Unfolding the Milky Way bulge

Oscar A. Gonzalez

Miunchen 2012






Unfolding the Milky Way bulge

Oscar A. Gonzalez

Dissertation
an der Falltat fur Physik
der Ludwig—Maximilians—Universiit
Munchen

vorgelegt von
Oscar A. Gonzalez
aus Chillan, Chile

Miinchen, den 14.05.2012



Erstgutachter: Priv. Doz. Dr. Ortwin Gerhard
Zweitgutachter: Priv. Doz. Dr. Markus Kissler-Patig
Tag der niindlichen Piafung: 25.06.2012



Contents

I2.1 _The chemical composition of stars . . . . . . . . .o v v i e 11

[2.2 Model atmospheres and abundance measurements . . . . . . . . . .. .. 12

2.3 _Alpha elements and the formation timescale . . . . . . . . v .. .... 13

3 The formation timescale of the Galactic bulge from alpha-ement abundance mea-

surements and gradients 15
L= 16

3.2 Stellar parameters . . . . . . . .o 18

3.3 _Abundance analybis . . . . . .ot e e 18

3.4 Erroranalysis . . . . . o oo 22

13.4.1 _FError due to stellar parameters uncertainties . . . . .. .. ... .. 22

13.4.2  Errors from the spectral synthesis . . . . . 22

3.5.2__Alpha elements across the bulge, thick and thin disk . . . . . . .. . 27
3.5.3 s there an-element gradientinthe bulge? . . . . ... ......... 36




vi CONTENTS

4__The Red Clump as tracer of the Bulge extinction and structure 4
4.1 B 43

' S 44

' jbration . . . .. 45
izing . gnitudgrdim . . . . . . . 46

ge field: Baade’s do . 47

he OOU‘qu Ide diagram he inner Bulge . . . .. ...... .. 63
Photometricféective temperatures . . . . . . . . . .. . ... ... .. 66

Bulge luminosity functionand distances . . . . .. ... ...... ... 68

7.2 SDectroscoplc VS. photometnc metaII|C|ty distribng along the minor axis of

the Bulge . . . . . . . . . . e e 85
[7.3__The complete metallicity map of theBulge . . . . . . .. ... ........ 86
8 Conclusions and outlook 89

IA_Abundances of 650 bulge red giants 91
IB_Bulge VVV tile centre coordinates$ 109
IAcknowledgments 122




List of Figures

1.1

Color image of the Sombrero galaxy (M104), the prototgbéxample of a disk

galaxy with a large classical, merger-built bulge in itsteenimage was obtained
directly from the ESO photo release eso0007 "Fine shadesSoinabrero” and
was made by a combination of three CCD images from the FORS1-mat
instrument on VLT ANTU, by Peter Barthel from the Kapteyn Inge (Gronir]

1 (D

1.2

1.3

2.1

gen, The Netherlands) during an observing run at the ESOhRa@dbservatory. . 4

SpitzeiRAC 3.6 m negative image of NGC 4565, taken from the work of Ko-
rmendy & Barentine (2010), showing a clear boxy-bulge stmgctn its center.

This is panel a of Figure 2 from Kormendy & Barentine (2010progluced by
permission of the AAS. . . . . . . . 6

SpitzeiRAC 3.6 m negative image of NGC 4565, using a contrast anchbrig
ness stretching to highlight its pseudobulge from the wdikarmendy & Bar-
entine (2010). This is panel b of Figure 2 from Kormendy & Bairen (2010),
reproduced by permissionofthe AAS . . . . . . . . ... ... ... ... 7

lllustration of the &/Fe] ratio versus metallicity trends expected for a classica

bulge population formed on a short timescale and the drogymed by the con-
tribution of SN la during a more extended process. The abswohlues of these

3.1

3.2

trends depend on the IMF and the SFR of the population. . . . . ... ... 14

Color magnitude diagrams for the four fields: Baade’s winfapper lef), b=-

6° (upper righ), b=-12° (lower lef)) and NGC6553lpwer right). Spectroscopic
targets in each field are marked as large filled circles. Magdas were obtained

from the OGLE catalogue_(Udalski et/al. 2002) and the Z08logtabtained
fromWFlimages . . . . . . . . . . e 17

Calibration of the synthesis regions for the Sun, Arcgusndu-Leonis. Ob-
served spectra convolved to the GIRAFFE resolution are slamalack dotted

line and the red dashed line shows the synthetic spectrg tienstellar param-
eters from LO7 and abundancesin TdbI&l3.3. . . . .. ... ... ...... 20



viii

LIST OF FIGURES

3.3 Example of the final output of the synthesis procedurerderoto derive the

abundances of Mg (upper left), Ca (upper right), Ti (lowet)lehd Si (lower
right). Observed spectrum fagr target star 212175c6 is galiodis black dots and
the red dashed line shows the synthetic spectrum using gtéithieg abundance

as obtained from our procedure. . . . . . .. ... 21
3.4 Abundance errors associated with the uncertaintiefecte/e temperature (up-

lence (lower right). A change af200 K was applied to d;, 0.1 dex
+0.3 dex to logy and+0.2 dex toé. Model atmosphere were then

eters. Empty circles show the change in abundance when speai

is subtracted. Dashed lines show the mean variatignsand oy

uncertainty in the stellar parameter is added and subttaespectively. . . . . . 23
3.5 Difference between the abundances measured using the sanferlisiess ob-

| served twice in the field ath—12. The dashed line shows the meaﬂiai'ence

between both measurements and the dotted linesstteedund the mean. . . . . 24
3.6 Alg/FeEla/Felves[a/Feliracer for our bulge sample plotted as black filled

| circles. The dashed line indicates the mean value of tifierdnce add the dotted

lines show the & range around the meanfidirence for each element. . . . . .. 25
3.7 Ala/Fel=[a/Felr-[a/Fe]r for the disk sample plotted as black filled circles

where the low resolution (LR) spectra were obtained by deggatie high reso-
lution (HIR) to the resolution of our GIRAFFE sample. The dadivelindicates

the mean value of the flerence and the dotted lines show tleerange for each

element. . . . . . e 26
3.8 Difference between the stellar parameters obtained in this ammikhe values

presented in AB10 calculated AX=Xniswork-Xag10- The dashed line indicates
the mean value of the flerence and the dotted lines show tleerange for each

element. . . . .. e, 28

3.9 Difference between thexfFe] values for Mg, Ca, Ti and Si obtained in this

[a/Felasi0. The dashed line indicates the mean value of tiiedince and the

work and the values presented in AB10 calcuIatedﬁbﬂFe]:[a/Fe};twork-
dotted lines show thed.range for each element. In particular, disk giants used

by AB10 to calculate their internal zero points are shown ddilled stars. . . . 29
3.10 [MgFe] abundances in 4 fields of the bulge shown as red filledesircBulge

globular cluster members are shown as black filled squavigyHe] abundances
for the thick disk stars are shown as blue filled triangles ascempty black

circles forthe thindiskstars. . . . ... ... .. ... .. ... .. ..... 30
3.11 [CdFe] abundances in 4 fields of the bulge. Symbols are as i 3.... 3
3.12 [TyFe] abundances in 4 fields of the bulge. Symbols are as i 3., ... 32
3.13 [SyFe] abundances in 4 fields of the bulge. Symbols are as i 3. ... 33

3.14 [o/Fe] abundances in 4 fields of the bulge calculated as the gev&etween Ca,
Mg, Ti and Si abundances. Symbols are as in @]3.10 ............ 34



LIST OF FIGURES IX

3.15 The left panels showt[Fe] trends as a function of [Ad] in 3 bulge fields located

along the minor axis. Best fit trends are shown for bothHfeanges, a metal-
poor between-1.2 and-0.5 dex and a metal-rich betweet0.3 and 02 dex,
as well as the location 0f the knee in all fields.The right pesbow the §/Fe]

distribution for each field. . . . . . . . . . . . .. ... .. 35

3.16 Same as in Figufe 3115 for 2 bulge fields along the majefax . . . . . . . . . 35

3.17 Dispersion of radial velocity as a function efffe], in bins of 0.15 dex, for the

three fields along the minor axis (filled circles and left esdale). Overploted as
a dashed line is thex]Fe] distribution for each field, which scale is given on the
right. Globular cluster members in the sample were remouwethis particular

4.1

4.2

analysis. . . . . . e e 38

Near-IR Color-Magnitude diagram for a sample of disksstéith measured dis-
tances from the Hipparcos satellite and 2MASS magnitudéss i§ Figure 2
from|Casetti-Dinescu et al. (2011), reproduced by permissfdhe AAS. . . . . 42
Distributions of the RA and DECflierences in arcsec between matched sources

of single band, J and Ké, photometric catalogs. Crossmagdbirfield b278 is

4.3

shown hereasanexample . . .. ... ... ... . .. .. .. .. .. ... 44

J,H andK< magnitudes dierences between VVV catalogs and 2MASS. Dashed
lines show the mean filerence between both catalogs in the range denoted by

4.4

thesolidlines . . . . . . . . . . 45
VVV observed J — Kq,K<) CMD of a 20 x 20 region within the tile b278 cali-

4.5

brated and completed with 2MASS photometry. . C .47
Right panel shows the observed color maqnltude dlaqrzura fbx 4 arcmin

region centered in Baade’s Window and a selection box cooresipg to the
red clump. Left panel shows the color distribution of thesd clump stars.

