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Introduction

One of the most debated topic in modern astrophysics is the formation andi@vaii
galaxy bulges. According to some theoretical models, bulges may built optfre merger
of substructures formed from the instability and fragmentation of a gasgiekisn the
early phases of the evolution of a galaxy. Such a scenario has beehaedteonfirmed by
several numerical simulations (e.g. Noguchi 1999; Immeli et al. 2004yrding to which
the proto-disk of a galaxy would locally fragment into massive clumps offga®ing stars
at a very high star formation rate. Then, these clumps are forced to avdtds the center
of the galaxy because of dynamical friction and eventually end up in metggagther and
form a bulge. Such massive clumps may have been indeed observed attghift in
the chain and clumpy galaxies (see Elmegreen et al. 2008; Dekel et &l). 2d0wever,
no confirmation about this scenario has been found for the closesteshdtidied bulge,
the Galactic one. The only notable exception may be the recent suggestitimetistellar
system Terzan 5 could be the remnant of one of these bulge pristine figgy(Rerraro et
al. 2009).

Terzan 5 has been historically cataloged as a globular cluster. It is |doatesl bulge
of the Galaxy, in a region of the sky strongly extincted by dust. Its pecusiarra has re-
mained hidden behind this dusty curtain until adaptive-optics infraredadisens revealed
the presence of two well separated red clumps in its color-magnitude diggemaro et
al. 2009). A prompt spectroscopic follow-up demonstrated that suchlg@igns have very
different iron content, with a discrepancy as largeMBe/H]= 0.5 dex. A more detailed
study on a sample of 34 red giant branch stars further revealed that takpuer compo-
nent has a metallicity [Fe/H] —0.27 and isa-enhanced, while the metal-rich population
has an average [Fe/H] +0.25 and has solar-scalegrelement abundance (Origlia et al.
2011). Moreover, no anti-correlations among light elements similar to thasenocoly
observed in genuine Galactic globular clusters, have been foundrioais.

All these features demonstrate that Terzan 5 is not a genuine globuléerclost a
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Introduction

stellar system that experienced more complex star formation and chemicaineent his-
tories. In fact, the §/Fe] vs. [Fe/H] trend shown by Terzan 5 populations indicates that
while the metal-poor component formed from a gas mainly enriched by typgdraovae,

the metal-rich one has formed from a gas further polluted by type la soygegon a longer
timescale. This means that the initial mass of the system had to be large enoeigtinthe

gas ejected by these violent explosions. Moreover, the fact that-#lements abundance
starts to drop towards solar values at solar metallicity is very peculiar amggbstisga very
high star formation rate. All these chemical features are strikingly similar t@thloserved

in only one other stellar system in the Galaxy: the Galactic bulge. Thereferbelieve
that Terzan 5 could be the remnant of one of the massive clumps that ceéetritauform

the Galactic bulge itself

Within this exciting scenario, we are carrying on a project aimed at recmtistg the
origin and the evolutionary history of Terzan 5. To achieve this goal, a nalttifpproach
is needed. First of all, it is crucial to determine the star formation history afareb and
thus to estimate the absolute ages of its populations via the Main-Sequene®ff lumi-
nosity method. In fact, the color and magnitude separation of the two red clartipes IR
color-magnitude diagram may suggest a younger age for the metal-ricrooemip but as
argued in D’Antona et al. (2010) also a difference in the helium contetwden the two
populations can explain the observed magnitude split, thus mitigating any agelsfihe
direct measure of any split in the Main-Sequence Turn-Off would definitedgk such de-
generacy. However, severe limitations to the detailed analysis of the evealytisequences
in the optical CMDs are introduced by the strong contamination from the Iy bulge
field population and by the presence of large differential reddeningfad® these prob-
lems, we measured relative proper motions for Terzan 5 stars, rea@vieigsmagnitudes
below the Main-Sequence Turn-Off (see Chapter 2 of this Thesis) arliit the highest-

resolution extinction map ever constructed in the direction of Terzan 5 (sapt€ 3).

The other crucial step toward a proper understanding of the naturhemsolutionary
history of Terzan 5 is the detailed study of its kinematical properties. Weftrereollected
spectra for more than 1600 stars in the direction of the system. These dawmeubed
to determine the chemical and kinematical properties of the surrounding biaoe as
described in Chapter 4, and to build a bulge-decontaminated metallicity distrildotion
Terzan 5 based on a very large number of stars. This allowed us to eéesCtsmpter 5

and 6) whether the actual metallicity distribution of Terzan 5 is bi/multi-modal (like tha
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observed in massive systems such as dwarf galaxies and suggestistyastar formation)
or rather unimodally broad (thus mimicking a prolonged star formation).

The detailed photometric, spectroscopic and kinematical analysis of the ptablala-
tions of Terzan 5 is starting to shed new light on the true nature of this faisgjreystem
and will possibly allow us to test one of the most promising scenarios abotdriination

of the Galactic bulge.






Chapter 1

General context: the Galactic bulge

More than half the light in the local Universe is found in spheroids (e.dkufita et al.
1998). The Galactic bulge, that is the central structure of the Milky Wayeisitiy spheroid
where individual stars can be resolved and studied in detail. The impertdribis stellar
system is therefore huge, and the understanding of its formation andiemdkione of the
fundamental goals of the modern astrophysics.

Any precise definition of the Galactic bulge extent is somewhat arbitranyallysit is
defined as the region within the central 3 kpc of the Galaxy, whereas titraldepc is often

referred to as the inner bulge. It accounts for at28db of the total mass of the Milky Way

and25% of its bolometric luminosity. Because of the strong and spatially varying extinctio

obscuring this region (see the reddening map in Figure 1.1, taken froleggtht al. 1998),

the bulge has always been very difficult to investigate, especially at bpticalengths.

A few fields are characterized by low extinction: these are the Baade’'ddWwirfat
Galactocentric coordinates £00.9°,—3.9°), the Plaut’s Field (I,b- 0°,—8°) and the Sagit-

tarius | Field (I,b= 1.3 °,—2.65°). For this reason, they have historically been the subject of

the first photometric and spectroscopic studies on bulge stars (see,aade B951 for the
discovery of RR Lyrae stars and Nassau & Blanco 1958 for the fitsttden of M giants
in the direction of the Galactic center). More recently, the advent of idared (NIR)
facilities allowed to investigate the properties of the bulge also in the regionsaffiested
by reddening, and unveiled the complexity of its stellar populations. Cuamatfuture
large photometric and spectroscopic surveys in both optical and NIRshailidshed new

light on this stellar system.

In the following Sections, a summary of the currently known properties oGilactic

bulge will be provided, together with an overview of some of the models [seghto explain
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1.1. THE STRUCTURE OF THE GALACTIC BULGE

how it formed and evolved and the role of the stellar system Terzan 5 in thiexto

al € 4] ai o6 on ur L] 3

Figure 1.1Reddening map of the central region of the Galaxy. Dark sdludicate large extinction,
with color excess E(B-\y 1 dex and vice-versa. The location of Terzan 5 is marked inrgree
together with the extent of the outer bulge (blue ellipse) afthe inner bulge (red ellipse).

1.1 The structure of the Galactic bulge

The Galactic bulge is a triaxial, oblate system possibly composed of thre&betuges: a
central massive bar, a long thin bar, and a nuclear bar. While the peeséthe first main
component is well established, the existence of the other two, minor bars idettdted
(see e.g. Gerhard & Martinez-Valpuesta 2012).

The main component is a boxy bar, that accounts for most of the mass afltjesitself,
being as massive as abaut 10'° M. Its presence has been traced with different methods,
from the kinematics of gas (Liszt & Burton 1980) and planetary nebulaaBeu et al.
2000), to star counts (e.g. Gonzalez et al. 2012) and optical deptiegiath microlensing
events (Zhao & Mao 1996). The collected observables point towardréseipce of a bar
which is~ 2 — 3 kpc in radius, with a vertical scale height of 300 pc, an axis ratio of
aboutl : 0.3 : 0.3 and tilted by an angle of 20 — 30°with respect to the line of sight
(Babusiaux & Gilmore 2005; Cao et al. 2013). A sketch of the main bartsiieics plotted
in Figure 1.2.
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Figure 1.2Shape and orientation of the main bar as it appears if thex@#aseen face-on. The
near side of the bar is at positive Galactic longitude. Tbelalise rotation of the bar is also marked
(Figure taken from Rich 2013).

Recent IR observations demonstrated that the color-magnitude diaghdD) @ bulge
stars shows a double red clump (RC, see Figure 1.3), clearly separatadmitude (McWilliam
& Zoccali 2010; Nataf et al. 2010). This feature has been interpretesirims of a distance
effect, due to a X-shaped distribution of stars in the bar. According to ttagaretation, the
bar would show its X-shape when seen tangentially, while it appears leaywip-shaped

when viewed from the Sun.

The stronger evidence for the presence of a “long bar’comes froasyanmetry in the
disk star counts towards the Galactic center found by several authamnidrsley et al.
2001; Benjamin et al. 2005). According to these works, such a long daldvbe thin, with
a vertical scale height of abou0 pc, and seen with an inclination angle of 45°, thus almost
aligned with the main bar. However, such an asymmetry has been obsatyed the first
quadrant, and its detection may be strongly biased by the presencegrbiamd disk stars.
Therefore, accurate proper motion data are necessary to disentasglgltfstructure from

the main bar and to firmly asses its actual existence.

An inner, nuclear bar has been also claimed, but its precise definition is rhake c
lenging, given both the strong extinction in the direction of the Galactic cemigrttze
contamination by the other sub-structures. According to Alard (2001)b#rishould have

an inclination angle of- 70°and may be as massive as the long bar.

Finally the presence of any spheroidal component, and the amount of inalgg en-
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Figure 1.30ptical (upper panels) and IR (lower panels) CMD of the bualgalyzed in McWilliam
& Zoccali (2010). The luminosity functions for stars at Gale latitude b= —6° (black histograms)

clearly show two distinct peaks.

closed in it, is still debated. If we define the spheroidal component of tlgelas that
formed either via hierarchical merging of substructures (Toomre 197fpm the mono-
lithic collapse of primordial gas clouds (Eggen et al. 1962), then sucim@aoent should
be slowly rotating, mostly supported by random motions, and with surfackthags pro-
files following a Sersic law:(r) ~ '/?, with Sersic index: ~ 4. Recent kinematical
observations (see Section 1.2.3) ruled out any spheroidal compamdribating for more
than the8% of the bulge mass (Shen et al. 2010). Moreover, measured values $¢thie
index are typically smaller, around 2-2.5 (Rich 2013), closer to whatrebden the so-
called pseudo-bulges (see Kormendy & Kennicutt 2004). Howevenenigal simulations
by Saha et al. (2012) demonstrated that the buckling instability of the bar avayspun up
any possible spheroidal component, which would therefore be kinematiedigtinguish-

able from the bar at the present epoch.
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1.2 Bulge stellar populations

In order to constrain the possible scenarios for the formation and evohiftitve Galactic
bulge, it is crucial to characterize its stellar populations in terms of age, ctngraisd

kinematics.

1.2.1 Age

The best way to determine the absolute age of a stellar population is by meathain
luminosity of the Main-Sequence Turn-Off (MSTO) in the CMD. The CMD & (halactic
bulge is particularly difficult to measure because of the strong contaminatidisk field
stars. When properly decontaminated by means of statistical star coumsZ@scali et

al. 2003) or by proper motions analysis (Clarkson et al. 2008, seed-igd}, the CMDs
obtained in all the studies performed so far revealed that the bulge isrpirealatly old, at
least as old as its globular clustegs {0 Gyr). Moreover, by considering also the population
of Blue Straggler Stars (BSS) that in the CMD can mimic a younger componkmkstn

et al. (2011) concluded that onky 3.4% of the bulge population can be younger than 5
Gyr.

The old age of the bulge is also confirmed by the discovery of RR Lyras &ay.
Baade 1951; Alcock et al. 1998), which are good tracers of old stedjaulptions.

Although the bulk of the bulge is old, several pieces of evidence havefbead sup-
porting the presence of an intermediate-age population. This includes tleelig of long
periods (& 400 days) Mira variables, that are associated with younger ages (Fe&3tL 19
However, a recent work on Mira variables (Blommaert & Groenewed¥¥2compiled
from the Optical Gravitational Lensing Experiment Il survey (OGLBJdlalski et al. 2000)
concluded that the majority of these stars lie in the innermost 50 pc of the bulge.

Microlensing is a very powerful approach to study the faint populatidutge dwarfs.
In fact, the strong magnification due to microlensing events can boost thetodegof such
stars by up to 5 mag, thus making them very good targets for medium-hightiesapec-
troscopy. From this kind of analysis, Bensby et al. (2013) found ededor a quite large
(~ 25%) young and metal-rich stellar component (see Figure 1.5), numericallysistent
with the results drawn from the CMD analysis. However, such studiesos®lpy affected
by biases that favor the selection of metal-rich (and young) sourcdse(Cet al. 2010).

Also, the precise age of these stars depends on the adopted He-¢satertg. Nataf &

9
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Figure 1.4Proper-motion-selected optical CMD of the bulge stars & $agittarius | Field. The
luminosity of the MSTO indicates that most of the populai®old. The MS is in fact best-fitted by
an 11 Gyr old isochrone, with very small room for satisfagtiits by younger models.

Gould 2012).

Young and intermediate-age stellar populations are instead certainly piregeninner
100 pc of the bulge (Mezger et al. 1999; van Loon et al. 2003; Schetllalr 2006).

1.2.2 Chemistry

The chemical composition of the Galactic bulge is a crucial information to camistts
formation and evolutionary history, and to understand its connection withr @akactic
populations such as those in the disk and the halo.

The investigation of the bulge chemistry using medium and high-resolutiotrepeapy
started a few decades ago. McWilliam & Rich (1994) were the first to meadumdances
for a large sample of K giants in the Baade’s Window from high signal-toen@8IR), op-
tical spectra with resolution R 17000. These authors found the iron abundances of bulge
stars to span a wide range of values, from [Fe/H}1 dex to [Fe/H} +0.5 dex. More-
over, they found the:-elements to be enhanced relative to both the thick and the thin disk

populations.

These two main features have been confirmed by many subsequent indidat, both

10
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Figure 1.5Age vs. metallicity relation for the sample of microlensaddge dwarfs analyzed by
Bensby et al. (2013). An important fraction of these star2%%) appear to be younger than 6 Gyr.

optical (e.g. Fulbright et al. 2006; Zoccali et al. 2008; Johnson 204l1, 2012, 2013; Ness
et al. 2013a; Johnson et al. 2014) and infrared (e.g. Rich & Origli&2R{&h et al. 2007;
Rich, Origlia & Valenti 2012) studies, in different locations of the bulgendastrated that
the metallicity distribution of its stars peaks around solar [Fe/H] (with a vertiealignt of
about—0.6 dex kpc!, that likely flattens at latitudes| < 4°), and reaches iron abundances
as high as~ +0.5 dex with a long metal-poor tail down to [Fe/Hd] —1.5 dex (see for
example Figure 1.6 taken from Zoccali et al. 2008).

Some works found this metallicity distribution to be multi-modal (Hill et al. 2011; Ness
et al. 2013a), with two main components peaking at sub-solar ([re/H).3 dex) and
super-solar ([Fe/H} +0.3 dex) metallicity. Then-elements have generally been found to
be enhanced with respect to iron at least up to solar [Fe/H] and theregsdeely declining
towards solar values ofJFe] (see Figure 1.7), with the location of the knee in thé-E]vs
[Fe/H] trend possibly occuring at different metallicities depending on the &fra:-element
(Fulbright et al. 2007; Gonzalez et al. 2011). Such a behavior stgtjeat the stars with
[Fe/H]< 0 dex probably formed from a gas mainly enriched by core collapse soysn
(ccSN) on very short timescales and with a quite high star formation rate) (S8/Rkike stars

with super-solar metallicity probably formed from a gas further polluted byaShlso,
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Figure 1.8Metallicity distribution of the sample of bulge RC stars gmad by Zoccali et al. (2008).
The distribution peaks at solar values and displays a lortglmpeor tail down to [Fe/H} —1.5 dex,
while reaching metallicity as high as [Fe/HH-0.5 dex.

at odds with what is observed for iron abundances,aibg] abundance gradient has been

found in the bulge.
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Figure 1.7Examples ofa-enhancement for the sample of bulge stars (black dots)estun Ful-
bright et al. (2007). The left panel shows the behavior otiDiah, while Titanium is plotted in the
right panel. In both cases the differences among the bulgmlsawith respect to thin disk (blue
crosses) and thick disk (red triangles) stars are eviddtit,the bulge sample being more enhanced
and with the knee point being located at higher metallicity.

Given these abundance patterns, the bulge appears as a diffgratatjmm with respect
to the thin/thick disk and the halo in many respects. First of all, the metallicity regithe of
bulge is clearly much different with respect to that of the halo (see Fig8je Moreover,
the rare bulge stars at [Fe/Hd]—1.3 dex, which somewhat overlap the metal-intermediate

and poor halo populations, exhibit similar trends only in terms of “explosive&lements

12



CHAPTER 1. GENERAL CONTEXT: THE GALACTIC BULGE

(i.e. those produced during ccSN events, such as Ca, Si, Ti), but witlcla smaller scatter

than what is observed in halo stars (Fulbright et al. 2007, see Figure 1.8
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Figure 1.8Summed abundances of the explosivelements Si, Ca and Ti. The bulge stars (sample
taken from Fulbright et al. 2007 and plotted as black filleetles) clearly shows a smaller scatter
than halo stars (other symbols, from Fulbright 2000; Cagtell. 2004).

Secondly, thex-element abundance pattern observed in the bulge is clearly different
from that of the thin disk (which stays almost constant at solar valueskigeee 1.7),
resulting from a more recent and prolongated star formation. Also, theddghélement Al
is an efficient tool in separating these populations, as clearly demonsimafetbright et
al. (2007) where Al in bulge stars was found to be definitely enhancedresifect to both
thin disk and dwarf galaxies (see Figure 1.9).

Finally, the separation between bulge and thick disk stars in termsetédments is less
neat and still disputed. Several works found the bulge giants to be mioa@esd than thick
disk giants. This has also been confirmed for a sample of microlensedstenaby Bensby
et al. (2013). Only Meléndez et al. (2008); Ryde et al. (2009) an@#Brito et al. (2010)
claim no or small differences between these two populations, especially[iDfe] trend,
but their samples are smaller and less statistically significant. An importantetifferhas
been found when measuring heavy neutron-capture element abesdanch as La and
Eu. In fact, bulge stars have low [La/Eu] over almost the entire range tlioéies (pure
r-process regime, see Kappeler et al. 1989), this being consistent satlfaat enrichment

that AGB stars had not enough time to pollute the star-forming gas with sgx@see the
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Figure 1.9Comparison among [Al/Fe] vs [Fe/H] abundances for bulge,disk and dwarf galaxies
stars. Bulge stars (black filled circles) are clearly ovauradant in Al content with respect to the
other samples.

upper panel of Figure 1.10 from Johnson et al. 2012). Instead, itledisk has an higher

[La/Eu], more compatible with a gas s-process polluted on longer timescales.

1.2.3 Kinematics

The first studies of the bulge kinematics used neutral hydrogen (Hiagastracer (Liszt
& Burton 1980). From these works the first evidence of the preseiadar was obtained
(see Section 1.1), with structural parameters close to those favored ({Buhey et al.
1991). Stellar tracers have been systematically used only later on, wheroinjelti-spec-
trographs became available to the community, allowing the measure of radieitydty
large samples of bulge stars.

In the recent years, two major radial velocity surveys of the outer budge been
undertaken.

(1) The Bulge RAdial Velocity Assay (BRAVA, Rich et al. 2007) measurediahve-
locity for 4500 M giants located between10°<l< 10°and—8°<b< —4°, finding that the
bulge does not show a pure solid-body rotation but exhibits a cylindr¢ation (Howard
et al. 2008, 2009; Kunder et al. 2012, see Figure 1.11).

According to these results, Shen et al. (2010) demonstrated using YNsbodlations
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Figure 1.10Upper panel [La/Eu] vs. [Fe/H] for the bulge stars analyzed in Johnsoal.§2012).
Red giant branch (RGB) stars are plotted in red, while RGsteg shown as cyan circles. The level
of [La/Eu] is consistent with a pure r-process regime, iatlitg an extremely fast enrichment.

that the fraction of the bulge component in a non-barred configuratiouldtoe smaller
than the 8%.

(2) The Abundance and Radial velocity Galactic Origins Survey (ARGO&g1iRan et
al. 2013) targeted more th&3000 stars in the bulge and in the inner disk measuring both
radial velocity and chemical abundances and found a rotation curvethagreement with
the BRAVA results (see Figure 1.12).

Very recently the Giraffe Inner Bulge Survey (GIBS, Zoccali et all0has been car-
ried out with the aim of measuring radial velocities and chemical abundé&casoutc500
RC stars in the inner bulge. The first results of the survey confirm thedeided rotation of
the bulge also for a sample of K giants at Galactic latituge-£2°, in a region closer to the
Galactic plane than probed by the previous surveys, and found a vediigiigrsion peak in
the bulge central region, possibly indicating the presence of an owstgéanthe inner250
pc (see Figure 1.13).

Other powerful approaches to study the kinematics of the bulge are thrg-Patnt
imaging in the Ca Il 8542 absorption line (see Rangwala et al. 2009) apepnootions.
In fact, the typical peak velocity dispersion of the bulge (of the ordex of00 kms™)

correspond to 2-3nasyr—lin terms of proper motions. Such a value is measurable in
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Figure 1.12Same plots as in Figure 1.11 but for the bulge fields surveye®RGOS. The results
of this survey (shown with different colored symbols depegadn the latitude) agree well with the
BRAVA results (shown as grey symbols).

reasonable temporal baselines also with ground-based observatjonsing data from the

OGLE-II survey, Rattenbury et al. (2007) found that the proper-madispersion of bulge
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Figure 1.13Color-coded velocity dispersion map obtained by the GIB&eu A high velocity
dispersion peak is evident in the central region of the hydgssibly indicating the presence of an
over-density in the inner 250 pc of the Galaxy.

stars declines with increasing Galactic latitude and longitude.

Also, by combining radial velocity and proper motions it is possible to build the so
called velocity ellipsoid. Zhao et al. (1994) found that for bulge stargielaion between
transverse proper motion and radial velocity exists. This produces aityeddlipsoid with
a major axis which appears angled off of normal (see Figure 1.15). &tedture is called
vertex deviation and appears to be related to stars with bar-like orbits & heo 1996;
Soto et al. 2007).

The combination of chemical and kinematical information gives other importaes c
to understand the complexity of the bulge populations. Ness et al. (20&8bjghosed the
metallicity distribution of the bulge in several Gaussian components and distieguiao
main populations with a rotating bar kinematics, one peaking at [Ee/H].25 dex and
beinga-enhanced and the other peaking at [Fe/H}0.15 and kinematically colder. On
the other hand, they found only a small fraction (5%) of metal-poor staegHl< —1 dex)
showing a kinematics typical of a slowly rotating spheroidal, with a velocity dsspe not
changing with longitude. These kinematical features for the three comfsoaensumma-
rized in Figure 1.14, where both the rotation curve and the velocity dispetrsad with
respect to the Galactic longitude are shown (different colors repreaerples at different
Galactic latitude).

