide slightly better fithe red clump LF,
at essentially the same ages as those found with 20% of emand with just a
modest impact in the morphology of the MSTO.

4.5 Final considerations about the dual clump

NGC 419 can be definitely added to the list of star cluster$ witsecondary
red clump, together with the Milky Way open clusters NGC 768 &789, and
possibly also NGC 2660 and 2204, which were already disdusg&irardi et al.
(2000b). This time, however, we are facing a very populouster which presents
a CMD rich of details, from its lower MS up to the AGB carbonrssequence
(see Fig. 4.6, and Frogel et al. 1990). The secondary redcitsalf is very well
populated and its detection can hardly be controversials file CMD feature
provides strong constraints to the core mass reached byStstéts. All these as-
pects make of NGC 419 an excellent tool for calibrating atedlvolution models,
as well as the age sequence of intermediate-age populations

Can we identify additional star clusters in the Magellaniou@s, having the
same secondary clump feature? Probably yes, since theseegatontain dozens
of populous clusters with ages around 1 Gyr, and the presgncwiltiple turn-
offs is a common feature among them (Milone et al. 2009). Indeech a rapid
eye inspection of published CMDs obtained with H&BTS, we notice that dual
(mairn+secondary) red clump structures seem to be present alse MR clus-
ters NGC 1751, 1783, 1806, 1846, 1852, and 1917 — see figs. %, and
17 in Milone et al. (2009), and fig. 1 in Mackey et al. (2008)] #hlese clusters
have multiple turn-@fs, with the youngest one being B814W ~ 19.5, which is
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comparable with the NGC 419 one if we consider th8.5 mag diference in
the SMC-LMC distance moduli. A subsequent work will exantimese clusters
in close detail, in the perspective of deriving more strimgsonstraints to stellar
evolutionary models. Cluster fundamental parameters agdhe age, distance
and reddening, will be re-evaluated as well.

4.6 The prolonged SFH

46.1 Aims

Back in the nineties, thelubble Space Telescop®¥de Field Planetary Camera 2
(HSTWFPC2) opened a new era in the study of stellar populatiotiserMag-
ellanic Clouds. Starting from Gallagher et al. (1996), maathors were able to
derive the detailed star formation history of LMC and SMCdglvia the analysis
of deep CMDs reaching well below the oldest main sequencediiis (MSTO). It
became possible as well the accurate measurement of therpespand structure
of many populous star clusters (e.g. Mighell et al. 19960&lst al. 1998b; Rich
et al. 2000, 2001; Gouliermis et al. 2004; Kerber et al. 2007)

The higher éiciency and larger area of the Advanced Camera for Surveys
(ACS) further improved the situation. One of the latest aezdiments in the field
was the conclusive evidence, based on ACS data, that manglssters in the
LMC with ages typically larger than 1 Gyr, present double aidtiple main se-
guence turn-fis (MMSTO; Mackey & Broby Nielsen 2007; Mackey et al. 2008;
Milone et al. 2009). Thisféect was, in precedence, already indicated by ground-
based deep CMDs (Bertelli et al. 2003; Baume et al. 2007)¢chvhowever were
far from presenting the fine details of the ACS ones.

While there is firm observational basis for the presence of 31Ks in star
clusters, their interpretation is far from being settlechc® it has been demon-
strated that the presence of binaries cannot mimick théel@s&hape of MMSTOs
(see Mackey et al. 2008; Goudfrooij et al. 2009) the mostalwvinterpretation is
that they are the signature of stellar populations sparsengral hundreds of Myr
in age. This interpretation however poses a major challémgfee understanding
of star formation and dynamics in star clusters, since ibisotvious how objects
with relatively shallow potential wells could retain thgas and continue form-
ing stars for so long a time. Bekki & Mackey (2009) propose &ima@ism to
explain the bluest MSTOs as being due to a second event dbstaation driven
by the collision with a giant molecular cloud; this hypotisdsowever does only
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explaindoubleMSTOs and not the continuous MMSTO structures observed by
Goudfrooij et al. (2009) in NGC 1846.

Whether the MMSTO phenomenum can be explained by stellarlptpns of
single or multiple ages, bears very much in the interpretedf CMDs of nearby
galaxies in general. In deriving SFH of galaxies, one asstihe their CMDs are
made by the superposition of populations dfelient ages, each one presenting a
narrow MSTO. Were the MSTOs of single-burst populationanstcally broad,
most works of SFH-recovery in nearby galaxies would haveetcelvised to some
extent.

Given the above situation, we decided to test if the extergied hypothesis
could really explain the MMSTOs ir 1-Gyr old star clusters in the Magellanic
Clouds. As a first target, we choose the rich SMC star clus@€M19. Two as-
pects make this cluster an ideal target for our goals. Firdges not only present
a MMSTO (Glatt et al. 2008) but also has a dual clump of red tgi&Girardi
et al. 2009), which is the signature of stars close to thesttiam between those
that form an electron-degenerate core after H-exhaustiot those that do not.
This additional fine structure of the CMD provides strongstoaints to the cluster
mean age and to thefeiency of convective core overshooting in stars (Girardi
et al. 2009), probably helping to limit the family of stellaodels that can be fit in
the process of SFH-recovery. Second, the central regiorGs M19 counts with
extremely accurate photometry provided by the High Reswiu€hannel (HRC)
of ACS. As a bonus, the field contamination is almost negliéfibr this cluster.

4.7 Preparing NGC 419 for SFH-recovery

The dataset used in this work has been retrieved from the IrtS$iiva (GO-10396,
Pl: J.S. Gallagher) and consists of a 740 artseea centered on NGC 419, ob-
served with the AC&IRC in the filters F555W and F814W. The same images
have already been analysed by Glatt et al. (2008, 2009) aradidbet al. (2009).
Girardi et al. (2010, its figure 1) provide a false-color vensof these HRC im-
ages, together with a comparison with the much wider ACS Wid&l Channel
(WFC) images of the same cluster. There, one may noticeltbdRC field sam-
ples just the very inner part of the cluster, and that theidigion of stars over its
area is quite uniform.

The original data has been re-reduced as described in Gataald (2009). Es-
sentially, we have accessed the archival images alreaadegsed and calibrated
using the standard procedures mentioned in Sirianni eR2@05). Aperture and
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Point Spread Function (PSF) photometry with the DAOPHOTkpge (Stetson
1987) were performed within a 2 pix radius, and apertureembions were ap-
plied. The resulting CMDs are very similar to those desdibe Glatt et al.
(2008). The PSF photometry was then preferred and usedlfeulzdequent ap-
plications.

Fig. 4.6 shows the AGEIRC data for NGC 419, in the F814W vs. F555VF814W
CMD. This plot will be used as a reference to our analysis.

In order to characterize the errors in the photometry anatimepleteness of
the sample, we have performed a series of artificial stas (&S8T) on the reduced
images (see e.g. Gallart et al. 1999; Harris & Zaritsky 200Ihe procedure
consists of adding stars of known magnitude and colour atanplaces in the
F555W and F814W images, and redoing the photometry exarcthei same way
as before. The artificial stars are then searched in the pteit catalogues, and
when recovered the changes in their magnitudes are staredlisequent use.

In order to avoid the introduction of additional crowdingtive images, artifi-
cial stars are positioned at distances much higher thanRIS#t width. We found
that the PSF radius in on our AGHIRC images is ofS 7 pix, whereas our fitting
radius is of 2 pix. So, our AST are distributed on a grid spdme@0 pix, which
is each time randomly displaced over the image.

A total of 3.4 x 10° ASTs were performed, covering in an almost uniform way
the CMD area of the observed stars as well as the area for wiechuild the
“partial models” to be used in the SFH analysis (see Sect2 hdlow). Then,
the ratio between recovered and input stars gives origihda@dmpleteness map
of Fig. 4.7. Note that the 90 % completeness limit is locateB84W~ 21.7,
which is well below the position of the MMSTOs in NGC 419.

Another important aspect is that the stellar density iseqadnstant over the
HRC images, as well as the completeness. For instance, atitmadgs 22.15,
from the image center to the borders the completeness chémge 0.87 to 0.90
for the F555W filter, and from 0.78 to 0.85 for F814W. Sincesttifference is
very small and the bottom part of the CMD will not be used in analysis, we
do not apply any position-dependent completeness to the €Mt simply the
average values derived from all the ASTs.

Figure 4.8 presents theftBrences between the recovered and input magni-
tudes of ASTs, as a function of their input magnitudes. TlikSerences give a
good handle of the photometric errofegtively present in the data. The error
distributions are slightly asymmetric because of crowding
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Figure 4.6: The CMD for NGC 419 as derived from the HRC dataerexd on
the cluster, after the re-reduction described in this waordk &ithout applying any
quality cut to the photometry. Therlerror bars, as derived from artificial star
tests (see Sect. 5.2.2), are drawn at the left.
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Figure 4.8: Map of photometric errors as a function of inpbsBHW and F814W,
as derived from the ASTs. The errors are defined as tfierdnce between the

recovered and input magnitudes.
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4.7.1 The partial models

The basic process of SFH-recovery is the decomposition obarrved CMD as
the sum of several “partial models”, which represent stedtpulations in very
limited intervals of age and metallicity. In our case we vaeiisume a constant
age-metallicity relation (AMR) i.e., a single value for thmetallicity for all ages,
since so far there are no evidences for significant spreadsetallicity in star
clusters like NGC 419 (e.g. Mucciarelli et al. 2008). Herezch partial model is
defined as a stellar aggregate with constant star formatienan age interval of
width Alogt = 0.05 dex. This is a fine age resolution for a work of SFH-recoyery
sufice it to recall that the age bins adopted in the SFH-recovengarby galax-
ies are usually wider thanDdex in logt (see e.g. Gallart et al. 1999; Harris &
Zaritsky 2001; Dolphin et al. 2003, for some examples). Tdeiaterval covered
by our partial models goes from ldgyr) = 8.9 to 94, which is much wider than
the interval suggested by the position of NGC 419 MMSTOs.f&oegach set of
parameters, we have a total of 10 partial models, completetympassing the
age interval of interest.

The other parameters defining a set of partial models ar® thand extinc-
tion Ay, the distance modulusn-M),, the metallicity [F¢H], and the binary
fraction f,; these will be varied in our analysis as described below. eOfa-
rameters describe the area of the CMD to be sampled, andsitfutmn. With
basis on our Figs. 4.6 and 4.7, we decide to limit the CMD aoelaet analysed
as: F555W- F814W betweer-0.4 and 16, and F814W between 16.32 and 22.0.
Within these limits, stars are not saturated, and compésteis above 80 %. The
CMD resolution is set to be 0.02 mag both in colour and in miagie.

The partial models are simulated with the aid of the stellgoypation synthe-
sis tool TRILEGAL (Girardi et al. 2005) in its version 1.3, igh stands on the
Marigo et al. (2008) isochrones, transformed to the AFBC Vegamag photom-
etry using Girardi et al. (2008) bolometric corrections amtinction codicients.
The IMF was assumed to be the Chabrier (2001) lognormal ohe.ottput cat-
alogues from TRILEGAL are first degraded applying the resfnim the ASTs —
which results in the blurring and depopulation of the botjmant of the CMDs —
and then converted into Hess diagrams. Fig. 4.9 illustatesof such diagrams
for a partial model before and after the results of ASTs haenkapplied.
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Figure 4.9: Hess diagram for a single partial model, befta# panel) and after
(right panel) applying the results of ASTs. The partial mdugs a mean age

log(t/yr) = 9.125, metallicity [F¢H] = —0.95, and binary fractiorf, = 0.18. The
colour scale indicates the density of stars.
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4.7.2 The range of cluster parameters

In our analysis, we have tried to cover the complete poss#ige of parameters
for NGC 419, in particular:

Distance modulug(m—-M),:  Our reference value for the SMC distance modulus
is (M—M)y = 1889+ 0.14 (Harries et al. 2003), which is a value very similar to
many other recent determinations(e.g. Crowl et al. 200h; étaal. 2005; North

et al. 2009). In practice, however, we explorad{M), values between 18.75 and
18.97.