5.1

Overplotted is the best fit Gaussian curve with the mean RG.calo . . . . . . 48

The mean value obtained from a Gaussian fit to a set of Npaétés randomly

distributed following a Gaussian distribution centeredzeno (solid horizontal
line) and with a sigma of 0.10. The dashed vertical line s dimit of 200

5.2

5.3

points adopted as the minimum number of stars in each subfield. . . . . . . 53
VVV coverage of the Bulge in Galactic coordinates. Eachlksquare shows the
coverage by individual’x 1.5° tile from the VVV. Tile numbering for the VVV
survey is described In Saito et al. (2012) and the coordsnaitthe center of each

tile are listed in the Appendix B. Theftierent color shading of the tiles depends

on the spatial resolution (2’, 4 and 6’, respectively) usedlerive reddening
from the mean color of the red clump stars (see text fordgtail. . . . . . . .. 54
Red clump region of the observed color magnitude diagaartilé b306 (right

panel) compared to the de-reddened one obtained by ourdunex@eft panel).
Only a subsample of the stars are plotted in each CMD and coleweels are
shown to mark the clump position and shape. The arrow in e pganel shows

the reddening vector for a change in E(B-V) of 0.5 magnitudes. . . . . . .. 55



LIST OF FIGURES

5.4 Extinction map of the Galactic Bulge for the complete sagtovered by the

5.5

5.6

VVV survey. TheAg, values are computed frofd(J — Ks) measurements as-
sumingl Cardelli et al. (1989) extinction law for all tiles. Ak, values larger
than 1.5 mag the color scale saturates. The details of ticagn variation in

the inner highly extinct regions, whefg_ reaches up to 3.5 mag, are better seen
inthe upper panelof Fig. 8.8. . . . .. ... ... ... ... ... ..... .. 56
(J — Ks) and J — H) color difference between our control field and those mea-
sured in the subfields of tiles b317, b303 and b275. The sizheoSubfields
corresponds to the same resolution described in Fig. 2. Tleedashed line
shows the relatioe(J — H) = 0.638E(J — Ks) corresponding to the extinction
law from|Cardelli et al.|(1989) and red solid lineg§J — H) = 0.671E(J — Ky)
fromINishivama etal!(2009) . . . . . . . . . . . . .. . .. ... 58
Screen-shot of the BEAM calculator web-page. The useriges the center

coordinated and field size to retrieve the reddening value&®aphotometric

5.7

5.8

5.9

metallicities. . . . . . . . . .. 59
Difference between th&_ values obtained in this work and those of Schlegel
et al. {1998), as a function of Galactic latitude, for 1008d@amly distributed

30 x 30 regions between®8 <b<-1°). .. ... ... ... ... .. ... 61
The upper panel shows the inner-2° region around the Galactic plane of our
VVV extinction map. Ax, values are based on Cardelli et al. (1989) extinction
law. Part of this region was also covered by the DENIS sunvggd in Schultheis

et al. (19909) to build an extinction map shown in the lowergdan . . . . . . . . 62
Upper panel shows the comparison of Mg values obtained in this work and
those of Schultheis et al. (1999) for the common inner Bulgeore(-2° < b <

+2°). Lower panel shows the comparison with the SPITZER extinanap of
Schultheis et al. (2009) for the centréldf the Galaxy. Both plots are shown as
density contours due to huge number of data points. . . . . . .. ... ... 64

5.10 Left panel shows the VVV observations based HESS diagifaa 40’ region in

the inner Bulgel(b) = (-1.0,-1.0). The right panel shows the diagram for the

same region as obtained from the Besancon model. . . . . . . 65

5.11 The &ect of diferential reddening towards the Bulge for the determlnatlbn o]

photometric €ective temperatures. We plot the variations inMagvalues for a
set of 200 random positions in a 30’ region towalgs —4° (black squares) and
b = —2° (red circles), as obtained from the BEAM |calculator, and caraghem

to variations in the photometridfective temperature. . . . . . . .. .. ... .. 67

5.12 Lower panels show the luminosity functions for a sutfialBaade's Window

and atb = —6. The underlying RGB is fitted with a second order polynommal a
the red clump is fitted with two Gaussians centeredgE 129 andKg, = 132
for b = -6 (right panels) and with a single Gaussian centere€at 12.9 for
Baade’s Window (left panels). Upper panels show the cormedipg CMD for
each field, oriented with color along the y-axis and magmtatbng the x-axis.
Density contours denote the single and double RC]in each fiElek second

gaussian component in BW field is due to the RGB bump. . . . .. .. ... 69



LIST OF FIGURES Xi

6.1

K-band extinction map in Galactic coordinates showimg fields analyzed in

this study. The 28 VVV tiles cover ranges bf longitud&0® < | < 10° and of

6.2

latitude—-1.4° <b< -04°andQ7° <b<17°. . . ... ... ... ....... 72
Ksa luminosity functions for representative fieldstat= —1° (left panels) and

b = +1° (right panels). The fed solid line shows the best fit to eastridution
while the dashed line shows the individual Gaussian fits ¢oRR and to the

6.3

6.4

7.1

additional peak whendetected. . . . . . . ... ... ... ... ... 75
Position of the Galactic bar with respect to the Sun assaored with the RC
method assuming a mean RC magnitudévipf = —1.55. Red and black filled
circles show the results for VVV data at latitudes: —1° andb = +1°, respec-
tively. Solid lines show the distance spread along eachdirgght correcting

for an intrinsic bulge dispersion of 0.17 mag and photoraetriors. Black open
squares are the results from NOSoat +1. Dashed lines represent the observed
orientation angles for true orientations of°180°, and 48 following Stanek

et al. (1994). Dotted lines show the lines of sight for lond#sl = +5 andl + 10l 77
Position of the Galactic bar with respect to the Sun assored with the RC
method from the the deredden&d magnitudes using our extinction map (red
filled circles) at a latitude ob = —5°. Also shown, are the measurements from
the Galactic model as presented in Gerhard & Martinez-\&dbal(2012) at the
same latitude, corresponding to a bar with an angle 6fvidgh respect to the
Sun-Galactic center line of sight (black empty squares)ttdadines mark the
lines of sight for longitudeb= +5°andl = +10° . . ... ... ... ...... 79

Left panels: Comparison of the photometric (hashed histogram) and spectr

scopic (red dotted histogram) MDFs along the Bulge minor awis= —4p, —6°
and-8°. The average [Fe&l] and dispersionrg are also shown for allf MDFs.
Right panels:CMDs in the absolute plane of the fields located along the minor
axis atb = —-4°, —6° and —8° with overplotted the empirical RGB templates.

7.2

Thick black circles refer to the stars used to derive the @ietric MDFs. . . . . 84
Map of the mean values of the metallicity distributionsthe complete region

of the Bulge covered by the VVV'survey. . . . .. .. .. ... ... ..... 86



Xii LIST OF FIGURES




List of Tables

3.1 Galactic coordinates of bulge fields. Extinction valaed number of stars ana-
lyzed in each field are alsolisted. . . .. ... ... ... ... ... ...

3.2 Atomic linelist for Ca, Mg, Ti and Si used in this work. Aldigted are the
excitation potential.x) and oscillator strength (logf) for each analysed line.

3.3 Abundances of the Sun, Arcturus antleonis, obtained by comparison to syn
thetic spectra, as well as reference solar abundances femuid et al.|(2009).
The last two rows show the zero point abundances adopted by ABd our
mean abundances measured for those same disk giants totivbyctefer. . . . .

3.4 Mg, Ca, Ti and Si abundances for stars in the four bulgesfiéNtetallicities are

| those presdnted in Z08 and listed here for reference. Theahlé is available in
Appendix B. . . . .

3.5 Best fit parameters for linear{m[Fe/H]) trends for kMg,Ca,Ti,Si/Fe] abun-
dances in the bulge and thick disk. . . . . ... ... ... ...... ...

19

20

36

6.1 Listed are the mean dereddenkd ), sigma ¢) and peak of the Gaussian used
| to fit the RC in each onle of the tileKs,,, peak ando, are the parameters used

fofitthesecondarypeak. . . . . .. .. .. ... .. .. .. ... ... ..

A.1 Full table listing Mg, Ca, Ti and Si abundances for starthafour bulge fields.
Metallicities are those presented in Z08 and listed heredimrence. . . . ..