Finally, Zhao et al. (1994); Soto et al. (2007); Babusiaux et al. (p0th8erved a vertex
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Figure 1.14Same plots as in Figure 1.12 but for three different bins offaffieity. The sub and
super-solar components (left and middle panels) show time $esehavior, with the typical features
of cylindrical rotation. On the other end, the most metabypoomponent (right panel) shows a
kinematic more compatible with that of a slowly rotating eptidal.

deviation in the velocity ellipsoid only for stars with [FefH]—0.5 dex (see Figure 1.15),

thus indicating that most of the bar population should be more metal-rich tharathés v
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Figure 1.15Example of vertex deviation (from Soto et al. 2007). In thft fmnel, stars with
[Fe/H]< —0.5 dex do not show evidence of correlation among the velocltgsalid components.
In the right panel, stars with [Fe/l] —0.5 dex display a correlation between radial velocity and
the transverse component of proper motion. This causestbeity ellipsoid to have a preferential
orientation which is defined as vertex deviation.
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CHAPTER 1. GENERAL CONTEXT: THE GALACTIC BULGE

1.3 Bulge formation and evolution theories

The old age of the bulge stars and the observed chemical patterns indeiatieettoulge
formed early and rapidly, from a gas mainly enriched by ccSN (Matteud®idato 1990;
Matteucci & Romano 1999). Chemical evolutionary models have been abéptoduce
the observed chemistry by requiring a formation timescale smaller than 1 Gier(Bet al.
2007; Cescultti & Matteucci 2011). Such properties, together with treepoe of a vertical
abundance gradient, are naturally accounted for by a dissipative sslfapdel (Eggen et
al. 1962).

On the other hand the stellar kinematics of the bulge, which appears peataiéd
and which is cylindrically rotating, is consistent with a purely dynamical evahuica disk
buckling into a bar (Shen et al. 2010; Saha et al. 2012). However thehors argued
that the presence of a bar would have spun up to cylindrical rotation lasgical bulge
component, thus making it kinematically indistinguishable. Martinez-Valpuesta&zd
(2013) demonstrated that a bulge formed from the instability of the disk wdwdd &
vertical abundance gradient if the original disk were characterizea tadial abundance
gradient.

Another interesting hypothesis (see e.g. Immeli et al. 2004; Carollo et@; Bdmegreen
et al. 2008) is that bulges form at high redshift(2 — 3) via a combination of disk in-
stabilities and mergers of giant clumps (Elmegreen et al. 2008; Dekel €1G8) &n short
dynamical timescales. These giant clumps would form stars rapidly and wighhigh
SFR (thus producing stars that today would appear old and with the saméstiyeas that
observed in the bulge) and then would dynamically evolve towards the adriter galaxy.
There, they would merge together and their stars would develop the typieahétics of a
bar.

The only way to directly test this latter scenario is to find the relics of such weassi
clumps, which may still be orbiting in the bulge of the host galaxy. Ferrard. ¢2@09,
hereafter FO9) may have discovered the first remnant of one of thgsetoin our Galaxy:

the bulge stellar system Terzan 5.

1.4 Terzanb

Terzan 5 is a stellar system commonly catalogued as an old (Ortolani et &). gobular

cluster (GC), located in the bulge of our Galaxy (its Galactic coordinateks-arg.8395°,
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1.4. TERZAN 5

b = 1.6868°). The distance (5.9 kpc, see also Ortolani et al. 2007) and redd@a{Bg
V)= 2.38, see also Barbuy et al. 1998) we adopt in this Thesis are from Valeati et
(2007) FO9 discovered the presence of two distinct sub-populations, whichedefio
RCs clearly separated in luminosity and color in {#& J — K) CMD (Figure 1.16) ob-
tained through observations taken with the Multi-Conjugate Adaptive OptiosoDstrator
(MAD) mounted at the Very Large Telescope (VLT).

T T T T T T

2
= K) (mag)

Figure 1.16R CMD of Terzan 5. The inset highlights the presence of the RCs, well separated
in color and magnitude, in a direction perpendicular to tfahe reddening vector (shown as a black
arrow in the top-left corner of the Figure). Photometricesrare also marked on the right side of
the plot.

The analysis of high-resolution IR spectra obtained with NIRSPEC at tok Kéeele-
scope, demonstrated that the two populations have significantly diffecentantent (see
the left panel of Figure 1.17): the bright RC (&t = 12.85) is populated by a quite metal
rich component ([Fe/H} +0.3), while the faint clump (af = 13.15) corresponds to a
relatively metal poor population at [Fe/H]—0.2. Before this discovery, such a large dif-
ference in the iron contentY [Fe/H]> 0.5 dex) was found only iv Centauri, a GC-like
system in the Galactic halo, now believed to be the remnant of a dwarf gadarsted by
the Milky Way.

Origlia et al. (2011, hereafter O11) presented a detailed study of timelaboe patterns

These values have been obtained by using the method described iroR¢@ma (2006a) with the parame-
ters defined in Valenti et al. (2004).
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Figure 1.17 eft panel: Combined spectra measured for three faint RC (FHB) and timight RC
(BHB) stars in Terzan 5. Solid lines correspond to the béstyfithetic spectra computes at the
marked metallicities ([Fe/H} —0.2 dex and [Fe/H}: 0.3 dex). The dashed lines show the spectra
expected by assuming the reverse metallicities ([Fe/id]3 dex for the FHB and [Fe/H} —0.2
dex for the BHB).Right panel: isochrone fitting of the IR CMD of Terzan 5. The metal-poor
component is best fitted with an oldX Gyr) isochrone, while the metal-rich population is well
fitted by a younger isochron& Gyr old). All the theoretical models are taken from the BaSTI
database (Pietrinferni et al. 2004, 2006).

of Terzan 5, demonstrating that (1) the abundances of light elements (likkgCand Al)
measured in both the sub-populations do not follow the typical anti-corretatioserved in
genuine GCs (Carretta et al. 2009; Mucciarelli et al. 2009, see lefil phfrigure 1.18); (2)

the overall iron abundance and the-enhancement of the metal poor component demon-
strate that it formed from a gas mainly enriched by Type Il supernovidd)(8n a short
timescale, while the progenitor gas of the metal rich component was furtlatgobby
SNla on longer timescales; (3) these chemical patterns are strikingly similavge thea-
sured in the bulge field stars (see the right panel of Figure 1.18), with-tiements being
enhanced up to solar metallicity and then progressively decreasing ®saled values (see
Section 1.2.2).

There is also another interesting chemical similarity between Terzan 5 andiltes b
stellar population. In fact, as already described in Section 1.2.2, the lattes shmetal-
licity distribution with two major peaks at sub-Solar and super-Solar [Fe/étly gimilar
to the metallicities of the two populations discovered in Terzan 5. Chemical aboes
of bulge dwarf stars from microlensing experiments (see e.g. Cohen 2040Q; Bensby et

al., 2013, and references therein) also suggest the presence dipwiations, a sub-Solar
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Figure 1.18Spectroscopic screening of Terzan 5 giants from Origlid.€2811). Left panel:the
light elements measured in Terzan 5 stars (solid circlegréaamyles) clearly do not show the typical
anti-correlation commonly observed in genuine GCs (thg ghleaded area)Right panel: all the
measuredv-elements for Terzan 5 targets (black filled symbols) foltbe' same trend observed for
bulge stars (grey symbols) in the/Fe] vs [Fe/H] plot.

and old one with ¢/Fe] enhancement, and a possibly younger, more metal-rich one with

decreasingd/Fe] enhancement for increasing [Fe/H].

Each Terzan 5 component shows a small internal metallicity spread and theetas
rich population is also more centrally concentrated (F09, Lanzoni et &D,20ereafter
L10).

All these observational results demonstrate that Terzan 5 is not a g€p@irmit a stel-
lar system with a more complex star formation and chemical enrichment histdlsed it is
likely to have been much more massive in the past than today (with a mass doftat fea
107 — 108 My, while its current value is- 1050 /; L10), thus to retain the high-velocity
gas ejected by violent SN explosions. Moreover, it likely formed and edbilr strict con-
nection with its present-day environment (the bulge), thus suggestngossibility that it
is the relic of one of the pristine fragments that contributed to form the Galaclielitself
In this context, also the extraordinary population of millisecond pulsars @yI8Bserved
in Terzan 5 can find a natural explanation. In fact, the system hosts B&M%3iis amounts
to ~ 25% of the entire sample of MSPs known to date in Galactic GCs (Ransom et al.,
2005, ; see the updated listwatw. nai c. edu/ ~pfreire/ GCpsr. ht m ). In order to
account for the observed chemical abundance patterns, a large moih@l! is required.
These SNII are expected to have produced a large population of nestgns, mostly re-

tained by the deep potential well of the masgweto-Terzan 5. The large collisional rate
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CHAPTER 1. GENERAL CONTEXT: THE GALACTIC BULGE

of this system (Verbunt & Hut, L10) may also have favored the formatidsiradry systems
containing neutron stars and promoted the re-cycling process resigdiosithe production

of the large MSP population now observed in Terzan 5.
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Chapter 2

HST Relative Proper Motions of
Terzan 5

As already discussed in Chapter 1, the analysis of the evolutionaryrssspiie the optical
CMD of Terzan 5 is extremely difficult because of the large differentiihelion and the
strong contamination of the underlying bulge population and foregroundess.

In this Chapter the issue of field contamination is addressed. In generahosteeffi-
cient way to decontaminate CMDs from non-member stars is the determinatioourfge
stellar proper motions (PMs). To this aim, we analyzed two epochs of hggituteonHub-
ble Space Telescope (HSmages obtaining relative PMs (i.e. PMs of stars int&Tfield
of view with respect to the average motion of Terzan 5) for more 18n000 stars reach-
ing Megogw =~ 28, i.e. about 3 magnitudes below the MSTO. This allowed us to define
a method to reliably select cluster member stars and discard foregrourishekground
sources.

Two additional applications of the technique used in this Thesis are alsenpeesin

the Appendix.

2.1 Observations

In order to measure the PMs in the direction of Terzan 5 we usedHS®high-resolution
data sets acquired with the Wide Field Channel (WFC) of the Advanced @dore8urvey
(ACS). The WFC/ACS is made up of tva948 x 4096 pixel detectors with a pixel scale of
~ 0.05” pixel~! and separated by a gap of about 50 pixels, for a total field of view (B6V)
~ 200" x 200”. The data set used as first epoch was obtained under GO-9799dP)I: R
consists of two deep exposure images, one in the F606W filter and the otherk814W

filter (with exposure times 0340 s), and one short exposurgd(s) image in the F814W
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2.2. RELATIVE PROPER MOTIONS

filter, taken on September 9, 2003.

The second-epoch data set is composed of data obtained through933-(2: Fer-
raro). This program consists of several deep images taken both with H&GAES in the
F606W and F814W filters, and with the IR channel of the Wide Field Camena=Q@) in
the F110W and F160W filters. The WFC3 IR camera is made of a slioglex 1024 pixel
detector. Its pixel scale is 0.13” pixel~! and the total FoV i423” x 136”. Because of the
larger pixel size of the WFC3 IR detector (it is almost three time the size of theAES
pixel) and given that the Full Width Half Maximum (FWHM) of the Point Spreaaétion
(PSF) in the IR is larger than in the optical bands, we used only the WFC/AC§eBna
for the PM determination. The sample used consists gf365 s images in F606W and
5 x 365 s images in F814W, with one short exposure image per filtes @nd10 s, respec-
tively). These observations were taken on August 18, 2013, thrertife two available data

sets provide a temporal baseline~0©.927 yrs.

2.2 Relative Proper Motions

The techniques applied in the present work have been developed inmtiextoof the HST-
PROMO collaboration (van der Marel et al. 2014; Bellini et al. 2§14f which | am
currently member. HSTPROMO aims at improving our understanding of thandigal
evolution of stars, stellar clusters and galaxies in the nearby Univermggihmeasurement
and interpretation of proper motions.

The analysis has been performed on _FLC images, which have beeeltatfibias-
subtracted and corrected for Charge Transfer Efficiency (CTEgkby the pre-reduction
pipeline with the pixel-based correction described in Anderson & Bedih@pand Ubeda
& Anderson (2012). The main data-reduction procedures we usetbaceibed in detail in
Anderson & King (2006). Here we provide only a brief description ofttfaén steps of the
analysis. The first step consists in the photometric reduction of each indivéposure
of the two epochs with the publicly available programg2xym WFC. 09 x10. This pro-
gram uses a pre-determined model of spatially varying PSFs plus a singlddimeadent
perturbation PSF (to account for focus changes or spacecratfthiorg). The final output
is a catalog with instrumental positions and magnitudes for a sample of solwes a

given flux threshold in each exposure. Star positions were then tedrieceach catalog for

For details see HSTPROMO home page at http://www.stsci.edu/ marelmstyvion|
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CHAPTER 2. HST RELATIVE PROPER MOTIONS OF TERZAN 5

geometric distortion, by means of the solution provided by Anderson (2007)

To check the quality of our photometry, we built the WFC/AQ% {osw , Mrgosw —MEg14W)
CMD of Terzan 5. The F606W and the F814W samples were constructegldxting stars
in common among at least 3 out of 5 deep-single-exposure catalogs. Mber€sulting
from these two samples is shown in Figure 2.1. The instrumental magnitudeaex
calibrated onto the VEGAMAG system using aperture corrections angaierts reported
in the WFC3 web pade As it is evident from Figure 2.1, the evolutionary sequences of
Terzan 5 are strongly affected by differential reddening, howewsr¢han be identified well
in the CMD obtained. The MS extends for almdshagnitudes below the TO. A blue se-
quence is visible atnpgosw < 23 mag and fpgosw —Mrs14w) < 2.6 mag and it remains

well separated from the cluster RGB. This sequence is likely populatedungyfield stars.

Mepgoew

Mpgogw — Mpgy4w

Figure 2.1(mpgosw, Mreosw —Mrs1aw) CMD of Terzan 5. All the cluster evolutionary sequences
are distorted because of differential reddening effect.right, blue sequence is clearly separated
from the cluster sequences and it is likely traced by yourld §&rs.

2http://www.stsci.edu/hst/wfc3/phot_zp_lbn.
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The second step in measuring relative PMs is to astrometrically relate eacbuesp
to a distortion-free reference frame, which from now on we will refer 4atee master
frame Since no high-resolution photometry other than that coming from these etatas s
available, we defined as master frame the catalog obtained from the combifatibthe
second-epoch single-exposure catalogs corrected for geometrididistoIn this way, the
master frame is composed only of stars with at Ié@gbosition measurements (5 for each
filter). We then applied a counter-clockwise rotatior3®®84° in order to give to the master
frame the same orientation as the absolute reference frame, here dgfthediwvo Micron
All Sky Survey (2MASS) catalog (see L10).

We then transformed the measured position of each star in each expdeuheimaster
frame by means of a six-parameter linear transformation based on the positiseveral
hundreds reference stars. Such reference stars are the starespitietrto which our PMs
would be computed. For convenience, we chose to compute all PMs refatiie mean
motion of the cluster. Therefore our reference list is composed of staichvare likely
cluster members. These are initially selected on the basis of their location orivibe C
including in the list only well-measured and unsaturated stars. Then, ¢arsar in each
catalog, we computed the position on the master frame using a transformatexh doas
only the closest 50 reference stars. To maximize the accuracy of thasetraations we
treated each chip of our exposures separately, in order to avoid gspuwfiects related to
the presence of the gap.

At the end of the procedure, for each star we have wpfist-epoch position measure-
ments and up td2 second-epoch positions on the master frame. However, stars brighter
thanmegogw ~ 17.9 saturate in the long exposures. Therefore, for the brightest stars we
have only1 first-epoch an® second epoch positions. To estimate the relative motion of
each star we adopted a-®lipping algorithm and computed the median X and Y positions
of each star in the first and in the second epoch. The difference hetivedwo median
positions gives the star's X and Y displacementg&\ii = 9.927 years. To determine the
displacements of bright stars with only one or two positional measurementsdoped
either the single or the mean X and Y position values, respectively. Thesemr@ach

direction and within each epocbi@y) were computed as:

rmSiéY/\/N172 (2.1)

where rms is the rms of the positional residuals about the median value, andisN
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Figure 2.2Uncertainties in the X and Y displacements in units of pixel'y Bright, well measured
stars have displacement errors typically smaller thanDpdel yr—! in each coordinate, i.e. smaller
than 0.1masyr—".

the number of measurements. Therefore, the error in each PM-compssatiated to
each star is simply the sum in quadrature between first- and secondepomafD(M =

v/ (032 + (6X)2/AT andoy; = +/(0))% + (0 )2/AT. The error associated to the PM
of the brightest stars measured only in the short exposures were confyyuaeidpting as
positional uncertainties the typical errors determined in the long expostaogs at the

sameinstrumentalmagnitude.

By selecting stars on the basis of this first PM determination, we repeatedtine e
procedure the number of times needed to make the number of stars in thenceféist
stable, i.e. with variations smaller than 2-3%. To be conservative, for alirikaturated
stars in the deep exposures we decided to build the final PM catalog takingceont
only the 123 172 stars having at least 2 position measurements in each @pectypical
error as a function of magnitude is shown in Figure 2.2. For well-expdseslisis smaller
than 0.002 pixel yr! in each coordinate, i.e. smaller than @dsyr—!. Faint stars or stars
with only few epochs measurements show larger errors, but always sihalte0.01 pixel
yr.

We converted the PMs into absolute uniisag yr—!) by multiplying the measured dis-
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Figure 2.3Vector Point Diagram (VPD) of the PMs measured for t2&, 172 stars (black dots)
in the direction of Terzan 5. Their distributions in the Rigtscension and Declination axis are
shown in the histograms in the bottom and right panel, rdsmde PMs measured for stars with
Megoew < 24 mag are shown as red dots. At least two components are visitgdirst showing

a symmetric distribution centered around the origin (cspomding to the bulk of Terzan 5 member
stars) and an asymmetric structure roughly centered at-&).mas yr—!.

placements by the pixel scale of the master fradn@(’ /pixel) and dividing by the temporal
baseline §.927 yr). Since the master frame is already oriented according to the equatorial
coordinate system, the X PM-component corresponds to that projected @legative)
Right Ascension -+, cos d), while the Y PM-component corresponds to that along Dec-
lination (1z5). The output of this analysis is summarized in Figure 2.3, where we show the
Vector Point Diagram (VPD) for all the stars with a measured PM.

By selecting stars witmpgosw < 24 (red points in Figure 2.3), which typically have
the most accurate PMs (red points in Figure 2.2), the VPD clearly showasatieo compo-
nents. One is a symmetric distribution centered around the origin, cordiggdo Terzan
5 member stars. The bulk of this population is confined within a circle of radius 2r—!.

The other is an asymmetric structure approximately centered around titenaden2.5, -5)
mas yr—'in the VPD. The location of these two components in the CMD clearly reveal their

nature éeeFgure 2.4). In fact, while the stars of the first component (shown asdaltsein
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Figure 2.4Upper panel VPD of the stars brighter than /sy = 24 mag. Stars belonging
to the symmetric component of likely members are plottedlire bwhile those belonging to the
asymmetric component centered at (2.5, »B)s yr—'are plotted in red.Left-lower panel CMD
described by VPD-selected likely member stars. with theepion of few contaminating stars,
only the cluster evolutionary sequences are visiliRght-lower panel CMD described by stars
belonging to the VPD asymmetric feature. This populatiotiasinated by young foreground disk
stars along the blue plum.

the VPD) describe in the CMD the evolutionary sequences of the clustefdiegr panel),
the stars belonging to the asymmetric component (red dots) corresponddiibeo the
blue plum (right-lower panel) essentially populated by young disk stars ifotleground
of Terzan 5.

Such a conclusion is confirmed by the comparison with the prediction of thenBes
model (Robin et al. 2003) for a field centered at the coordinates oamé&sand having the
same size as that of the WFC/ACS and with only youpg. (& 7 Gyr) Galactic disk stars
(see Figure 2.5).

2.3 Analysis of the PM-selected CMD

In this Section we analyze the CMDs obtained with different data sets and &fter an ap-

propriate decontamination from non-member stars performed on the basesroeasured
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Mpgogw

2 3 4
Mipgogw ~ Mgy 4w V-1 (Besancon model)

Figure 2.5Comparison between the ACS optical CMD and that predicted bynulation of the
Besancon model including only Galactic disk stars youngant7 Gyr. Such a comparison clearly
demonstrates that the bluer sequence in the CMD of Terzale€gdy identified as composed of
field stars by the PMs, correspond to the MS of foreground Bliaks.

PMs.

2.3.1 Optical CMD

The first analysis is performed on the optigak§osw, Mrsosw —Mes14w) CMD of Terzan

5 obtained with the WFC/ACS dataset described in Section 2.1. Since, as gh&igure
2.3, the bulk of the PMs in the VPD is concentrated within a circle of ra2liuss yr—'and
we expect it to be dominated by likely member stars, we adopted this as memlotiosele
criterium. We therefore considered all the sources lying outside sucti@as non-member
stars. The CMD obtained from such a selection is shown in Figure 2.6.

In the Figure, member stars are plotted as black dots, while nhon membersrstars a
shown in grey. The selection applied leaves in the CMD only stars clearlydpelp to
the cluster evolutionary sequences while excluding most of the outliers. A detgee
of contamination is still present, probably because the distribution of field &teainly
bulge stars) in the VPD overlaps that of Terzan 5 members. Howevergnveonclude that
the PMs analysis performed in this Thesis is efficient in decontaminating the 2oAD

foreground and background sources in Terzan 5.
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Figure 2.6Left panel: optical CMD of Terzan 5. Stars selected as likely membersshosvn
as black dots, while sources excluded by the selection atéegdlin grey. The measured relative
PMs are efficient in decontaminating the CMD and only clusterutionary sequences survive the
selection criteriumRight panels:magnitude-binned VPDs for all the stars in the optical cajaé.
Each bin has a size of 2 mag. Sources are color coded as irftipaiel, and the red circles mark
the selection of asymmetric feature.

Since the method described to identify and reject foreground and lmaockdjistellar
sources in the direction of Terzan 5 is reliable and works well, in the followiagwill
analyze the IR CMD obtained in FO9 by means of observations taken with tHe ddfnera
in order to check whether all the properties discovered in that CMD haédt #fe PM

decontamination.

2.3.2 MAD Infrared CMD

With the aim of studying the large population of MSPs hosted by Terzan 5ek@l8ited
the great capability of the multi-conjugate adaptive optics system MAD mountdtea
VLT. The obtained (K, J-K) IR CMD revealed the presence of two welbsated RCs (see
Chapter 1). Since their separation in both color and magnitude is perpkmdicin respect
to the direction of the reddening vector, it has been interpreted as a gdeainre due to

the presence of two sub-populations with different properties in termgegfraetallicity or
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2.3. ANALYSIS OF THE PM-SELECTED CMD

helium content. A prompt spectroscopic follow-up demonstrated that the aypolations
have at least different metallicities, with stars belonging to the faint RC hgted]~
—0.3 dex and those belonging to the bright RC with [FefH}-0.3.

This spectroscopic follow-up also revealed that the samples of starsgb@joio the
two RCs have the same radial velocity, corresponding to the systemic velédigraan
5. Moreover, the photometric study performed in L10 showed that the twdR® share
the same center of gravity. Finally, the bright RC was also found to be maoiteaty
concentrated than the faint RC. All these findings clearly suggest thawthpopulations
are members of Terzan 5 and exclude that they are the result of a esgierpin the sky
(in this case the bright RC should be the closer and thus less concentogeldtipn, at

odds with what is observed).