Extinction Ay: The Schlegel et al. (1998b) extinction maps provifle, =
0.10 £ 0.01 for an area of radius equal toa@cmin around NGC 419, which
translates intdAy, = 0.32 + 0.03. A similar search in the maps from Zaritsky
et al. (2002), with a 1arcminradius, produces, = 0.27 + 0.28. In practice, we
exploredAy values between 0.12 and 0.38.

Metallicity [Fe/H]: Works based on isochrone fitting (e.g. Durand et al. 1984)
as well as Ca triplet observations (Kayser et al. 2009) have suggesteti]val-

ues similar to-0.7+0.3 for NGC 419. Interestingly, the metal abundances of other
SMC clusters with similar ages are uncertain as welffiSes it to mention the re-
cent AMR for the SMC as derived from Parisi et al. (2009, tffigre 14), which
shows SMC clusters with ages smaller than 2 Gyr covering oneptete [F¢H]
interval between-0.5 and-1.1. The situation is far from clear and high resolu-
tion spectroscopy of a handful of giants in 1-Gyr old SMC tdus is definitely
needed. In this work, we have decided to explore the wholg < [Fe/H] < -1.1
interval.

Binary fraction f,: Elson et al. (1998b), using the shape of the main sequence
in adeep CMD (obtained with HST) for the LMC cluster NGC 18d&ermined a
binary fraction from~ 0.20 to~ 0.35, from the center to the outer parts of the clus-
ter. These binary fractions refer only to the binaries witfhtprimarysecondary
mass ratio, say of above 0.7, because these are the only dnels separate
clearly from the single-star main sequence in CMDs. In o@vipus work on
NGC 419 (Girardi et al. 2009), we have already noticed thatHRC CMD was
indicating a binary fraction of the order of 0.2, consisterth the central region
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of NGC 1818. In the following, we will adopt a reference vabfef, ~ 0.18; no-
tice however that we have explordégvalues from 0.10 to 0.28. The distribution
of primary'secondary mass ratios is assumed to be uniform over theahfesm
0.7t01.0

Compared to the other parameters, the binary fraction i¢eggimportant in
defining the quality of a CMD fit, as will be illustrated belod.clear advantage
of exploring ranges for the other parameters — instead aigadingle values from
the literature — is that in this way we can partially compeadar the possible
errors and fisets in the theoretical models: Errors in the zeropointotdretric
corrections and on the helium content of stellar modelsctbel easily compen-
sated by a change in apparent distance modutusM), + Ay. Errors in the
theoreticalTg-color relations can also be compensated by small chandsstin
Ay and [FeH]. Therefore, the final best-fitting values for these quatiare to
be associated to the stellar models which we are usinffef@int sets of stellar
models are likely to produce slightlyftierent best-fitting values.

4.8 Recovering the Star Formation History

4.8.1 Method

To recover the SFH of NGC 419, we use an adapted version ofipledine that

is being built to analyse data from the VISTA survey of the Mlénic Clouds

(VMC; see Cioni et al. 2008). The method is fully describetj gested on VMC

simulated data by Kerber et al. (2009c). In brief, after dinigy the Hess dia-
gram for the data and partial models, the StarFISH code (¢HarZaritsky 2001,

2004) is used to find the linear combination of partial modieé& minimizes a
xy>-like statistic as defined in Dolphin (2002). The solutiorcksracterized by
the minimumy?, 2., and by a set of partial model dfieients corresponding to
the several age bins. These latter translate directly irstiieformation rate as
function of age, SFRY).

The SFH-recovery is repeated for each of the-M),, Ay, [Fe/H], and f,
values. In order to limit the space of parameters to be coyeéhe procedure is
essentially the following: for a given value of [fF§ and f,, we cover a significant
region of the (n— M), versusAy plane, performing SFH-recovery for each point
in a grid, and then building a map of thé. for the solutions. Examples of these
maps are presented in Fig. 5.10. The maps are extended siehatinimum
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Figure 4.10: Maps of thg2. obtained during SFH-recovery?2. , as a function
of (m—M), andAy, for several [FgH] values.

X2, for a given value of [F#H] can be clearly identified, as well as the regions in
which y2._increases by a factor of about 1.5. The typical resoluticsuch maps
is of 0.01 in fn—M)g and 0.005 imA,.

The procedure is done for several values of/ffe x2.. maps for diferent
[Fe/H] present relative minima in slightly fierent positions, so that the final re-
sulting maps do not cover exactly the safyeand fn— M), intervals. In any case,
the relative minima are well delimitated in all cases, asiitated in Fig. 4.13. The
[Fe/H] spacing between these maps isApfFe/H] = 0.07 dex.

Among these many SFH-recovery experiments, the most sttegeones are
obviously those with the relative minima and the absoluteimiimy? . values.
Fig. 4.11 shows thg? and residuals in the Hess diagram for the best fitting so-
lution, which is for (n—M), = 1883, Ay = 0.345 and [FgH] = -0.88 and
X2, = 0.933. Itis already evident, in this plot, that the fitted silntis an excel-
lent representation of the observed data, with residuafsrumy distributed over
the CMD. The only point of the CMD in which there seems to be samsreased
residual is the bottom part of the main sequence, where dicgpto Figs. 4.7 and
4.8, the completeness is significantly smaller than 1 (alghdy just 10 to 20 %),
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Figure 4.11: In the Hess diagram, we show the data (left)stteation found by
StarFISH (middle), the data-modelfidirence and thg? map. The model is for
[Fe/H] = -0.88, (m—M) = 1883, Ay = 0.345, f, = 0.18.
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Figure 4.12: The SFRY corresponding to the best fitting solution (blue his-
togram), for metallicities [F&l] = —0.95 (left) and-0.81 (right). The error bars
indicate the random errors, whereas the green histograticate the systematic
errors (see Sect. 4.8.2 for more details).
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and photometric errors are higher.

Figure 4.12 shows two examples of recovered $HR( best-fitting solutions
obtained for diferent values of [F&l]. They are qualitatively similar, with a clear
presence of stars spanning ages frorh.2 Gyr (logt/yr) = 9.08) to~ 1.9 Gyr

(log(t/yr) = 9.28).

4.8.2 Evaluating the errors

To evaluate the errors for all involved parameters the fiegh svas to find the
correspondence between the = value for each model and its significance (or
confidence) levely. This correspondence was estimated simulating 100 syathet
CMDs generated with a number of stars equal to the observeD,GNing the
best-fitting SFRY) and its parameters as the input for the simulations. Ser aft
recovering the SFH for this sample of synthetic CMDs, it wasgible to build
they?, distribution and to establish the relation betweenythe difference above
the minimum andv.

Figure 4.13 shows the significance levels for all the sohdidepicted in
Fig. 5.10. As one sees, for all [ between-0.74 and-0.95 there are ample
areas of thed, versus (n—M), diagrams with solutions within the 95 % signifi-
cance level. The best solutions, wjtfi., close to 0.95 and significance levels of
about 30 %, are limited to the central regions of the/lffe= —0.81, -0.88, and
—0.95 diagrams.

These maps can be used to estimate the mean values of theepenrsthat
characterize the best-fitting solutions, and their errdiisese are determined as
the mean and standard deviation, weighted byrlinside the regions in which
a < 0.68. The results are:

(M-M), = 1884+0.04
Ay = 033+005
[FeH] = -0.86= 0.09

These numbers give an idea of the region of parameter spacdlgcovered by
the best-fitting solutions.

Fig. 4.14 presents the SRR{or the overall best fitting solution, obtained at
[Fe/H] = —0.88, and corresponding to the Hess diagrams of Fig. 4.11. ghoter
ted on the SFR], we have the random errors due to the statistical fluctoatio
(associated to the number of stars); they were determiad tfine r.m.s. disper-
sion in the recovered SFR(or the 100 synthetic CMDs. On the other hand, the
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Figure 4.13: Significance level distributions for seveFa/H] values.

systematic errors in the SHiR@ue to the uncertainties im- M)o, Ay and [FéH],
were determined using the minimum and maximum $F®{lues for all models
inside the 68 % significance level for all metallicities.

4.8.3 The role of the binary fraction

As anticipated previously, we have verified that the binaagtion f, plays a rel-
atively minor role in determining the best-fitting solutiand the SFRj. Many
simulations at varyingd, were tried at several stages of our analysis, always sup-
porting this conclusion, and always pointing to a binarcti@n close to 0.2.
Fig. 4.15 aims to illustrate the sort of results one gets féiecent f,. To build
the figure, we first define a large set of SFH-solutions for whiee CMD fitting
was considered to be good: namely the entire 68 % significaweéarea for the
metallicity [FeH] = —0.81, in Fig. 4.13. For this region of th#, versus th— M),
plane, the SFH-recovery tests are repeated fdf, athlues between 0.10 and 0.28,
at steps of 0.02. Then, we plot the value of mgan and its r.m.s. dispersion as
a function off,, as shown in Fig. 4.15. The minimum of megh, for f, = 0.18

is evident. However, the dispersion gf. = values is also significant, and indi-
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Figure 4.16: The SFRY for a series of SFH solutions with [F¢] = -0.81,
(m-M), = 1886, Ay = 0.315, and for dferent binary fractionsf, = 0.12 (blue
dashed line), 0.18 (red dashed), 0.24 (blue solid), and (@e2B8solid).

cates that a relatively wide range f3f from say 0.12 to 0.24, would also produce
acceptable results, if compared to the= 0.18 case.

It is also worth noticing that foff, = 0.18 the 68 % significance levek (=
0.68) is about 0.038 above the minimyf, , as determined in the previous sec-
tion. All solutions presented in Fig. 4.15 are inside thisiti So, even if there is
a apparent minimung?. aroundf, = 0.18, it is not statistically significant.

Finally, Fig. 4.16 shows the recovered SER¢r four differentf, values over
the f, = 0.12 to 0.28 interval. Not only the SFR(is seen to vary by amounts
that are comparable to the random errors in Fig. 4.14, bytdls® do it in a non-
systematic way: the mean age and shape of thet3BER (0t show any significant
trend with fy,
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4.8.4 The role of the field contamination

In this work, we have analysed the AGERC photometry NGC 419 without tak-
ing into account that a fraction of the observed stars is duthé SMC field.
Indeed, when first noticing the unusual structure of the tathp in these data,
Glatt et al. (2008) suggested the fainter red clump coulduzetd the SMC field.
The counter-argument by Girardi et al. (2009), however, drasatically redi-
mensioned the possible role of the SMC field contaminatiothis case: after
measuring the density of red clump stars in the externatpHrthe ACSWFC
images of the same cluster, at radii larger tharai@&secand for a total area of
2.47 x 10* arcseé, they find that just 4.5 red clump stars from the SMC field are
expected to be found inside the 740 arésmea of the HRC images, whereas the
total observed number is of 388 (47 of them are in the secgradamp). These
numbers set the probability that the secondary clump in NGZigimade of SMC
field stars to less than 19(Girardi et al. 2010). Moreover, they indicate that the
field contamination in the red clump area of the CMD is of jusit %.

In the context of the SFH-recovery work, some additional bera worth of
consideration are the following. The number of field mainusee stars in the
magnitude interval 20< F814W < 22, for the same .27 x 10* arcseé area
in the outskirts of the WFC images, is 2640, whereas the gbdemumber in
the 740 arcseécof HRC is 2395. This magnitude interval is just barefjeated
by incompleteness, and contains most of the observed staexefore, we can
estimate that just 3.3 % of the stars used to study the SFH of NGC 419 are due
to the SMC field. This fraction is similar to the Poisson nais¢he total number
of HRC stars, indicating that our SFH results cannot fecéed in a significant
way.

4.8.5 The age—metallicity relation

With star formation lasting for 700 Myr, one may wonder wietiNGC 419
would not have enriched itself with metals ejected from itdest stellar pop-
ulations. Although we believe that the present photometata is not enough
to clarify this question, we performed an additional SFidengery exercise, in
which the cluster [F#] is not fixed, but can take four fierent values at each
age: [F¢H] = —0.95, -0.90, —-0.85, —0.80. In practice, this is obtained by run-
ning the SFH-recovery method with a larger library of panredels, with 40
components (10 age bins times 4 metallicity bins).