AL continued. . . . . . ..o

76



Xiv LIST OF TABLES

A1 continued. . . . . ... ... 105
AL continued. . . . . .. 106
A1 confinued. . . . . . ... 107
IB.1__VVV Tile centres for the Galactic bulge region. . . . . . .. ......... 109
B continuedl. . . . . . . . ... 101
B continuedl. . . . . . . ... 111
B continuedl. . . . . . . . .. 121
B continuedl. . . . . . . . .. 131
B continuedl. . . . . .. ... 141




Summary

The Milky Way bulge is the nearest galactic bulge and the ladsiratory for studies of stellar
populations in spheroids based on individual stellar aboods and kinematics. The observed
properties point to a very complex nature, which is hard toagolate from a few fields. The
global studies are challenged by the strongly variable et ¢arge extinction on a small spatial
scale.

We present the analysis of the/Fe] abundance ratios for a large number of stars at several
locations in the Milky Way bulge with the aim of constrainiiig formation scenario. We ob-
serve an alpha-enhanced metal-poor component chemigdigtinguishable from the thick disk
which hints for a fast and early formation for both the bulge &e thick disk. This component
shows no variation, neither in abundances nor kinematidhg studied bulge regions. A metal-
rich component showing lowefFe], similar to that of the thin disk, disappears at larggtudes.
This component has bar-like kinematics.

We present a method to obtain reddening maps and to tracésg@nd metallicity gradients
of the bulge using data from the recently started ESO publicey Vista Variables in the Via
Lactea (VVV). The method is used to derive properties of thessacross the complete region
covered by the survey. We derive the reddening map on a smaligh scale to minimize the
problems arising from dlierential extinction. The reddening determination is desesto small
scale variations which are clearly visible in our maps. asuits are in agreement within the
errors with literature values based orfeient methods, although our maps have much higher
resolution and more complete coverage. The dereddenedtudgmare used to build the bulge
luminosity functions which are then used as distance indida order to trace the bulge struc-
ture.

Finally, for each subfield the derived distance and extimctialues have been used to obtain
photometric metallicities through interpolation of red@ugi branch colors on a set of empirical
ridge lines. The photometric metallicity distributiongearompared to metallicity distributions
obtained from high resolution spectroscopy in the sameoregi This allows us to investigate,
for the first time, the general picture of the Bulge metaligtadients and to trace a component
formed through fast early mergers and a bar component foomedmore extended timescale.
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Zusammenfassung

Die Bulge unserer Milchstral3e ist di@chste ihrer Art und damit ein hervorragend geeignetes
Objekt, um Sternenpopulationen in Spheroiden anhand Eementlaufigkeiten und Sternen-
bewegungen zu untersuchen. Die Beobachtungen lassen auKbotplexift schlieen, welche
nicht durch punktuelle Untersuchungen erfasst werden.k&na Aussageihigkeit aller bish-
eriger Studien leidet erheblich an dedlie und ausgepgten Variabiliat der Extinktionen.

Im ersten Teil dieser Arbeit untersuchten wir diawdigkeiten sogenannter Alpha Elemente
([a/F€]) in einer Vielzahl von Sternen in der Bulge. Diese Elementtstehen haupéshlich
in Supernovaexplosionen und lassen uiiskchiisse auf die Entstehungsgeschichte der Bulge
ziehen. Dabei entdeckten und unterschieden wir zwei Pbpnén. Die erste, metallarme Pop-
ulation weil3t erbhte Werte in der Alpha-Bufigkeit auf und ist in allen Eigenschaften nicht von
dicken Scheiben der Milchstral3e zu unterscheiden. Bsst huf eine schnelle und simultane
Entstehung der dicken Scheibe und dieser Komponente deeBalgiel3en. Die Arbeit zeigt
des Weiteren, dass es keine Variationen in Elengaritgkeiten und Kinematik im gesamten un-
tersuchten Bereich der Bulgérfdiese Komponente gibt. Die Geometrie scheint@sigich zu
sein. Die zweite Population gleicht eher einem inneren Balkge man ihn oft in entfernten
Galaxien beobachtet und igthnlich der dnnen Scheibe der Milchstral3e, viel metalreicher als
die erste Komponente. Sie weist geringe Alpha-Werte aufaghéint sarker auf die Ebene der
Scheibe konzentriert zu seinawend die spirische Komponente in allen Richtungen gleich
stark ausgeagt ist.

Ein weiterer Hauptbestandteil dieser Arbeit bestand inkigwicklung einer Methode, die
detaillierter Rtungskarteniir den inneren Bereich der Bulge erzeugt. Diese Karterdglichen
es, die innere Struktur und Gradienten in MetaéitBh zu entsciikseln. Daiir verwendeten wir
Beobachtungsdaten der ESO Survey 'Vista Variables in th&&déea’ (VVV) welche vom Vista
Teleskop der Euraischen 8dsternwarte (ESQ)ber die letzten Jahre gesammelt wurden. Die
Rotungskarten wurden in einer sehr hohaomlichen Aufdsung erstellt, sodass auch kleinste
Variationen in der Extinktion erfasst werdebrinen. Die Ergebnisse stimmen gut mit Liter-
aturwerterilberein, welche mit unterschiedlichen Methoden auf véesigme Gebiete der Bulge
angewandt wurden. Unsere Karten sind im Hinblick agfu®g und Extraktion jedoch die bis
heute vollshndigsten und veilgentber die lbchste Aufbsung. Mithilfe dieser Karten gelang
es uns, die Helligkeiten aller Sterne zu korrigieren undaawhihrer Leuchkraftfunktionen auf
ihre Entfernung zu schlieBen. Dies erlautitcRschiisse auf diegumliche und geometrische
Besch#&enheit der Bulge.

Schlief3lich wurden die ermittelten WertérfExtinktion und Entfernung in jedem Unterge-
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biet der Beobachtungen genutzt um photometrische Metaligzi zu berechnen. Diese Werte
wurden mit Ergebnissen von spektralen Messungen hodsanitler Instrumente verglichen und
stimmen gutiiberein. Mithilfe dieser umfangreichen und vdlistigen Metallizihtskarte ist es
uns zum ersten Mal dglich, Variationen und Gradienten der Metall@gn in der Bulge zu
untersuchen und die Geheimnisse um ihre Entstehung unddkhing zu entsclilsseln.



Chapter 1

The Milky Way bulge in the general
context of galactic bulges

Nearly 25% of the visible light emitted from stars in the Ibaaiverse comes from bulges em-
bedded in galactic disks (Fukugita etlal. 1998). How areglbegges formed? and What is their
connection with the formation and evolution process ofrthest galaxy? These fundamental
guestions need to be answered by obtaining an accuratectdrazation of the central structures
of galaxies.

The current picture seems to be complicated, as recentwathsesrs suggest that bulges may
be an in-homogeneous class of objects, each of them holdingeaent formation history (e.qg.
Athanassoula 2005). The early view of these components atasrrintuitive since, in the hier-
archical scenario of galaxy formation, it was natural tosider the central, spheroidal concen-
tration of stars in a spiral galaxy as scaled down countespdirelliptical galaxies. The (minor)
merger history of spiral galaxies in the early universe {geeted to trigger one or more starburst
events|(Weinzirl et al. 2009; Hopkins et al. 2010) which vebrdpidly form stars in its center,
in a similar way to early-type galaxies. The structural gkimatical and stellar population prop-
erties of the resulting central component, as seen todagxgected to characterize a spheroidal
system with hot kinematics (supported by velocity dismerksiof mainly old stars, known as
classical bulges

However, evidence for a much more complex nature of bulgedban found. Secular evo-
lution processes due to instabilities in the disk of spiralagies result in the formation of a
central barl(Combes & Sanders 1931: Weinbera 1985:; Delza&istellwood 1998; Athanas-
soula & Misiriotis 2002). The presence of the bar has alsmstinfluence on the distribution of
gas within the disk, favoring the infall of gas content inhe very central regions of the galaxy
which ends in the formation of young central disks, or soechliseudo-bulgetsee Kormendy
& Kennicutt|2004, for a review on secular evolution and psehbdiges). Contrary to those of
classical bulges, pseudo-bulges hold a majority of youaggstnd are rotationally supported.

Moreover, vertical instabilities in bars produce a budkliprocess which significantly in-
creases the thickness of the bar which, when seen edgefmardpoxy, peanut or even X-shaped
(e.g..Bureau et al. 2006). These type of bulges are nothing than bars which have $ared
the dfect of vertical heating in the orbits of their stars (Athasmda 2005, Debattista et |al.
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2005; Martinez-Valpuesta etlal. 2006; Wozniak & Michel-Bac 2009). However, since they
are formed as a product of the secular evolution of the diskytbulges are often also referred
to as pseudo-bulges in the literature.

With the exception of the Milky Way and M31 (Jablonka & Sadam2005), the observa-
tional studies of the central components of galaxies imglyochallenged by the impossibility
to resolve individual stars due to crowding and blendingightstellar density regions of distant
galaxies. In this context, the Milky Way bulge, one of the onagomponents of the Galaxy,
can be studied at a unique level of detail, in comparisondsdlof external galaxies, thanks to
its resolved stellar populations which hold the imprintdoWv our Galaxy formed and evolved.
Thus, a better understanding of the Milky Way bulge will pdvsolid constraints to interpret
observations of extragalactic bulges as well as for detajidaxy formation models. However,
to obtain a complete characterization of the Bulge is noigitborward. A large coverage is
required in order to study its global properties. Obseovetiin discrete Bulge regions, less af-
fected by extinction, have recently been found not to beasgmtative due to an apparently very
complex Bulge nature.