Despite this evidence, the membership of the two populations has been geéstion
some works (see for example Willman & Strader 2012). To solve this issuBManalysis

is applied to the IR CMD. The result is summarized in Figure 2.7.
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Figure 2.7Left panel:IR CMD of Terzan 5 obtained from MAD observations. The PMesétd
member stars are shown as black dots, while the sourcesdexths grey dots. Despite the stringent
selection, the presence of the two RC is evideRight panels: magnitude-binned VPDs (each
magnitude bin has a size of 3 mag). Stars are color-codedths Iaft panel.
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CHAPTER 2. HST RELATIVE PROPER MOTIONS OF TERZAN 5

The left panel shows the IR CMD of Terzan 5 after the decontaminatiool(lulats),
with the sources excluded by the PM selection shown as grey dots. Swatbcia is
even more stringent in this case than that adopted in Section 2.3.1. In fabpwas in the

magnitude-binned VPDs in the right panels, we excluded all the stars with &Mteaector

1= /(ta cos6)2 + (1s)2 > 1.3 masyr—!. The overall smaller dispersion should not be
interpreted as an intrinsic feature but rather as due to the fact that thBlIRi€less deep
than the optical one and faint stars with more uncertain PM are not pré&sesyite such a

tighter selection, the decontaminated CMD clearly exhibits the two well sepdR&isd

Figure 2.8 shows the VPDs of stars properly selected in the two RCs. Ascaen, the
two distributions appear quite symmetric, both showing a smalh{as3r—') dispersion
around the origin. However we underline that the accuracy of thesa$s sufficient to
reveal possible intrinsic differences in the kinematics of the two populatfinthis stage,
we can only conclude that they are not distinguishable in terms of cluster m&mhe

being both well within the adopted VPD-members selection criterium.
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Figure 2.8Left panel: IR-MAD CMD of Terzan 5 zoomed in the RC region. Faint-RC stars
plotted in blue, while bright-RC stars are plotted in r&ight panels:\VPDs of b-RC (upper panel)
and f-RC (lower panel) stars: in both cases stars lie witien2nas yr~!circle adopted as member-
ship selection criterium. No clearcut differences betwiberntwo distributions are visible.
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2.4. CONCLUSIONS

Overall the number of contaminants in the IR CMD is much smaller than whatwezser
in the optical case. However this is somehow expected, given that thisrpétryocomes
from a smaller FoV in the very central region of the system, where the clospedation is
supposed to dominate.

Therefore, the relative PMs measured in this Chapter and applied to the ®AD
definitely demonstrate thabth the populations discovered in Terzan 5 are clearly member

of the system

2.4 Conclusions

In this Chapter we addressed the issue of field contamination in the photonmetiyisia of
Terzan 5. We performed a relative PM analysis to separate fore- @kgroand stars from
those belonging to the system. In particular, we used the approach dedétojhe context
of the HSTPROMO collaboration to measure relative PMs for 123 172 ogticaites found
in the direction of Terzan 5.

The resulting VPD shows a dominant component distributed symmetrically gtban
origin of the diagram and extending out to ab@uiasyr—!, and two minor and sparser
components, one of them being clearly asymmetric and preferentially locatieel fourth
quadrant.

From the analysis of the optical CMD, we demonstrated that the measuredre -
cient in decontaminating the photometry from non-member populations, arahigyacing
our photometry with that predicted by the Besancon model at the Terzaor8icates we
showed that the asymmetric feature observed in the VPD is likely to be popblatenling
Galactic disk stars.

Finally, the analysis of the PM-selected IR CMD showed that the two poputatitsa
covered in Terzan 5 are present in the CMD even after a stringenh@eomation. Such
an evidence, coupled with the features already discovered in previois vdemonstrates

that both the populations in Terzan 5 are genuine members of the system.
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Chapter 3

High resolution reddening map in the
direction of the stellar system Terzan
5

Severe limitations to a detailed analysis of the evolutionary sequences in thes ©MD
Terzan 5 are introduced by the presence of large differential réuglemo face this prob-
lem we build the highest-resolution extinction map ever constructed in the divexftihis
system. This is the subject of the present Chapter.

In particular, we used optical images acquired with l#&Tto construct an extinction
map in the direction of Terzan 5 which has a spatial resolutiaf of 8", over a total FoV
of 200” x 200”. The absorption clouds show a patchy structure on a typical scal® aind
extinction variations as large a&'(B — V') ~ 0.67 mag. These correspond to an absolute
color excess ranging frold(B — V') = 2.15 mag, up to 2.82 mag. After the correction for
differential reddening, two distinct red giant branches become clegsilyle in the optical
color magnitude diagram of Terzan 5 and we verified that they well quorekto the two
sub-populations with different iron abundances recently discovergusisystem.

All the details of this study are described in Massari et al. (2012).

3.1 Differential reddening correction

3.1.1 The data-set

The photometric data used in this work consist of a set of high-resolutioreisnatotained
with the WFC of the ACS on board theST(G0O-9799, see F09 and L10). The WFC/ACS
camera has a FoV ef 200” x 200" with a plate-scale of 0.0%pixel. Both F606W (here-
after V) and F814W [) magnitudes are available for a sample of about 127,000 stars.
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3.1. DIFFERENTIAL REDDENING CORRECTION

The magnitudes were calibrated on the VEGAMAG photometric system by usngr¢h
scriptions and zero points by Sirianni et al. (2005). The final catalagpleced onto the
2MASS absolute astrometric system by following the standard procedwusded in pre-
vious works (e.g., L10). Thel, V — I') CMD shown in Figure 3.1 clearly demonstrates the
difficulty of studying the evolutionary sequences in the optical plane Usecaf the broad-
ening and distortion induced by differential reddening. In particular RG4S is anoma-
lously wide A(V — I) ~ 0.8 mag) and the two RCs appear highly stretched along the

reddening vector.

=T

18

22

24 —

Figure 3.1(1,V — I') CMD of the~ 127,000 stars measured in the ACS FoV. The photometric er-
rors at different magnitude levels are shown. Note how te®dions of the evolutionary sequences
(in particular the RCs) follow the reddening vector, showitie upper left corner.

3.1.2 The method

The method here adopted to compute the differential reddening within the AZ&%Bim-
ilar to those already used in the literature (see e.g., McWilliam & Zoccali, 20atafiét al.,
2010). Briefly, the amount of reddening is evaluated from the shift alomgeddening vec-
tor needed to match a given (reddened) evolutionary sequence to e¢hened one, which

is selected as the least affected by the extinction. Thus, the first step pfdlisdure is to
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CHAPTER 3. HIGH RESOLUTION REDDENING MAP IN THE DIRECTION OF
THE STELLAR SYSTEM TERZAN 5

define the reddening vector in the considered CMD. It is well known tleagxtinctionA
varies as a function of the wavelengthand the shape of the extinction curve is commonly
described by the paramet&s = A,/E(B — V). In order to determine the value &%, at

the reference wavelengths of the F606W and F814W filteys-€ 595.8 andA\; = 808.7

nm, respectively; sebttp://etc. stsci.edu/ etcstatic/users_guide), we
adopted the equations 1, 3a and 3b of Cardelli et al. (1989), obtaijng= 2.83 and

R; = 1.82. With these values we then computed the reddening vector shown in Figure 3.1
A close inspection of the CMD shows that the direction of the distortions alanB@s and

the RGB is well aligned with the reddening vector.

As second step, the ACS FoV has been divided into a regular grickof cells. The cell
size has been chosen small enough to provide the highest possible igsatiation, while
guaranteeing the sampling of a sufficient number of stars to properledagrevolutionary
sequences in the CMD. In order to maximize the number of stars sampled icelbaehe
used the Main Sequence. After several experiments varying the celivgzgefined a grid
of 25x25 cells, corresponding to a resolutior8df”’ x 8.0”. In order to minimize spurious
effects due to photometric errors and to avoid non-member stars, we emtsiohly stars
brighter thanl” = 26.6 and with2.7 < (V' —I) < 3.7 colors. We also set the upper edge of
the CMD selection box as the line running parallel to the reddening veceF{gere 3.2).
With these prescriptions the number of stars typically sampled in each cellés taem 60,
even at large distance from the cluster center.

The accurate inspection of the MS population in each cell allowed us to idémtifyne
with the lowest extinction (i.e. where the MS population shows the bluestgeerdor): it
is located in the South-East region of the cluster at a distane&0” from its center. The
stars in this cell are shown in the left panel of Figure 3.2 and those eddlofee selection
box have been used as reference sequence for evaluating therditiereddening in each
cell. As a "guide line" of this sequence we used an isochrone of 12 Glneatallicity
Z = 0.01 (from Marigo et al., 2008; Girardi et al., 2010) suitably shifted to besh&MS
star distribution (see the heavy white line in Figure 3.2).

For each cell of the grid we determined the mgbin— I) color and(1") magnitude. A
sigma-clipping rejection at 2-has been adopted to minimize the contribution of Galactic
disc stars (typically much bluer than those of Terzan 5) and any other ijp¢erlgach cell
is then described by thé( — I), (V')) color-magnitude pair, which defines tequivalent

cell-pointin the CMD (as an example, see the cross marked in the right panel of Figure
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3.1. DIFFERENTIAL REDDENING CORRECTION
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Figure 3.2(V,V — I) CMD of Terzan 5 zoomed in the MS region (grey crosses). The
white dashed lines (same in both panels) delimit the selection box for the starfoushe
computation of the differential reddening correction in each cell. Theemidd vector is
shown in the upper left corners of the diagrainstt panel-The stars in the least extincted
(bluest) cell are marked as black dots and their best-fit is shown as a whitdirse. Right
panel-The mean color and magnitude of the stars selected iittineell (black dots) define
the equivalent cell-poin{(V — I), (V)), marked as a white cross. The color excess of the
cell is obtained by quantifying the shift needed to project this point ontodfezence line
along the reddening vector.
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CHAPTER 3. HIGH RESOLUTION REDDENING MAP IN THE DIRECTION OF
THE STELLAR SYSTEM TERZAN 5

3.2). The relative color excess of eagth cell, 5s[E(V — I)];, is estimated by quantifying
the shift needed to move theguivalent cell-poinbnto the reference sequence along the
reddening vector (see the right panel of Figure 3.2). From the valdgfg/ — I)];, the
corresponding[E (B — V)], is easily computed using the relation

SEWV —=1));

BB V) =" =

(3.1)

wherei = 1,m x n andm x n = 625 is the total number of cells in our grid. The

V' and I magnitudes of all stars in theth cell are then corrected by using the derived
d[E(B —V)]; and a new CMD is built. The whole procedure is iteratively repeated and
a residualo[E(B — V))]; is calculated after each iteration. The process stops when the
difference in the color excess between two subsequent steps becegligibte (< 0.02

mag). The final value of the relative color excess in each&él(B — V)]; is thus given

by the sum over all the iterative steps. For robustness, we applied tiesdune in both the
(I,V —1I)and(V,V —I) planes. The difference between the two estimates turned out to
be always smaller thar 0.01 mag and the average of the two measures was then adopted

as the final estimate of the differential reddening in each cell.

3.1.3 Error estimate and caveats

Our estimate of the error associated to the color-excess in each cell tsdratiee method
described by von Braun & Mateo, 2001 (see also Alonso-Garcia eball) 2We considered
the uncertainty on the mean color of thh cell as the main source of error on the value
of §[E(B — V)];. This latter was then computed as the ratio between thedispersion
of the mean color and the parameter= cos(180 — #), where# is the angle between
the reddening vector and the color-axis. Geometrically, this is equivalenetsure the
difference between the values &ffE (B — V)]; of the first and last contact-points of the
color error-bar when moved along the reddening vector to match thenefetine. We did
not consider the error on the mean magnitude because, since the cefénenis almost
vertical, its contribution is negligible. Following these prescriptions we obtairpidl/
formal error of abou@.03 mag on each color excess vakjé (B — V)];.

A potential problem with this procedure to quantify the differential reddgniriTerzan
5is the presence of two stellar populations with distinct iron abundanasednthe metal-
rich population is expected to be systematically redder than the metal-poorthesGiviD,

and we therefore expect that at least a fraction of stars with reddienscalong the MS
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3.2. RESULTS

are genuine metal-rich objects, and not metal-poor stars affected byea &inction.

However, by using the Girardi et al. (2010) isochrones, the expéttiasic difference in
the (V' —1I) color between the metal-rich and metal-poor populations is®iy-1) ~ 0.05

mag. Moreover, the metal-rich population has been found to be more cesegliggated
than the metal-poor one (F09, L10). Hence, we expect the former tortgepmgressively
negligible with increasing radial distance from the cluster center. On the béral, the
uncertainties due to the photometric errors are dominant in the central gl system,
where the two populations are comparable in number. Finally, the use @fgavealues
for the color and magnitude in each cell/(— I) and(V')), with the addition of a sigma-
clipping rejection algorithm, should reduce the effect of contamination by metabtars.

Thus, an overall error 0d.05 mag on the color excességF (B — V')|; is conservatively
adopted to take into account any possible residual effects due to trenpeesf a double

population in Terzan 5.

3.2 Results

The final differential reddening map in the direction of Terzan 5 is shov#igare 3.3, with
lighter colors indicating less obscured regions and the center of grawtgae radius (,
see L10) also marked for reference. We find that, within the area abbgrihe WFC/ACS,
the color excess variations can be as largé/asB — V') = 0.67 mag. This is consistent
with the value of 0.69 mag estimated by Ortolani et al. (1996) from the elongatitre
RC. The obscuring clouds appear to be structured in two main dusty patcbdisst one is
located in the North-Western corner of the map@t— 35" from the center, with an average
differential extinctiow E(B—V') > 0.4 mag and a peak value of 0.67 mag. The second one
is placed in the South-Eastern corner, with typical valuesi(fB — V') ~ 0.3 mag. These
two regions seem to be connected by a bridge-like structured#ittB — V') = 0.2 — 0.3
mag.

We used this map to correct our photometric catalogue. Figure 3.4 showstthe c
parison between the observed (left panel) and the differential-raugleorrected (right
panel) CMDs in theV,V — I) plane. After the correction, both the color extension of
the RC and the RGB width are significantly reduced by 40%:arid%, respectively, and
V magnitudes become 0.5 mag brighter. To properly quantify the effect of such a cor-

rection on the MS width, we selected the stars along an almost vertical pofthd8 and
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Figure 3.3Reddening map of the WFC/ACS Fo\200” x 200”) in the direction of Terzan 5.
The differential color exces8E(B — V') ranges between zero (lightest) and 0.67 (darkest). The
gravity center and core radius of Terzan 5 (L10) are markedefierence as white cross and circle,
respectively.

compared their color distributions before and after the correction. To tiklisvee selected
stars with25 < V < 25.5 in the observed CMD, and 0.5 mag brighter in the corrected
one (see the dashed lines in Figure 3.4). The result is shown in the bottwets [ud the
figure. Before the correction the MS color distribution is well represehted Gaussian
with a dispersiowr = 0.18, significantly larger than the photometric error at this magnitude
level (opnot ~ 0.13). Instead, the intrinsic width of the corrected MS is well reproduced
by the convolution of two Gaussian functions separated by 0.05 mag in edgtbra ratio

of 1.6 between their amplitudes, and each one hawirg 0.13 equal to the photometric
error. Such a color separation corresponds to what expected fostellar populations
with metallicities equal to those measured in Terzan 5 (see Sect. 3.1.3). Ttecdatio
between the amplitudes corresponds to the number counts ratio between ooetahd
metal-rich populations (L10). Hence, these two Gaussian functionsspomd to the two

sub-populations at different metallicities observed in Terzan 5. Note thatiected MS
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color distribution shows an asymmetry toward the redder side, which is moneymnced
in the center of the system and decreases at progressively largercdstaThe highest
amplitude Gaussian (corresponding to the metal-poor population) is unabiepterly ac-
count for this feature, while the convolution with the reddest and loweslitmt@ Gaussian
(corresponding to the metal-rich population, which is observed to decieasimber with

increasing distance from the center) provides an excellent match.
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Figure 3.4Comparison between the optical CMDs of Terzan 5 before laftel) and after (right
panel) the differential reddening correction. Only starsated at a distanc®)” < r < 80" are
plotted for sake of clarity. All the sequences in the coeddMD are much less stretched along the
reddening vector. The bottom panels show the color digtabs (grey histograms) for a nearly ver-
tical portion of MS a25 < V' < 25.5 in the observed CMD, and at.5 < V' < 25 in the corrected
one (see the dashed lines in the two upper panels). Beforeotihection, the color distribution is
well represented by a Gaussian with= 0.18 (while the photometric error igno: ~ 0.13). Af-

ter the correction, the distribution is well fitted by the olution of two Gaussian functions with
o = 0.13, separated by 0.05 mag in color and with an amplitude ratib.@f The solid Gaussian
corresponds to the metal-poor population of Terzan 5, vthédedotted one represents the metal-rich
component (Sect. 3.2).

The derived reddening correction was also applied to tigl” — K) CMD obtained
from the combination of the ACS and near-infrared data (see F09). &Rj6rshows the
corrected CMD with two well separated RGB sub-populations and the two cisti@s.

The ratio between the number of stars counted along the two RGB4 i§, in very good
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agreement with the value from the RCs (see above and L10).

10 -

Figure 3.5Brightest portion of the differential reddening correctdd, V' — K) CMD of Terzan

5, with error bars also reported. Beside the two RCs, alsoweib separated RGBs are clearly
distinguishable. The solid and dashed lines corresporttetean ridge lines of the metal-poor and
the metal-rich sub-populations, respectively.

The differential reddening corrected CMD can be finally used to estimatebthaute
color excess in the direction of Terzart Rifferent values of(B — V) are provided in the
literature, ranging from 1.65 (estimated by Armandroff & Zinn 1988 fromstinength of an
interstellar band at 8621A), up to 2.19 and 2.39, derived from optidafrared photometry
(Barbuy et al., 1998; Cohn et al., 2002; Valenti et al., 2007). Howelkthese estimates
are average values and do not take into account the presence driiereddening. Here,
instead, we want to build a 2-dimensional map of the absolute reddeningoathis end,
we shifted the correcte@d/, VV — I) CMD of Terzan 5 along the reddening direction until
it matches the CMD of 47 Tucanae, adopted as reference cluster sincegtakrich, low
extincted and with a well-determined distance modulus. In particular we lookékle best
match between the RC of the metal-poor population of Terzan 5 and the RCTotdinae.
We adopted the color exces¥ B — V') = 0.04 and the distance moduluys = 13.32 for

LA free tool providing the color excess values at any coordinate within tREMICS FoV can be found at
the web siteht t p: / / www. cosmi c- | ab. eu/ Cosmi c- Lab/ product s
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47 Tucanae (from Ferraro et al., 1999), and= 13.87 for Terzan 5 (Valenti et al., 2007).
From Girardi et al. (2010) model, in th&, V' — I) plane the RC of 47 Tucanae turns out to
be 0.02 mag brighter and 0.03 mag bluer than the metal-poor one of Terzaalsbef a
difference in their metallicity ([Fe/H} —0.70 for 47 Tucanae and [Fe/H] —0.27 for the
metal-poor population of Terzan 5; see Ferraro et al. 1999 and Cddectvely). Taking
into account these slight differences, a nice match of the two RCs is obtaynadiopting
E(B—V) = 2.15mag. Since the corrected CMD is, by construction, referred to the bluest
cell, the absolute color excess within the WFC/ACS FoV varies flof® — V') = 2.15
upto E(B — V) = 2.82 mag. In order to check the reliability of these estimates, we
compared it with the values found by Gonzalez et al. (2012) from the Vestebe in the
Via Lactea survey. In & x 2’ region centered on Terzan 5, these authors found an extinction
A = 0.80 mag. Using Cardelli et al. (1989) coefficients to convé(3 — V') to Ag, our
estimate varies fromlx = 0.75 to Ax = 0.98 mag, in nice agreement with Gonzalez et
al. (2012) result.

Moreover, we looked for a possible correlation between the color sxamed the dis-
persion measures for 34 MSPs of Terzan 5 studied by Ransom (20GR)s case we did
not find a strong correlation, probably because mostly (75%) of the M8RIg is situated
within the inner20” of the system, where the estimatefofB — V') is more uncertain (see
Sect. 3.1.3).
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Chapter 4

Chemical and kinematical properties
of Galactic bulge stars surrounding
the stellar system Terzan 5

In order to investigate the kinematical and chemical properties of Terzesxe Bave col-
lected spectra for more than 1600 stars in its direction. In this Chapter we fot the
properties of the bulge field population surrounding the system, with the aproeiding
crucial information for further studies of both Terzan 5 and the bulge itdelfact, this
is a statistically significant sample of field stars which can be used to decontarttiea
population of Terzan 5 from non-members. Moreover, it is one of theldege samples
of bulge stars spectroscopically investigated at low and positive latitudes-(b7°), thus
allowing interesting comparisons with other well studied bulge regions.

The complete description of this analysis can be found in Massari et 44#20

4.1 The sample

This study is based on a sample of 1608 stars within a radius dffi®®0 the center of
Terzan 5 {uyogoo = 17" : 48™ : 4585, dy0000 = —24° : 46’ : 44”6; see F09, L10). While
the overall survey will be described in a forthcoming paper (FrancEsecraro et al. in
preparation), in this work we focus on a sub-sample of stars représergathe field pop-
ulation surrounding Terzan 5. Given the value of the tidal radius of tetesy(r ~ 300”;

L10, Miocchi et al. 2013), we conservatively selected as genuinegdagdlation members

all the targets more distant thdf0” from the center of Terzan 5. This sub-sample is com-
posed of615 stars belonging to two different datasets obtained with FLAMES (Pasdquini e
al., 2002) at the ESO-VLT and with DEIMOS (Faber et al. 2003) at thekKletelescope.
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Figure 4.1Spatial distribution of all the targets in our spectroscairvey in the direction of Terzan
5. The center of gravity and tidal radius (~ 300”) of Terzan 5 (from L10) are marked with a gray
cross and a gray dashed circle, respectively. The targetashied in this work (shown as filled black
circles) are all located at more than 40om the center (gray solid circle), well beyond the Terzan
5 tidal radius.

Each target has been selected from the ESO-WFI optical catalog debanith10, along
the brightest portion of the RGB, with magnitudes brighter than 18.5. In order to avoid
contamination from other sources, in the selection process of the spegiosargets we
avoided stars with bright neighbors,{lynsor < Istar + 1.0) within a distance of 2 The
spatial distribution of the entire sample is shown in Figure 4.1, where the stliteke

members are shown as large filled circles.

The FLAMES dataset was collected under three different prograntsDe8716(B), PI:
Ferraro; 087.D-0748(A), PI: Lovisi; and 283.D-5027(A), Pl: iléeo. All the spectra were
acquired in the GIRAFFE/MEDUSA mode, allowing the allocation of 132 fibersss a
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25" diameter FoV in a single pointing. We used the GIRAFFE setup HR21, with &/feso
ing power of 16200 and a spectral coverage ranging from 8484 Aaa 80 This grating
was chosen because it includes the prominent Ca Il triplet lines, whicexasdlent fea-
tures to measure radial velocities also in relatively low signal-to-noise rai®)Spectra.
Other metal lines (mainly Fe 1) lie in this spectral range, thus allowing a direcsunea
ment of the iron abundance. Multiple exposures (with integration times rafgimg1500
to 3000 s, according to the magnitude of the targets) were secured for jbetynaf the
stars, in order to reach SNF0 even for the faintest/( ~ 18.5) targets. The data re-
duction was performed with the FLAMES-GIRAFFE pipeftpancluding bias-subtraction,
flat-field correction, wavelength calibration with a standard Th-Ar lamsampling at a
constant pixel-size and extraction of one-dimensional spectra. Sirmeegitsky subtrac-
tion is particularly crucial in this spectral range (because of the large eunfbO, and
OH emission lines), 15-20 fibers were used to measure the sky in eacbuegpdhen a
master sky spectrum was obtained from the median of these spectra arsdsitibeacted
from the target spectra. Finally, all the spectra were shifted to zer@ityebind in the case
of multiple exposures they were co-added.