This larger set of partial models provides more freedom édStarFISH algo-
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Figure 4.17: The SFR(and AMR obtained when the [Ad] is not constrained to
a single value, but is let to vary between #eient values in the0.95 < [Fe/H] <
—0.80 interval. The upper panel shows the //fpadded SFR{, whereas the
bottom panel show the SFR-averaged/Hjét).
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rithm, which converges to an absolute best-fitting solutiith ay2,.. of just 0.84,
for Ay = 0.33 and (n— M), = 18.83. The SFH results are illustrated in Fig. 4.17:
the upper panel shows the SER@btained by adding the SFR values obtained
for all metallicities at each age bin, whereas the bottonepsimows the AMR as
obtained by a SFR-weighted average of the fottiedent [F¢H] values.

This SFRY) is actually very similar to the one obtained form the besiafy
solution with [F¢H] = -0.88 (Fig. 4.14). In the age interval with significant
star formation, which goes from 1.2 to 1.9 Gyr and compriseg® bins, the
three youngest age bins are found to have a metallicity alowascident with the
[Fe/H] = —0.88 one, whereas the two oldest ones are found to be slightig mo
metal-rich, with—0.80 dex. It is not clear whether this [fF4 variation can be
significant, since it is comparable to the estimated errd.@® dex in the [FAH]
of the best-fitting solutions (Sect. 4.8.2). We concludé tha analysis does not
provide evidence for self-enrichment taking place in NGO.41

4.9 Conclusions

In this work, we have derived the SFH of the SMC star clusteONI39, via the
classical method of CMD reconstruction. This analysis ioify assumes that
NGC 419 is formed by a sum of single-burst stellar populati@nm “partial mod-
els”), each one being characterized by a well-defined amdwaviSTO. The only
effects that blur these partial models in the CMDs are the segseof binaries
(which efect however is far from dramatic) and the photometric errdfish this
kind of approach, the broad MMSTO observed in NGC 419 ndtutranslate into
a continued star formation history. We find a SERdsting for 700 Myr (from
1.2 to 1.9 Gyr, see Fig. 4.14), which is quite a long periodppbly at the upper
limit of all values already estimated for star clusters WtMSTOs (Bertelli et al.
2003; Baume et al. 2007; Mackey & Broby Nielsen 2007; Mackegl€2008;
Milone et al. 2009; Goudfrooij et al. 2009). Our error an&dylsaves practically
no room for the MMSTOs in this cluster being caused by a sieglsode of star
formation.

It is also remarkable that the SRIR{ve derive presents a pronounced maxi-
mum at the middle of the star formation interval, at an age.5f@yr (Fig. 4.14).
This is somewhat unexpected, in the context of the few sugdescenarios for
the appearance of prolonged star formation in LMC star elsgisee Goudfrooij
et al. 2009, for a comprehensive discussion of them). Eitemerging of two
star clusters (Mackey & Broby Nielsen 2007), or a secondopleoif star forma-
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tion driven by the merging with a giant molecular cloud (Be&kViackey 2009),
would lead to strongly bimodal distributions of cluster sg&hich we do not find
in NGC 419. Only in the case of the best model with/He= —0.95, there is
an indication of two dferent peaks in the SF®((see Fig. 4.12), which however
are neither separated nor followed by periods of null SFRlso the trapping of
field stars by the forming star cluster (Pflamm-Altenburg &Hpa 2007) would
lead to diferent results, with the major peak of star formation beingtbat the
youngest ages. On the other hand, our findings seem to be madireeiwith
Goudfrooij et al. (2009)’s conclusions, based on the qutgiauous distribution
of stars across the MMSTO region of the LMC cluster NGC 184fteyTsuggest
a scenario in which the star cluster continues to form staissicenter out of
the ejecta of stars from previous generations. In our casgever, this process
would have to proceed for a significantly more extended pleofctime than for
NGC 1846, and peak — somewhat against the most naive expestat at the
middle of the star formation period. Also, this latter sagmanight imply some
amount of self-enrichment in this cluster, whereas our otkthstead is compat-
ible either with a constant metallicity, or with some amoohimetal dillution.
Needless to say, the present observational data is noterdeaigh to provide un-
ambiguous indications about the formation scenario of slicters.

Another basic result of our analysis is that the hypothesatinued SFH,
together with current stellar evolutionary models and a esbdraction of bina-
ries, producesxcellent fits to the CMD of NGC 4]18ith y2. as small as 0.93 —
or even 0.84 if the [F#] is let to vary during the SFH-recovery. We have trans-
lated this result into quantitative estimates for the randmd systematic errors
of the derived SFRY. It is obvious that many combinations of cluster paranseter
produce acceptable solutions, with significance leveldlsmthan 95 %. How-
ever, the really good solutions —i.e. those with signifiealegels better then 68 %
— cover a narrow region of the parameter space, comprisggthan 0.1 mag in
both (n—M), andAy, and about 0.1 dex in [FAd].

Despite our success in fitting the CMD of NGC 419 as a sum oigdanbdels,
this success does not tell us about the reliability of alieve hypotheses for the
origin of MMSTOs. In particular, we cannot conclude anythetbout Bastian
& de Mink (2009)'s hypothesis based on the colour spread ef/abstars with
different rotation rates, since its capability of providinguantitativedescription
of the data has not yet been tested. We urge that this tesidsbeperformed, in
order to shed light into this problem.

However, we call attention to another question that has tprogerly ad-
dressed: Is Bastian & de Mink (2009)’s rotation hypothesie do produce, in
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addition to the broad turnfbof Magellanic Cloud star clusters, also the dual red
clump observed in NGC 419 (see Girardi et al. 2009) ? In ouretfsodith pro-
longed star formation, the 700 Myr spread in age translatesa ~ 0.26 M,
spread in turn-fi masses, which in turn implies a small spread in the mass of
H-exhausted cores as stars leave the main sequence. THispmead — of the
order of just~ 0.01 My, — is enough to cause the appearance of a dual red clump
in this cluster, as thoroughly discussed in Girardi et 200 2010). Such a fea-
ture is thematurally presentn our best-fitting solutions, as can be appreciated in
Fig. 4.11. Can rotation do the same, producing spreads ahpatble magnitude
both in the main sequence and in the red clump ? Moreoverhisbe achieved
with a reasonable and simple enough distribution of rotatelocities ? At first
sight, this seems very unlikely to us.



Chapter 5

The LMC star cluster NGC 1751.;
cluster and field star formation
histories

5.1 Introduction

A few stars clusters in the Magellanic Clouds present inrtb@iour—magnitude
diagrams, in addition to multiple main sequence tufis-MMSTO; Mackey &
Broby Nielsen 2007; Mackey et al. 2008; Milone et al. 2009 u@ooij et al.
2009; Glatt et al. 2008), also vertically extended red clanmpwhich the maxi-
mum stellar density occurs at its upper part (Girardi et @09. The presence
of such adual red clumpfeature is the signature of the simultaneous presence
in the cluster, of stars which passed, and those which didthaiugh electron
degeneracy soon after H-exhaustion.

The MMSTO feature can be interpreted either as the presendédterent
generations of stars spanning severd yi0in these clusters (Mackey & Broby
Nielsen 2007; Mackey et al. 2008; Milone et al. 2009; Goudifret al. 2009), or
as the manifestation of some othdlieet intrinsic to coeval stars such as a disper-
sion in rotational velocities (Bastian & de Mink 2009). Hoxee, the simultaneous
presence of a dual red clump features favours the formemirttion (Girardi
et al. 2009; Rubele et al. 2010): it indicates a modest spredte core mass of
stars leaving the main sequence which is well compatiblke thi age spread of a
few 10 yr deduced from the shape of the MMSTOs.

For the SMC star cluster NGC 419, which contains the modtisgiexample
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of a dual red clump to date, Rubele et al. (2010) demonstthtgdhe assumption
of an extended star formation history (SFH), explored by msea the classical
method of SFH-recovery via CMD-reconstruction, producekeed a remarkably
good quantitative description of the observed CMDs. The SF4s found to
extend over a period of 700 Myr. The same analysis has prodygiée stringent
limits to the cluster’s distance, reddening, and metajfici

Although not explicitly discussed by Rubele et al. (2018% dual red clump
of NGC 419 has played a big role in limiting the family of s&glimodels that
could be fit in the process of CMD-reconstruction. Moreowear,discussed by
(Girardi et al. 2009), the simple presence of a dual red clpngwides a direct
measurement of the mean mass of H-exhausted cores of théestang the main
sequence, which, when coupled to the shape of the tfinegion, provides good
guantitative constraints to théfieiency of convective core overshooting in stars.
For NGC 419 the overshootingfeiency (as defined in Bressan et al. 1981) was
estimated to be of.@7*337 pressure scale heights, which is well consistent with
the mean value of 0.5 adopted in the stellar models (fromr@iied al. 2000a) that
were used in the SFH analysis.

In this work, we examine the case of the LMC star cluster NG&1] Wwhich
as noted by Girardi et al. (2009), does also appear to presdoal red clump.
We will use the extremely accurate data available from AEB, and analyses
techniques similar to those applied by Girardi et al. (2@0%®) Rubele et al. (2010)
for deriving the SFH. Sect 5.2 will briefly present the datd discuss the reality
of the dual red clump. The next sections will present the $&¢dvery method
and its application to the NGC 1751 surrounding LMC field ¢S8@) and cluster
area (Sect. 5.4). Sect. 5.5 draws the final conclusions.

5.2 The NGC 1751 data and its dual red clump

5.2.1 Data and photometry

The dataset used in this work comes from GO-10595 (PI: Goodgjr and con-
sists of one short and two long exposures in F435W, F814W,F&aa®W with
small dither pattern to avoid the A@SF gap between two WFC chips. A de-
tailed description of the observations and photometryvsmgin Goudfrooij et al.
(2009). Nevertheless, in this work we use the simultaneB&-ditting technique
as it described in Anderson et.al. (2008), which fits the RB8falsaneously on all
exposure®bservations of the cluster. foerently from Goudfrooij et al. (2009),
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the Charge Transferficiency (CTE) correction was performed using Riess &
Mack (2004) formula (ACS-ISR 2005). The derived photometns calibrated
into the Vegamag system as described in Goudfrooij et aO4R0

Fig. 5.1 shows a spatial representation of the stars wezanalithis work.
We have initially located the center of NGC 1751 at the posik. = 2200 piXx,
y. = 3100 pix. Based on the appearance of the CMDs at varying rédidim this
center, we have defined regions of the AB%C images corresponding to

e the LMCField, forr > 1500 pix (73.5 arcsec);

e the NGC 1751 cluster, far< 800 pix (39.2 arcsec), which is further divided
into:

— theCentre, forr < 350 pix (17.2 arcsec);
— theRing, for 350< r < 800 pix (172 < r < 39.2 arcsec).

These regions are depicted in Fig. 5.1. The Centre, Ring ehdl fegions have ar-
eas 0f 0.385, 1.63, and 10.30 p{%.3, 22.6, 143 arcmf), respectively. Figure 5.2
shows how the stellar density varies as a function of radus the NGC 1751
centre, taking into account only the stard=&14wW < 22, for which the photom-
etry should be close to complete. The figure clearly showdlatening of the
density forr > 1500 pix, which indicates that indeed that is a good choice fo
defining the LMC Field.

Fig. 5.3 shows the ACS data for thefférent regions of NGC 1751, in the
F814W vs. F435W- F814 and F814W vs. F555WF814WW CMDs. These
plots will be used as a reference in our analysis.