This chapter first introduces the reader into thiéedent types of bulges and their main ob-
servational properties. It later describes our currenttedge of the Milky Way bulge, its place
in the picture of the dferent formation scenarios, and the open questions to bessit in the
following chapters of this thesis.

1.1 An overview of galactic bulges

Here we summarize some of the observational propertiesla¢t@bulges, which are normally
investigated in order to characterize their origin and etioh.

e Light profile: The Sersic law is used to describe the relabetween brightness (I) as a
function of radius (R) of the galaxy in the form:

I(R) o eR" (1.1)

The larger the n value, the more centrally concentrated tbilga Light profiles of disk
galaxies hosting a classical bulge are well fitted by a depmmition of a Vaucouleurs-
like bulge (n=4) and exponential disk &1) (Gadotti 2009; Lackner & Gunn 2012, and
references therein).

e Kinematics: The kinematic information for bulges comes tlydsom the analysis of ra-
dial velocity information. This provides a measurementathtrotation velocity Vo) and
the velocity dispersiondfy) along a given line of sight (Kormendy & lllingworth 1982).
Important information for the characterization of bulgeses from the study of the ve-
locity profiles at diferent scale heights from the plane. When rotational velatngs not
change with height, it is referred to eglindrical rotation
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e The analysis of stellar population in extragalactic bullgas been obtained from correla-
tions between the measurement of integrated color indeagadRedder integrated colors
are used as tracer of older populations while bluer colassishirace younger stars. How-
ever, this technique $igrs the strongféects of age-metallicity degeneracy and extinction
problems towards the inner regions of the galaxies, and lrefore been superseded
by the spectroscopic measurements. Line strength indieese5015, Mg b, Fe5270,
Fe5335 and Fe5406) in the LitkS system|(Burstein et al. 1984; Worthey etlal. 1994;
Trager et al. 1998), have been used in large sample of galaxistudy their stellar pop-
ulations. They can be used as indicators of metallicity ayel areaking the degeneracy
between these two factors present in integrated color tguba (Jablonka et al. 2007,
Peletier et al. 2007; Cappellari et ial. 2011; Williams et alLP).

e Stellar abundances: The connection between metallidig’']]) and alpha element over
iron abundance ratiodfFe]) provides constraints for the formation timescale efBulge
(a more detailed explanation is given in Sect. 2.3). A higlhieaf the p/Fe] ratio is an
indication of a fast formation scenario with a chemical eimment dominated by the con-
tribution of core collapse supernovae. On a more extendee-sicale, SNIa explosions
enrich the interstellar medium mostly with iron peak eletsgand therefore new genera-
tions of stars will show a lower/Fe]. The behavior of thelfFe] ratio in the Bulge can
be also compared to that of other Galactic components t@iigate connections between
their formation timescales.

In the sections 1.1.1 to 1.1.4, the observational charatiter of bulges with dterent origins
are described. The Milky Way bulge characteristics are sarna®d at the end of this section.

1.1.1 Classical bulges

In the hierarchical scenario of galaxy formation, the eanlyss assembly of galaxies will be
dominated by merger processes which favors the formati@pléroids (Toomre 1977). This
violent and relatively fast process produces the presenetliptical galaxies. However, when
the spheroids are accompanied by the (re-)growth of st Kautmann et al. 1999; Springel
& Hernquist 2005), they receive the name of classical bulges

Classical bulges are expected to share the same observVatioperties of elliptical galaxies.
Their morphological and stellar population properties barsummarized as follows:

e Light profiles of classical bulges are well fitted by a Vaueauis-like profile with -4 (e.qg.
Gadotti 2009).

e As in the case of elliptical galaxies, classical bulges shotvdynamics V;ot/ov < 0.2)
dominated by velocity dispersion (e.g. Gadptti 2011). Apamant point is that this ro-
tation is observed to be non-cylindrical, therefore sh@nndecrease in their rotation
velocity at increasing height from the plane (e.g. Emselml. 2004).
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Figure 1.1: Color image of the Sombrero galaxy (M104), theiqiypical example of a disk
galaxy with a large classical, merger-built bulge in itsteenimage was obtained directly from
the ESO photo release eso0007 "Fine shades of a Sombreravasdade by a combination
of three CCD images from the FORS1 multi-mode instrument on VNITA, by Peter Barthel
from the Kapteyn Institute (Groningen, The Netherlands)jrdpan observing run at the ESO
Paranal Observatory.

e Since classical bulges are are formed violently, in fastearty processes of collisions and
mergers, stars in classical bulges are expected to havefommostly from the starburst in
the early times, with little or no star formation since th&or this reason, classical bulges
are expected to be composed predominantly of old stdB Gyr) (e.gm&.

e Like in the case of elliptical galaxies, bulges are not ordynihated by old stellar popu-
lations but they have enhanced abundance ratios as a résluét early and fast burst of
star formation|(Peletier et al. 1999; Moorthy & Holtzrman B0MacArthur et all 2008).
They also often show metallicity gradients, going from retaor stars in the outskirts to
a more metal-rich population towards the center. (see famgte Jablonka et al. 2007)

Fig.[1.2 shows the color image of the Sombrero galaxy. Thtsdsypical example of an edge-on
disk galaxy with a prominent classical bulge in the center.

1.1.2 Galactic bars and boxy-bulges

Given that the classical bulge formation scenario is cotateto the rate of merger events, this
is expected to be the dominant process in the evolution aixged at early times (Kormendy &
Kennicutt 2004). Later on, secular evolution processeslavbacome important, re-arranging
stellar material from a settled galactic disk. Disks ingitids, such as the presence of spiral
arms, are expected to induce the formation of bars in the meegons of a galactic disk (Combes
&Sander£ igg : ' battista & 00d 1 isiriotis 2002).
Indeed, galactic bars are a very common phenomena, fourdbid of spiral galaxies in the
local Universe (e.d. Eskridge et/al. 2000).

Although disks are thin galactic components, bars mighotrexthicker because of the ver-
tical resonances and bucklé& the plane of the galaxy. For this reason, galaxies, whenrobde
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edge-on, often show a central component which swells outeflisk with a boxy, peanut, or
even an X-shape (e.g. Bureau et al. 2006; Patsis et al. 2082%eTstructures have been seen in
numerous of simulations, as the result of the developmeveical instabilities that create such
structures from the, initially thin, stellar bar (Athanaskl2005| Debattista & Williams 2004;
Debattista et al. 2006; Martinez-Valpuesta et al. 2006).

The dynamical and structural properties of boxy-bulgeswleconstrained from models and
observations. However, its stellar populations are lesardhan in the case of classical bulges.
In fact, a variety of stellar populations are observed amuarg (e.g. Gadotti & de Souza 2006;
Pérez et al. 2009). In practice, since boxy-bulges are barkehed by vertical instabilities, it
would be natural to expect them to share the stellar pojuiainf the original bar.

Some important properties of boxy-bulges can be summaagéddllows:

e The brightness profiles of boxy-bulges are less centraihcentrated than those of classi-
cal bulges, therefore they are better fitted by light profiléth a lower sersic index (e.g.
Kormendy & Bruzual Al 1978; Gadaiti 2009).

e What is probably the most characteristic property of boxigésl its that they are observed
to rotate cylindrical. This means that the rotation velpwiithin the boxy-bulge does not
change with height above the galactic plane (e.a. Kormendhirgaworth|1982; Combes
et al. 1990; Athanassoula & Misiriotis 2002; Shen et al. 2010

¢ Different stellar ages are observed amoffigcent bars. The null hypothesis would be that
they should hold similar ages as their parent disks from wthey formed. Similar case
would be expected for the metallicity and alpha elementsdances. However, Freeman
(2008) suggested that age and abundance gradients cdulee giresent in boxy bulges.
Older, more metal-poor stars would have more time to be evesttto larger distances
from the plane by the buckling process, therefore estahtish negative metallicity and
positive age gradient. The presence and strength of sudregta would then depend on
the enrichment process of the disk material from which thrddrans and the timescale of
the buckling instability to form the boxy-bulge.

Figurd 1.2 shows the image of NGC4565, a good example of a bokge seen in an edge-on
galaxy.