The DEIMOS dataset was acquired using the 1200 line/mm grating coupledheith
GG495 and GG550 order-blocking filters, covering th18500-9500 A spectral range at
a resolution of R-7000 at~8500 A. The DEIMOS FoV isl6' x5, allowing the alloca-
tion of more than 100 slits in a single mask. The observations were perforitiedmv
exposure time of 600 s, securing SNBR0-60 spectra for the brightest targets and achiev-
ing SNR~15-20 for the faintest ones~l 17). The spectra have been reduced by means
of the package developed for an optimal reduction and extraction of DEMpectra and
described in Ibata et al. (2011).

4.2 Radial velocities

Radial velocities,,q) for the target stars were measured by cross-correlating the oldserve
spectra with a template of known velocity, following the procedure desciibécbnry
& Davis (1979) and implemented in the FXCOR software under IRAF. As tengplaee
adopted synthetic spectra computed with the SYNTHE code (Sbordone 20@d). For

most of the stars the cross-correlation procedure is performed in tbeapegion~8490-

http://www.eso.org/sci/software/pipelines/
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8700 A, including the prominent Ca Il triplet lines that can be well detectemlialsoisy
spectra. For some very cool stars, strong TiO molecular bands dominagpelsisal region,
preventing any reliable measurement of the Ca features (Figure 4.2 #hewsmparison
between two FLAMES spectra, with and without strong molecular banddhelse cases,
the radial velocity was measured from the TiO lines by considering only &g region
around the TiO bandhead a#8860 A and by using as template a synthetic spectrum in-
cluding all these features. Because several stars show both the (péetllines and weak
TiO bandheads, for some of them the radial velocity has been measuggbimdently us-
ing the two spectral regions. We always found an excellent agreeneémeén the two
measurements, thus ruling out possible offsets between the, fwdiagnostics.

For the FLAMES dataset, where multiple exposures were secured forofnibst stars,
radial velocities were obtained from each exposure independenthfidieadial velocity
is computed as the weighted mean of the individual velocities (each corffectisl own
heliocentric velocity), by using the formal errors provided by FXCOR aghts. For the
DEIMOS spectra, we checked for possible velocity offsets due to the enitegng of the
target within the slit (see the discussion about this effect in Simon & Gel@) 2through
the cross-correlation of the A telluric band (7600-7630 A). We foundetudfsets to be of
the order of few kms!. The uncertainty on the determination of this correction (always
smaller than 1 kms') has been added in quadrature to that provided by FXCOR. The
typical final error on our measureg,y is ~ 1.0 kms™.

The distribution of the measureg,q for the 615 targets is shown in Figure 4.3. It ranges
from —264.0 km s™! to +303.9 km s~!'. By using a Maximum-Likelihood procedure, we
find that the Gaussian function that best describes the distribution has/mgan= 21.0+
4.6 km s ! ando, = 113.0 + 2.7 km s. We converted radial velocities to Galactocentric
velocities ¢gc) by correcting for the Solar reflex motion (220 km's Kerr & Lynden-
Bell 1986) and assuming as peculiar velocity of the Sun in the direction=(&3°,25°)

v = 18.0 km s~ (Schénrich et al., 2010). The conversion equation is then:
vaC = Vrad + 220[sin(l) cos(b)] + 18[sin(b) sin(25) + cos(l) cos(25) cos(l — 53)], (4.1)

where velocities are in km™s, and (1,b)=(3.8°, 1.7°) is the location of Terzan 5. The
Galactocentric velocity distribution estimated in this way peaks at;c >= 47.7 + 4.6
kms .

This value turns out to be in good agreement with the values found in thexcohteree
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Figure 4.2Examples of spectra poorly (solid line) and severely (dddime) affected by the TiO
molecular bandsX > 8860 A). The gray regions highlight the wavelength ranges adbpieom-
pute theg-parameter defined in the text (Section 4.3). For these twotsp very different values
of ¢ have been obtained; = 0.94 andg = 0.28 for the solid and dashed spectrum, respectively.
According to the adopted selection criterion~(@.6), the iron abundance has not been computed
from the latter.
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Figure 4.3Radial velocity distribution for the 615 spectroscopig&ts atr > 400”. The mean
value and dispersion are indicated. The bin size (20 ki & the same as that adopted by Nidever
et al. (2012), but in our case no high velocity sub-companang found. The systemic velocity of
Terzan 5 (Va.q ~ —83 kms™!) and the location of the subcomponent found in Nidever €Ral12)
(Vraa ~ 200 kms™1) are also marked with the black arrows for sake of comparison
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recent kinematic surveys of the Galactic bulge: the BRAVA survey (Ridl.2007), the
ARGOS survey (Freeman et al. 2013) and the GIBS survey (Zoccalli2014). In fact, in
fields located close to the Galactic Plane and with Galactic longitude as similarsiislpts
ours, Howard et al. (2008, see also Kunder et al. 2012) feungdc >= 53.0+10.3kms™!

at (I,b)=(4°,-3.5°) for BRAVA, Ness et al. (2013b) fourdvgc >= 44.4 + 3.8 kms™! at
(1,b)=(5°,-5°) for ARGOS and Zoccali et al. (2014) obtainedgc >= 55.9 3.9 kms!

at (I,b)=(3°,-2°) for GIBS. Thus, all the measurements agree within trersewith our
result. As for the velocity dispersion, our estimatg = 113 + 2.7 kms™!) agrees well
with the result of Kunder et al. (2012), who fourd = 106 kms™!, and with that of
Zoccali et al. (2008) who measureg = 112.5 + 6.4 kms~!. Instead, it is larger than that
quoted in Ness et al. (2013b), = 92.2 + 2.7 kms~!. Since their field is the farthest from
ours among those selected for the comparison, we ascribe such ardiféoethe different
location in the bulge. As a further check, we used the Besancon Galacti fRabin et
al. 2003) to simulate a field with the same size of our photometric sample (i.e., the WFI
FoV) around the location of Terzan 5, and we selected all the bulge siagsvi§thin the
same color and magnitude limits of our sample. The velocity dispersion for timesgkted
stars iso,, = 119 km s~1, in agreement with our estimate.

It is worth mentioning that Nidever et al. (2012) identified a high velocity ~200
km s~!) sub-component that accounts for about 10% of their entire samplet@f0 bulge
stars. Such a feature has been found in eight fields located athk32°and 4%<I< 14°.
Nidever et al. (2012) suggest that such a high-velocity feature magspwnd to stars in
the Galactic bar which have been missed by other surveys because of tlétiode of the
sampled fields. However, as is evident in Figure 4.3 (where we adoptesautihe bin-size
used in Fig. 2 of Nidever et al. (2012) for sake of comparison), weaddimd neither high-
velocity peak nor isolated substructures in our sample, despite its low latitudizct] the
skewness calculated for our distributionH8.02, clearly demonstrating its symmetry. Also
Zoccali et al. (2014) did not find any significant peak at such lardecitg in the recent
GIBS survey.

4.3 Metallicities

For a sub-sample df34 stars we were able to also derive metallicity. As already pointed

out in Section 4.2, spectra of cool giants are affected by the presémmerninent TiO
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molecular bands. These bands make particularly uncertain the determinfati@contin-
uum level. While this effect has no consequences on the determinatiodialfvalocities,
it could critically affects the metallicity estimate. Therefore we limited the metallicity anal-
ysis only to stars whose spectra suffer from little contamination from the Ti@daln
order to properly evaluate the impact of the TiO bands in the considereslevath range,
we performed a detailed analysis of a large set of synthetic spectra addfined a pa-
rameterq as the ratio between the flux of the deepest feature of the TiO bandh88dGat
A (computed as the minimum value in the spectral range 8859:5\A<8861 A) and the
continuum level measured with an iterativerlipping procedure in the adjacent spectral
range, 8850A )\ <8856 A (see the shaded regions of Figure 4.2).

We found that the continuum level of synthetic spectra for stars gvith0.8 is slightly
(< 2%) affected by TiO bands over the entire spectral range, while for stiinsoé <
q < 0.8 the region marginally< 5%) affected by the contamination is confined between
8680 A and 8850 A. Instead, stars wijh< 0.6 have no useful spectral ranges (where at
least one of the Fe | in our linelist falls) with TiO contamination weak enough tavallo
a reliable chemical analysis. We therefore analyzed targetsqwith 0.8 (counting 126
objects) using the full linelist (see Section 4.3.2), while for targets ith< ¢ < 0.8 (158
objects) only a sub-set of atomic lines lying in the safe spectral raége— 8850 A has
been adopted. All targets with< 0.6 (329 stars) have been excluded from the metallicity
analysis. Hence the metallicity analysis is limited to 284 stars (correspondirg4)o
of the entire sample observed in the spectroscopic survey). In SectiGwk3liscuss the

impact of this selection on the results of the analysis.

4.3.1 Atmospheric parameters

We derived effective temperatures.f) and gravitieslpg g) photometrically. In order to
minimize the effect of differential reddening we used the 2MASS catalageciing the (K,
J-K) CMD for differential extinction according to our new wide-field redéhg map, shown
in Figure 4.4. This was obtained by applying to the optical WFI catalog the sesnegure
described in Chapter 3. Because of the large incompleteness at the M8devere forced
to use red clump stars as reference. Since these stars are significantiyihesrous than
MS stars, the spatial resolution of the computed reddening 6t8p< 60”) is coarser than
that 8 x 8”) published in Massari et al. (2012) for thESTACS field of view. However,
despite this difference in resolution, the WFI reddening map agrees quiteitethat for
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Figure 4.4Reddening map in the direction of Terzan 5 covering the enti25’' x 25" FoV. Dark
colors correspond to regions of large extinction (see ther dmr on the right). The center and tidal
radius of Terzan 5 are marked for sake of comparison.

ACS in the overlapping region. Indeed for the stars in common between theatalmgs,
the average difference between the differential reddening estimatd€isB —V')) = 0.01
mag with a dispersiom = 0.1 mag. This latter value is also the uncertainty that we
conservatively adopt for our color excess estimates.

Figure 4.5 shows the IR CMD after the internal reddening correction, watipdisitions
of the spectroscopic targets highlighted. To determing We adopted the (J-K)} T em-
pirical relation quoted by Montegriffo et al. (1998). Since the relation libted onto the
SAAO photometric system, we previously converted our 2MASS magnitudles/fiog the

prescriptions in Carpenter (2001). To estimate photometric gravities, wighseelation:
log g = log go + 4log(Ter/Tw) + log(M/Me) + 0.4(Mpor — Myol,) (4.2)

adoptinglog g»=4.44 dex, T,=5770 K, My,q.» = 4.75, M= 0.8 M, and a distance of 8
kpc. Such a distance is the average value predicted by the Besanconfan@dsimulated

field with the size of the FoV covered by our observations and centemth@rTerzan
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5. This value is also normally adopted when bulge stars are analyzeda{Zetcal. 2008;
Alves-Brito et al. 2010; Hill et al. 2011, see also Sect. 4.3.5 for a dismuss the impact of
distance on our results). Bolometric corrections were taken from Mdfitegt al. (1998).

The small number (about 10) of Fe | lines available in the spectra preverits derive
reliable values of microturbulent velocity(.,; see Mucciarelli 2011 for a review of the
different methods to infer this parameter). We therefore referred to ¢inkesvof Zoccali et

al. (2008) and Johnson et al. (2013) on large samples of bulge giantb@acterized by
metallicities and atmospheric parameters similar to those of our targets. Sinceaificsp
trend betweeny,,, and the atmospheric parameters is found in these samples, we adopted

their median velocity,,,; =1.5 kms! (¢ = 0.16 kms™!) for all the targets.

4.3.2 Chemical analysis

The Fe | lines used for the chemical analysis were selected from the |a&tesory of
the Kurucz/Castelli dataset of atomic dataVe included only Fe | transitions found to
be unblended in synthetic spectra calculated with the typical atmospheric perarog
our targets and at the resolutions provided by the GIRAFFE and DEIM@&t®graphs.
These synthetic spectra were calculated with the SYNTHE code, includingntine Ku-
rucz/Castelli line-list (both for atomic and molecular lines) convolved with asSian pro-
file at the resolution of the observed spectra. Due to the different speesolution of the
two datasets, we used two different techniques to analyze the spectsahlidedetermine
the chemical abundances.

(1) FLAMES spectra- The chemical analysis was performed using the package GALA
(Mucciarelli et al., 201@, an automatic tool to derive the chemical abundances of single,
unblended lines by using their measured equivalent widths (EWs). Tdyeteti model
atmospheres were calculated with the ATLAS9 code (Castelli & Kurucz4 20 our
analysis, we run GALA fixing all the atmospheric parameters estimated ash#sbabove
and leaving only the metallicity of the model atmosphere free to vary iterativelydero
to match the iron abundance derived from EWs. EWs were obtained witlotee4DAO
(Mucciarelli 2013}, aimed at running DAOSPEC (Stetson & Pancino, 2008) for a large set
of spectra, tuning automatically the main input parameters used by DAOSRE@@nd-

ing graphical outputs to visually inspect the quality of the fit for each indizicpectral

2http://wwwuser.oat.ts.astro.it
SGALA is freely distributed at the Cosmic-Lab project website, http://wwwitioslab.eu/gala/gala.php
4Also this code is freely distributed at the Cosmic-lab website: http://www.cekahieu/4dao/4dao.php.
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(J_K)c

Figure 4.5(K, J-K) CMD corrected for internal differential extinctip for all the stars located at
400" < r < 800" from the center of Terzan 5, in our ESO-WFI photometric san(gteall dots).
The spectroscopic targets are shown with large symbolstargets for which iron abundance could
be estimated are highlighted as large filled circles. Theetlstrips adopted to evaluate the impact
of the selection bias discussed in the text (Section 4.3&khown. The horizontal dashed lines
delimit the bias-free sample adopted to derive the metiglliistribution shown as a grey histogram
in Figure 4.6.
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line. The EWs were measured adopting a Gaussian function that is a rejigbtxenation
for the line profile at the resolution of our spectra. EW errors were estthigt® AOSPEC
from the standard deviation of the local flux residuals (see Stetson &irfRarR008) and
lines with EW errors larger than 10% were rejected.

(2) DEIMOS spectra— Due to the low resolution of the DEIMOS spectra, the high de-
gree of line blending and blanketing makes the derivation of the abunsléimmaigh the
method of the EWSs quite complex and uncertain. Thus, the iron abundarcesngasured
by comparing the observed spectra with a grid of synthetic spectra, foticthia proce-
dure described in Mucciarelli et al. (2012). Each Fe | line was analymbzbendently by
performing ay?-minimization between the normalized observed spectrum and a grid of
synthetic spectra (computed with the code SYNTHE, convolved at DEIM®&ution and
resampled at the pixel-size of the observed spectra). Then, the notinalizareadjusted
locally in a region of~50-60 A in order to improve the quality of theXit Uncertainties
in the fitting procedure for each spectral line were estimated by using Marte &imula-
tions: for each line, Poissonian noise was added to the best-fit syntheticisp in order
to match the observed SNR, and then the fit was re-computed with the saradymede-
scribed above. A total of 1000 Monte Carlo realizations has computedébrlame, and the
dispersion of the derived abundance distribution was adopted as théaaime uncertainty.

Typical values are of abouit0.2 dex.

4.3.3 Calibration stars

Because of its prominence, the Ca Il triplet is commonly used as a proxy ofetalicity.
However, several Fe | lines fall in the spectral range of the adoptéd/iHS and DEIMOS
setups and we therefore decided to measure the iron abundance directlihése lines.

To demonstrate the full reliability of the atomic data adopted to derive the metallicity we
performed the same analysis on a set of high-resolution, high-SNR spédtre Sun and

of Arcturus. For the Sun we adopted the solar flux spectrum quoted bikelN& Labs
(1984), while for Arcturus we used the high-resolution spectrum of ldik al. (2000).
Both spectra were analyzed by adopting the same linelist used for the tafdjeits study.

For the Sun, the solar model atmosphere computed by F. Castelli used (I3=5777

K, log g=4.44 dex), and y,,=1.2 kms! (Andersen et al. 1999) was adopted. For Arc-

°No systematic differences in the iron abundances obtained from FLAANEBEIMOS spectra have been
found for the targets in common between the two datasets
Shttp://wwwuser.oat.ts.astro.it/castelli/sun/ap00t5777g44377klasp.dat

58



CHAPTER 4. CHEMICAL AND KINEMATICAL PROPERTIES OF GALACTIC
BULGE STARS SURROUNDING THE STELLAR SYSTEM TERZAN 5

turus we calculated a suitable ATLAS9 model atmosphere with the atmosphesimga
ters (T.g=5286 K,log ¢=1.66 dex, vu,»,=1.7 kms) listed by Ramirez & Allende Prieto
(2011). The resulting iron abundance for the Sun is A(kg,lF7.49:0.03 dex, in very
good agreement with that listed by Grevesse & Sauval (1998, A(F€)0). For Arcturus

we obtained A(Fe );cturus=7.00:0.02, corresponding to [Fe/H] —0.50 + 0.02 dex,

in excellent agreement with the measure of Ramirez & Allende Prieto (2014)qwhte
[Fe/H]= —0.52 + 0.02. Thus, we conclude that the adopted atomic lines provide a reliable
estimate of the iron abundance.

As discussed in Section 4.3, for the 158 stars with < ¢ < 0.8 we limited the
metallicity analysis to the iron lines in a restricted wavelength ragég0(— 8850 A) poorly
affected by the TiO bands. In order to properly check for any possydgematic effect due
to the different line list adopted, we re-performed the metallicity analysis of #festars
with ¢ > 0.8 using only the reduced line list. We found a very small off-set in the dérive
abundanced(Fe/H] =[Fe/H]suu-[Fe/H]cqucea = —0.06 = 0.01 dex), that was finally
applied to the iron abundance obtained for the 158 {aargets.

4.3.4 Uncertainties

The global uncertainty of our iron abundance estimates (typiealy2 dex) is computed as
the sum in quadrature of two different sources of error. The firsti®the error arising from
the uncertainties on the atmospheric parameters. Since they have beed denn pho-
tometry, the formal uncertainty on these quantities depends on all thosegiara which
can affect the location of the targets in the CMD, such as photometric gurarsrtainty on
the absolute and differential reddening and errors on the distance rs¢@Ny. In order to
evaluate the uncertainties @, andlog g we therefore repeated their estimates for every
single target assumingx = 0.04, 0k = 0.05, o5(B—v) = 0.1 (see Section 4.3.1),
opB-vy = 0.05 (Massari et al. 2012) and a conservative vatyg; = 0.3 (corresponding
to +1 kpc) for the DM. Following this procedure we found uncertainties®60 K in T
and+0.2 dex inlog ¢. Foru,,,, we adopted a conservative uncertainty of 0.2 krhsee
Section 4.3.1). To estimate the impact of these uncertainties on the iron abandenre-
peated the chemical analysis assuming, each time, a variation bfahy given parameter
(keeping the other ones fixed).

The second source of error comes from the internal abundance estineggainty.

For each target this was estimated as the dispersion around the mean ofinlderaies
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derived from the used lines, divided by the root square of the nunfderes. It is worth
noticing that for any given star the dispersion is calculated by weightinglthedance of
each line by its own uncertainty (as estimated by DAOSPEC for the FLAME &t&rand

from Monte Carlo simulations for the DEIMOS targets).

4.3.5 Results

The iron abundances and their total uncertainties for each of the 284tgangalyzed are
listed in Table 4.1, together with the adopted atmospheric parameters. Thé fhstid
bution for the entire sample is shown as a dashed-line histogram in Figuréhealistri-
bution is quite broad, extending from [FeAd]—1.2 dex, up to [Fe/H} 0.8 dex, with a
pronounced peak at [Fe/H] —0.25 dex. However, the exclusion of a significant fraction
of stars with spectra seriously contaminated by TiO bands (see Setc. ds8jbly intro-
duced a selection bias on the derived metallicity distribution. In fact promifiéhbands
are preferentially expected in the coolest and reddest stars. This edimdafirmed by
Figure 4.5, showing that the targets for which no abundance measurieagisle (open
circles) preferentially populate the brightest and coolest portion of thB.B8ice this is
also the region were the most metal-rich stars are expected to be foundem@provide
a meaningful metallicity distribution, representative of the bulge populaticumar@erzan
5, we restricted our analysis to a sub-sample of targets likely not affegteddh a bias.
To this purpose, in the CMD corrected for internal reddening we selectlydstars in the
magnitude rang8.2 < K. < 9.8 (see dashed lines in Figure 4.5), where metallicity mea-
surements have been possible for 82% of the surveyed stars (i.e., jgt&aver a total of
136). The metallicity distribution for this sub-sample is shown as a grey histograéhe
top panel of Figure 4.6. The distribution is still quite broad, extending freedHl]~ —1.2
dex up to [Fe/H} 0.7 dex, but the sub-solar component (with).5 <[Fe/H]< 0 dex)
seems to be comparable in size to the super-solar component)(withe/H]< 0.5 dex).

In order to properly evaluate the existence of any residual bias, weviedlohe method
described in Zoccali et al. (2008). We considered three strips in the @MBhly parallel
to the slope of the bulge RGB (Figure 4.5). In each strip, we computed thgofiaf
defined as the ratio between the number of stars with measured metallicity andribem
of targets observed in the spectroscopic surveys. In the selectesgmylie, thef parameter
ranges from 0.75 up to 0.90, with the peak in the central bin and with the seditebeing

the less sampled. In order to evaluate the impact of this residual inhomogenethe
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Figure 4.6Top panel:Metallicity distribution of the bulge field around Terzands the entire sam-
ple of 284 stars (dashed histogram) and for the sub-set ofarfj2ts selected &t2 < K. < 9.8
(grey histogram), free from the bias introduced by the Ti@dsa(which preferentially affects the
spectra of the most metal-rich object8ottom panel:Metallicity distribution observed in the un-
biased sub-set of stars (the same grey histogram as abowg)aced to the generalized distribution
(solid line) obtained from 1000 realization described ia thxt (Section 4.3.5). The dashed lines
delimit the metallicity ranges adopted to define theg,Rparameter (see text). The percentage of
stars in each metallicity range is also marked.
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Table 4.1. Identification number, coordinates, atmospheric parameterapomdances
and their uncertainties for the Terzan 5 field stars in our sample.

ID RA Dec Ter logg [Fe/H] oy Dataset
(K) (dex) (dex) (dex)

1030711 267.1829348 -24.6923402 3922 0.6 -0.22 0.22 FLAMES
1052484 267.1470436 -24.6830821 4220 0.8 -0.19 0.19 FLAMES
1071029 267.1182806 -24.6825530 3971 1.9 0.39 0.18 FLAMES
1071950 267.1169145 -24.6630493 3832 0.9 0.24 0.19 FLAMES
1072160 267.1165783 -24.6588856 4111 0.9 0.63 0.20 FLAMES
2009060 267.0686838 -24.6638585 4434 0.9 -0.34 0.17 FLAMES
2029939 267.0366131 -24.6637204 4366 1.4 0.69 0.15 FLAMES
2065353 266.9816844 -24.6414183 4013 0.9 -0.04 0.26 FLAMES
2066891 266.9791962 -24.6560448 4371 1.1 0.22 0.19 FLAMES
2068105 266.9771994 -24.6119254 3888 0.9 0.04 0.22 FLAMES

Note. —The entire table is available in the online version of the @l

derived metallicity distribution we randomly subtracted from the bluest anttaidrins

a number of stars (2 and 18, respectively) suitable to mak¢ ttadio constant in all the
strips. We repeated such a procedi®80 times, and for each iteration a new metallicity
distribution has been computed. The bottom panel of Figure 4.6 shows tieeagjeed
distribution obtained from the entire procedure, overplotted to the olbenve. As can
be seen, the two distributions are fully compatible, thus providing the findlromation
that the observed distribution is not affected by any substantial redithsal Hence it has
been adopted as representative of the metallicity distribution of the bulgégpioplaround

Terzan 5.