The CMDs for the cluster Centre show very clearly the broathreaquence
turn-of of this cluster, its dual red clump, and other well-known CN#atures
such as the sequence of binaries parallel to the main seguand the RGB,
subgiants, and early-AGB bump. A simple comparison betweeMDs for the
Centre and Field reveals that the field contamination in theter central regions
is close to negligible. This is clear already looking at tter €ounts in the red
clump: the 7.15 arcmfrof Field contain 189 red clump stars (here defined as stars
with 18.05< F814W < 19.15, F435W-F814W > 1.5), therefore the 0.267 arcniin
of the Centre are expected to contain jus? red clump stars coming from the
LMC field, which is far less than necessary to explain any efféatures of its
CMD. Indeed, the red clump in the Centre is made of 117 stang;hwcan be
separated into the 89 “bright” oneB§14W < 18.75) — which correspond to the
classical red clump made of stars which likely passed tHi@lgctron degeneracy
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Figure 5.1: Map of the stars used in this work, in ttyeplane of the ACBVFC

images. The scale is of aboui08 arcsefpix. The observed stars have been
grouped in areas corresponding to the LMC field (red) andNiGIC 1751, an

inner “Centre” (green) and outer “Ring” (blue).
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Figure 5.2: The logarithm of stellar density as a functionradius from the
NGC 1751 centre. Error bars are the random errors.
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Figure 5.3: The CMDs for NGC 1751 as derived from the AUEC data, using
bothF435WV — F814W (top panels) ané& 435V — F814W (bottom panels) colors
versus thé=-814W magnitude. Panels from left to right present data for thetelu
Centre and Ring, and LMC Field. As a reference to the eye, dhelg also show
the position of 1.12 and 1.42-Gyr isochrones of metal cdrdea 0.008, shifted
by (m—M), = 1850 andAy = 0.7, together with the expected location of equal-
mass binaries along the main sequence (continuous linae)tiy crosses at the
leftmost extreme of the left panel are &rror bars derived from artificial star tests
in the cluster Centre (see Sect. 5.2.2). The error barsédRihg and Field are not
shown in the figure; they are of about the same size for thdtasg magnitudes,
becoming just 25 % smaller for the faintest magnitudes.
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in their cores — and 28 faint or “secondary” on€8{4W > 18.75) — which were
likely able to avoid it. We can conclude, in a way similar te tase of NGC 419
(Girardi et al. 2009, 2010), that the probability that theldwed clump observed
in the centre of NGC 1751 is caused by LMC field stars is less tha 5x 1075,
and therefore negligible.

Note that diferences are quite evident in the position of CMD features be-
tween the Centre and Field, which are obviously mixed in tMb®f the Ring.
The Field presents an old main sequence tufriad subgiant sequence extending
to magnitudes as faint &314W < 21.5, and a younger main sequence extending
as bright ad=814W < 16.5. Just traces of these features are present in the CMD
of the Centre. Moreover, the red clump in the Field do alsegmea composite
structure, with a ratio of fairibright stars of 58.30. This latter feature is just ex-
pected from a field made of stars covering a wide range of aggsdaial masses
(see Girardi 1999), and being observed with very small phetoc errors as in
this case.

5.2.2 Assessing photometric errors and completeness

In order to characterize the errors in the photometry anddnepleteness of the
sample, we have performed a series of artificial star tes&jAn the reduced
images (see e.g. Gallart et al. 1999; Harris & Zaritsky 2001)

The procedure consists of adding stars of known magnitudealour at ran-
dom places in each exposure, and redoing the photometrileiathe same way
as described in Sect. 5.2.1. The artificial stars are coresid® be recovered if
the input and output positions are closer than 0.5 pixeld,flax differences are
less than 0.5 mag.

In order to avoid the introduction of additional crowdingthre images, ar-
tificial stars are positioned at distances much higher thair PSF width. So,
our AST are distributed on a grid spaced by 20 pix, which ih@¢ane randomly
displaced over each set of exposures.

A total of 1.04 x 10" ASTs were performed, covering in an almost uniform
way the CMD area of the observed stars as well as the area fichwie build
the “partial models” to be used in the SFH analysis (see SetR below). Then,
the ratio between recovered and input stars gives origihda@dmpleteness map
of Fig. 5.4. Note that the 90 % completeness limit is locateB&4W~ 24.5,
which is well below the position of the MMSTOs in NGC 1751.

Figure 5.5 illustrates the fierences between the recovered and input magni-
tudes of the ASTs, as a function of their input magnitudes€tdiferences give
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Figure 5.4: Completeness map, derived from the completefs&ETs realised
over NGC 1751 (centre plus ring areas), for both the F814VW485W- F814W
(left panel) and F814W vs. F555WF814W (right panel).
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Figure 5.5: Map of photometric errors as a function of inpé8%W, F555W and
F814W (from top to bottom), as derived from the ASTs over th@&e cluster area
(that s, in the Centre plus Ring). The errors are definedaditference between
the recovered and input magnitudes.
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Figure 5.6: y? map for the Field best-fitting solution, as a function of diste
modulus andv-band extinction. The continuous lines show the 68 % (black)
and 95 % (white) confidence levels for the overall best-fitsolution, which is
located atin— M), = 1850, A, = 0.525.

a good handle of the photometric errofteetively present in the data. The error
distributions are slightly asymmetric because of crowding

5.3 The SFH of the LMC Field

5.3.1 Overview of the method

To recover the SFH from the ACS data, we use the pipeline tudhalyse data
from the VISTA survey of the Magellanic Clouds (VMC; see Qiehal. 2008).
The method has been fully described and tested by Kerber €G09d) using
simulated near-infrared data, and by Rubele et al. (2010yysCSYHRC data for
the SMC cluster NGC 419. The method consists in (1) buildiregHess diagram
for the data and a series of “partial models” which reprepepulations in limited
intervals of age and metallicity, and (2) using the StarFt®ide (Harris & Zarit-
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sky 2001, 2004) to find the linear combination of partial medkat minimizes

a y-like statistic as defined in Dolphin (2002). The solutiortharacterized by
the minimumy?, 2., and by a set of partial model dieients corresponding to
the several age bins. These latter translate directly h#cstar formation rate as
function of age, SFRY.

The age—metallicity space occupied by the partial modgdsui@ on the object
under consideration. In the present work, we have to consigtedistinct cases,
corresponding to the cluster and LMC field as previously @efinThis section
deals with the field only.

The LMC field is expected to follow a marked age-metallicélation (AMR).
This AMR has been measured by several authours using badhstels and star
clusters of several ages (Mackey & Gilmore 2003; Kerber e2@D7; Grochol-
ski et al. 2006, 2007). In addition to the mean AMR, it is reegue to expect a
modest spread in metallicity at any given age. For this waegkadopt the scheme
set by Kerber et al. (2009d), in which we build partial modIS diferent metal-
licities disposed around the mean AMR of the LMC. Each phanti@del covers a
range in logarithm of age of width 0.2 dex. For stellar popiales younger than
1C® yr, the numbers of observed stars are very small and hencesuena broader
age bins, of widths 0.3 dex for.Z < log(t/yr) < 8.0, together with a single age
bin of width 0.8 dex for log(/yr) < 7.2. The [F¢H] separation between partial
models is of 0.1 dex.

For the initial mass function (IMF) we adopt the Chabrierq2pone. The
binary fraction is set to a value of 0.3 for binaries with mest#os in the range
between 0.7 and 1.0, which is consistent with the presongtfor binaries com-
monly used in works devoted to recover the field SFH in the Mage Clouds
(e.g. Holtzman et al. 1999; Harris & Zaritsky 2001; Javieaet2005; Noél et al.
2009). Notice that this assumption is also in agreement thghfew determina-
tions of binary fraction for stellar clusters in the LMC (Btset al. 1998a; Hu
et al. 2008, both for NGC 1818, a stellar cluster younger thd90 Myr).

5.3.2 The best-fitting solution

Once the database of partial models is built, we run StarRisfihd the best-
fitting solution to the observed CMDs, for a given value oftaiice modulus
(m—M)o and extinctiom,. Both F814Wx F435W- F814W and F814W F555W—- F814W
Hess diagrams are used simultaneously in the procegsminimization.
(m-M), and Ay are then varied over the possible range of values. yfhe
map of Fig. 5.6 shows the results in the{M), x Ay plane. The overall best-
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Figure 5.8: Top panel: best-fitting SFH for the field, togetiveh the random
errors (). Bottom panel: the mean age—metallicity relation.
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fitting solution, with ay2. of 1.6, is located atni— M), = 1850 andAy = 0.525.
The 68 % confidence level for this solution spans a narrowegamglistance and
reddening, which is jusk(m—-M)y = 0.12 mag and\Ay, = 0.07 mag wide.

Figure 5.7 compares the Hess diagrams of the field data @eklp and its
overall best-fitting model (right panel). It is evident thiae solutions found by
StarFISH reproduce well the observed CMD features but ®iPthisson noise.

Finally, Fig. 5.8 presents the SRIRGnd age—metallicity relation (AMR) cor-
responding to this best-fitting solution. It is remarkalblattthe recovered SF(
presents features that are consistent with those commaunhygifin previous works,
based on both HST data (Olsen 1999; Holtzman et al. 1999; ISmétane et al.
2002; Javiel et al. 2005) and ground-based data (Harris §tskgr2001, 2009).
There is an initial burst of star formation followed by a qgdent period, with a
marked and peaked star formation for ages younger than 4l&(t/yr) = 9.6).
In particular the peaks of star formation at approximately Gyr (logt/yr) =
9.2), 500 Myr (log€/yr) = 8.7), 100 Myr (log€/yr) = 8.0) and 10 Myr (log(/yr) =
7.0) are in tight agreement with those found by Harris & Zagték009) for the
global SFH of the LMC. Concerning the AMR, the result for thé® 1751 field
is consistent with those derived from the LMC stellar clus{&erber et al. 2007,
Harris & Zaritsky 2009) and for the LMC field (Carrera et al 03).

5.4 The SFH for NGC 1751

5.4.1 Overview of NGC 1751 parameters from literature

As for the LMC field, also for the NGC 1751 cluster we need a $gthysical
parameters to start with the SFH-recovery work. They aredbas the following
works:

The cluster metallicity as determined by the €anethod is of [FgH] =
—0.44+0.05 (Grocholski et al. 2006), which is a typical value for arermediate-
age LMC cluster ([F&#H] = —0.48 + 0.09, Grocholski et al. 2006).

Milone et al. (2009) identified a double MSTO in the HBTS F435W vs.
F435W- F814W CMD for this cluster. Using isochrone fitting, theyetetined
ages between 1.3 and 1.5 Gyr, a distance modulus of 18.45Eag~= 0.22
(Av ~ 0.70), and a metallicity oZ = 0.008 ([F¢H] ~ —0.38).

Milone et al. (2009) also determine a binary fractigrof 0.13+ 0.1 for mass
ratiosq larger than 0.6 in NGC 1751. Despite the small error bar qubyethem,
their estimate is admitedly a preliminary one. The carettednination from
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Figure 5.9: Maps of thg?,. obtained during SFH-recovery in the Centre region,
as a function of th—M), and Ay. Theleft panel shows the map for the best-
fitting metallicity of [FgH] = —0.64, obtained in the case A (i.e. not taking
into account a partial model for the LMC field). The minimu,  is of 0.77.
The middle panel shows the same for case B (i.e. using the LMC field partial
model) and [FAH] = —0.44, which is the best-fitting metallicity in this case. It
Is evident that these solutions are characterized by afsignily smaller level of
X2, overal, with a minimum at 2. For comparison, theéght panel shows the
best-fitting solutions for case A and [fF§ = —0.44. Also in this case, theZ

are significantly higher (and very close to the one in theriest panel).
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Elson et al. (1998b) for the LMC cluster NGC 1818, fingvalues varying from
~ 0.20 to~ 0.35 as one goes from the cluster center to the outer parts. @y ad
here the conservative value & = 0.2 for g > 0.7. Our previous results for
NGC 419 (Rubele et al. 2010) indicate that the results of tig f&covery do not
depend significantly on the choice of binary fraction.

As for the extinction, the reddening maps from the Magetla@ibuds Photo-
metric Survey (MCPS; Zaritsky et al. 2004) and Pejcha & St4@609) provide
discrepant values for the NGC 1751 direction. Within 3 arcinom the cluster,
MCPS givesAy = 0.47 + 0.34 for hot stars, anédy, = 0.59 + 0.39 for cool stars.
From the same dataset, Pessev et al. (2008) deterrAined0.65 + 0.06. Pejcha
& Stanek (2009) instead fin¢gy ) = 0.150+ 0.293 (Ay) = 0.293+ 0.062),
although their value is based on just 5 stars withiri & 2° area.