1.1.3 Pseudo-bulges

As described before, boxy-bulges are thickened bars, vatl being in fact disk phenomena
resulting from internal processes of secular evolutione @hsence of an external factor in the
formation process of boxy-bulges, as opposite to the dakbulge scenario, led fiierent au-
thors to refer to them as pseudo-bulges. This was also gtiadity supported by the pseudo-
bulge definition in the review of Kormendy & Kennicutt (2004yhere they describeif the
component in question is very E-like we call it bulge, if itsrendisk-like, we call it pseudo-
bulge’. The morphology of thickened bars is certainly not E-like r&au et al. 2006), however,
to avoid confusion during our analysis, we refer to them as/dmilges and not pseudo-bulges.
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Figure 1.2: SpitzgiRAC 3.6 m negative image of NGC 4565, taken from the work ofrfendy
& Barentine (2010), showing a clear boxy-bulge structurésrenter. This is panel a of Figure 2
from|Kormendy & Barentine (2010), reproduced by permissibthe AAS.

But then, what are these disk-like components in the centdisfgalaxies, to which we refer
as pseudo-bulges?

The presence of a central bar has important consequendbe fembsequent evolution of the
galaxy, redistributing the angular momentum and mattehéndisk. In particular, it produces
the loss of angular momentum of the molecular gas settldeeindtating disk, inducing its infall
process into the inner regions of the galaxy. The slow galnfuénto the center, produces a
slow star formation process that results in the formatioa disk-like component in these inner
regions. We refer to these structures as pseudo-bulges.

Properties of pseudo-bulges are summarized here:

e Their brightness can be fitted with a very disk-like, expdranight profile and are ob-
served as flat, rotation supported structures

e As a result of a very slow process of gas fueling into the aebiecause of the presence
of the bar, the star formation is also slow and continuouss Tésults in pseudo-bulges
having young stellar populations and being dominated byhrath stars with low alpha-
element abundances as a result of the long timescale otstaafion.

In Kormendy & Barentine| (2010), a study of the inner regiongha galaxy NGC 4565
revealed a central disk-like component, inside the boXgdshown in Fig[ 1]2. The image
of NGC 4565 used in_ Kormendy & Barentine (2010) is shown in[Ejas the example of a
pseudo-bulge found in the center of barred galaxies.

1.1.4 Clump-origin bulges

The above scenarios for bulge formation and their propetieve historically emerged from
the observation of bulges in nearby galaxies. However, apaadigm has recently emerged,
mostly driven by the observations of galaxies at redshi? i.e., at a lookback time comparable
to the ages seen in classical bulges. Such galaxies, forg@amay dfer examples of how
our own Milky Way was looking like in its early days, prior tm@ during its bulge formation.
At z ~ 2 a widespread population exists of large, rotating diskxjak, with much higher gas
fractions and velocity dispersion compared to local spif@enzel et al. 2006, 2008pFster
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Figure 1.3: Spitz¢iRAC 3.6 m negative image of NGC 4565, using a contrast anchbregs
stretching to highlight its pseudobulge from the work of @ndy & Barentine (2010). This is
panel b of Figure 2 from Kormendy & Barentine (2010), repraatlby permission of the AAS

Schreiber et al. 2009; Tacconi et lal. 2010; Daddi et al. 2080ch gas-rich galaxies are prone
to disk instabilities that can result in the formation of ghsmps which are largex( 1kpc) and
massive (1®M). These massive clumps will gravitationally interact anigirate to the center of
the disk, resulting in bulge formation over timescales ofw ¢ yr, much shorter than those
typically ascribed to secular instabilities in local diskaxies [(Immeli et &l. 2004; Carollo et/al.
2007; Elmegreen et al. 2008).

Such rapid formation, partly due to the quasi-exponentassrgrowth experienced by these
galaxies, quite naturally leads to arelement enhancement in the resulting, old, stellar pepula
tions (Renzini 2009; Peng et al. 2010), that would apply bothé¢ disk and bulge stars formed at
these early cosmic epochs. Additionally, given the violaethanism in which they are formed
would result in a morphology and kinematics that resembleertitose of classical bulges.

1.2 The Bulge of the Milky Way

Stellar populations properties of the Galactic bulge seesupport the scenario of a structure
formed by violent process of mergers in early epochs, whiaked up in a spheroid like, old,
metal-rich population — in other words, aslassical bulge However, we now have indications
that the picture might be far more complicated. The conseissinat the bulk of the Bulge is old
(t~10 Gyr) with a metallicity distribution that extends fromeg/H]=-1.5 to [FgH]=0.5, with a
peak at solar metallicity (Zoccali etial. 2003, 2008; Clarksbal. 2008, and references therein)
and that the formation of the Bulge was fast as evidenced bgnhanced alpha elements in
Bulge stars|(McWilliam & Rich 1994: Fulbright etlal. 2006, 20@bccali et all 2006; Lecureur
etal.200F). Therefore, the conclusions so far regardiegrmagtallicity and chemical enrichment
in the Bulge point to a formation scenario similar to that ofle#ype galaxies. Even more,
the existence of a metallicity gradient in the Bulge, as shbwiZoccali et al.|(2008) strongly
supports this classical bulge scenario.

On the other hand, afiierent formation history for the Bulge might be interpretedntgr-
phological signatures and some recent chemical abundandees Using a sample of high
resolution spectra for disk and Bulge giants, Btelez et 1. (2008) finds a similarity between
the oxygen over iron ratio of the bulge and the thick diskhkerithanced when compared to the
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thin disk. Later on, Alves-Brito et al. (2010) reaches the saonclusions when analyzing other
a-elements from the sample of Meidez et al.l (2008). These results are in contrast to some
previous studies. However, since these previous studies @@ane comparing Bulge giants to
local disk dwarfs from other works using in-homogeneouwsditure measurement compilations
(e.g..Fulbright et &l. 2006; Zoccali et/al. 2006; Lecureunk2007), Meéndez et &l.| (2008)
claims that diferences between thick disk and Bulge stars might be expldigexystematic
errors when comparing dwarfs to giants or relative calibrest between those works. If the sim-
ilarity between the Bulge and thick disk is confirmed with a&arsample, this could be a strong
evidence for a dferent formation scenario for the inner parts of the galaxyyhich thick disk
and Bulge share a similar chemical evolution history andatted might have been formed from
inner disk stars. However, it is important to recall thatlagy as a significantly large sample of
inner disk stars is not available, a final conclusion will laechto accomplish.

In terms of morphology, the evidences for a barred strudgtutiee Milky Way are numerous.
Red clump stars distributions from photometric surveys lestablished the existence of a bar
inclined with respect to the Sun—Galactic center line ohsigith its near end towards positive
longitudes|(Stanek et al. 1994; Rattenbury €t al. 2007; CaHiravers et al. 2007). Observations
of the bulge are usually modeled with a triaxial bulge withagipon angle of~15-30 degrees
and nearly 2.5 kpc in length (elg. Babusiaux & Gilmore 2005tdrenury et al. 2007). Further-
more, the near-IR COBBIRBE image provided clear evidence for boxy-peanut shapeklyMi
Way bulge (Weiland et al. 1994). Howard et al. (2009) anadythe kinematics of the bulge con-
cluding that the dynamical signature of the stars at higtuldés p = —8°) is the same as that in
fields closer to the galactic planke £ —4°), therefore showing evidence for cylindrical rotation
as expected for boxy bulge$heir data lack evidence indicative of an accretion orwfibulge
in contrast with the claims of tidal streams in kinematicd ametallicity from/ Rangwala et al.
(2009). Moreover their cylindrical rotation signal was netetl by Shen et al. (2010) without any
need for a classical component.

Did the bar form from inner disk stars which then buckled arrdiied the boxy bulge we see
today? Did secular evolution form a younger pseudo-bulggéinner regions? Were merger
histories in the galaxy able to produce a classical bulge withe central part of the galaxy?

There has been evidence, from both observations and makaigiterent types of bulges
could coexist in the same galaxv (Samland & Gerhard 2003abktio & Nomoto 2003; Kor-
mendy & Kennicutt 2004; Peletier et/al. 2007). If this is tlese, we might have a very complex
structure in the bulge, with two or more components paytiaderlapping.Could this be the case
of the Milky Way bulge?

Suggestive evidence for a dual nature of our bulge startesnerge from chemical abun-
dances and kinematic studies. Indication for bimodalityhie metallicity distribution has been
found from red clump stars in Baade’s Window (Hill et/al. 201The two components seem to
have also dferent kinematics (Babusiaux et al. 2010) which is consisietft different struc-
tures present in the bulge: a metal-rich component witHikakinematics and a metal-poor one
showing kinematics of a spheroidal component.

The picture is further complicated by the recent finding obalule peaked red clump along
the minor axis, at both positive and negative latitudespbly for | b |> 6°. The double clump is
clearly visible in several color magnitude diagrams avdéan the literature (e.g. Zoccali et al.
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2003;| Rattenbury et al. 2007; McWilliam & Zoccali 2010; Nag&fal. 2010} Saito et al. 2011).
Such a feature has been interpreted as two component§eaxedt distances and is likely to be
the observational signature of X-shaped bulge (McWilliard&ccalil 2010} Saito et al. 2011).

All these observational evidences support a very comptexttre of the Bulge, with two or
more distinct components partially overlapping. Signesuof the diferent formation histories
for these components, should still remain in bulge stars.