In order to compare our results with previous studies, in Figure 4.7 we tteometal-
licity distribution obtained in the present work and those derived in difteregions of
the Galactic bulge=—6°<b< —2°(for a sub-sample of micro-lensed dwarfs Bensby et al.,
2013), the Baade’s window (for a sub-sample of giants; Hill et al., 2@itll.Zoccali et al.,
2008), = —5.5°, b= —7°(for a sample of giants; Johnson et al., 2013), and the Ness et al.
(2013a) field closest to the Galactic disk, at b-5°. The distributions appear quite differ-

ent. However a few common characteristics can be noted and desened diswussion.
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Figure 4.7Comparison of the iron distribution in a few bulge fields dfedient Galactocentric lo-
cations. The corresponding references and Galactic aueateti are indicated in each panel. Vertical
dashed lines delimitate the metallicity ranges definingstlile- and super-solar metallicity compo-
nents. The value of the;R, parameter defined in the text (Section 4.3.5) is also regont@ach
panel.

Apart from the presence of more or less pronounced peaks, all thibgtions show: {) a
major sub-solar ([Fe/H} —0.2 dex) component;i{) a super-solar component ([FeA-p.2
dex); (i7) a quite extended tail towards low metallicities (reaching [Fe/H}1.5 dex).
However, the relative percentage in the two prominent components apjoebe differ-
ent from one field to another. In order to properly quantify this featwe defined the
ratio R/, =N;/Nj, where N is the number of stars in the sub-solar component (with
—0.5 <[Fe/H]< 0 dex) and N is the number of stars in the super-solar component (with

0 <[Fe/H]< 0.5 dex). The value of R, is labelled in each panel of Figure 4.7.

In Figure 4.8 we plot the value of;3, for 13 bulge regions at different latitudes pub-
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lished in the literature (see e.g. Benshy et al. 2013, Hill et al. 2011, Acatcal. 2008,
Johnson et al. 2011, 2013, Gonzalez et al. 2011, Ness et al. 2018ayalue obtained for
the bulge field around Terzan 5 is shown as a large filled circle. It is iritege® note how
the populations observed in the 13 reference fields define a clear stgggksting that the
super-solar component tends to be dominant at latitudes Hblow 5°. The field around
Terzan 5 is located at the lowest latitude observed so far. It nicely fits irgdrénd, and

it suggests the presence opkateauat R/, ~ 0.8 for [b| < 4°(see also Rich, Origlia &
Valenti 2012). On the other hand, the Galactic location of the field can pp&stihe rea-
son for the small amount of stars detected with [Fe/H]0.5. Figure 4.9 shows the fraction
(fmp) of metal-poor objects (with [Fe/H] —0.5) with respect to the total number of stars
for each of the samples described in Figure 4.8, as a functidb|.ofAlso in this case a
clear trend is defined: the percentage of metal-poor stars drops-frédfo at|b| ~ 10° to

a few percent at the latitude of Terzan 5, the only exception being the mieshal field
of Zoccali et al. (2008). Our findings are in good agreement with sévecent results
about the general properties of the Galactic bulge. Indeed, metal-rishestadominant at
low Galactic latitudes, that is closer to the Galactic plane (see e.g. Ness etldl,, &2
references therein). Also, we checked the impact on these findinge asumption of a
8 kpc distance. We repeated the chemical analysis by adopting distan€esdf 0 kpc.
The change of the surface gravity (on average25 dex and—0.2 dex, respectively) leads
to only small differences in the measured [Fe/H], with the stellar metallicities wiffem
average by).06 dex (@ = 0.04 dex) and—0.05 dex (@ = 0.02 dex), in the two cases. Such
a tiny difference moves the value of i from 0.89 to 0.58 and1.26, respectively, leaving
it fully compatible with a flat behavior folb| < 4° in both cases, while it does not change
significantly (less than 1%) the value gfif. We underline that this is the first determi-
nation of thespectroscopienetallicity distribution for a significant sample of stars at these
low and positive Galactic latitudes. Other spectroscopic surveys at low legitue needed

to confirm the existence of these features.

Finally it is worth commenting on the velocity dispersion obtained for the two main
metallicity components in the field surrounding Terzan 5. We found two similaesalu
o, = 108 £ 8 km s ! ando, = 111 & 11 km s~ for the sub-solar and the super-solar
component, respectively. The two measured values are in agreement egthahserved
in the fields at b= —5° and at low longitudes € 5°) by Ness et al. (2013b, see the red

diamonds in the lower panels of their Figure 7) in the same metallicity range{#©ebH]<
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from the literature nicely describe a metallicity gradientggesting that the super-solar component
increases with decreasing Galactic latitude. The field oregisaround Terzan 5 is highlighted with
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Figure 4.9Fraction of metal-poor stars with [Fe/H]—0.5 dex (fyp) as a function of the absolute
value of the Galactic latitude. The considered bulge fietdslae same as those in Fig. 4.8 and also
in this case they describe a clear trend, with the only exaemtf the survey at the largest latitude
(from Zoccali et al. 2008). The field measured around TerzantBghlighted with a large filled
circle and fits very well into the correlation.

0.5 dex).

4.4 Summary

We determined the radial velocity distribution for a sample of 615 stars at(81)%1.8°),
representative of the bulge field population surrounding the peculiarrssgitem Terzan
5. We found that the distribution is well fitted by a Gaussian function with,,q >=
21.0+ 4.6 km s~ ! ando, = 113.0 £ 2.7 km s~ . Once converted to Galactocentric veloc-
ities, these values are in agreement with the determinations obtained in otheffibldg

previously investigated. We did not find evidence for the high-velocitycrbponent re-
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cently identified in Nidever et al. (2012).

Because of the strong contamination of TiO bands, we were able to measurerth
abundance only for a sample of 284 stars (corresponding #6% of the entire sample)
and we could derive an unbiased metallicity distribution only from a sub-saafflé?2
stars with9.2 < K. < 9.8. Statistical checks have been used to demonstrate that this is
a bias-free sample representative of the bulge population arounchTerZane metallicity
distribution turns out to be quite broad with a peak at [Fe/H}0.05 dex and it follows
the general metallicity-latitude trend found in previous studies, with the nunitserper-
solar bulge stars systematically increasing with respect to the number aokarenes
for decreasing latitude. Indeed the population ratio between the subaswlauper solar
components (quantified here by the paramejgf)Rneasured around Terzan 5 nicely agrees
with that observed in other low latitude bulge fields, possibly suggesting tisenqre of a
plateau for|b| < 4°. Moreover, also the fraction of stars with [FeAd]—0.5 measured

around Terzan 5 fits well into the correlation wjth found from previous studies.
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Chapter 5

The Terzan 5 puzzle: discovery of a
third, metal-poor component

In this Chapter we present the discovery of 3 red giant stars belongihgrzan 5, with
metallicity [Fe/H —0.8 dex, significantly smaller than that of the sub-Solar component
previously detected (F09, O11).

For all the details regarding such a discovery see Origlia et al. (2013).

5.1 Observations and chemical abundance analysis

In the context of an ongoing spectroscopic survey with VLT-FLAMES Kack-DEIMOS
of the Terzan 5 stellar populations, aimed at constructing a massive datahaslial ve-
locities and metallicities (Massari et al. 2014a; Ferraro et al.; 2014 in @epa), we
found some indications of the presence of a minor3(%) component significantly more
metal-poor than the sub-Solar population of Terzan 5. We acquired héghutimn spectra
of 3 radial velocity candidate metal-poor giants members of Terzan 5. @Gitars using
NIRSPEC (McLean et al., 1998) at Keck Il were undertaken on 12 A013. We used
the NIRSPEC-5 setting to enable observations inAivand and &.43" slit width that
provides an overall spectral resolution R=25,000.

Data reduction has been performed by using the REDSPEC IDL-baskdgeadevel-
oped at the UCLA IR Laboratory. Each spectrum has been sky stdxdrag using nod
pairs, corrected for flat-field and calibrated in wavelength using arc lakp®-star spec-
trum observed during the same night has been used to remove to chedtana telluric
features. The SNR per resolution element of the final spectra is alwa@s Figure 5.1
shows portions of the observed spectra and the comparison with a Eegiant with sim-

ilar stellar parameters and higher iron content from the sub-Solar popukstiidied by
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Figure 5.1 Portion of the NIRSPE@ -band spectra of two red giants of Terzan 5 with
similar temperatureT.g ~ 3800 K), but different chemical abundance patterns (solid line
for the metal-poor star #243, dotted line for a sub-Solar star at [ReH22 from O11).
The metal poor giant #243 has significantly shallower features. A few atlmes and
molecular bands of interest are marked.

We compare the observed spectra with synthetic ones and we obtaintachemical
abundances of C and O using molecular lines and of Fe, Ca, Si, Mg, Alarging neutral
atomic lines, as also described in O11 and references therein.

We made use of both spectral synthesis analysis and equivalent widtbrem@asits of
isolated lines. Synthetic spectra covering a wide range of stellar pararaateesemental

abundances have been computed by using the same code as in Ol11@ilsbdés de-
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CHAPTER 5. THE TERZAN 5 PUZZLE: DISCOVERY OF A THIRD, METALBOR
COMPONENT

Table 5.1. Stellar parameters and abundances for the 3 observed giéaitaan 5.

# Tex logg v> r®  [Fe/H] [O/Fe] [Si/Fe] [Mg/Fe] [Ca/Fe] [Ti/Fe] [Al/Fe] [C/Fe]

243 3800 1.0 -74 71 -0.78 +0.36 +0.53 +0.30 +0.38 +0.35 +0.24 0.12-
+0.02 £0.05 £0.10 +0.03 +0.04 +0.10 +0.10 +0.07
262 4000 1.0 -64 13 -0.83 +0.26 +0.22 +0.46 +0.39 +0.31 +0.39 0.47-
+0.08 +£0.09 +£0.13 +0.08 +0.08 +0.13 +0.13 +0.11
284 3800 0.5 92 24 -0.75 +0.25 +0.44 +0.33 +0.36 +0.55 +0.60 0.05-

+0.05 +£0.08 +0.11  +0.13 +0.08 +0.11 +0.11 +0.09

aHeliocentric radial velocity ifkm s~ 1.

bRadial distance from the center of Terzan 5 in arcsec.

tail in Origlia, Rich & Castro (2002) and Origlia & Rich (2004). The codea®e LTE
approximation, the molecular blanketed model atmospheres of Johnsarat BeKrupp
(1980) at temperatures4000 K, and the Grevesse & Sauval (1998) abundances for the
Solar reference.

Stellar temperatures have been first estimated from colors, by using ttenied esti-
mates by Massari et al. (2012) and the color-temperature scale by Niffiotegal. (1998),
calibrated on globular cluster giants. Gravity has been estimated from ticabigochrones
(Pietrinferni et al., 2004, 2006), according to the position of the stathk@RGB. An aver-
age microturbulence velocity of 2 km/s has been adopted (see e.g. Origlial&oy, for
a detailed discussion). The simultaneous spectral fitting of the CO and OHutzoléoes
that are especially sensitive to temperature, gravity and microturbuleriadoas (see also

Origlia, Rich & Castro, 2002), allow us to fine-tune our best-fit adoptdthstgarameters.

5.2 Results

Our provisional estimate for the systemic velocity of Terzan 5, as infermad bur VLT-
FLAMES and Keck-DEIMOS survey, is —82 km/s with a velocity dispersior:db km/s.
From the NIRSPEC spectra we first measured the radial velocity of the3istder
study and confirm values withis 1o from the systemic velocity of Terzan 5 (see Table 5.1).
These stars are located in the central region of Terzan 5, at distasiveselm 13 and 71
arcsec from the center (see Table 5.1). Our VLT-FLAMES and KeEKMIDS survey
shows that in this central region the contamination by field stars with similar ral@dities
and metallicity is negligible (well below 1%). Preliminary analysis of proper motaiss

indicates that these stars are likely members of Terzan 5.
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We then measured the chemical abundances of iron, alpha-elements; eabalu-
minum. Our best-fit estimates of the stellar temperature and gravity, radialityedoc
chemical abundances witle random errors are listed in Table 5.1. In the evaluation of the
overall error budget we also estimate that systematics du€ligr+200 K, Alog g+0.5
dex, A¢+0.5 km/s variations in the adopted stellar parameters can affect the infeured a
dances by~ +0.15 dex. However, the derived abundance ratios are less depend#rd on
systematic error, since most of the spectral features used to measndaabe ratios have
similar trends with varying the stellar parameters, and at least some degebetween
abundance and the latter is canceled out.

We find the average iron abundance [Fe/H]=—:0D4 r.m.s. to be significantly lower
(by a factor of~ 3) than the value of the sub-Solar population ([FeA4}0.25), pointing
towards the presence of a distinct population in Terzan 5, rather than matheetallicity
tail of the sub-Solar component.

As shown in Figure 5.2, our newly discovered metal-poor population haseragex-
enhancement{j/Fel= +0.36 + 0.04 r.m.s.) similar to that of the sub-Solar one, indicating
that both populations likely formed early and on short timescales from aahgqu by
type Il SNe.

As the stars belonging to the sub-Solar component, also these other giartswniitin
content show an enhanced [Al/Fe] abundance ratio (average [Al/F€]41 +0.18 r.m.s.)
and no evidence of Al-Mg and Al-O anti-correlations, and/or large [O#pel] [Al/Fe] scat-
ters, although no firm conclusion can be drawn with 3 stars only.

We also measured some [C/Fe] depletion (at least in stars #243 and #262mmonly
found in giant stars and explained with mixing processes in the stellar inteltioirsy the

evolution along the RGB.

5.3 Discussion and Conclusions

New spectroscopic observations of 3 stars, members of Terzan S5phaxided a further
evidence of the complex nature of this stellar system and of its likely conneatibrihe
bulge formation and evolution history.

We find that Terzan 5 hosts a third, metal-poorer population with averagd]FF—0.79+
0.04 r.m.s. and §/Fe] enhancement. From our VLT-FLAMES/Keck-DEIMOS survey, we

estimate that this component represents a minor fraction (a few perceng) stettar pop-
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Figure 5.2 Individual §/Fe] and [Al/Fe] abundance ratios as a function of [Fe/H] for the 3
observed metal-poor giants (solid dots), and the 20 sub-Solar (oparesyjand 13 super-
Solar (open triangles) giants from O11, for comparison. Typical karsrare plotted in the
top-right corner of each panel.
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ulations in Terzan 5.

Notably, a similar fraction£ 5%) of metal-poor stars ([Fe/l4] —1) has been also
detected in the bulge (see e.g. Ness et al., 2013a,b, and referene@y)thidris metal-poor
population shows a kinematics typical of a slowly rotating spheroidal or a nvetk thick
disk component.

Our discovery significantly enlarges the metallicity range covered by ieészavhich
amounts toA[Fe/H]= 1 dex. Such a value is completely unexpected and unobserved in
genuine globular clusters. Indeed, within the Galaxy only another globkéasystem,
namelywCentauri, harbors stellar populations with a largd [dex) spread in iron (Norris
& Da Costa, 1995; Sollima et al., 2005; Johnson & Pilachowski, 2010;iRaetal., 2011).
This evidence strongly sets Terzan 5 ar@entauri apart from the class of genuine globular
clusters, and suggests a more complex formation and evolutionary histotiyefe two
multi-iron systems.

It is also interesting to note that detailed spectroscopic screening recerftymed in
wCentauri revealed an additional sub-component significantly more meta(ipoA[Fe/H]~
0.3 — 0.4 dex) than the dominant population (Pancino et al., 2011). The authayesiufat
this is best accounted for in a self-enrichment scenario, where thesestdd be the rem-
nants of the fist stellar generationdr€entauri.

The three populations of Terzan 5 may also be explained with some selfve@nc.
The narrow peaks in their metallicity distribution can be the result of a quiteybstar
formation activity in the proto-Terzan 5, which should have been much maoseivesn the
past to retain the SN ejecta and progressively enrich in metals its gas. elpwevzan 5
might also be the result of an early merging of fragments with sub-Solar metadicihe
epoch of the bulge/bar formation, and with younger and more metal-riclstsutiures
following subsequent interactions with the central disk.

However, apart from the similarity in terms of large iron range and posstilesrichment,
wCentauri and Terzan 5 likely had quite different origins and evolutioris itow com-
monly accepted thatCentauri can be the remnant of a dwarf galaxy accreted from outside
the Milky Way (e.g. Bekki & Freeman, 2003). At variance, the much highetallicity
of Terzan 5 and its chemical similarity to the bulge populations suggests sgmigiotic

evolution between these two stellar systems.
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Chapter 6

The metallicity distribution of the
stellar system Terzan 5

In order to accurately reconstruct the evolutionary history of TerzanfBst crucial step

is to precisely determine the metallicity distribution of its stellar populations, based on a
statistically significant sample of stars. In this Chapter we present andsdisice iron
abundances measured for a sample of 220 giants distributed over the aditieextent of
Terzan 5, from the innermost regions, out to the tidal radius.

All the details of this work can be found in Massari et al. (2014b).

6.1 Observations and data reduction

This work is part of a large spectroscopic survey of stars in the direofidarzan 5, aimed
at characterizing the kinematical and chemical properties of the stellatgbioms within
the system and in the surrounding Galactic bulge field. While the overakgurill be
described in a forthcoming paper (Ferraro et al. 2014 in preparatimh)hee properties of
the field around Terzan 5 have been discussed in Chapter 4 and inrMatszsla (20144,
hereafter M14a), here we focus on the metallicity distribution of Terzan 5.

This study is based on a sample of stars located within the tidal radius ofnTBrza
(rr ~ 300”; Lanzoni et al. 2010; Miocchi et al. 2013) observed with two différen
struments: FLAMES (Pasquini et al., 2002) at the ESO-VLT and DEIMB&hér et al.
2003) at the Keck Il Telescope. The spectroscopic targets havedadercted from the
optical photometric catalog of Terzan 5 described in Lanzoni et al. (2&lb@g the bright-
est portion { < 17) of the RGB. In order to avoid contamination from other sources, in
the selection process of the spectroscopic targets we avoided stars igith i@ighbors

(Ineighvor < Istar + 1.0) within a distance of 2. The spatial distribution of the observed

75



6.1. OBSERVATIONS AND DATA REDUCTION

200

100

Dec-Dec, [arcsec]

-100

-200

~_ _A - -
1 1 1 | 1 1 1 1 | 1 1 == 0 - 1 1 | 1 1 1 1 | 1 1 1

-200 -100 0 100 200
RA-RA, [arcsec]

Figure 6.1Spatial distribution of the spectroscopic targets in TezaFLAMES and DEIMOS tar-
gets are shown as triangles and circles, respectively. @tieat gray square marks the region where
the NIRSPEC targets are located (see Section 6.4.1 for tadsdabout the membership). Filled
symbols mark targets for which the iron abundance was medsuhnile empty symbols are used to
indicate targets affected by TiO contamination for whichabondance determination was possible.
The dashed circle marks the tidal radius of the systems; 276" = 7.9 pc (100” corresponding to
2.86 pc at the distance of Terzan 5).

targets is shown in Fig. 6.1.

(1) FLAMES dataset This dataset has been collected under three different programs
(ID: 087.D-0716(B), PI: Ferraro, ID: 087.D-0748(A), PI: Lovend ID: 283.D-5027(A),
Pl: Ferraro). As already described in M14a, all the spectra have dle®ined using the
HR21 setup in the GIRAFFE/MEDUSA mode, providing a resolving power of 200
and a spectral coverage ranging from 8484 A to 9001 A. This gratisgbkan chosen
because it includes the prominent Ca Il triplet lines, which are widely usatlifes for

radial velocity estimates, even in low SNR spectra. Several metal lines (maiflg Of
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TERZAN 5

lie in this spectral range, thus allowing a direct measurement of [Fe/H].derdo reach
SNR~40-50 even for the faintest/ (~ 17) targets, multiple exposures with integration
times ranging from 1500 s to 2400 s (depending on the magnitude of the Jdrge¢sbeen
secured for the majority of the stars. In order to reduce the acquiretrapee used the
FLAMES-GIRAFFE ESO pipeline This includes bias-subtraction, flat-field correction,
wavelength calibration with a standard Th-Ar lamp, resampling at a consiagize and
extraction of one-dimensional spectra. Because of the large numberasfdJOH emission
lines in this spectral range, a correct sky subtraction is a primary regeire Thus, in each
exposurd 5-20 fibers have been used to measure the sky. The master sky spectrure@btain
as the median of these spectra has been then subtracted from the stell&ioaky, all the
spectra have been reported to zero-velocity and in the case of multiplswergdhey have
been co-added together.

(2) DEIMOS dataset- This spectral dataset has been acquired by using the 1200 line/mm
grating coupled with the GG495 and GG550 order-blocking filters. Thetspeover the
~6500-9500 A wavelength range with a resolution ef R000 at A ~ 8500 A. An expo-
sure time o600 s for each pointing allowed to reach SNR0 — 60 for the brightest stars
and SNRv 15 — 20 for the faintest ones/(~ 17 mag). We used the package described in
Ibata et al. (2011) for an optimal reduction and extraction of the DEIM@$tsa.

For sake of comparison, Fig. 6.2 shows two spectra of the same stavedseith
FLAMES (top panels) and with DEIMOS (bottom panels).

6.2 Analysis

6.2.1 Atmospheric parameters

Tes andlog g for each target have been derived from near infrared photometryder o

to minimize the effect of possible residuals in the differential reddeningecbon. The

(K, J— K) CMD has been obtained by combining the SOFI catalog of Valenti et al. }2007
for the central.5’ x 2.5’ and 2MASS photometry in the outermost regions. Magnitudes and
colors of each star have been corrected for differential extinctioordow to their spatial
location with respect to the center of Terzan 5. For stars in the innerngisheg lying
within the FoV of the ACS/HST observations (see Lanzoni et al. 2010)githdening map
published in Massari et al. (2012, , see Chapter 3) has been adbaptzhd the correction

http://www.eso.org/sci/software/pipelines/
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CHAPTER 6. THE METALLICITY DISTRIBUTION OF THE STELLAR SYSEM
TERZAN 5

for stars in the outer regions has been estimated from the new differeadiddming map
described in M14a (see Chapter 4). The target positions in the reddemirected CMD
are shown in Fig. 6.3. In order to estimatgyTandlog g, the position of each target in the
reddening-corrected CMD has been projected onto a referenceaésech-ollowing FO09,
we adopted a 12 Gyr-old isochrone extracted from the BaSTI dataBaer{ferni et al.
2006) with metallicity Z 0.01 (corresponding to [Fe/H} —0.25), a-enhanced chemical
mixture and helium content=¥ 0.26 dex (well reproducing the dominant stellar population
in Terzan 5, see O11). The isochrone is shown as dashed line in FigSié&e Terzan 5
hosts at least two stellar populations, but they are photometrically indistiradpiésin the
near-infrared plane, in Section 6.3, we discuss the effect of usingrisoes with different
metallicities and ages.