The distance modulus to the LMC disk in the NGC 1751 direcisoof about
18.55 mag, as revealed by independent methods: (van det El&ieni 2001b,
AGB stars); (Olsen & Salyk 2002, red clump stars); (Nikolaeal. 2004, Cepheid
stars); (Subramanian & Subramaniam 2010b, RC stars from3JCP

The above-mentioned works provide only the initial gueésethe many clus-
ter parameters to be determined in this work. Our final béstgisolutions are
completely independent of them.

5.4.2 The partial models for NGC 1751

For NGC 1751 we assume a constant age-metallicity relatena single value
for the metallicity for all ages, since so far there are naewmces for significant
spreads in metallicity in such star clusters (e.g. Muctliage al. 2008; Rubele
et al. 2010). The age interval covered by our partial mode¢sdrom log{/yr) =
8.9 to 94, which is much wider than the interval suggested by thetjposof
NGC 1751 MMSTOs. So, for each set of parameters, we havelafdtf partial
models, completely encompassing the age interval of istek&e have explored
5 metallicity values, going from [FEl] from —0.75 t0-0.35 at steps of 0.1 dex.
For each one of these mean [Hgvalues, a small metallicity spread of 0.02 dex
is assumed.

This definition of partial models might already be good erfotmour aims to
find the best-fitting solution for the cluster centre. Howewee know that every
portion of the ACAVFC image is contaminated from the LMC field, and that
this field contamination is well evident in the observed CMBspecially for the
Ring). Therefore, it is quite tempting to add, to the abowetioned list of partial
models, an additional one corresponding to the LMC field. fibye is that this
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partial model will allow StarFISH to properly fit the field camination across
the CMDs on NGC 1751, hence improving the fitting of clustselit
There are then two ffierent ways at which this partial model for the field can

be built. (1) The simplest one is that of taking the observeddidiagrams for
the field region (left panels in Fig. 5.7). This diagram hoerei¢ marked by the
Poisson fluctuations in the numbers of stars, so that it mglhtdescribe in a
suitable way the field actually observed in other parts oG8 images. (2) The
second alternative is to use the Hess diagram built from ésé-fitting solution
of the field (right panels in Fig. 5.7) which is obviously muetore continuous
and smooth over the CMDs than the observed one. This modarwaker clear
advantage: the Hess diagram can be easily re-built usingutpait SFH for the
field togetherwith the ASTs derived for the cluster Centre or Ring. In thesyw
we are able to simulate the field under the same condition®wufding met in the
cluster data. We indeed adopt this latter alternative irfdHewing.

5.4.3 The SFH for the cluster Centre
Results with and without the LMC field

The SFH-recovery is performed assuming a given sainef\l)q, Ay, and [F¢H]
values and fixing the binary fraction at a value of 0.2 in theeoaf cluster models.

In order to limit the space of parameters to be covered, thegpiure is essentially
the following: for a given value of [FHel], we perform SFH-recovery for each
point in a grid covering a significant region of the{ M), versusA, plane, so as

to build a map of thg?2 . for the solutions. Examples of these maps are presented
in Fig. 5.10. The maps are extended enough so that the minigfyfor a
given value of [FgH] can be clearly identified, as well as the regions in which
x2. increases by a factor of about 1.5. The typical resolutiosuzh maps is of
0.02 mag infn— M) and 0.02 mag iy, .

Let us first start discussing the case of the cluster Cenige.50 shows the
maps ofy2.. as a function of fi- M), and Ay, for two series of SFH-recovery
experiments made under very similar conditions, i.e. usigsame data and
ASTs. The only difterence is that in some cases (hereaftese A, we do not
use the partial model for the LMC field in StarFISH, whereastimer cases we
do it (hereaftecase B. The result of considering the LMC field is quite evident:
although in both A and B cases the best-fitting solution ismtbior about the same
value of (n—M), and Ay, in case B the/2. values are systematically smaller,
which means better overall fits of the CMDs. Moreover, it iglent that in case A
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Figure 5.10: Maps of thg?. obtained from the SFH-recovery, as a function
of (m—M)y and Ay, for several [FgH] values (from—0.34 to —0.74 at steps of
—0.1 dex, from top to bottom) and for both the cluster Centre aimdy Reft and
righ panels, respectively). The black lines delimit thaeag within a 68 % (con-
tinuous line) and 95 % confidence levels (dotted lines) ofaih&olute best solu-
tion, which is found at-0.34 dex for the Centre, and aD.74 dex for the Ring.
They?2.. for the Centre best solution is of 0.625.
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the presence of the LMC field falses the determination of #mst-htting cluster
metallicity: indeed, in case A the best-fitting model of A= -0.64 is found
to be slightly favoured over the one with [fF§ = —-0.44. In case B, instead,
the best-fitting solution at [FE] = —0.44 is clearly favoured. Notice that, at the
~ 1.5 Gyr old ages of NGC 1751, the field is found to have a metgllmi about
—0.65 (see Fig. 5.8), which probably helps, in case A, to move heminimum
to [FeH] = -0.64.

These experiments demonstrate that even a small fractibal@fcontamina-
tion may dfect significantly the results of SFH-recovery, if not prdpéaken into
account. In the following, we adopt case B as the defaultesindemonstrately
takes the LMC field into account and improves the quality effinal results for
the Centre of NGC 1751.

Characteristics of the best-fitting solution

Complete maps of?. for the Centre, as a function ofn-M)o, Ay and metal-
licity, are presented in the left panels of Fig. 5.10. It maynoticed that the best
solution is indeed for [F#l] = —0.44, (m—M), = 1858, andA, = 0.50, with a
x2., = 0.62. Such a smal}2. is already an indication of an excellent fit to the
observational data.

This best-fitting solution and map of residuals are alsoegtsl in the Hess
diagrams of Fig. 5.11. Finally, the best-fitting solution fioe cluster Centre is in
the left panel of Fig. 5.12.

Evaluating the errors

To evaluate the errors for all involved parameters, the siesp is to find the cor-
respondence between té.  value for each model and its significance (or con-
fidence) level. This correspondence was estimated simulating 100 syathet
CMDs generated with a number of stars equal to the observeD,Giing the
best-fitting SFRY) and its parameters as the input for the simulations. Ser aft
recovering the SFH for this sample of synthetic CMDs, it wasgible to build
they?,, distribution and to establish the relation betweenythe difference above
the minimum andv.

In the y2. maps of Fig. 5.10, we superimposed the 68 % and 95 % signifi-
cance levels for all the solutions for the centre. Only fa& lRgH] = —0.44 map
we find ample areas of th&, versus (h— M), diagram with solutions within the
68 % significance level of the best solution. Based on thigdéigwe determine
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Figure 5.12: The blue lines show the SBERpr the cluster Centre (left panel)
and for the Ring (right panel). The error bars are randonr&rfbhe green lines
indicate the systematic errors, inside the area of 68 % caméiellevel in Fig. 5.10.

(m—M)o = 1858+ 0.07 andA, = 0.50+ 0.05 for the cluster Centre (with random
errors at the 68 % significance level).

The left panel of Fig. 5.12 shows the SERIfor the cluster Centre together
with error bars. The most basic feature in this plot is that3kR() is clearly non-
null for three age bins, spanning the logf) interval from 9.05 to 9.2 (ages from
1.12 to 1.58 Gyr). Note that this result is not only valid foe tbest fitting model,
but also across the entire 68 % significance level area oAtheersus (h—M),
diagram. Moreover, itis non-null even in the case we adopemestrictive limits
for the random errors, i.e. if we plot the random errors fa # % significance
level.

Then, one may wonder how the solution for the Centre chariges adopt a
better age resolution in the SFH-recovery. This is shownign 513, where we
compare the solution foh log(age)= 0.05 dex with the one obtained with the
same data and methods, but for an age resolutianlof(age)= 0.025 dex. As
we see, within the error bars the two solutions are essntired same. The finer
resolution in age is compensated by an increase in randarserr

Therefore, we find evidence that in the NGC 1751 Centre thgt$RRs lasted
for a timespan of 460 Myr. This is about twice longer than th200 Myr esti-
mated by Milone et al. (2009) for the same cluster, based amples comparison
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with the MSTO locations of dierent isochrones.

5.4.4 The SFH for the cluster Ring

We have performed the same experiments of SFH-recoveryaepafor the
Ring, as illustrated in the2. maps at the central and right panels of Fig. 5.10. In
these cases, the levelsgf.  are significantly higher than for the cluster Centre.
This result may seem surprising, considering that the Ramgdlower level of
crowding and hence deeper photometry than the Centre. Wadasras unlikely
that these highey?2.. for the Ring could be simply caused by its higher level of
contamination from the LMC field, since this field is very wedbdeled anyway,
and fully taken into account in the SFH recovery.

Instead, the main reason for the worst fits could be on thespoesof a dif-
ferential reddening of abouig, ~ 0.10 mag within the ACS field, as found by
Milone et al. (2009) and Goudfrooij et al. (in preparation).

To test for the presence offtlrential reddening we have followed a similar
procedure as described by Milone et al. (2009), followirgplsition of fiducial
lines in the F435W- F555W vs. F555W- F814W diagram. So by means of the
relative shifts in the fiducial lines in this colour-colouagram along the redden-
ing arrow we have found an extra reddening in the Ring regiarliation to the
Centre, with a magnitude iBrsssw- Fg14w Similar to the one presented by Milone
et al. (2009). This extra reddening occurs prevalently e kbttom and upper
extremities of the Ring in Fig. 5.1.

Notice also that the extinction values for the Ring, foundimy the exper-
iments of SFH-recovery are systematically higher than thesdound for the
Centre region (see Fig. 5.10), which independently confitlmegresence of dif-
ferential reddening detected by us and Milone et al. (2088)gifiducial lines.

Unfortunately the recovered best-fitting{ M), and [Fe¢H] values for the
Ring are obviously spurious, since they are not consistéttit thhe ones found
for the Centre — which is a such small region that one can deng free from
differential reddening. Considering the high quality of the SEEebvery for the
cluster Centre (as demonstrated by the much smafley, we assume that the
correct distance and reddening of the Ring are the same snfes the Centre,
namely (n—M), = 1858 andA, = 0.50. The right panel of Fig. 5.12 shows the
Ring SFH for these parameters.

It is interesting to note that the Ring SER(considering just the random er-
rors, seems to be slightly more spread in age than the onkdd@éntre. Indeed,
the SFRY) is found to be non-null in an additional, older age bin, aspared
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(blue continuous line) and with logt = 0.025 dex (red dashed line).
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to the cluster Centre. However, when one considers theragsies errors in this
bin, it is clear that this result is not solid. It becomes thmpossible to take
any conclusion in relation to a possible dependence of thgtpwith the cluster
radius.

5.5 Concluding remarks

In this work, we perform SFH-recovery via the classical méthf CMD recon-
struction with the sum of single-burst stellar populatiofke basic result is that
in the cluster Centre star formation is found to last for aespan of 460 Myr.
The same result is consistently found irrespective of théhoteused to take field
contamination into account, of the age resolution adoated for a significant re-
gion of theAy versus (n—M), plane. The age resolution of the method is at least
3 times smaller than this interval. In addition, the besiAfit model is indeed a
quite good representation of the observed data. On the b#ret, the CMD for
the cluster Centre is so obviously sharp and clean from th€ lfidld, that it is
hard to imagine that some importarffext has not been properly considered in
our analysis.

For the cluster Ring, the results indicate a SFR timespan lebat 460 Myr,
with a significantly lower quality of the results, as indiedtby the largeg?2, .
and by the best fitting model being found for a distand¢iedent from the cluster
Centre. These failures probably depend on the presencgrofisant diterential
reddening across the Ring. So, we prefer not to take any esiod from this
region. Unfortunately, our method finishes in not providamy indication about
possible variations in the spatial distribution of the staith different ages, which
would be important for the goals of understanding the meishanf extended star
formation (see Goudfrooij et al. 2009).