Therefore, a homogeneous study, based on a large photoruetirspectroscopic coverage, is
the key to make further progress in our understanding of thieyNVay bulge stellar populations
and structure. This is the main scientific goal of this thesis
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Chapter 2

Stellar abundances as tracers of formation
history

The atmospheres of stars act as fossils of the history oegs®s underwent by the material from
which the stars were formed. This history is imprinted inrtlkeemical composition, which can
be studied in detail through the measurement of strengtpeafteal lines. The basic parameters
of a star can be measured by building a detailed model atneospb reproduce particular fea-
tures of the observed spectrum. Once this model is conettwath the appropriate parameters,
it can be used to measure the abundances of specific elemehégsstellar atmosphere.

Stellar parameters and chemical abundances can be obfedmed variety of techniques,
depending on how much information one has about the souorehis reason, we will limit our
description to the case of giant stars in the Bulge. As Bulgs st&@ located 8 kpc from the Sun
and are often heavily extincted, dwarf stars are too faint 20, for a low extinction region) for
the systematic high-resolution spectroscopic studiesssy to derive accurate abundances. In
this chapter, we introduce the basics of the determinatiGtetiar parameter and abundances in
giant, brighter, stars and how we use them to understandtheation history of the Galactic
bulge.

2.1 The chemical composition of stars

We can consider the Sun to be an example of a typical star. ThesScomposed of roughly
91.2% hydrogen and 8.7% helium of the total atoms. The remgin 0.1% of the elements
in the atmosphere of the Sun, are referred toregals Most of these heavier elements are
synthesized in the stellar interior by a process catledleosynthesis Once a star is in the
last stages of its evolution, metals are partially expettethe interstellar medium by a number
of mass loss episodes and, in particular cases, as a superagplosion. For this reason, in
any given star, the amount of metals present in its atmosphilr vary from 0.1% to 0.01%,
depending on how enriched by these heavier elements wasdleeutar cloud from which the
star was born.

The abundance of a given element X in a stellar atmosphepg), A{ often quantified rela-
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tively to the abundance of hydrogen, on a logarithmic scale:

A(X) = log(N(X)/N(H)) + 12 (2.1)

where N(X) is the number density of the element. In particutze abundance of iron is used
as a reference of the amount of metals in a star. When the inamdaince of a star is measured
relative to that of the Sun, it is defined as the 'metallicitfthe star. This quantity is denoted as
[Fe/H] and its calculated as:

[Fe/H] = A(Fe)star_ A(Fe)sun = Iog(N(Fe)/N(H))star_ Iog(N(FeyN(H))sun (2-2)

The iron abundance and abundances of other elements carebilydneasured spectroscopi-
cally. The more abundant the element is in the atmosphersttbnger the absorption line profile
will be. However, the absorption line profile will also bexcted by the stellar temperature, sur-
face gravity and microturbulence velocity profile. Therefdo derive stellar abundances, correct
determination of the stellar parameters and the constructi a model of the stellar atmosphere
are required.

2.2 Model atmospheres and abundance measurements

The elemental abundances in stars can be derived by corgpanmdel atmosphere with the
observed spectrum of a star. To construct the model atmosythe following stellar parameters
must be determined: i) thefective temperaturef, describing the typical temperature of the
outer photospheric layers from which the radiation is esditii) the surface gravity logrelated

to the mass and radius of the star, iii) the microturbuleredecity & which describes the broad-
ening of the stellar lines due to the turbulent gas motiorthénatmosphere, and finally iv) the
metallicity [FgH] of the star.

A first guess of the parameters of Bulge giant stars can bermatdrom photometry. An
estimation of Ty can be derived from calibrations between the stellar cohor itss tempera-
ture (Alonso et al. 1999; Rainez & Melendez 2005), while other parameters can be derived by
assuming a distance to the star and deriving its correspgrmilometric magnitudes. The accu-
racy of these photometric values will depend mostly on how eanstrained is the distance to
the star, and on the use of correct extinction values dueutsieadong the line of sight (see Chap-
ter 5). Unfortunately, individual distances for Bulge giatdrs cannot be determined accurately
and photometric stellar parameters require a refinemerd ttoough the analysis of the stellar
spectra. To do this, a first guess model atmosphere must beedrasing the photometrically
determined parameters.

The next step is the determination of the Equivalent WidtW}f Fe lines. The EW is
the width of a rectangular surface, with the same area agrtbeptofile, measured from the
level of the continuum and is therefore an indicator of tlersith of a given spectral line. This
technique can only be applied over lines ndfetng from severe blending with other features,
thus a careful selection of Fe lines over the spectral rahgeld be carried.
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Using the first guess model atmosphere gifff@alue can be derived for each EW obtained
along the corresponding spectral range. This is done uhddotal thermal equilibrium (LTE)
approximation where, for all elements, the number poputeatiof diferent excitation levels is
derived following the Boltzmann distribution and the Sahaatmpn provides the corresponding
relative ionization fractions.

The final Te can be then determined iteratively by requiring that theesfifgH] is derived
for lines with diferent excitation potential. This is referred to as imposiegexcitation equilib-
rium on Fe | lines. Microturbulence velocity is constraimeduiring that all lines with dferent
EWs give the same Fel abundance. No trend in théHFabundance as a function of the EW of
the lines should be observed. Finally, surface gravity i&vdd by requiring that the mean metal-
licity derived from Fel lines is the same as from Fell linespther words imposing ionization
equilibrium. At each step of the iteration, a new model isated with the modified stellar pa-
rameters until all the conditions are fulfilled simultansiyu After the final model its computed,
it can be used to compute a synthetic spectrum of each sthifiarent element abundances
can be derived by comparison to the corresponding line psoifil the observed spectrum.

2.3 Alpha elements and the formation timescale

One key factor to discriminate between théelient formation scenarios of a given stellar popu-
lation is how fast the chemical enrichment process actoaltyrred. As described in Sect. 1, this
becomes particularly important to discriminate betweerevit and secular formation scenarios
for galactic bulges.

Elements produced by nucleosynthesis in the stellar oitean be returned to the interstellar
medium (ISM), mainly via supernovae (SNe) explosions, s ghnew generation of stars will
hold this information in their atmospheres. By comparingdbandance of elements, that are
produced and returned to the ISM infférent timescales, one can derive the amount of time
that passed since the star formation started. This is treafabe alpha-elements, produced in
high-mass stars which quickly evolve into core-collapse 8Ncompared to iron, returned to the
medium after the delayed onset of SN la explosions (Wyse &Gié 1988; Matteucci 2003).

Thus, in order to trace back the formation timescale of argpepulation, we focus on
the two types of supernova explosions and their productstim interstellar medium. Core-
collapse SNe II, as the result of the fast evolution of higlismstars (M8 M), occur first in
the galactic evolution scenario. They enrich the envirammeath both iron peak elements (V,
Cr, Mn, Fe, Co and Ni), and the so-called alpha-elements (Ne, ¥, Ar, Ca, Ti), with the
later being synthesized by alpha-capture process in treimser state of SNe Il (Matteucci &
Greggio 1986). On the other hand, the timescale in which itherdnt channels of SN la events
(Greggio 2010) are produced is longer (L Gyr) and will return mostly iron peak elements
into the environment. New generations of stars will havgdametallicities as a result of the
enrichment produced by SNe Il in the early stages and by theesiuent SN la explosions (e.g.
Matteucci & Greggio 1986). Therefore, within the contextgaflactic evolution, we can then
consider [FgH] as an indicator of time.

The ratio between the alpha-element abundance and migyalliclefined as the dierence
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Figure 2.1: lllustration of theq/Fe] ratio versus metallicity trends expected for a classicklye
population formed on a short timescale and the drop prodogéae contribution of SN la during
a more extended process. The absolute values of these ttepeisd on the IMF and the SFR of
the population.

between the abundance of a given alpha-element in a stahanhdftthe Sun, using Fe as refer-
ence, such that:

[a/Fe] = A(@)star — A(@)sun = 10g(N(@)/N(F€))ktar — 10g(N(@) /N(F€)kun (2.3)

and indicates the contribution of SNe Il, as a rather constane with metallicity (plateau), and
the delayed contribution of SN la observed as a decrease i the] ratio.

The absolute value of the, alpha-enhanced, classical tikly@lateau will depend on the
distribution of masses of the newly formed stellar popolatireferred to as the initial mass
function (IMF), while the metallicity at which thenfFe] ratio drop starts depends on its star
formation rate (SFR). We can study these trends, as showrgif2H, and use it to assess the
star formation history of a given population.

A bulge-like population, corresponding to the classicdgibiscenario, is characterized by a
violent and fast formation process, which is therefore a@tad by the contribution of SNe I
(Wyse & Gilmore 1988). Most of its stars are formed before dhset of SN la occurs, such
that the p/Fe] ratio remains constant over metallicity (time). On thikeo hand, a disk-like
population will be formed on a more extended timescale, wl& la contribution becomes
important, and thedj/Fe] ratio drops down to solar values. This is one of the mogonant
plots in galactic chemical evolution studies, and we use tihe following chapter to investigate
the formation timescale of the Bulge and compare it to the diskponent of the Milky Way.