As already explained in M14a, the small number (about 10) of Fe | linesreéd in
the FLAMES and DEIMOS spectra (see Section 6.2.2) prevents us frawindea reliable
spectroscopic determination of,,;, (see Mucciarelli 2011 for a review of the different
methods to estimate this parameter). Therefore, for homogeneity with ouoysevork
we adopted the same valus,,,;, =1.5 kms™!, which is a reasonable assumption for cool

giant stars (see also Zoccali et al. 2008; Johnson et al. 2013).

6.2.2 Chemical analysis

We adopted the same Fe | linelist and the same techniques to analyze the apddiva
determine the chemical abundances as those used in M14a.

(1) FLAMES data-set- We performed the chemical analysis using the package GALA
(Mucciarelli et al., 2013), an automatic tool to derive chemical abundaotsingle, un-
blended lines by using their measured EWs. The adopted model atmoshheeckeen
calculated with the ATLAS9 code (Castelli & Kurucz, 2004). Following thesgriptions
by M14a, we performed the analysis running GALA with all the model atmogppar
rameters fixed and allowing only the metallicity to vary iteratively in order to match the
iron abundance measured from EWs. The latter were measured by usingdé 4DAO
(Mucciarelli 2013). This code runs DAOSPEC (Stetson & Pancino, pfii8arge sets of
spectra, tuning automatically the main input parameters used by DAOSPHE0 pra-
vides graphical outputs that are fundamental to visually check the qualitye dit for each
individual spectral line. EW errors are estimated by DAOSPEC as thessthddviation of

the local flux residuals (see Stetson & Pancino, 2008). All the lines with BE@/slarger
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11 |

12_0

Figure 6.3Infrared CMD of Terzan 5 corrected for differential reddeni Symbols are as in
Fig. 6.1, with empty symbols marking the targets affectedTi® contamination. The BaSTI
isochrone with an age of 12 Gyr and metallicity Z=0.01 usedddve the atmospheric parame-
ters is also shown as a long-dashed line. The box delimiteithdghort-dashed line indicates the
sample not affected by TiO contamination that was selectedinpute the metallicity distribution.
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than 10% were excluded from the analysis.

(2) DEIMOS data-set- The lower resolution of DEIMOS causes a high degree of line
blending and blanketing in the observed spectra. The derivation of threlabces through
the method of the EWs is therefore quite uncertain. Thus, the iron abursldocthis
dataset have been measured by comparing the observed spectra wilho& gymthetic
spectra, according to the procedure described in Mucciarelli et d2§2@Each Fe | line
has been analyzed individually by performing&minimization between the normalized
observed spectrum and a grid of synthetic spectra. The syntheticaspes® been com-
puted with the code SYNTHE (Sbordone et al. 2004) assuming the propespheric
parameters for each individual star, then convolved at the DEIMQSutgsn and finally
resampled at the pixel size of the observed spectra. To improve the quatity 6t, the
normalization is iteratively readjusted locally in a region~g50-60 A. We estimated the
uncertainties in the fitting procedure for each spectral line by using Moatk Gimula-
tions: for each line, Poissonian noise is added to the best-fit synthetitcigpen order to
reproduce the observed SNR and then the fit is re-computed as ddsaibitree. The dis-
persion of the abundance distribution derived from 1000 Monte Caal@zegions has been

adopted as the abundance uncertainty (typically ab@u® dex).

6.3 Error budget

In order to verify the robustness of our abundance analysis, in thevialjove discuss the
effect of each specific assumption we made and the global uncertainty worttabundance

estimates.

6.3.1 Systematic effects

1. Choice of the isochroneThe atmospheric parameters of the selected targets have
been determined from the projection onto an isochrone corresponding addttsub-
solar population (see Fig.6.3). However, as discussed by FO9 and@%an 5 hosts
at least two stellar populations with different iron abundances and pwpsgjbs. In
order to quantify the effect of using isochrones with different metallicity/age
re-derived the atmospheric parameters by using a BaSTI isochronanfemi et
al., 2004) with an age of 6 Gyr, Z=+0.03 and a solar-scaled mixture &uorel-
ing to [Fe/H]=+0.26 dex). The temperatures of the targets decrease Hyhkes

200 K and the gravities increase by0.2 (as a consequence of the larger evolu-
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tive mass). By re-analyzing the spectra of these stars with the new paranvete
obtained very similar iron abundances, the mean difference and rms dueitigr
([FelHls gyr-[Fe/Hli2 gyr) = 0.00 dex ando = 0.12 dex, respectively. We per-
formed an additional check by adopting the metallicity of the extreme metal poor
component ([Fe/H} —0.8 dex), by using a BaSTI isochrone with an age of 12 Gyr,
Z= 0.004 and a-enhanced (corresponding to [FefH]—1 dex), finding that iron

abundances increase only by about 0.06 dex.

2. Temperature scaleTo check the impact of different.f scales we derived the at-
mospheric parameters by adopting the Dartmouth (Dotter et al., 2007) awne Pad
(Marigo et al., 2008) isochrones, and we found negligible variatiéfg:( <50 K).
Also the adoption of thef — K)-T.;; empirical scale by Montegriffo et al. (1998)
has a marginal impact (smaller than 100 K) on the derived temperaturdsdiffiec-

ences lead to iron variations smaller than 0.05 dex.

3. Microturbulent velocitiesThe assumption of a different value @f,.., has the effect
of shifting the metallicity distribution, without changing its shape. Typically, aavar
tion of £0.1 kms! leads to iron abundance variations10.07-0.1 dex. Given the
typical dispersion oty for this kind of stars (see M14a), this effect would lead to a
systematic shift of the distribution of a few tenths of dex. However the nicemitc
tween the abundances measured in these work and those obtained hyddrighia
et al. (2013, hereafter O13) from higher-resolution spectra for tigetsiin common

(see Section 6.4.1) demonstrates that our choieg,@f is adequate.

4. Model atmospheresWe repeated the analysis of the targets by adopting MARCS
(Gustafsson et al., 2008) and ATLAS9-APOGEE (Mezsaros et al2)2@bdel at-
mospheres, instead of the ATLAS9 models by Castelli & Kurucz (2004¢. adop-
tion of different model atmospheres calculated assuming different listspfacity,
atomic data and computation recipes leads to variations smalletibdndex in the

[Fe/H] determination, and it does not change the shape of the metallicity digiribu

6.3.2 Abundance uncertainties

As discussed in M14a, the global uncertainty of the derived iron ameega(typically

~ 0.2 dex) has been computed as the sum in quadrature of two differenesaafrerror.
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() The first one is the error arising from the uncertainties on the atmospheaimpters.
Since they have been derived from photometry, the formal uncertaintlyese quantities
depends on all those parameters which can affect the location of théstarghe CMD,
such as photometric errorsg ando;_x for the magnitude and the color, respectively),
uncertainty on the absolute and differential reddening&_vy andoss-v)), respec-
tively) and errors on the distance modulus)(;). In order to evaluate the uncertainties
on T.g¢ andlog g we therefore repeated the projection onto the isochrone for every single
target assumingx = 0.04, 0 = 0.05, o551y = 0.05 for the targets in the ACS
sample (Massari et al. 20125y = 0.1 for targets in the WFI FoV (M14a), and
oeB-v) = 0.05 andopy = 0.05 (Valenti et al. 2010). We found that uncertainties on
T range from~60 K up to~120 K, and those olvg ¢ are of the order of 0.1-0.15 dex.
For vy, we adopted a conservative uncertainty of 0.2 krh s

(i) The second source of error is the internal abundance uncertaintyeak€b target
this was estimated as the dispersion of the abundances derived from thaedat divided
by the squared root of the number of lines. It is worth noticing that, forgawvgn star, the
dispersion is calculated by weighting the abundance of each line by its avemtaimty (as
estimated by DAOSPEC for the FLAMES targets, and from Monte Carlo simutafimm
the DEIMOS targets).

6.4 Results
6.4.1 Metallicity distribution

In order to build the metallicity distribution of Terzan 5, we selected bona fide raemb
according to the following criteria:

(i) we considered only stars within the tidal radius of Terzan-54(6', Lanzoni et al.
2010, see also Miocchi et al. 2013);

(ii) we considered stars with radial velocities withif2.50 (between-123 kms~! and
—43 kms™!) around the systemic radial velocity of Terzan 5,v~ —83 kms™!, Ferraro
et al. 2014 in preparation);

(iif) we discarded spectra affected by TiO molecular bands, which can mdiceiltif
the evaluation of the continuum level and in the most extreme cases they cdynpidee
the spectral lines of interest. To evaluate the impact of TiO bands on theveldsspectra

we followed the strategy described in M14a, adopting the same g-paramhefiaed as the
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ratio between the deepest feature of the TiO bang @860 A and the continuum level
measured in the adjacent spectral raRgg0A < \ < 8856 A). Thus we analyzed the full
set of absorption lines in all the targets withk .8, while we adopted a reduced linelist
(by selecting only iron absorption lines in the rasg&0 A< \ < 8850 A, which are only
marginally affected by TiO contamination) for stars witls <q< 0.8, and we completely
discarded all the targets with<g0.6 (see the empty symbols in Figure 6.3).

Following these criteria, we selected a sample of 224 stars (170 from théESA
dataset and 54 from the DEIMOS dataset). A few stars observed withadiffinstruments
were used to check the internal consistency of the measures. In feet DEIMOS targets
are in common with the FLAMES sample and the average difference betwemetalicity
estimates iS[Fe/Hlpgmios —[Fe/HlrLamus)=+0.0740.06 (=0.11 dex). One DEIMOS
targetis in common with the NIRSPEC sample by O11 and we find [Igfilos-[Fe/HInrspEC =
+0.02 dex. Finally, three metal-poor FLAMES stars have been observed artsglectral
resolution with NIRSPEC by 013, and the average difference betweerothebundance
estimates i9.01 + 0.02 dex (¢ = 0.03), only. Hence we can conclude that iron abundances
obtained from different instruments are in good agreement (well within tfeesdr For
those stars with multiple measurements we adopted the iron abundance ohtameke
dataset observed at higher spectral resolution. Thus the selecteld sarnmpers 220 stars.

As discussed in detail in M14a, the rejection of targets severely contamibat&id
bands introduces a bias that leads to the systematic exclusion of metal-richTstavoid
such a bias, we will focus the analysis only on a sub-sample of stars skleatenagnitude
range 0.6 < K. < 11.7) where no targets have been discarded because of TiO contami-
nation. Thus, the final sample discussed in the following contains a totalco$taBs and
their measured iron abundances and final uncertainties (computedcaibel@sn Section
6.3.2), together with the adopted atmospheric parameters, are listed in Talle@&[Ee/H]
distribution for these 135 targets is shown in Figure 6.4.

It is quite broad, extending from [Fe/H]=—1.01 to +0.94 dex, with an ayeralue of
[Fe/H]= —0.12 and a dispersiom = 0.35, much larger than the typical uncertainty on
the abundance estimates. More in details, the observed distribution showis penak
at [Fe/Hr —0.30 dex and a secondary component at [Fe/H}-0.30 dex, in very good
agreement with the results of O11. Also the third component discovered BysZlearly
visible at [Fe/H} —0.8 dex. The distribution also shows a very metal-rich tail, up to

[Fe/H]~ +0.8 dex. However, only five stars have been measured with such an extreme
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Figure 6.4Metallicity distribution obtained for the unbiased FLAMESEIMOS sample (135 tar-
gets selected in the magnitude rafige <K, < 11.7), before the statistical decontamination.
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Table 6.1. Iron abundance of Terzan 5 stars.

ID RA Dec K. Tef log g [Fe/H] oy  Dataset
(mag) (K) (cms?) (dex) (dex)

109 266.9801977 -24.7835577 8.60 3741 0.7 -0.30 0.17 FLAMES
126 267.0292394 -24.7803417 8.60 3736 0.7 -0.26 0.14 FLAMES
134 267.0332227 -24.7953548 8.73 3771 0.7 -0.32 0.07 FLAMES
146 267.0254477 -24.7817867 8.78 3786 0.8 -0.38 0.07 FLAMES
148 267.0291700 -24.7969272 8.86 3804 0.8 -0.17 0.06 FLAMES
155 267.0286940 -24.7786346 8.83 3799 0.8 -0.34 0.09 FLAMES
158 267.0124475 -24.7843182 8.88 3814 0.8 -0.36 0.10 FLAMES
159 267.0226507 -24.7624999 8.83 3800 0.8 -0.32 0.06 FLAMES
164 267.0282685 -24.7949808 8.98 3838 0.8 -0.31 0.07 FLAMES
165 267.0315361 -24.7896355 8.95 3831 0.8 -0.18 0.15 FLAMES
Note. —Identification number, coordinates,. Khagnitude atmospheric parameters, iron abundances

and their uncertainties, and corresponding dataset fathall220 stars members of Terzan 5 with iron
abundance measured. All stars with K 9.6 or K. > 11.7 have been excluded from the analysis of the
MDF (see Section 6.4.1).

metallicity value, with a somewhat larger uncertainty (0.2 dex). Figure 6.5 shows
the spectra of two such super metal-rich stars (7009197 and 703604mei#tlicity of
[Fe/H]= +0.77 dex and [Fe/HE +0.74 dex, respectively), and the spectrum of a star with
[Fe/H]= +0.26 dex and very similar atmospheric parameterg:(F 4325K, log g = 1.7
dex for the two super metal-rich targets angi = 4269K andlog g = 1.6 dex for the
latter). As can be seen, the super metal-rich stars have deeper iraptairstines, thus
indicating a higher metal content with respect to the star at [Fe/AH).26 dex. Note thatin
order to fit these lines with an iron abundance of 0.3 dex, one needsito@sssignificantly
warmer ¢ 500 K) temperature. A spectroscopic follow-up at higher spectral resoligion
needed to draw a more firm conclusions about the metal content of theselktheir ex-
tremely high metallicity were confirmed, they would be among the most metal-richrstars

the Galaxy.

6.4.2 Statistical decontamination

Even though our sample has been selected within the narrow radial velacgg around

the systemic velocity of Terzan 5, we may expect some contamination by a fgefirld
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Figure 6.5Comparison of the spectra of two super metal-rich stars éhai#009197 and 7036045,
shown as dashed and dotted line, respectively) and thattaf at§Fe/HE +0.26 (solid line) with
similar atmospheric parameters. The two super metal-tets Show more pronounced absorption
lines, thus indicating an actual, very high metallicity.
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stars. Hence, we performed a statistical decontamination by using thetpsé the field
population surrounding Terzan 5 described in M14a. As shown in detthbinpaper, we
found that the bulge field population has a very broad radial velocity disiity, peaking at
Viad field ~ 21 kms~! and with a dispersion ~ 113 kms™!, thus overlapping the Terzan 5
distribution. When considering different metallicity bins, the bulge populatioistsiouted
as follows: ) 3% with [Fe/H]< —0.5 dex; (1) 44% with —0.5 <[Fe/H]< 0 dex; @ii) 49%
with 0 <[Fe/H]< 0.5 dex; (v) 4% with [Fe/H]> 0.5 dex.

To perform a meaningful statistical decontamination we first split our sampite ée
radially selected sub-samples (see Fig. 6.6). The inrerl(10”) subsample is composed
of 66 stars. The fractions of field stars expected (Ferraro et al. m)pte populate this
inner region amounts to 2%, corresponding to a number of contaminatingstafgebout
N1 tieta = 2. The intermediate subsample)(” <r< 200”) is composed of 48 stars. In this
case, the number of expected field stars increaseg fa. =16, i.e. the 32% of the subsam-
ple. Finally, in the outer sample@”’<r< 276"”), where we count 21 stars, the expected
contamination by non-member stars amounts to 73% (corresponding t;N= 16).
Fig. 6.6 summarizes the number of stars observed (in black) and the numtmrtami-
nants expected (in grey, encircled) in each radial and metallicity bin camside

For each radially selected sub-sample and metallicity bin, we then randomlgacielokr
the corresponding number of expected contaminants, thus obtaining tbetal®mated

sample.

6.4.3 Decontaminated distribution

The final decontaminated sample is composed of 101 stars and its metallicity distrilsu
shown in the upper panel of Fig. 6.7. For comparison, the lower paoeissthe distribution
of the 34 giant stars in the innermost regioa (22”) of Terzan 5 analyzed in O11 and the
three metal-poor stars studied in O13. The two main peaks at sub-solaupadsslar
metallicity, as well as the peak of the minor (5%) metal-poor component at [Felt-§
dex nicely match each other in the two distributions.

It is worth noticing that, while in the O11 sample the super-solar componenbig ab
as numerous as the sub-solar one (40% and 60%, respectively), ihAMES+DEIMOS
distribution the component at —0.3 dex is dominant. This essentially reflects the different
radial distributions of the two stellar populations observed in Terzan 5, wétimistal-rich

stars being more concentrated fat. 20”), and rapidly vanishing at > 50" (see F09 and
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Figure 6.6Metallicity distributions of Terzan 5 stars in the inner t00” (upper pané), intermedi-
ate100” <r< 200”(middle panél and outerl 70" <r< 276" (lower pane) annuli. The total number
of expected contaminants in each radial bin is reportederughper-left corner of each panel. The
number of stars observed in each metallicity bin (delimiigdertical dashed lines) is quoted, while
the number of contaminants to be statistically subtractedighlighted in grey and encircled in
black.
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Figure 6.7Statistically decontaminated metallicity distributiar the FLAMES+DEIMOS sample
(101 stars, upper panel), compared to that derived by O1104r&1(34 and 3 stars respectively,
lower panel).
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Lanzoni et al. 2010). Note, in fact, that while the 34 RGB stars obsday€all 1 are located

atr < 22", almost all the FLAMES+DEIMOS targets are at larger radial distances. |
the FLAMES+DEIMOS distribution there are also three stars with very highlhoiias
([Fe/H]> +0.7 dex). Given the small number of objects, at the moment we conservatively
do not consider it as an additional sub-population of Terzan 5.

The overall metallicity distribution of Terzan 5, derived from a totall8% stars (cor-
responding td 01 targets from the decontaminated FLAMES+DEIMOS sample discussed
here, plus34 NIRSPEC giants from O11) is shown in Fig. 6.8. In order to statistically
verify the apparent multi-modal behavior of the distribution, we used thes$au mixture
modeling (GMM) algorithm proposed by Muratov & Gnedin (2010). This &t deter-
mines whether a distribution is better described by a unimodal or a bimodasi@adgis. In

particular, three requirements are needed to rule out the unimodality of iutistn:

1. the separation D between the peaks, normalized to the widths of the Gaysa

fined as in Ashman et al. (1994), has to be strictly larger than 2;
2. the kurtosis of the distribution has to be negative;

3. the likelihood ratio test (Wolfe 1971), which obey$ statistics, has to give suffi-

ciently large values of?.

The algorithm also performs a parametric bootstrap to determine the corefitemt at
which the unimodality hypothesis can be accepted or rejected.

First of all, we computed the GMM test on the two main components. In this dades a
three requirements are verified-08.96, kurtosis= —0.89 andx? = 43.46 with 4 degrees
of freedom) and the unimodal fit is rejected with a probability $.9%. We then repeated
the same procedure considering the most metal-poor component at4Fe/#§ and the
sub-solar one. Also in this case the unimodal fit is rejected with a probabiitpdP9%?.
We can therefore conclude that the metallicity distribution of Terzan 5 is cleauli-
peaked We are able to reproduce its shape using three Gaussian profiles ééd kig.
6.8). Adopting the mean values and dispersions obtained from the GMM tes$iyaimain
peaks are located at [Fe/H]—0.27 dex (witho = 0.12) and [Fe/H} +0.25 dex (with
o = 0.12), the sub-solar component being largely dominant (62% of the total). A minor
component (6% of the total) is located at [FetH}-0.77 dex (witho = 0.11).

Note that because of the large difference in size between the two contpptie computed kurtosis turns
out to be positive. However we checked that by reducing the size ofatimle belonging to the sub-solar
component, the kurtosis turns negative, as required by the GMM test.
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Figure 6.8Decontaminated metallicity distribution for the combinEHAMES+DEIMOS (101
stars, this work) and NIRSPEC (34 targets, O11) spectrassamples. The solid red line shows the
fit that best reproduces the observed distribution usiregtiBaussian profiles. Individual Gaussian
components are shown as grey dashed lines. The percentagetoindividual component with
respect to the total sample of 135 stars is also reported.
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Figure 6.9The [Fe/H] distribution as a function of the distance frora thuster center for the 135
stars composing the final decontaminated iron distribustomwn in Fig 6.8: the multi-modality of
the metallicity distribution is clearly evident. The bulkeach of the three components is located in
the innermos80” from the cluster center, thus further confirming the actuaimbership of all the
three populations.

Finally in Fig. 6.9 we show the radial distribution of the 135 stars (101 from this
study and 34 from O11) adopted to construct the Terzan 5 metallicity distribskiown
in Fig. 6.8: the multi-modal metallicity distribution is clearly evident also in this plot. It is
worth of noticing that the most metal poor component is essentially located inrtheniost

80" from the cluster center, further supporting the membership of this minor coempo

6.5 Discussion and Conclusions

The results presented in this work are based on a statistically significantesafrgiars

distributed over the entire radial extent of Terzan 5, thus solidly samplingndtallicity
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distribution of this stellar system. We confirm the previous claims by F09, Od1C4r3
that Terzan 5 hosts multiple stellar populations characterized by significaifidsedt iron
contents.

The multi-modal iron distribution of Terzan 5 puts this stellar system in a completely
different framework with respect to that of genuine GCs. In fact, therlatstems, al-
though showing significant spreads in the abundance of light elemergsdasn, oxygen,
aluminum etc.; see, e.g., Carretta et al. 203,0sijll maintain a striking homogeneity in
terms of iron content, thus indicating that their stellar populations formed withineapal
well which was unable to retain the high-velocity gas ejected by violent SNogxms.
Indeed, the iron content of stellar populations can be considered the eagimd to distin-
guish between genuine GCs and more complex stellar systems (Willman & Stedddr 2
Following this view, Terzan 5 certainly belongs to the latter class of objects.

Recent high-precision spectroscopic studies have shown some ismdgput still with
a range largely smaller than 1 dex) in a few GCs, namely M22 (Marino et &9,2011a,
2012), M2 (Yong et al., 2014), and M54 (Carretta et al., 204.0BJowever, the iron dis-
tributions observed in these systems are unimodal, with no evidence of multake, s
we also verified by means of the GMM test described above. Only M54 shaoail to-
wards the metal-rich side of its metallicity distribution, but this population can beralgv
contaminated by the Sagittarius field stars (see Bellazzini et al. 1999,.2008)

Only another GC-like system in the Galaxy Centauri) is known to host a large va-
riety of stellar sub-populations (Lee et al., 1999; Pancino et al., 200@areeet al., 2004,
20064a; Bellini et al., 2009, 2010, 2013) with a large range of iron abooel A\[Fe/H]> 1
dex; Norris & Da Costa, 1995; Origlia et al., 2003; Sollima et al., 2004, 2006Fnson
& Pilachowski, 2010; Villanova et al., 2014), similar to what is observed irzdie 5. As
shown in Figure 6.10, a few similarities between Terzan 5 ari@entauri can be indeed

recognized:(i) a broad extension of the iron distribution (1.8 dex in Terzan 5 and- 2

®This suggests that GC formation has been more complex than previoasbyhth having re-processed the
low-energy ejecta from asymptotic giant branch stars (Ventura etQfl1)2and/or fast rotating massive stars
(Decressin et al., 2007), with enrichment timescales-0i0® years or shorter (e.g., D’Ercole et al., 2008;
Valcarce & Catelan, 2011).