Together with our previous findings for the SMC cluster NG® 4Rubele
et al. 2010), the results for the NGC 1751 Centre argue inulaed multiple
star formation episodes (or continued star formation) dpeihthe origin of the
MMSTOs in Magellanic Cloud clusters with ages around 1.5. Gie hypothesis
of a spread caused by the presence of fast rotators amonpgkemain sequence
stars, as advanced by Bastian & de Mink (2009), is discussttipaper Girardi
et al. (2011). They advance that this latter hypothesis doéseem to fier a
valid alternative to the conclusions reached in this paper.



Chapter 6

The star formation history of the
LMC from real VMC data:
preliminary results

6.1 Introduction

We present the preliminary results on the recovery of the 83 VMC fields
located around the LMC main body. Following the method dbedrin Kerber
et al. (2009a), Harris & Zaritsky (2004), and Gallart et 2P99) we evaluated the
SFH deriving at the same time the Age Metallicity RelatioMR), the distance
modulus (h—M)y, and the extinctior, .

When possible we have compared our results with other wasKaaaitsky
et al. (2004) for theA, parameter and Nikolaev et al. (2004),van der Marel &
Cioni (2001b) and van der Marel et al. (2002) for the-(M), parameter.

6.2 VMC data

We have recovered the SFH on VISTA data for 3 VMC fields locatedind the
main body of the LMC and for wich the VISTA imaging is more cdetp.

The LMC fields used to recover the SFH ar8 §located atr=05:59:23.136,
6=-66:20:28.680), 38 (located atr=05:04:53.952§=-66:15:29.880) and_8 (lo-
cated aiv=04:55:19.512y=-72:01:53.400), with a completion ef 100%, 75%,
and 63%, respectively, in th&s filter. Figure 6.1 shows the location of all LMC

135
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fields of the VMC survey. The black circles evidence fieldsduserecover the
SFH in this work.

& {42000}
i

Figure 6.1: Left: LMC fields considered in this work. Righ® §ubregions in a
false RGB color image of the 8 tile .

We have combined pre-reduced Paw-Print images (Irwin 2@8d@nloaded
from the CASU VISTA Science Archive (VSA)to produce deep tiles using the
SWARRP tool (Bertin et al. 2002b). Each tile covering an area 4.6 ded , was
subdivided in 12 sub-regions ef 0.12 ded. Figure 6.1 shows an example of
sub regions overplotted on a color image of fiel@ 8

6.2.1 Photometry and ASTs

We have performed Aperture Photometry (AP) and Point SpFesttion (PSF)
photometry using the IRAF daophot packages (Stetson 198@jucing photo-
metric catalogs and CMDs. Figure 6.2 shows an example of GMDS— K¢ vs.
Ks, of the sub-region G3 of fields 8, 8 3 and 43.

httpy/horus.roe.ac.yksglogin.html
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Figure 6.2: Example of CMDsY(— K5 vs Ky) in three sub regions of the fields
8.8,83,and 43.

To prevent galaxy contamination we have recovered the Sktg two CMDs
simultaneously, namelyy(— Ks) vs. Ks) and @ — Kg) vs. (Ks), in which most



CHAPTER 6. THE STAR FORMATION HISTORY OF THE LMC FROM
138 REAL VMC DATA: PRELIMINARY RESULTS

of galaxies and stars have been separated using colorstufgehotometry was
made on a radius of 3 pixels (larcseg, that correspond to an encircled energy
of ~ 75% at a PSF FWHM of 0.8rcse¢ and corrected using 2MASS data con-
verted to the VISTA system using equations 6.1 below. In #eeof PSF fitting
photometry we used the IRAF psf package to produce the pséhand the all-
star package to make the photometry on a radius of 3 pixeldha¥e run massive
Artificial Star Tests (AST) to estimate completeness anak elistributions of ours
data set in each part of the CMD. Figure 6.4 shows an examgleeaérror dis-
tribution derived from AST irY, J, K magnitude vs. the fierence between the
output and input magnitude made on a sub region of the fisdd ®n each tile’'s
sub-region we have run 1500000 AST in the same way as described in Kerber
et al. (2009a) and Rubele et al.(2011), using a spatial gtiu 30 pixels of width
and with a distribution in magnitude proportional to the agumagnitude.This
latter choice allow us to better map completeness and endess complete re-
gions of the CMD. Figure 6.3 shows an example of the compéstedistribution

for a sub-region of field 8; the gray scale map code the completeness level in
the CMD ( — Kg) vs. (Ky).

6.2.2 Bringing VISTA data to a Vega mag system

Because the Zero Points (ZP) of VISTA data are not in a Veganituade system
(Vegamag) we have corrected them as shown in figures 6.5 sisimgated popu-
lation models of the MW foreground. We have estimated tlffeinces between
the calibration equations provided by the CASU:

Zyista— Jamass = 0.950Q — H)zomas s

Yvista— Jamass = 0.550Q0 — H)amas s
Jvista— Jamass = —0.070(J — H)omass
Hvista— Hamass = 0.060Q — H)amass
Ksyista— KSmass = 0.020(J — K)omass

(6.1)

and those predicted by the theoretical models, which arephgtruction, strictly
on a Vegamag system (where Vega has a magnitude of 0 in aifilte

In short, we proceed as follows:
We have simulated a Milky Way (MW) region of 1.4 ded, and added the
2MASS errors following Bonatto et al. (2004). They domintite error distribu-
tion compared to VISTA data. Then, we have fitted the besaliselution in the
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Figure 6.3: Example of completeness map distribution @drivom the ASTs on
a\J - Ks VS Ks CMD.
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Figure 6.4: Example of error distributions derived from AShY, J, Ks VISTA
filters for a sub region in the field 8.
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colour-colour diagrams (see figures 6.5 ) fixing the slopaasgjuations (6.1). We
have used a sigma clipping oé-3 The dfsets between the CASU and the model
eqguations give the ZP corrections to the Vegamag system.

We have found a dlierence in ZP of 0.0989 i, 0.021 inJ and 0.0 inKs
bands, with respect to the CASU calibrations.Then we hawected our Stellar
Partial Models (SPM) by this fference before recovering the SFH .

6.3 The SFH recovery

To recover the SFH we used partial models distributed acugtd 5 Age Metal-
licity Relations (AMR) distributed and on 14 age intervédlaticover fromog(t/yr) =
6.6 to 1015 and most of the observed AMR given by stellar clustersz@iski
et al. 1991; Mackey & Gilmore 2003; Grocholski et al. 2006ylker et al. 2007)
and field stars (Cole et al. 2005; Carrera et al. 2008). Thasd@0 SPM, plus
a Milky Way foreground model simulated with TRILEGAL (Gidiret al. 2005).
Table 6.1 shows the center of the age and metallicity bin peh &PM. The
width of models is 0.15 dex in [[Ad] and 0.2 dex inAlog(t). In the case of the
3 youngest models we usedog(t) widths of 0.6, 0.4 and 0.4 respectively. In
figures 6.9, 6.10, 6.11 SPM are shows as red points.

Using these SPMs we have recovered the SFHffieidint conditions o, and
(m-M), on a grid spaced by 0.03 mag and 0.025 mag, respectively)imis:
from 0.06 to 0.60 iM, , in all 3 fields; and from 18.40 to 18.525 im{ M), in-
field 8.3, 18.40 to 18.65 in 8 and 18.275 to 18.45 in the&8field. The SFH
was recovered using 2 CMD3,— Ky vs. Kg with limits -0.52 to 0.88 in color
and 12.10 to 20.45 in magnitude, avid- K vs. Kg with limits - 0.82 to 1.56 in
color and 12.10 to 20.15 in magnitude. These constraintelor @nd magnitude
allow to separate the LMC stars from most of the contamindtip galaxies (see
as example figure 6.2 were most of the galaxies are clearlysephrated up to
Ks =195 and locate in the faintest and redder part of the CMDs ).

Figures 6.6, 6.7, and 6.8, show th& solution map, as a function @, and
(m—M), , of all subregions in each field investigated. Black dashetic@ntin-
uous lines code the confidence error limit at land 3r. Figures 6.9, 6.10, and
6.11, show for all sub regions in each field the SFR(t) (blsédgrams, top panel)
with stochastic errors (blue errors bars) and the systen®&R(t) variations in-
side the confidence level (green histograms). Panels irethieicshow the best fit
AMR(t) recovered (green points) with stochastic errorgégr vertical bars) and
the systematic AMR variations inside the confidence levklglnlashed lines).



CHAPTER 6. THE STAR FORMATION HISTORY OF THE LMC FROM

142

REAL VMC DATA: PRELIMINARY RESULTS
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Figure 6.5: Calibration to a Vegamag system.
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The red poimisvaMlilky Way

model stars corrected by the 2MASS errors on an area b# ded, the blue
lines code the @ clipping and the black line show the best fit linear relatiathw
a fixed slope as in equations 6.1.
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Field G1 Field G2

18.275 18.3 18.325 18.35 18.375 18.4 18.425 18.45 18.275 18.3 18.325 18.35 18.375 18.4 18 42.45

(m-M), (m-M),

Figure 6.6:y?’maps of sub regions in the®field. These maps show the quality
of the STARFISHy? fit in function of (n—M), andAy. The blacks contour lines
illustrate the random errors to a confidence level®fashed line) anda (tick
continuous line).

The red points are the center of SPM used in the recoverin§fhe(6.1). The
bottom panel illustrates the variation of the SFR solutionsidering stochastic
(blue line) and systematic errors (green line).

6.4 Distance modulugm-M)y and Extinction Ay

We have completed the recovery of the SFH on 10 subregionslth8i3, and
on 2 subregions in 8 and 43 fields. We have evaluated the average and
(m—M), parameters in each sub region in all 3 fields as the average waide
the 68% confidence level and then we have compared our regtlitsalues ob-
tained in Zaritsky et al. (2004) for thés, parameter, and Nikolaev et al. (2004),
van der Marel & Cioni (2001b) and van der Marel et al. (2002} (m— M),.

All results are show in table 6.2 and 6.3 in which G1, G2, etwraspond to
the subregion considered. In table 6.3 the paramé{gtsandAl® are theA, in
Zaritsky et al. (2004) in the case of Cool Stars and Hot Staspectively, whereas
A" and (m-M);" are theA, and (n—M), parameters found in this work. In
table 6.2 we compared results for te{M), parameter obtained in this work
with the LMC spatial models of: Nikolaev et al. (2004) (witthe inclination and
P.A. the Position Angle of line of nodes) in the case ef30.7° andP.A. = 151.0°,
van der Marel & Cioni (2001b) and van der Marel et al. (2002hvgarameters
I =34.7°, PA =1225° andP.A. = 1299°, respectively.
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Field G1 Field G2

18.425 18.45 _ . 18.425 18.45 18.475 18.5 18.525
(m-M), (m-M),
Field G3 Field G4

18.425 18.45 18.475 18.5 18.525 . . 18.45 18475 18.5
(m-M), (m-M),
Field G5 Field G6

18.4 18.425 18.45 18.475 18.5 18.525 18.4 18.425 18.45 18.475 18.5 18.525
(m-M), (m-M),
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Figure 6.7;y’maps for a sub region in the®field, see caption in figure 6.6.
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Figure 6.8;x2 maps of sub-region in the 2 field, see caption in figure 6.6.
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Figure 6.9: SFR and AMR of sub-regions in fieldB8

6.5 Discussion and conclusions

We have recovered the SFH on three VMC LMC fields evaluatimyikaneously
the best fitting SFR, AMRA, and fn—M),, and the stochastic and systematic
errors inside the 68% confidence level in each subregionaicin &eld. The com-
parison ofA, parameter derived in our work with Zaritsky et al. (2004)wsko
a good agreement. ThenE- M), values are in agreement with Nikolaev et al.
(2004), van der Marel & Cioni (2001b) and van der Marel et 2002) works.
Only the field 88 has a completion of 100%, so results of field3 &nd 43 will

be improved in the future.

6.5.1 Field 83

¢ As mentioned before in this field tl, and fmn—M), values we find are in
agreement with literature works giving average values 888.and 18.45
mag, respectively.

e The trend of the AMR in each subregion do not change insidevhkiation
region so we conclude that the AMR on this field is little spdependent.
In subregions poor of stars younger thag(t/yr) = 8 (null or low SFR),
errors are large and it is not possible to evaluate the natalwith accu-
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Figure 6.11: SFR and AMR of sub-regions in fiel84

racy. Otherwise in subregions richer of young stars thedtadithe AMR is
well evaluated.