Chapter 3

The formation timescale of the Galactic
bulge from alpha-element abundance
measurements and gradients

As described in Sect. 1.2., the presence of the bar in theatgrdarts of the Galaxy is well
established from several studies (e.g. Staneket al| 19%1#) detailed mapping of a double red
clump (RC) feature in the luminosity function of the outer ulggions from McWilliam &
Zoccali (2010), interpreted as two over-densities gedent distances, led to the conclusion that
the Bulge is actually an X-shaped bar. In addition, the kineni&rava survey (Shen etlal. 2010),
found no evidence for the existence of an additional spbdat@omponent.

In contrast to the above structure and kinematics studies;ambination of chemical abun-
dances and kinematics suggests that there might be mixedatioms in the Bulgel Hill et al.
(2011) showed that, when looking at the metallicities dsdifrom high resolution spectroscopy
of RC giants in Baade’s Window, and after producing an erroodealution, the metallicity
distribution appears to be bimodal, with a metal-poor andetafrrich component. The known
minor axis metallicity gradient (Zoccali etlal. 2008; Jobngt all 2011) would be then a result of
the diferent contribution of these two populations dtetient latitudes. Babusiaux et al. (2010)
showed that these two components have actually also digtimematics. In particular, based
on accurate proper-motions and radial velocities, theglcaled that the vertex deviation of the
velocity ellipsoid is consistent with a metal-poor compainghowing spheroid kinematics and a
metal-rich with bar-like kinematics.

To investigate further these results, in this chapter weehased a large sample of 650
FLAMES-GIRAFFE spectra to analyze theelement distribution of giant stars in three fields
along the minor axis and another at a larger galactic lodgitWe use them to homogeneously
compare with disk giant stars abundances and to investigateresence of gradients within the
bulge. These results are then discussed in the context @é boimation theories.
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Table 3.1: Galactic coordinates of bulge fields. Extinctratues and number of stars analyzed
in each field are also listed.

Name ° b°  E(B-V) stars
Baade's Window 1.14 -4.18 055 194

b=-6° 0.21 -6.02 048 194

Blanco field 0.00 -12.0 0.20 86
NGC 6553 525 -3.02 0.70 176

hwNnRZ

3.1 The sample

The bulge spectra discussed here belong to the same sampenfed in Zoccali et al. (2008,
hereafter Z08) as part of a project aimed to provide a spsabfc characterization of the Galac-
tic bulge. The sample consists of spectra of 650 K giant sihtained with the FLAMES-
GIRAFFE spectrograph (Pasquini eflal. 2003) using the HR13,44H HR15 setups (6100-
7000A) at a resolution of R20,000. For the present analysis we have only used the HRAj3 set
(R=22,500) in which we have lines for all the analyzed elemehssdescribed in Z08, the/N of
our sample ranges from 40 to 90. Details on the fields anallgeegl are presented in Table]3.1.
In the last column of Table_3.1 we list the number of stars forolv we were able to measure
abundances for Ca, Mg, Ti and Si. These are only those spéetrdad sfficient SN (>50)
for all the elements to be measured and did not present vy RWVHM which could &ect the
results due to line blending. The sample also containsttatges which belong to bulge globular
clusters: NGC 6522 in Baade’s Window (7 stars), NGC 6558 irfitid at b=-6° (3 stars) and
NGC 6553 in the eponymous field (29 stars). These stars wassified as cluster members by
Z08 based on the following criteria: [F¢] within 0.2 dex and radial velocity withia10 knys

of the mean for the cluster, and a location within 2 arcmimfithe cluster center.

Magnitudes and astrometry for this sample come from the OGdt&log for Baade’s Win-
dow and from WFI images for the field a&k6°, b=-12° and NGC6553 (see Z08 for a detailed
description). Selected targets are nearly 1 mag above dhdump as shown in Fig 3.1.

The sample for thick and thin disk RGB stars in the local negghbod consists of the same
spectra analyzed In Mehdez et al. (2008) and Alves-Brito et al. (2010, hereafter @B Stars
belong to a range offkective temperatures of 3809 T¢s < 5000 K and metallicities -1.5%
[Fe/H] < 0.5, making this sample ideal to compare with our bulge samppectra were taken
with different spectrographs, MIKE 65,000) mounted on the Clay 6.5m Magellan telescope,
the 2dcoude (R60,000) spectrograph on the 2.7m Harlan J. Smith telesdode@onald Ob-
servatory, HIRES (R100,000) on the Keck | 10m telescope and complemented wehtsp
from the ELODIE archive (R42,000). Population membership and data reduction is ibestr
in AB10. Population membership for the bulge sample is deedrin Z08.
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3.2 Stellar parameters

For bulge stars we have adopted the same stellar paranegfecsive temperature ¢Fs), surface
gravity (logg), microturbulence velocity&) and metallicity [F¢H] presented in Z08 and we
refer the reader to that work for a detailed description ef pnocedure. In order to perform
a differential analysis when comparing bulge and disk stars, Wewed the same procedure
from Z08 to determine parameters of the disk sample. We hseé the same iron linelist from
Z08 based on calibrated lgg values to match the observed spectra of the metal-rich giant
Leonis. Only small dference is that as first input value foggTwe used photometric values
obtained from the calibration provided by Alonso et al. (3Pfs opposed to the Ramz &
Meléndez|(2005) calibration adopted by Z0&¢ Values were then refined spectroscopically by
imposing excitation equilibrium between Fel lines therefeemoving any dependence on the
adopted calibration. Microturbulence velocgywas calculated by requiring the same e
for all equivalent widths of Fel lines. Surface gravity wasetmined photometrically using the
following equation:

M.
Mo

where for the Sun we have used the same values used by Zdalal{2008): bolometric magni-
tude Mgq 1, = 4.72 mag, #ective temperatureqf, = 5770 K and surface gravity Idg,) = 4.44
dex. We have adopted the masses from AB10 which are based owaPadchrones. Absolute
visual magnitudes were obtained assuming distances fr@pattos parallaxes. Finally, bolo-
metric magnitudes were calculated by applying bolometiicartions from Alonso et al. (1999).

Ter .
) + 04(M Bol,* - MBO',O) + 4 |og(_|_eﬂr’ ) (31)
eff,0

10g(g) = l0g (gs) + log(

3.3 Abundance analysis

Mg, Ca, Ti and Si abundances were determined by comparindgereed spectra with synthetic
ones created with MOOG (Sneden 1973). MOOG is a FORTRAN caatepirforms a spectral
line analysis and spectrum synthesis assuming local tHeguéibrium. MARCS model atmo-
spheres| (Gustafsson et lal. 2008) were used for our anall/sesse models were created using
the stellar parameters provided in Z08 for bulge stars, evut disk stars we used the stellar
parameters determined as described in Section 3.2. We kBadehe same atomic line list from
the analysis of bulge starslin Lecureur €tlal. (2007, hexelafi7). Unfortunately, the lower res-
olution of GIRAFFE compared to that of the UVES spectra of L8dvpnts us to obtain accurate
oxygen abundance measurements from the available Ol B@0dx A.

The broad £5 A) autoionization Ca | line at 6318.1 Afacts the continuum of the Mg triplet
as discussed in LO7. Therefore, Ca abundances were deterfirsten our procedure and then
this value was given as an input to determine Mg abundandes.CN line list from the same
work was adopted and calibrated carefully as CN lines are krtovibe important for cool giant
stars. The TiO molecular line list (Plez 1998) was also idelili Reference solar abundances are
from|Asplund et al.[(2009).



3.3 Abundance analysis 19

Table 3.2: Atomic linelist for Ca, Mg, Ti and Si used in this WoAlIso listed are the excitation
potential f..) and oscillator strength (lagyf) for each analysed line.

A(A) Element yex loggf
6318.71 Mgl 5.110 -2.000
6319.23 Mgl 5.110 -2.240
6319.49 Mgl 5.110 -2.680
6166.43 Cal 2521 -1.142
6169.04 Cal 2.523 -0.797
6169.56 Cal 2.526 -0.478
6312.23 Til 1.460 -1.552
6142.49 Sil 5.620 -1.500

Although this is a dierential analysis, in the sense that we determine the ispellameters
and perform the spectral analysis in the exact same way fatais, it is important to pro-
vide abundances of some reference targets using our pnagelerefore establishing our “zero
point” in order to be able to contrast our results with theueal obtained in other works. For
this reason we have also adopted the calibration procedsedbon reproducing the observed
spectrum of the Sun, Arcturus apdLeonis. We have used the optical spectra of these stars
that were analyzed in LO7 for the same purpogé.eonis spectrum was taken at the Canada-
France-Hawaii telescope with the ESPanDONS spectropuer at a resolution of 80,000. The
Arcturus spectrum with a resolution of 120,000 comes fromUWWVES database (Bagnulo et al.
2003). Finally for the Sun we used a UVES optical spedﬁuﬂfhese spectra were convolved
to the GIRAFFE resolution and compared with synthetic spdota region around the Mg, Ca,
Ti, and Si lines analyzed in this work. Talhle]3.2 shows thealength, excitation potential, and
log gf of these lines. Model atmospheres were created adpiite same stellar parameters used
in LO7, [F&H]=0.3, Tx=4540,£=1.3, logg=2.3 foru-Leonis, [F¢H]=-0.52, T;x=4300,£=1.5,
logg=1.5 for Arcturus and &=5770,£=0.9, logg=4.42 for the Sun. Figuie 3.2 shows the com-
parison between the synthetic and observed spectra far Htass with the abundances listed in
Table[3.B. For the Sun, we only required a 0.05 dex modifindtidCa abundance with respect
to our reference values of Asplund et al. (2009) also listetable 3.8.