40ther two GCs have been proposed to harbor intrinsic iron dispersiorelpdNGC 5824 (Saviane et al.,
2012; Da Costa et al., 2014) and NGC 3201 (Simmerer et al., 2018)exalude these two clusters from our
discussion because their intrinsic iron scatter has been not firmly cewfirithe analysis of NGC 5824 is based
on the Calcium Il triplet as a proxy of metallicity and direct measuremeni®nflines from high-resolution
spectra are not available yet. Moreover, based on HST photomeitmya®aal. (2014) have recently found that
the color distribution of RGB stars is consistent with no metallicity spread. &€oimg NGC 3201, the analysis
of Simmerer et al. (2013) leads to an appreciable iron spread amostatiseof this cluster, but the analysis of
Munoz, Geisler & Villanova (2013) contradicts this result.
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Figure 6.10The metallicity distribution ofv Centauri (pper panéel and Terzan 5l¢wer pane).
The distribution ofv Centauri, together with the five Gaussians reproducing utsismodality, have
been taken from Johnson & Pilachowski (2010).

dex inw Centauri; see Johnson & Pilachowski 2010 for the latt@i));a multi-modal dis-
tribution; (iii) the presence of a numerically small stellar population5 — 10% of the
total in both cases) which is more metal-poor than the main peak, possiblgponadng
to the first generation of stars in the system (see Pancino et al., 2001Gentauri). The
intrinsic large dispersion in [Fe/H] indicates that in the past these systenesmassive
enough to retain the high-energy, high-velocity ejecta of SNe, allowingtdtiple bursts
of star formation from increasingly iron-enriched gas over timescalesedfitther of a few

10° years.

w Centauri is now believed to be the remnant of a dwarf galaxy accretecebMithy

Way (e.g., Bekki & Freeman, 2003). In contrast, the high metallicity regimeeotdn
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5 (not observed in the known satellites of our Galaxy) and its tight chemidalwith
the Galactic bulge (011, O13, M14a) make very unlikely that it has beemtadcfrom
outside the Milky Way, and favor an in-situ formation. Terzan 5 could be ¢henant of
an early giant structure which may plausibly have contributed to form thec@Galaulge.
In principle, the low dispersion of the iron content within each sub-populaifdlerzan 5
could be consistent with both a bursty star formation and chemical selfhemeitt, and the
dry merging of individual sub-structures with different metallicity (e.g. Immehl., 2004;
Elmegreen et al., 2008; Forster Schreiber et al., 2011). Howeverathéhiat among the
three distinct sub-populations, the metal-rich one is more centrally contashtiean the
more metal-poor ones seems to favor a self-enrichment scenario, dbleths formation
of the metal-rich component (e.g. D’Ercole et al., 2008).

Certainly Terzan 5 is very peculiar, if not unique, system within the Galaatigeb In
order to solve the puzzle of its true nature, some pieces of information araissihg, such
as the accurate estimate of the absolute ages of its populations, and achiapeterization

of the global kinematical properties of the system.
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Conclusions

The core project of this Thesis is the detailed study of the physical, cheamdainematic
properties of the puzzling stellar system Terzan 5 in the Galactic bulge, withittheate
goal of unveiling its true nature and verifying whether it may be the remnfohe of
the pristine structures that merged together contributing to form the Galatiie &uearly

epochs.

Towards the age determination of Terzan 5 stellar populatios

The accurate determination of the absolute ages of Terzan 5 stellar popsiledtuires
to measure the magnitude of their respective MSTO points in the CMD. Honsyen a
task is made quite complex by the strong contamination from the underlying alge s
and by the severe differential reddening in the direction of the system hvdtietches
and mixes together the evolutionary sequences. To solve these problenfisstwnea-
sured accurate relative PMs for more than 120 000 stars in the directi@rz#n 5, reach-
ing ~ 4 magnitudes below the TO in the CMD (see Chapter 2). These PMs allowed us
to properly decontaminate both the optical and the IR photometric catalogsz#nTe
from non member stars, further demonstrating that both the RCs identified rethan
5 CMDs belong to the system. We then built a high resolution reddening mapdor th
inner 200” x 200" of Terzan 5, finding a range of spatial variation for the color excess
as large a9 F(B — V) ~ 0.67 mag (see Chapter 3). A free tool providing the color
excess values at any coordinate within the ACS-WFC FoV can be foutie ateb site
http://ww. cosm c-1 ab. eu/ Cosmi c- Lab/ pr oduct s. This study has provided
the necessary preparatory work in order to construct a field-decordted and differen-
tial reddening-corrected CMD where the measure of the absolute atesdistinct stellar
populations in Terzan 5 can be performed.

The measure of relative PMs is also a necessary requirement for thienohetgon of

absolute PMs, from which to derive Terzan 5 3-D orbit within the Galactteig@l. Un-
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fortunately, up to now no extragalactic sources (the ideal objects to ldeassan absolute
motion reference frame - see the Appendix of the Thesis) have beed bmoause of the
strong extinction in the bulge direction. This lack makes it necessary to adogt PM
zero-points, such as those coming from stars in the Terzan 5 FoV. Iretiég SGAIA will
secure remarkably useful data to fix an absolute reference framer@perly address this

issue.

Discovery of a third population

From the spectroscopic point of view, FO9 and O11 isolated two componéhtdifferent
iron abundance based on a sample of 40 RC and RGB stars. The two aamtgpappeared
to be discrete and with a small intrinsic dispersien((.1 dex), thus suggesting that Terzan
5 experienced two separated bursts of star formation. However tlretsed® were derived
from a statistically limited sample of stars. In order to determine the actual extémt o
iron distribution in Terzan 5 stars, the spectra of more than 1600 stars ettaith sev-
eral ground-based instruments have been analyzed. After the rejetspectra severely
contaminated by TiO bands, we determined both the radial velocity and the metaligzity
tributions of the bulge stars surrounding Terzan 5 (see Chapter 4ipditttht they present
features similar to those typically observed in other bulge fields at the sametiG &dé
itude. Then, by using this information to statistically decontaminate the sample of likely
member stars of Terzan 5 (as selected from radial velocities), we drecbiee presence of

a third, metal-poor ([Fe/H} —0.8 dex) anda-enhanced component (see Chapter 5).

We finally built a bias-free metallicity distribution countifig5 stars (see Chapter 6).
Such a distribution demonstrates that the iron spread in Terzan 5 is quit€léggr than
1 dex, ranging from [Fe/H} —0.9 dex to [Fe/H} +0.5 dex) and it shows three distinct
components that are consistent with three separated populations. Thepstellations of
Terzan 5 have also different[Fe] abundance ratios: the two sub-solar ones are enhanced
with respect to the solar ratio, while the most metal rich has about solge]. Both the
metallicity and the §/Fe] distributions of Terzan 5 are very similar to the distributions
observed in the bulge fields (see Chapter 5.3). This seems to favoraxisoghere Terzan

5 formed and evolved in tight connection with the bulge.
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Comparison with other resolved stellar systems

Among the other Galactic stellar systems, only a few GCs, nhamely M22 (Mariab, et
2009, 20114, 2012), M2 (Yong et al., 2014), M54 (Carretta et alQBPand possibly NGC
1851 (Carretta et al., 2011), NGC 5824 (Saviane et al., 2012; Da Coata 2014) and
NGC 3201 (Simmerer et al. 2013), show some intrinsic iron spread. Hoysewah a spread
is much smaller that that observed in Terzan 5, being at the level of a févstdex only (see
the discussion in Chapter 6.5) and the iron distributions of these GCs ae (mampared to
vast majority of GCs) but unimodal. Moreover, while all the Galactic GCs dfiistinctive
anti-correlations in the abundances of light elements like Na and O (Carteita2®09;
Mucciarelli et al. 2009), the two main populations of Terzan 5 do not. Toerall these
features demonstrate that Terzan 5 is not a genuine globular cluster,. tidspossibility
that it is the merger-product of two or three independent stellar aggegppears to be
quite unlikely. Such a possibility has been found to be implausible for GCs in dlhect&
halo. Although the chance of capturing a completely independent stelt@nsysuld be
larger if the orbits were confined within the Galactic bulge, it should be notdidhsuch
metal-rich (and possibly young) GCs are quite rare in the Galaxyihdg shown in O11
all the sub-populations in Terzan 5 do not show any evidence of the tyigibtelements

anti-correlations routinely found in genuine GCs.

There is only one other GC-like stellar system in the Galaxy showing an intriresial-
licity spread as large as that of Terzan 5, thavi€entauri. Its peculiar retrograde orbit
(Bekki & Freeman 2003), its chemistry (e.g. Johnson & Pilachowski paa@ the finding
of a possible tidal debris in the solar neighborhood (e.g. Majewski e0&R)Xsuggest that
it is not a genuine GC but rather the nucleus of an accreted dwarf gafaxglready dis-
cussed in Chapter 6.5, Terzan 5 an@entauri show several features in common: a similar
extent in their iron spread, the multi-modality of their metallicity distributions and tbs-pr
ence of a small, metal-poor component that in both cases could be the fingtdyulation.
However, there are also striking differences. Terzan 5 is much more nwtdhanw Cen-
tauri. In fact, the iron distribution of Terzan 5 ranges between aboui <[Fe/H]< +0.6

dex, while that ofv Centauri ranges betweerR.0 <[Fe/H]< —0.5.

Such a high metallicity regime is very different from that typical of dwarf gigs, with
the only exception of dwarf ellipticals, (see e.g. Tolstoy et al. 2009; @agal4). How-

ever, another chemical feature places Terzan 5 apart from the ¢ldasd galaxies: the
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[a/Fe] vs [Fe/H] trend. In fact, in dwarf galaxies the knee point in thé-¢] vs [Fe/H] dia-

gram, indicating the metallicity reached by the stellar system when SNla starttidocihe

(and dominate) the iron chemical enrichment, is typically observed at low metalffioity
example the Sgr dSph, in spite of being a rare example of metal-rich dwapfayhsits

knee point at [Fe/H} —1 dex, see Monaco et al. 2007). Instead, in Terzan 5 the metallic-
ity at which thea-elements abundance stars to decrease is around solar, thus indicating a

completely different chemical enrichment history.

The emerging scenario

The new observational picture of Terzan 5 arising from the results (dodkometric and
spectroscopic) described in this Thesis indicates that this stellar system:

1) is not a genuine globular cluster, primarily because of its huge spreadtallicity;

2) has a striking chemical similarity with the bulge stars (in terms of iron conteht an
distribution, as well as alpha-element patterns).

On the other hand, it is quite unlike that it is:

3) the merger product of distinct GCs (in fact, no light-element anti-cdroela are
observed in the two main components, see O11);

4) the remnant of a satellite galaxy accreted by the Milky Way, since the metallicity
regime and thed/Fe] abundance ratios are very different from those typical of thiejeets;

A bulgein situ origin therefore seems the most natural interpretation for Terzan 5. In
this scenario the oldest populations of the system would trace the earlys sihbelge
formation, while the most metal-rich component would contain crucial informatiotne
bulge more recent chemical evolution.

Additional support to this interpretation would come from the finding of othdlaste
systems in the bulge with the same features of Terzan 5. To this aim, we aeatburr
collecting all the necessary data to properly investigate other candidgradms of the
pristine bulge, namely Liller 1, Terzan 6, NGC6440 and Djorgovski 2yéhg structural

features similar to those observed in Terzan5.
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Appendix

In this Appendix the method described in Chapter 2 to measure relativerpnapens for
Terzan 5 stars has been successfully applied to other two Galactic GslyMdGC 6681
and NGC 362, in order to derive the absolute proper motion in the firstazabsto analyze
the BSS population in the second. In the following, the main results obtainedthrese

analyses are described.

A.1 HST absolute proper motions of NGC 6681 (M70) and the
Sagittarius Dwarf Spheroidal Galaxy

NGC 6681 is located in an extremely interesting region of the sky. In facteitlaps the
main body of the Sagittarius Dwarf Spheroidal galaxy (Sgr dSph). Thamkhe extraor-
dinarily high photometric and astrometric accurac\H&Twe have been able to kinemat-
ically separate the stellar populations belonging to the two systems and the endasur
absolute PMs of the cluster and the dwarf spheroidal separately by distagt galaxies
as zero-motion reference frame. This is the first time that the absolute PNGGf 6681
has been estimated. All the details regarding this study, which uses techiigusoped
in the context of the HSTPROMO collaboration (see Chapter 2) are deddritMassari et
al. (2013).

A.1.1 General context

Galactic GCs provide a powerful tool to investigate the structure and theafan history
of the Milky Way. Indeed, they are fundamental probes of the Galactitgtenal po-
tential shape, from the outer region of the Galaxy (see Casetti-Dinesdu2€07) to the

inner Bulge (Casetti-Dinescu et al. 2010). The currently and most wideklpted picture
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A.1. HSTABSOLUTE PROPER MOTIONS OF NGC 6681 (M70) AND THE
SAGITTARIUS DWARF SPHEROIDAL GALAXY

for the formation of the Galactic GC system (Zinn 1993, Forbes & Bridgd9Ppoints
toward an accreted origin for the outer £ 10 kpc) young halo (YH) GCs, while a large
number of the inner, old halo (OH) clusters probably formed via dissipatsrdellapse,
coevally with the collapse of the protogalaxy. The finding of several OHakp®or GCs
with a thick disc-like kinematics (Dinescu et al. 1999), sets a tight constraitti@epoch
of the formation of the Galactic disc. Moreover, the demonstration thataeYer GCs
are kinematically associated with satellites of the Milky Way, such as the Sgr @8&ph
for instance Bellazzini et al. 2003), gives important clues as to how thax@avas built
up through merger episodes. Also the existence of other peculiar systemsdikntauri
(Norris & Da Costa 1995) and Terzan 5 (F09) harboring stellar popualsitiath significant
iron-abundance difference@\[Fe/H]> 0.5 dex) supports a complex formation scenario
for the Galactic halo and the Bulge. Therefore, a detailed description ditleenatical
properties of the Galactic GC system is a crucial requirement to obtain néwtaomger

constraints on the formation history of our Galaxy.

One of the best opportunities to study the shape, orientation and mass ofilkye M
Way dark matter halo is provided by the Sgr dSph (Ibata et al. 1994, Bgli&zal. 1999)
through the investigation of its luminous tidal streams. Recent studies havahigt a
so-called halo conundrum (Law et al. 2005), showing that the availabtielnevere not
able to reproduce simultaneously the angular position, distance and raftiaity trends
of leading tidal debris. Law & Majewski (2010) claim to have solved thisucmtum by
introducing a non-axisymmetric component to the Galactic gravitational pot#miatan
be described as a triaxial halo perpendicular to the Milky Way disc. Eveadflp mo-
tivated within the current Cold Dark Matter paradigm, these findings halieeswently
been confirmed by Deg & Widrow (2013). However, Debattista et al. {p€dil to repro-
duce plausible models of disc galaxies using such a scenario. In ordek&sulstantial
progress towards a solution of this debate, new observational dataeded) starting from

accurate proper motions (PMs).

In this sense, publicly-available catalogs of absolute PMs for sevefatt@aGCs are
of great importance. A notable example is the ground-based Yale/Sasdutrern Proper
Motion catalog (Platais et al. 1998, Dinescu et al. 1997 and the followingrpayf the
series). These kinds of studies are extremely difficult in regions of thevklkere different
stellar populations overlap (such as towards the Bulge) and the assogiatedainties

are typically large, ranging betwe@nt mas yr~'and0.9 mas yr—!(Casetti-Dinescu et al.
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2007, Casetti-Dinescu et al. 2010). In this senséHihigble Space TelescofldST) provides
a unigue opportunity to measure high-accuracy stellar PMs even in the rosted and
complex regions of the Galaxy, as seen in Clarkson et al. (2008) orrémale van der

Marel (2010), for example.

A.1.2 Observations and data reduction

In order to measure the PMs in the direction of NGC 6681 we usedHt®/bdata sets. The
one used as first epoch was acquired under GO-10775 (PI: Sarpjédctonsists of a set of
high-resolution images obtained with the WFC of the ACS. For our investigateonsed
four deep exposures in both the F606W and the F814W filters (with exptses of1 40
sec andl 50 sec, respectively), taken on May 20, 2006. We work here exclysivi¢gh the
_FLC images, which have been corrected with the pixel-based correctite ipipeline
(Anderson & Bedin 2010, and Ubeda & Anderson 2012) as desciib€tapter 2.

The second-epoch data set is composed of proprietary data obtaioeghi®O-12516
(PI: Ferraro). This program consists of several deep, hightriéso images taken with the
UVIS channel of the WFC3 in the F390W, F555W and F814W filters. Timepsa ana-
lyzed in this work consists ¢f x 150 s images in F555W antB x 348 s images in F814W.
These images have not been corrected for CTE losses, since no asazl-borrection was
available at the time of this reduction. These images were taken relativelyasmonn-
stallation and background in these images is greater than 12 electrony, €3 Brosses
should be small, particularly for the bright stars we are focusing on beeeAnderson et al.
2012). Since these observations were taken on November 5, 2011 pthlatavsets provide
a temporal baseline ef 5.464 yrs.

The data reduction procedure and the relative PMs determination followré¢iserjp-
tions already discussed in Chapter 2. For the WFC3 UVIS dataset wethisgulogram
i mg2xym wf c3uv, which is similar to that developed for the analysis of ACS data. The
output of this analysis is summarized in Figure A.1, where in the upper pasedhow the
VPDs and in the lower panels the corresponding CMDs. Close inspectitims\3PDs sug-
gest that at least three populations with distinct kinematics can be identifiegl diréction
of NGC 6681.

1. The cluster population is identified by the clump of stars at (@8)yr—'. By select-
ing stars within the blue circle in the second upper panel, a clean CMD of thclu

is obtained (second lower panel of Fig. A.1).
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NGC 6681: 5.464—yr proper motions (mas/yr)
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Figure A.1The upper panels show the VPDs of the relative PMs. In ther@aaels the CMDs
corresponding to the selections applied in the VPDs ardajieg. First column in the VPD the
different populations are indicated with different colgessample of cluster members in blue, of
Sgr dSph stars in red, of the field in green), but no selec8applied. The corresponding CMD
shows the entire PM catalog&econd columrin the VPD cluster members are selected within the
blue circle and the corresponding CMD displays only welfirtktl cluster evolutionary sequences.
Third column Sgr dSph selection within the red circle and correspon@itp. Fourth columnthe
selection in the VPD (in green) of the bulk-motion of fieldrstand their location on the CMD.

2. A secondary clump of stars is located at roughiyt, 3.5) masyr—!. Stars selected
within the red circle in the third upper panel of Fig. A.1 define in the CMD (thelthir
lower panel) a sequence significantly fainter than that defined by cluatsr $here-
fore, these stars belong to a population that is both kinematically and photaatietric
different from that of the cluster. This population appears uniformlyitistied across
the FoV of our observations and thus it can be associated to the Sgr dismse main
body is located in the background of NGC 6681.

3. A much sparser population of stars is centered arquntl5,0) masyr—!. The
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bulk of this population is highlighted with the green circle in the last upper paiel
Fig. A.1. The corresponding CMD suggests that this is essentially duestithémkground

sources.

A.1.3 Absolute reference frame

In order to measure absolute PMs, an absolute zero point is requiredbekh option to
define this zero point is to use extragalactic sources, since they ardialbgastationary
on account of their enormous distances. This method has already ba@edd several
previous works, such as Dinescu et al. (1999), Bellini et al. (20drj,Sohn et al. (2012).
In order to find extragalactic sources we first tried to use the Nasa Bk Database
(NED) but no sources in our FoV were reported. This is due to the stnmognpleteness of
of the NED catalog in the innermost regions of dense stellar systems. Wedflfemped a
careful visual inspection of our images. Thirty-one galaxies were ideatiy eye, but only
11 of them have point-like nuclei and thus are successfully fitted by thetedl®SF. Out
of these, we selected only the 5 galaxies with an associated QFIT valuea(agiar which
describes how well the adopted PSF fits the brightness profile of thees@a® Anderson
& King 2006 for details) smaller thad.6: this was necessary to guarantee a measurement
of the source centroid accurate enough to provide a precise determiotimzero point
for the absolute PMs. Figure A.2 shows how these galaxies appear in1Ag\H&and.

The selected galaxies are located very close to each other in the relstivePP
(Fig. A.3), as expected for distant sources. Therefore, we deflmedero-point of the
absolute reference frame as the weighted mean of their relative PMs ésbkighdot in
Figure A.3):

(er COS 6, f15) gats = (—1.58 + 0.18,4.57 + 0.16) masyr~ ", 0)

as measured with respect to the mean NGC 6681 motion derived in Section AHe2.

uncertainties correspond to the error on the calculated weighted means.

A.1l.4 NGC 6681

In order to measure the absolute PM of NGC 6681 we selected only stars within
mas yr—from the cluster mean motion and in the magnitude intetvah <mpsssw <
22.5 mag. We iteratively refined the selection by applyindparejection and re-calculating

the barycenter of the PMs as the weighted mean value of the PMs of the daitete until
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Figure A.2The five selected background galaxies as they appear in th&/F8nages. They differ
from the stellar sources since their light is more diffuseas the surrounding pixels. Their point-
like nuclei allow us to accurately determine their centraidl thus to obtain a precise measure of
their relative proper motions.

the difference between two subsequent steps was smalled hiamas yr—!. After the last
iterative step, a total oV, = 14030 stars survived the selection criteria. We used the
sum in quadrature between each single measurement error and the veispéysion of

the clusters,, = 0.12 mas/yr (based on the line-of-sight velocity dispersion and distance
given by Harris 1996) as weights. To estimate the efxétM on the weighted mean PM in
each coordinate we use the standard error-in-the-mean, i.e., the disgErthe surviving
stars around the weighted mean PM, divided\bi/Ndu — 1). This includes scatter from

the internal dispersion of NGC 6681 stars, which therefore does rat toebe estimated

106



APPENDIX A. APPENDIX

explicitly. We find that the resulting errak PM is negligible compared to the error on
the absolute reference frame. Therefore, the latter dominates the umgeotathe final
absolute PM of NGC 6681, which is:

(fta cOS 8, i) = (1.58 4 0.18, —4.57 £ 0.16) masyr . (1

The PM derived here can be combined with the known distance and lisigiufveloc-
ity of NGC 6681 from Harris (1996), to determine the motion of the cluster in thka
tocentric rest frame. Using the same formalism, conventions, and solar metianvan
der Marel et al. (2012), this yieldd/x, Vi, Vz) = (203 + 2,111 £9, —179 £ 7) kms™..
This corresponds to a total Galactocentric veloﬁﬁy: 292+5 kms~!. This significantly
exceeds the central velocity dispersior: 120 km s~! of the Milky Way’s spheroidal com-
ponents (e.g., Deason et al. 2012). Hence, NGC 6681 must spendfrtiastime along its
orbit at significantly larger distances from the Galactic Center than itsrdudistance of
2.2 kpc (Harris 1996).