The SFH on this field changes from subregion to subregionrballiof
them it is possible to evidence 3 main Star Formation (SRcefEs:

1. The first SF main episode is locatedlag(t/yr) = 9.7 and with a
[Fe/H] ~ -0.70 [deX].

2. Fromlog(t/yr) = 9 to 9.4 and with an average [F§ ~ -0.475
[dex], which corresponds in age and metallicity to valuesnfib in
LMC intermediate age clusters (Kerber et al. 2007; Olszewskl.
1991; Mackey & Gilmore 2003; Grocholski et al. 2006) (seexas®e
ple figure 3.7).

3. Ayounger and in some cases prolonged SF episodeltrgtyyr) =
8 to 8.6, 9 is present in all subregions on this field, the ayera
[Fe/H] of this population is~ -0.175.

SF for ages less thalog(t/yr) = 8 are present in few sub-regions and
present large errors.
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AMR
Log(Age) 69 74 78 81 83 85 87
[FeH]T -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10
[FeH]2 -0.25 -0.25 -0.25 -0.25 -0.25 -0.25 -0.25
[FeH]3 -0.40 -0.40 -0.40 -0.40 -0.40 -0.40 -0.40
[FeH]4 -0.55 -0.55 -0.55 -0.55 -0.55 -0.55 -0.55
[FeH]5 -0.70 -0.70 -0.70 -0.70 -0.70 -0.70 -0.70
Log(Age) 89 9.1 93 95 097 99 10.075
[FeH]LT -0.10 -0.25 -0.25 -0.25 -0.40 -0.70 -1.00
[FeH]2 -0.25 -0.40 -0.40 -0.40 -055 -0.85 -1.15
[FeH]3 -0.40 -0.55 -0.55 -0.55 -0.70 -1.00 -1.30
[FeH]4 -055 -0.70 -0.70 -0.70 -0.85 -1.15 -1.45
[FeH]5 -0.70 -0.85 -0.85 -0.85 -1.00 -1.30 -1.6

Table 6.1: AMR grid of stellar partial models used in the remy the SFH.
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Field 8.3
Nikolaev et al. (2004) n—Mm), = 18496+ 0.028
van der Marel & Cioni (2001b) n—M)y = 18462+ 0.034
van der Marel et al. (2002) M), = 18466+ 0.035

Sub-region h—M),"

Gl 18.480.045
G2 18.44-0.035
G3 18.45-0.025
G4 18.470.03

G5 18.45-0.025
G6 18.430.025
G7 18.433.0.042
G8 18.43%0.036
G9 18.454-0.030
G10 18.4580.017

Field 4.3
Nikolaev et al. (2004) —M)o = 1856+ 0.010

van der Marel & Cioni (2001b) ng—M), = 18581+ 0.011
van der Marel et al. (2002) n{-M), = 18576+ 0.012
G1 18.562-0.027
G2 18.53@-0.023
Field 8.8
Nikolaev et al. (2004) m—M)o = 18392+ 0.016
van der Marel & Cioni (2001b) n—M), = 18387+ 0.016
van der Marel et al. (2002) n{-M), = 18378+ 0.018
Gl 18.4@-0.025
G2 18.3850.04

Table 6.2: Table withri—M), values obtained in this workrtt-M);") com-
pared to values obtained in Nikolaev et al. (2004), van denelV& Cioni (2001b)
and van der Marel et al. (2002)
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Table 6.3: Table withri—M), andAy obtained in this work and compared to the

Field 8_3
Sub-region  Aj® A ALY (m-M), "
Gl 0.45+0.32 0.540.44 0.2820.045 18.480.045
G2 0.38:0.30 0.520.46 0.3230.042 18.440.035
G3 0.35:0.26 0.420.41 0.330.045 18.450.025
G4 0.3%£0.28 0.540.41 0.2360.034 18.4%£0.03
G5 0.4%0.32 0.540.45 0.360.033 18.450.025
G6 0.38:0.28 0.480.46 0.340.04  18.430.025
G7 0.330.26 0.450.41 0.360.030 18.4330.042
G8 0.4G:0.30 0.520.41 0.36920.039 18.4320.036
G9 0.340.26 0.630.48 0.420.033 18.4540.030
G10 0.330.26 0.51+0.48 0.3@&0.03 18.4580.017
Field 4.3
G1 0.420.32 0.730.43 0.2%0.03 18.5620.027
G2 0.36t0.32 0.540.42 0.3280.10 18.53@0.023
Field 8.8
G1 0.25:0.2 0.640.49 0.280.093 18.40.025
G2 0.3%0.23 0.830.45 0.240.11  18.38%0.04

Ay values obtained in Zaritsky et al. (2004)



Chapter 7

Conclusions

The Magellanic System has yet many challenging aspectséwasurveys, with
the increased quality of the coming data and new theoreticalels and their
ability to explain detail observations, aim to resolve ia tiext decade.

Prior to new facilities like GAIA, JWST and ALMA we need to drp data
from VISTA and similarly powerful telescopes at other warejths. Surveys like
VMC will provide unique and high quality data for science draining of young
astronomers.

¢ In chapter 3 we have performed detailed simulations of theClLikhages
expected from the VMC survey, and analysed them in termseoéxipected
accuracy in determining the space-resolved SFH. Our manelasions
from that work are the following:

1. For a typical QL0 ded LMC field of median stellar density, the ran-
dom errors in the recovered SERWill be typically smaller than 20%
for 0.2 dex-wide age bins.

2. For all ages larger than 0.4 Gyr, at increasing stellasities the bet-
ter statistics largely compensates tlikeets of increased photometric
errors and decreased completeness, so that good-quakiy)San be
determined even for the most crowded regions in the LMC bae T
SFR{) errors decrease roughly in proportion with the square ef th
total number of stars. The exception to this rule regardythmgest
stars, which because of their brightness are Iékected by incom-
pleteness. In this latter case, however, the stellar 8tatis intrin-
sically small and large areas are necessary to reach the SERg
accuracy as for the intermediate-age and old LMC stars.

153
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3. Although the AMR [MH](t) can be recovered with accuracies better
than 0.2 dex, the uncertainties in the AMR can significanfiigc the
quality of the derived SFRY), increasing their errors by a factor of
about 2.5.

4. The minimisation algorithms allow to identify the bedthfig redden-
ing and distance with accuracies of the order of 0.02 magstadce
modulus, and 0.01 mag Bz .

All of the above trends were derived from analysis of smallC Ereas, that
we have considered to be homogeneous in all of their pragse(AMR,
distance and reddening). The errors were derived by vagauip one of
these parameters separately. The real situation will beoaofse, much
more complicated, with significant spatial variations dfadithese quanti-
ties across the LMC. This consideration may lead us to supitag errors
here derived are underestimated. However, the above-omeatparameters
can be further constrained by simply taking into considenaadditional
data — for instance the available reddening maps, the lionitdhe relative
distances provided by other independent distance ind&atioe metallic-
ity distributions of field stars, etc. — in our analysis. Maver, our work
indicates clearly how the random errors are reduced whemavrease the
area to be analysed. It is natural that, once the systematicseare fully
assessed, we will increase the area selected for the asyagdhat random
errors become at least smaller than the systematic ones.

It is also worth mentioning that our present results weraioled using the
Y-K colour only. VMC does also provide CMDs involving tigassband,
and their use in the SFH analysis can only reduce the finalserro

Another factor to be considered, in the final analysis, i$ tbaold ages
the SFRY{) is expected to vary very smoothly across the LMC, as inditat
for instance by Cioni et al. (2000) and Nikolaev & Weinber@@ab). This
large-scale correlation in the old SERfhay be used as an additional con-
straint during the SFH-recovery, and may help to reduce tt@<sin the
SFR() at all ages.

The present work already illustrates the excellent acqurathe measure-
ments of the space-resolved SFH, that is possible by VMC débacover,

it demonstrates that detailed SFH-recovery using deepinfared pho-

tometry is also feasible, as much it has always been for the cavisual

observations.
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¢ In chapter 4, we have derived the SFH of the SMC star cluste€ M®9,
via the classical method of CMD reconstruction. This analymplicitly
assumes that NGC 419 is formed by a sum of single-burst sablaula-
tions (or “partial models”), each one being characterizga lvell-defined
and narrow MSTO. The onlyfiects that blur these partial models in the
CMDs are the sequences of binaries (whiflee however is far from dra-
matic) and the photometric errors. With this kind of apptgate broad
MMSTO observed in NGC 419 naturally translate into a corgthsatar for-
mation history. We find a SFR(lasting for 700 Myr (from 1.2 to 1.9 Gyr,
see Fig. 4.14), which is quite a long period, probably at theen limit of
all values already estimated for star clusters with MMSTBerielli et al.
2003; Baume et al. 2007; Mackey & Broby Nielsen 2007; Mackesgle
2008; Milone et al. 2009; Goudfrooij et al. 2009). Our errnalysis leaves
practically no room for the MMSTOSs in this cluster being cadiby a single
episode of star formation.

It is also remarkable that the SRIR{ve derive presents a pronounced max-
imum at the middle of the star formation interval, at an agel &f Gyr
(Fig. 4.14). This is somewhat unexpected, in the contexheffew sug-
gested scenarios for the appearance of prolonged star tiorma LMC
star clusters (see Goudfrooij et al. 2009, for a comprekerdiscussion of
them). Either the merging of two star clusters (Mackey & Brdtielsen
2007), or a second period of star formation driven by the mgrgvith a
giant molecular cloud (Bekki & Mackey 2009), would lead toosigly bi-
modal distributions of cluster ages, which we do not find inQ\@&L9. Only
in the case of the best model with [F} = —0.95, there is an indication of
two different peaks in the SFR(see Fig. 4.12), which however are neither
separated nor followed by periods of null SERAIso the trapping of field
stars by the forming star cluster (Pflamm-Altenburg & Kro2p@7) would
lead to diferent results, with the major peak of star formation beingtb
at the youngest ages. On the other hand, our findings seemnmigein
line with Goudfrooij et al. (2009)’s conclusions, based be guite con-
tinuous distribution of stars across the MMSTO region of tMC cluster
NGC 1846. They suggest a scenario in which the star clustdimes to
form stars in its center out of the ejecta of stars from presigenerations.
In our case, however, this process would have to proceeddign#icantly
more extended period of time than for NGC 1846, and peak — wiaie
against the most naive expectations — at the middle of tnémstaation pe-
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riod. Also, this latter scenario might imply some amounteif-enrichment

in this cluster, whereas our method instead is compatitieewith a con-

stant metallicity, or with some amount of metal dillutione@&tlless to say,
the present observational data is not clear enough to prawidmbiguous
indications about the formation scenario of such clusters.

Another basic result of our analysis is that the hypothestentinued SFH,
together with current stellar evolutionary models and a esbdraction of
binaries, producesxcellent fits to the CMD of NGC 41@ith 2. as small
as 0.93 — or even 0.84 if the [ is let to vary during the SFH-recovery.
We have translated this result into quantitative estim@iethe random and
systematic errors of the derived SER(It is obvious that many combina-
tions of cluster parameters produce acceptable solutwitis significance
levels smaller than 95 %. However, the really good solutieng. those
with significance levels better then 68 % — cover a narroworegf the pa-
rameter space, comprising less than 0.1 mag in bothM), and A, and
about 0.1 dex in [F#].

In chapter 5, we perform SFH-recovery for NGC1751 via thessilzal
method of CMD reconstruction with the sum of single-burstlat popula-
tions. The basic result is that in the cluster Centre stanédion is found
to last for a timespan of 460 Myr. The same result is condistéound
irrespective of the method used to take field contaminatmo account,
of the age resolution adopted, and for a significant regicth@f,, versus
(m—M), plane. The age resolution of the method is at least 3 timeeama
than this interval. In addition, the best-fitting model idé®d a quite good
representation of the observed data. On the other hand, N2 iGr the
cluster Centre is so obviously sharp and clean from the LM, ftbat it is
hard to imagine that some importafifet has not been properly considered
in our analysis.