A.1.5 Sagittarius Dwarf Galaxy

In order to determine the absolute PM of the Sgr dSph we basically followeshthe pro-
cedure previously described for NGC 6681. In setting the weights foPMeveraging,
we used the dispersion, ~ 0.3 masyr~limplied by Figure 6. This includes both con-
tributions from the internal velocity dispersion of the Sgr dSph (see eigchaboy et al.
2012), and unquantified systematic errors. We selected stars Withinas yr—!from the
Sgr dSph mean motion and in the interva@l5 <mgsssw < 23.5, which is one magnitude
fainter with respect to the case of NGC 6681, since most of the Sgr dSptbstang to its
faint MS. The resulting absolute PM is:

(fte cOS 6, 15) = (—2.54 £ 0.18, —1.19 4 0.16) masyr .. (i

We compared this value with previous estimates. With the aim of reconstructing the
kinematical history of this galaxy and to predict its evolution in a triaxial Milky Viiajo,
Law & Majewski (2010) built a N-body model able to reproduce most of ghstem’s
observed properties. In the Law & Majewski model, the Sgr dSph haslact@eentric
motion (Vx, Vs, V) = (230, —35,195) kms™!, corresponding to a total velocity’| =
304 kms~!'. The absolute PM predicted by the modeljig, €os 9, j5) = (—2.45, —1.30)
mas yr~!(light green dot in Figure A.3). An estimate of the absolute PM of the Sgr dSph
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based orHSTdata has been recently presented by Pryor et al. (2010). The auteds
foreground Galactic stellar populations as reference frame and theynitedel an absolute
PM of (uq cos 4, j1s) = (—2.3740.2, —1.654-0.22) mas yr—!, which is shown as a magenta
ellipse in Figure A.3. A ground-based estimate of the absolute PM of the S W&s
presented by Dinescu et al. (2005). Using the Southern Proper Mottald@ 3 they
determined thatji,, cos 6, 1) = (—2.83 £0.20, —1.33 £ 0.20) mas yr—!, which is shown
as the dark green ellipse in Figure A.3. These previous estimates are imagueement

with the value determined here.

It is worth noting, however, that these other determinations are not dirtiyparable
with ours, since they refer to different regions of the Sgr dSph. lehdbés has two possible
effects. The first one is that possible internal motions, such as rotatialy tanslate into
different mean motions, thus introducing a systematic effect. This shoulderaiproblem
for the Sgr dSph, since this galaxy does not show any evidence of ro(R&diarrubia et al.
2011). The second effect is that if the whole galaxy has a 3D velocityprddferent from
zero, then the observed PMs for different pointings are not the saoaybe of perspective
effects due to the imperfect parallelism between the lines of sight (van aiel gt al. 2002).
Since the Sgr dSph is a nearby galaxy, this effect could be relevanwardlculated the
correction to apply (as in van der Marel & Guhathakurta 2008) in ordeltain comparable

estimates at the center of mass of the Sgr dSph.

Under the hypothesis that the center of mass of the Sgr dSph is moving aavih& L
Majewski (2010) prediction, our perspective-corrected PM measemebecomes, cos d, u5) =
(—2.5640.18, —1.29+0.16) mas yr—'. The corrected Pryor et al. (2010) estimate becomes
(tter €OS 0, j15) = (—2.37 4 0.20, —1.63 £ 0.22) mas yr !, and the corrected Dinescu et al.
(2005) estimate becomés,, cos 8, pi5) = —2.83 £ 0.20, —1.56 + 0.20) masyr—'. Thus
our measurement is consistent with the previous observations. The wkemldgsge of
all observational estimates of the center-of-mass PM of the Sgr dSph, i$)s d, us5) =
(—2.59 4+ 0.11,—1.45 + 0.11) masyr—'. This is consistent with the theoretical model of
Law & Majewski (2010), once the uncertainties on transforming that intMar&ue (e.qg.,
from uncertainties in the distance and solar motion) are taken into accowetlag here-
fore, our measurement is consistent within aboutauncertainty both with theoretical

predictions (Law & Majewski 2010) and the previadSTobservations (Pryor et al. 2010).
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A.1.6 Field

We compared the absolute PMs of Field stars in our catalog with those preficieel
same region of sky by the Besangon Galactic model (Robin et al. 2003gewsrated a
simulation over a 0.01 square degre@sX 6') FoV around the center of NGC 6681 £
2°85, b = —12°51) and 50 kpc deep. To minimize any possible bias, we have constructed
a sample as similar as possible to the observed stars, based on a compatiggeniihe
observed and the simulated CMDs. Simulated field stars were selected withinghiude
range:17.5 <Mgsssw < 22.5 mag and fpsssw—Meg1aw)> 1.5 mag and 1378 stars
survived these criteria. The average predicted motion is shown in Figre@#\a cyan
ellipse, which corresponds tp.{ cos d, i15) = (—0.91 % 0.08, —2.39 £ 0.09) mas yr— .1

Field stars in our observed catalog were selected following the same colonagni-
tude cuts. We also required these stars to have PM errors smalldy.thamas yr—in each
coordinate. Finally, we excluded those stars withimas yr~'of the cluster mean motion
and within1.0 mas yr—'of the Sgr dSph mean motion. We iteratively removed field stars
in symmetric locations with respect to the Sgr dSph and NGC 6681 exclusiondanto
better define the mean motion of the Field population and adjusted the weightednean
tion after each iteration (thus following the method described by Andersam&ler Marel
2010 for the determination of the centerofCen). The 281 selected field stars used for the
final estimate are shown as black crosses in Figure A.3. Since theseistday @ large
scatter in the VPD due to their velocity dispersion and not to their randomseiirothis
case we computed a statistically more appropiatelipped unweighted mean motion. It

is shown as a blue ellipse in Figure A.3 and its value is:
(fto cOS 8, 1) = (—1.21 4 0.27, —4.39 + 0.26)mas yr~*. (V)

Our PM measurement is similar to the prediction of the Besangon model, in thatts poin
in the same direction on the sky (see Figure A.3). However, the sizes oMhegors are
not formally consistent to within the random errors. Since our measurerioer8gr dSph
stars are entirely consistent with both previous measurements and thegreditiations,
this cannot be due to systematic errors in our measurements (which woedtl @ffpoint
sources equally). Instead, the mismatch is most likely due to shortcomings inshadda

models. In particular, for pointings this close to the Galactic Plane, the moeldicped PM

LIt would be easy to reduce the random uncertainty on this model predigfidrawing a larger number of
simulated stars. However, we have not pursued this since the acaiitheyprediction is dominated largely by
systematic errors in the model assumptions anyway.
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A.1. HSTABSOLUTE PROPER MOTIONS OF NGC 6681 (M70) AND THE
SAGITTARIUS DWARF SPHEROIDAL GALAXY

distribution is likely to depend sensitively on the adopted dust extinction modethvis
poorly constrained observationally. Also, the model predicted PM distribukspends on
the solar motion in the Milky Way, which continues to be debated (e.g., McMillar1 201
Bovy et al. 2012).
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Figure A.3VPD of the absolute PMs. The red dots indicate the selectekgnaund galaxies,
whose mean motion corresponds to the zero point of the VPB.ble ellipses are centered on
the measured absolute PMs of the three populations (markbdavblue cross) and their size cor-
responds to the calculated 68.3% confidence region. Thé& blaiows indicate their absolute PM
vectors. In the proximity of the Sgr dSph estimate, the PMiegbredicted by Law & Majew-
ski (2010) is shown as a light green dot, while the Pryor e{2010) and Dinescu et al. (2005)
measurements and their 68.3% confidence regions are shomagenta and dark green ellipses,
respectively. Finally, the cyan ellipse describes the iptexh on the PM of the field population by
the Besancon model, which differs from our estimate obthirsng the stars in the same magnitude
and color range (marked with black crosses, see the texttéossdlection criteria).
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A.2 Double Blue Straggler sequences in GCs: the case of NGC 362

The second case under study concerns the BSS population of the G&&chC 362.
A series of suitably planned photometric observations withtHB& and the analysis of the
proper-motion-selected CMD allowed us to discover two distinct sequefid&SsS, a rare
feature observed only in one other GC in the Galaxy (namely M30, Feetaaib2009b).

All the details regarding this study can be found in Dalessandro et al3]201

A.2.1 General context

Among the large variety of exotic objects (like X-ray binaries, MSPs, etcighwbopulate
the dense environment of Galactic GCs (see Bailyn 1995, Paresce 893|.Bellazzini et
al. 1995, Ferraro et al. 2001, 2003, 2006¢c, Ransom et al. 208b¢gkat al. 2008), BSS
surely represent the most numerous and ubiquitous population. Ir88&dhave been de-
tected in any properly observed stellar system (GCs, see Fusi Peaci 8992, Ferraro
et al. 1992 Piotto et al. 2004; open clusters — Mathieu & Geller 2009 — dyedakies —
Mapelli et al. 2009). BSS are brighter and bluer than the MSTO, thus mimickiogp-
ulation significantly younger than normal cluster stars. Indeed, olismmgademonstrated
that they have masses larger than that of MSTO stars< 1.2 — 1.7 M,; Shara et al.
1997; Gilliland et al. 1998; De Marco et al. 2004, Fiorentino et al. 2014)véver, stellar
evolution models predict that single stars of comparable mass generatecepbtth of the
cluster formation should have already evolved away from the MS; thus smubanisms
must have been at work to increase the mass of these objects in their helagoant past
(2 — 3 Gyr ago; Sills et al. 2002).

Two main formation scenarios for BSS have been proposed over the yeass transfer
(MT-BSS) and direct collision (COL-BSS). The collisional formation amalrbetween two
single stars was theorized for the first time by Hills & Day (1976). FollowingksgLom-
bardi et al. 2002; Fregeau et al. 2004) showed that BSS may formialsollision between
binary-single and binary-binary systems. In the mass transfer scéNartrea 1964), the
primary star transfers material to the secondary one through the innearigagn point
when its Roche Lobe is filled. In this picture the secondary star becomeseamamssive
MS star (with a lifetime increased by a factor of 2 with respect to a normal sthe same
mass — McCrea 1964) with an envelope rich of gas accreted from the giamoChemical

anomalies are expected for MT-BSS (Sarna & De Greve 1996), sin@theted material

111



A.2. DOUBLE BLUE STRAGGLER SEQUENCES IN GCS: THE CASE OF NGC236

(currently settled at the BSS surface) could come from the inner regitmeadonor star,
where nuclear processing occurred. Spectroscopic results simgpthie occurrence of the
MT formation channel in a few BSS have been recently obtained (Feetaab 20063a;
Lovisi et al. 2013). Conversely, surface chemical anomalies arexpeteed for COL-BSS
(Lombardi et al. 1995), since no significant mixing should occur betwikennner core
and the outer envelope.

In GCs, where the stellar density significantly varies from the center to teenext re-
gions, BSS can be generated by both processes (Fusi Pecci eé92].FEraro et al 1995).
Recent works suggested that MT is the dominant formation mechanism in twitylelus-
ters (Sollima et al. 2008) and possibly also in high-density clusters (Knigge €009).
However the discovery of two distinct sequences of BSS in M 30 (Fkeetal. 2009b)
clearly separated in color further supports the possibility that both formatiannels can
coexist within the cluster core. In fact the blue BSS sequence is nicetgpdeped by
collisional models (Sills et al 2009), while the red one is compatible with binastesys
undergoing MT (see Tian et al. 2006). The origin of the double seguerght be possibly
related to the core-collapse process that can trigger the formation ofdzbémd blue BSS,
enhancing the probability of collisions and boosting the mass-transfeegs e relatively
close binaries. Given the evolutionary time-scales for stars in the BSS arags, the fact
that the two sequences are still well distinguishable is a clear indication tteatobiapse
occurred no more thah— 2 Gyr ago.

In order to further explore the link between the presence of a doubleseguwf BSS
and the occurrence of core collapse, we acquit&d images with the WFC3 for a sample
of suspected post-core collapse GGCs. Here we report on the digadvibe second case
of a BSS double sequence in NGC 362 .

A.2.2 Observations and Data analysis

In the present work we used data acquired with the UVIS channel of tR€3A\on 2012
April 13 (Proposal ID: 12516; PI: Ferraro). The dataset is coragas fourteen expo-
sures obtained through the F390W (hereaftéy filter, each one with an exposure time
texp = 348 sec, ten F555W (V) images with,,, = 150 sec and fifteen F814W (I) frames

with t.., = 348 sec. Each pointing is dithered by a few pixels in order to allow a better

2Although the F390W filter almost corresponds to the broad filter C of thenitvgon photometric system
(Canterna 1976), we prefer to label it “U filter" since it is more popular.
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subtraction of CCD defects, artifacts and false detections. The dateti@dépllows the
same procedure described in Chapter 2.

As evidentin Figure A.4, the CMD of NGC 362 is contaminated by fore ankdracind
Galaxy stars and even more strongly by the Small Magellanic Cloud (SMQjgams. In
particular the MS of the SMC defines a quite clear sequenceat0 and0 < (U—1) < 2.

In order to evaluate the level of contamination in the direction of the clusteperfermed
the already described relative PM analysis. For this purpose we compkanaur HST
WFC3 images with a first epoch data-set consisting of WFC/ACS images obtaidede
2006 (Prop ID 10775; PI: Sarajedini). Also in this case, we repeateprtoedure already
followed in Chapter 2.

The upper panels of Figure A.4 present the VPD obtained, where waistarguish two
main sub-populations. The first and dominant one, centeredsat( 0 pixel yr—!, uy =0
pixel yr=1) is, by construction, the cluster population. The seconduat & 0.7 pixel
yr—1, uy = 0.2 pixel yr=!) is instead populated by the SMC stars. The separation between
the two components appears clearly in the (V,U-I) CMDs as shown in the lparezls of
Figure A.4. In Figure A.5, we show the VPD at different magnitude levels.e®pected,
the population belonging to the SMC starts to appear in the VPD diagram for 20.

In addition the distribution of NGC 362 and SMC gets broader as a functiorcgasing
magnitudes, because of the increasing uncertainties on the centroid gositfaint stars.
The same behavior is visible at bright magnitudés< 17) because of non-linearity and
saturation problems.

To build a clean sample of stars with a high membership probability, we defined in th
VPD and for each magnitude bin a different fiducial region centereg gn= 0 pixel yr—!,
uy = 0 pixel yr—1). The fiducial regions have radii @ x o, whereo is the dispersion of
fiducial member stars, i.e. those with a distance 0.3 pixel yr—! from (ux = 0 pixel
yr—1, uy = 0 pixel yr—1) (see the member selection in the upper panels of Figure A.4). Itis
worth noting that slightly different criteria for the membership selection d@appteciably

affect the results about the BSS population.

A.2.3 The BSS double sequence

Given its observed density profile that shows a moderate cusp in thelaegian of the
cluster (see details in Dalessandro et al. 2013), NGC 362 is suspectadetctarted the

core collapse process. This makes it particularly interesting in the corftéx avorking
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Figure A.4Upper panelsin the leftmost panel VPDs in pixel/yr of all the stars identified in
common between the first and second epoch data sets. In the middle parlaktbeand
the SMC populations are selected in black and red respectively. In thenoghpanel only
cluster member are selectedower panels From left to right, (V,U-1) CMDs for all the
detected stars, for stars with a high cluster membership probability and Skeleskstars
(red dots), and for cluster members only.
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hypothesis proposed by Ferraro et al. (2009b) that clusters wridgrthe core-collapse
process could develop a double BSS sequence. For this reason, $hpdp8lation of
NGC 362 has been analyzed first in the (V,V-I) CMD, in order to perfardirect compari-
son with the observations of M 30 (Ferraro et al. 2009b). Following tipecgeh adopted
in previous papers (Lanzoni et al. 2007a,b; Dalessandro et al.a28)08e selected BSS
candidates by defining a box which roughly selects stars brighter and thiare the TO
point, corresponding t&7o ~ 19 and(V — I)to ~ 0.7. As usual, in our selection we
tried to avoid possible contamination of blends from the SGB, TO region, andatura-
tion limit of the deep exposures (dashed line in Figure A.5). With these limits Ghdates
BSS have been identified. We emphasize that the selection criteria are nititad issue
here, since the inclusion or exclusion of a few stars does not affeclyinvay the results
of this work. The selected BSS are shown in the zoomed region of the CMIgumeFA.6.
At a close look it is possible to distinguish two almost parallel and similarly poplisge
quences, separated by abdut” ~ 0.4 andA(V — I) ~ 0.15. Such a feature resembles

the one observed in M 30.

In order to perform a more direct comparison with M 30, we over-plottedfisiccial
areas (grey regions in Figure A.6) representative of the color anditndgrdistribution of
the red and blue BSS populations in that cluster. Differences in distanceliraod red-
dening have been properly taken into account. Figure A.6 shows thaB88e&BNGC 362
nicely fall within the same fiducial regions used to separate the BSS sexgiartbe case of
M 30 (Ferraro et al., 2009b) and only sparsely populate the region betthe two. More-
over the BSS population of NGC 362 show luminosity and color extensions sitmitae
ones observed in M 30. The red sequence appears slightly more stéttrehat observed
in M 30. This is mainly due to the fact that in the case of NGC 362 a few candifs®eat
(V —I) ~ 0.6 have been included into the sample. However, we can safely conclude that,
within the photometric uncertainties, the two BSS sequences of NGC 362 wethlde
the red and blue BSS sequences of M 30. The blue BSS sample countss3@tstdn are
distributed along a narrow and well defined sequence in the (V, V-I) Civiile the red
sequence counts 35 stars. The relative sizes of the two populationy isiméiar to what
found in M 30.

In order to quantify the significance of the bi-modality of the distribution shawn
Figure A.6, we used the Gaussian mixture modeling algorithm presented bgtdvius:
Gnedin (2010) and already described in Chapter 6. We obtain that a ualiglisttibution
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Figure A.5 On the left (V,V-I) CMD of stars in the WFC3 FoV. In black staedested

according to their membership probability, in grey stars excluded on thedfdkis criteria

highlighted in the VPDs in the right panels. On the right, VPDs at differentnitade

levels. The distribution of stars gets broader moving to very faint and tomgignitudes
because of the uncertainties on the centroid determination. The black eipcksent the
20 fiducial region used to clean our sample from non-member stars.
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Figure A.6 A zoomed view of the (V,V-I) CMD of NGC 362 on the BSS regionS3B

are highlighted as red and blue symbols, and the photometric errors ave sisoerror

bars. The grey areas represent the fiducial loci of the red BSSlaedBB8S of M 30 (from

Ferraro et al., 2009b). Open squares are SX-Phoenicis founddkglgzt al. (2007). Open
pentagons and filled triangles are respectively SX-Phoenicis and Witivkidentified in

this work. Grey crosses are stars excluded for saturation or nonitinpesblems.
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is rejected with @9.6% probability; hence it is bimodal with a confidence leveBof

We analyzed the spatial distribution of the red and blue BSS populations kindpat
their cumulative radial distribution (see Figure A.7). We used SGB stars im#umitude
interval 18 <V < 18.5 as reference population. Both the red and the blue BSS samples
are more centrally concentrated than the reference population. A Kolma&onirnov test
gives a probabilityP ~ 10~° that they are extracted from the same parent population.
Moreover, red BSS are more centrally segregated than the blue onesa Wwith o)
confidence level that they are extracted from different populatianaddition, in striking
agreement with what found by Ferraro et al. (2009b) in M 30, we dmhsérve any blue
BSS within5” — 6” from C,,., and both the blue and red samples completely disappear
(within the WFC3 FoV) at distances> 75”. The observational evidence collected so far
leads us to conclude that NGC 362 is the second cluster, after M 30, shawlaar double

sequence of BSS.

A.2.4 Discussion

The accurate HST WFC3 photometry presented in these Sections hdsddbhegresence

of two almost parallel BSS sequences in the core of NGC 362. This exfisethe second
case, after M 30 (Ferraro et al. 2009b), for which a double BSSesemguhas been observed.
The red and blue BSS populations are well separated in the (V, V-I) CiMDW~ 0.4 and
A(V-1)~ 0.15, and they nicely overlap with the distribution of BSS shown in Ferraro et
al (2009b, see Figures A.6). As in the case of M 30, the red populatiogngisantly
more centrally concentrated than the blue one (Figure A.7) and their seesmgrsimilar.
Also the total number of BSS normalized to the total cluster luminosity is basically the
same in these two systems. In fact we count, withirand after field stars subtraction,
77 BSS in NGC 362 which haby ~ 2 x 10°L, and 51 in M 30 (Ferraro et al 2009b)
which has instead;, ~ 10°L,. Ferraro et al. (2009b) argued that blue BSS are likely the
result of collisions while red BSS are binary systems in an active phase s#-tramsfer.
Observational hints supporting this interpretative scenario have beentie shown by
Lovisi et al. (2013). A similar approach can be followed to interpret thedaquences in
NGC 362. The results are shown in Figure A.8. Indeed the position of tleedelguence

in the CMD can be nicely reproduced by a collisional isochrone (Sills et 809p of
proper metallicity ([Fe/H]=-1.31) and age= 0.2 Gyr and by assuming a distance modulus
(m — M) = 14.68 and reddenindZ(B — V') = 0.05 (Ferraro et al. 1999).
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r [arcsec]

Figure A.7 Cumulative radial distribution of the red and blue BSS sampleslatk ithe
distribution of SGB stars, taken as reference population. This analysis isditaitéhe
WFC3 FoV which extends to a distance fraf,., » ~ 100", corresponding to about
8 — 9re.
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Figure A.8 As in Figure 7, the grey shaded area (here defined as “BH-@main”) ap-
proximately indicates the region populated by mass-transfer binaries in Mi&7 €t al.
2006), "translated” into the CMD of NGC 362. The solid black line is a 0.2 Gifistonal

isochrone (Sills et al. 2009).
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In Ferraro et al. (2009b) the position of the red BSS sequence in the Gadbeen
found to be well reproduced by the lower luminosity boundary defined éyistribution
of binary stars with ongoing mass-transfer, as found in Monte Carlo simusaltip Tian et
al. (2006). This boundary approximately corresponds to the locusedidiinthe Zero-Age-
MS (ZAMS) shifted to brighter magnitudes By75 mag. The locus obtained for NGC 362
is shown as a red dashed line in Figure A.8. As can be seen, red BSS lipanse sirea
adjacent to the lower boundary in a region that we can caMfieBSS domaifhighlighted
in grey in Figure A.8).

In Ferraro et al. (2009b), the presence of two distinct sequend@S®fhas been con-
nected to the dynamical state of M 30, in particular to the fact that this clustet hrgk
recently ( — 2 Gyr ago) experienced the collapse of the core. The dynamical state of
NGC 362 is quite debated, and controversial results are found in the lier@&ischer et
al. 1993; McLaughlin & van der Marel 2005). The density profile cusp~( —0.2, see
Dalessandro et al. (2013)) is shallower than typically observed in PCsTectuand could
indicate that NGC 362 is on the verge or is currently experiencing the cellzjthe core
(Vesperini & Trenti 2010). The advanced dynamical age of NGC 3@Bssuggested by its
monotonic BSS radial distribution. In fact, in thdyhamical clock classification (Ferraro
etal. 2012), NGC 362 belongs (with M 30) to the family of the highly dynamicellgived
clusters Family III).

On the basis of this observational evidence we can argue that also irsthef®dGC 362
the presence of a double BSS sequence could be connected to theetidgnamical state
of the cluster. As in the case of M 30, the fact that we observe two distatgiesces,
and in particular a well defined blue one, implies that the event that trigglkesfbrma-
tion of the double sequence is recent and short-lived. If this eventnisembed with the
dynamical evolution of the system, it could likely be the collapse of the corig@ritial
phase). Indeed, during the collapse, the central density rapidly sesgealso enhancing
the probability of gravitational encounters (Meylan & Heggie 1997): tbiisg BSS could
be formed by direct collisions boosted by the high densities reached in tbgevaaile the
red BSS population could have been incremented by binary systems btougk mass-
transfer regime by hardening processes induced by gravitationalmetecs (McMillan, Hut
& Makino 1990; Hurley et al. 2008). Within such a scenario the propedfi¢gise blue BSS
suggest that the core collapse occurred very recently.2 Gyr ago) and over a quite short

time scale, of the order of the current core relaxation time ¢® yr; Harris 1996).
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