For the cluster Ring, the results indicate a SFR timespanle&at 460 Myr,

with a significantly lower quality of the results, as indiedtby the larger
X2 and by the best fitting model being found for a distandgedgnt from

the cluster Centre. These failures probably depend on #sepce of sig-
nificant diferential reddening across the Ring. So, we prefer not to take
any conclusion from this region. Unfortunately, our mettiogshes in not
providing any indication about possible variations in that&l distribution

of the stars with dferent ages, which would be important for the goals of
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understanding the mechanism of extended star formatian Geeidfrooij
et al. 2009).

Together with our previous findings for the SMC cluster NG® {Rubele
et al. 2010), the results for the NGC 1751 Centre argue inuia@bmultiple

star formation episodes (or continued star formation) dpairnthe origin of
the MMSTOs in Magellanic Cloud clusters with ages around@ys The

hypothesis of a spread caused by the presence of fast wtatwng the
upper main sequence stars, as advanced by Bastian & de MioR).2has
be discussed by Girardi et al. (2011), who conclude thatésdwt dfer a

valid alternative to the presence of an age spread.

In chapter 6 we have recovered the SFH on three VMC LMC fieldsuev
ating simultaneously the best fitting SFR, AMR; and fn—M),, and the
stochastic and systematic errors inside the 68% confideme&ih each sub-
region for each field. The comparisonAj parameter derived in our work
with Zaritsky et al. (2004) shows a good agreement. Thel), values
are in agreement with Nikolaev et al. (2004), van der Mareli&1C(2001b)
and van der Marel et al. (2002) works.

Only the field 88 has a completion of 100%, so results of field3 &nd 43
will be improved in the future. In the case of field38we have recovered
the SFH on the most part of the field (10 subregion on a total2df an
which we conclude:

— As mentioned before in this field ths, and (n—M), values we find
are in agreement with literature works giving average \&ahfe).335
and 18.45 mag, respectively.

— The trend of the AMR in each subregion do not change inside the

evaluation region so we conclude that the AMR on this fieldds n
space dependent. In subregions poor of stars youngetdbéyyr) =

8 (null or low SFR), errors are large and it is not possibleved@atethe
metallicity with accuracy. Otherwise in subregions ricloéryoung
stars the trend of the AMR is well evaluated.

— The SFH on this field changes from subregion to subregionrball i
of them it is possible to evidence 3 main Star Formation (piaeles:

1. The first SF main episode is locateda(t/yr) = 9.7 and with a
[Fe/H] ~ -0.70 [dex].
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2. Fromlog(t/yr) = 9 to 9.4 and with an average [fF§ ~ -0.475
[dex], which corresponds in age and metallicity to valuasmfib
in LMC intermediate age clusters (Kerber et al. 2007; Olstew
etal. 1991; Mackey & Gilmore 2003; Grocholski et al. 200@&4s
as example figure 3.7).

3. Ayounger and in some cases prolonged SF episodel@gtiyr) =
8 10 8.6, 9 is present in all subregions on this field, the ayera
[Fe/H] of this population is~ -0.175.

SF for ages less thdag(t/yr) = 8 are present in few sub-regions and
present large errors.

Most of this work is already published, accepted or subhitte

— Recovery of the star formation history of the LMC from the VFS
survey of the Magellanic system (Kerber et al. 2009d)

— Discovery of two distinct red clumps in NGC 419: a rare snapsi
a cluster at the onset of degeneracy (Girardi et al. 2009)

— The star-formation history of the Small Magellanic Cloudrstluster
NGC 419 (Rubele et al. 2010)

— The VMC Survey - |. Strategy and First Data (Cioni et al. 2010)

— The star formation history of the Large Magellanic Cloud staster
NGC 1751 (Rubele et al. 2011)

— Star Formation History of Magellanic System | (Rubele etraprepa-
ration)

The last part on the SFH from VMC data is in preparation.
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Appendix A

VMC survey

A.1 VMC tile centres

Tables A.1 and A.2 show the centres of VMC tiles covering th&1, while
Table A.3 shows the centres of tiles covering the SMC andeTAbt shows
the centres of tiles covering the Bridge. The tile identtfmais formed of
two numbers. The first number indicates the row and the senantber
the column that correspond to the location of a given tile wRnimbers
increase from bottom to top while column numbers increase fright to
left. Refer to Figures A.1, A.2 and A.3 for the location okslacross the
LMC, SMC and Bridge components of the Magellanic systenpeetvely.
For the Stream the central coordinates of two distinct flesindicated in
Table A.5. Note that since tiles were generated from almediangular
grids, some outer tiles were removed leading to the tile remnishown
here.
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Table A.1: LMC tile centres

Tile 10 o) Comments

2.3 04:48:04752 -74:54:11880

24 05:04:42696 -75:04:45120

25 05:21:3864 -75:10:50160

26 05:38:43056 -75:12:21240

2.7 05:55:45720 -75:09:17280

3.2 04:37:05256 -73:14:30120

33 04:51:5%40 -73:28:09120

34 05:07:14472 -73:37:49800

35 05:22:43056 -73:43:25320 started
36 05:38:18096 -73:44:51000

3.7 05:53:51912 -73:42:05760

38 06:09:18020 -73:35:12120

42 04:41:30768 —-71:49:16320 started
4.3 04:55:19%612 -72:01:53400 started
4.4 05:09:24288 —-72:10:49800

45 05:23:38B16 -72:15:59760

46 05:38:00408 —72:17:20040 started
4.7 05:52:20064 -72:14:49920

48 06:06:32052 -72:08:31200

49 06:20:33408 -71:58:27120

51 04:32:43848 -70:08:40200

52 04:45:19440 -70:23:43800

53 04:58:11664 —-70:35:27960

54 05:11:16704 -70:43:46200

55 05:24:308336 —70:48:34200 started
56 05:37:47052 -70:49:49440

57 05:51:04872 -70:47:31200

58 06:04:16416 —70:41:40560

59 06:17:18096 -70:32:20760

6.1 04:36:49488 -68:43:50880

6.2 04:48:39072 -68:57:56520

6.3 05:00:42216 -69:08:54240

6.4 05:12:55800 -69:16:39360 started
6.5 05:25:16271 -69:21:08280

6.6 05:37:40008 -69:22:18120 30Dor- completed
6.7 05:50:03168 -69:20:09240

6.8 06:02:21984 -69:14:42360 inqueue
6.9 06:14:32832 -69:05:59640

6_.10 06:26:3280 -68:54:05760
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Table A.2: LMC tile centres (continue)

Tile

[0

0

Comments

72
73
74
75
76
77
78
729
710
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
9.3
94
95
9.6
9.7
9.8
9.9
104
105
106
107
116

04 :
05:
05:
05:
05:
05:
06 :
06 :
06 :
04 :
05:
05:
05:
05:
05:
05:
06 :
05:
05:
05:
05:
05:
05:
06 :
05:
05:
05:
05:
05:

51:
02:
: 23976
25:
37
49 .
00:
12:
23
54
04 :
15:
26 :
37
: 30120
: 23136
10:
06 :
16 :
27 :
37
47 .
58
08 :
18:
27 :
37:
47 .
37:

14

48
59

34992
55200

58440
35544
12192
45240
11736
28300
11568
53952
43464
37704
34104

10632
40632
55464
14256
34872
55128
12816
25848
01536
4812
37300
26352
42432

—67 :
—67 :
—67 :
-67 :
-67 :
—67 :
—67 :
—67 :
-67 :
—66 :
—66 :
—66 :
—66 :
—66 :
—66 :
—66 :
—66 :
—-64 :
-64 :
-64 :
-64 :
—-64 :
—-64 :
—-64 :
-63:
-63:
-63:
-63:
—-62:

31:
: 14760
49 .
53:
54
52 :
47 -
39:
28 :
05:
15:
22 .
26 :
27 :
25:
: 28680
: 43560
48 -
55:
58:
59:
57 :
53:
45 .
27 :
31:
32
30:
04 :

42

20
12

57000

30720
42000
47160
45480
38040
26640
14880
47760
29880
19920
15720
15840
19920

40320
07680
49440
44520
52920
15000
52560
54000
22800
13200
24840
41520

inqueue

in queue

started

Gaia— completed

started

inqueue
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Table A.3: SMC tile centres

Tile 10 o) Comments

22 00:21:43920 -75:12:04320

23 00:44:35904 -75:18:13320

24 01:07:33864 -75:15:59760

25 01:30:12624 -75:05:27600

31 00:02:3912 -73:53:31920

3.2 00:23:35%44 -74:06:57240

3.3 00:44:55896 -74:12:42120 started
34 01:06:21120 -74:10:38640

35 01:27:30816 -74:00:49320 started
36 01:48:06120 -73:43:28200

4.1 00:05:33864 -72:49:12000

42 00:25:14088 -73:01:47640

4.3 00:45:14688 -73:07:11280

44 01:05:19272 -73:05:15360 NGC419
45 01:25:11088 -72:56:02760

46 01:44:34512 -72:39:44640

52 00:26:41688 —-71:56:35880 started
53 00:45:3232 -72:01:40080

54 01:04:26112 -71:59:51000 NGC411- started
55 01:23:09836 -71:51:09720

56 01:41:28300 -71:35:47040 inqueue
6.2 00:28:00192 -70:51:21960

6.3 00:45:48792 -70:56:09240

6.4 01:03:40152 -70:54:25200

6.5 01:21:22560 -70:46:11640

7.3 00:46:04728 -69:50:38040

74 01:03:00480 -69:48:58320
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Table A.4:

Bridge tile centres

Tile

0

Comments

12
13
2.3
24
2.7
2.8
29
3.3
34
3.5
3.6
3.7
3.8

01:
02:
02:
02:
03:
04 :
04 :
02:
02:
02:
03:
03:
03:

49 :
11:
14 .
35
39
00:

20
17

37:
57:

17

37:
57:

51960
35232
46584
28440
43800
21072
: 05640
: 3496
24888
33288
. 43776
39240
03888

—74
—75:
—74
—74
—74
-73:
-73:
-72:
-73:
-73:
-73:
-72:
-72:

43 :
05:
00:
13:
04 :
46 -
21:
56 :
08 :
: 52200
10:
59:
42 :

12

31800
04560
47520
18840
51960
37560
14040
22200
16440

03720
54600
37800

started

started

started

in queue

Table A.5: Stream tile centres

Tile

@

0

Comments

11 03:30:0387 —-64:25:248 started
-64 :39:318 started

2.1 00:11:5930




176

APPENDIX A. VMC SURVEY

6.%h Bh 55k h ass
-80° oo
11_6
—gze 107 || 10sll 1o_s || 104 e
5ollba a7l os|l|s] se] 9z
e | I —§4e
1] | L
B3 7 2 B2
F P o3
By 7ol e |} 7le || LT o |9 3| &2 —aae
| -
g ‘I | _— |
o] L . A =
o) 6.10]| B8 || 68 || & 6 A 6_Duf| 52 61
e | | , g i
| | T, | |
2 i 56| 5.1
s a |l 57 |laes a5 || 54 - |
s || 2l 3
o ‘Er,_‘r |
EL aollaal a7 lacllan|aallfas]| sz -
el — = T __\_\_\_\_\_—_
=5 || 3.7 || a6 || 325 | 3.4l 3.5 32
— 7 HA/ ol —.—__J|_ e
\2_? 261025 2_4/ 23
_?4_0 _?4.0
T.5h 7h £.5h &h 5.5h Sh 4.5h 4h
o (LJQOOO)

Figure A.1: LMC area tiled for VMC observations. The undertyimage shows
the Hx distribution (Gaustad et al. Gaustad et al. (2001)). VISilgstare colour-
coded as in Fig. 2.4.
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Figure A.2: SMC area tiled for VMC observations. The undedyimage shows
the Hx distribution (Gaustad et al. Gaustad et al. (2001)). VISilgstare colour-
coded as in Fig. 2.4.
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Figure A.3: Bridge area tiled for VMC observations. The uygeg image shows
the Hx distribution (McClure-Gifiths et al. McClure-Gftiths et al. (2009)).
VISTA tiles are colour-coded as in Fig. 2.4.