Abundances for our target stars were determined by aniiterptocess in which the syn-
thetic spectrum is compared to the observed one modifyiagabbundance in each step of the
process until reaching the best fitting value. Given thedargmber of stars in our sample, we
have developed a code which calculates the best fitting @moedoyy? minimization in a semi-
automatic way. In the first step, radial velocities and a fjtstss for the FWHM of each star is
determined using the DAOSPEC code (Stetson & Pancina 200®).placement of the contin-
uum is carried out manually for each star, by direct comparlsetween observed and synthetic
spectrum in a region of 10 A around the line of interest. Aiddilly, inspection of nearby lines

1(httpy/www.eso.orgpbservingdfo/quality UVE S/-pipelingsolar spectrum.html)
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Table 3.3: Abundances of the Sun, Arcturus arideonis, obtained by comparison to synthetic
spectra, as well as reference solar abundances!from Aspluakl (2009). The last two rows
show the zero point abundances adopted by AB10 and our meadatees measured for those
same disk giants to which they refer.

Stars A(Ca) A(Mg) A(Ti) A(Si)
Sun 6.39 7.60 495 751
Sun@spundetay  6.34 7.60 4.95 7.51
Arcturus 5.93 7.30 455 7.17
u-Leonis 6.65 8.02 531 7.85
AB10 ZP 6.32 7.65 483 7.60
This work 6.49 7.65 5.09 7.62
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spectra convolved to the GIRAFFE resolution are shown akldatted line and the red dashed
line shows the synthetic spectra using the stellar paramétem LO7 and abundances in Ta-
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Figure 3.3: Example of the final output of the synthesis pidoce in order to derive the abun-
dances of Mg (upper left), Ca (upper right), Ti (lower leftda®i (lower right). Observed spec-
trum for target star 212175c6 is plotted as black dots andathelashed line shows the synthetic
spectrum using the best fitting abundance as obtained fromprooedure.

are used to modify the FWHM from the value obtained from DAOSP&hen the latter clearly
fails to reproduce the spectral features. Later on, the aattematically calculates the best fitting
abundance by minimization ofy& value which is obtained in the following way:

x* = Za(Fsy(A) — FobdA))? - W(2) (3.2)

whereF, (1) is the flux of the synthesis at each wavelength,(1) is the observed flux pre-
viously normalized and W) is a weight value calculated as thefdrence between a normal
synthesis and another without the line of the element to tefitThis allows us to give more
importance to the core of the line under analysis. To créagereight we have usgdLeonis pa-
rameters and abundances as a reference (Gratton & Snedén ERfurd 3.8 shows an example
of the final output from the code for each analyzed line.
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3.4 Error analysis

3.4.1 Error due to stellar parameters uncertainties

We have carefully analyzed théfect of the diferent sources of error in our procedure. When
obtaining stellar abundances the errors are commonly daiedrby the uncertainties in the stel-
lar parameters. Their influence can be determined by vatjiagadopted parameters by their
respective uncertainty and then re-calculating the abwelsalue which best fits the observed
spectra. We have carried out this analysis in a subsamptarsfwhich covers the whole range of
metallicities and fective temperatures of our sample. We have used the undextain stellar
parameters presented in Z08 of 200K f@,10.3 dex in logy, 0.2 dex in¢ and 0.1 dex in the final
[Fe/H] value. Figurd 3.4 shows the variation in determined abneds for each element when
varying the stellar parameters by their respective unicgytal he final errorsrr,o7re/n;,0log 9,0«
associated to each parameter were calculated as the abatageen the mean changes in abun-
dance when uncertainties were addegd)) and subtractedx._,).

Figure[3.4 shows that errors in the abundance determinat®istrongly dominated by the
uncertainties in theffective temperature determination. Given the adopted taiogy of 200 K
in temperature, Mg seems to be the least sensitive eleménawiassociated error ofy,1=0.05
dex. Ca and Si show an associated error of 0.07 and 0.10 dpectely, and Ti has the largest
dependence on temperature with an error value-gf=0.17 dex. From the lower left panel
of Fig.[3.4 we see that the errors associated to the unceesin metallicity are quite similar
among the elements withe¢/+; values ranging between 0.05 and 0.10 dex for an adopted 0.1
dex error in [FgH]. Contrary to the sensitivity of the other elements, Mg isrendtected by
changes in metallicity than in temperature. The reasondoh & dependence is most likely
given by the blend with the strong Fel line at the red side efttiplet. Additionally Fig[3.4
shows that the errors arising from uncertainties in grawity,y, and microturbulencer,, are
small. However, Si still shows a 0.05 dex variation given agartainty of 0.3 dex in gravity.
This is an important point to notice given that in our anaysie assume a distance of 8 kpc
for all bulge stars, neglecting the bulge distance spre&dudh stars are actually at 6 kpc,
the bolometric magnitude will be underestimated by 0.65.nfagich an error will change the
photometric gravity by 0.25 dex. Mg abundances are almaspégetely in-sensitive to changes
in both logg and¢ while Ca and Ti show a dependence of 0.06 dex on a microturbaleimange
of 0.2 dex.

3.4.2 Errors from the spectral synthesis

As described in Z08, stars in the field at b-12 were observed twice due to a mistake in the
fiber allocation. For this reason we only have about half tivalper of stars than in the other
fields. However, we can use this repeated observation ty catrthe same procedure to re-
derive the abundances for all the elements analyzed in ork. Wothis way, we can estimate the
influence of the steps in our analysis which are doneyssuch as continuum placement and
FWHM adjustment used for the synthesis. Additionally thif also provide an estimate for the
errors associated toftierent 3N among stars in the same field. Figlrel 3.5 shows tfierénce
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Figure 3.4: Abundance errors associated with the uncéeaim dfective temperature (upper
left), surface gravity (upper right), metallicity (lowesft) and microturbulence (lower right). A
change o200 K was applied to &, +£0.1 dex to [FgH], +0.3 dex to logg and+0.2 dex tof.
Model atmosphere were then created and abundances weetereathed. Filled circles show
the change in abundance &< /Fel=[X /Fe]-[X/Fe]., when changes were added to the original
parameters. Empty circles show the change in abundancetivbesspective value is subtracted.
Dashed lines show the mean variations ando_y when the uncertainty in the stellar parameter
is added and subtracted respectively.
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Figure 3.5: Diterence between the abundances measured using the sanierlstass observed
twice in the field at b —12. The dashed line shows the meafiedtence between both measure-
ments and the dotted lines the Around the mean.

between the two independent analysis. The mean value offtieeethce for all elements ranges
between 0 and 0.02 dex, which shows the absence of systernratar procedure. The scatter
is quite constant among the elements up to a value of 0.1 dege $e stellar parameters were
not re-calculated, this scatter is not produced by theietamties but from the procedure to
measure the abundances. We can therefore assume a 0. latdroanrthis source, which added
to the errors from the stellar parameters gives an estimébiothe final errors in our measured
abundances following the relation:

2 _ 2 2 2 2 2
O-[X/Fe] =0T O-A[Fe/H] + O-Alogg + O-Af + O-syn (33)

Therefore, the final values of the estimated error in ouryaiglare 0.15 dex for [Mire],
0.16 dex for [CAFe], 0.22 dex for [TiFe] and 0.14 dex for [&te].
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Figure 3.6:A[a/Fel=[a/Feluves-[a/Fekirarre fOr our bulge sample plotted as black filled cir-
cles. The dashed line indicates the mean value of tfierdnce and the dotted lines show tlee 1
range around the meanfidirence for each element.

3.4.3 The role of spectral resolution

It is also necessary to consider thi@eet of using lower resolution (R22,500) spectra from
GIRAFFE in comparison to the high resolution of the disk samgfl R>45,000. In order to
address this question we have re-calculated all the abeedarsing high resolution spectra for a
subsample of stars in each field that was also observed with8J&-45,000). The abundances
were calculated following the same procedure as for the GIRAsample.

Figure[3.6 shows the comparison between the abundanceadbrstar in all analyzed ele-
ments. No systematidisets are observed in our analysis from the change in regolufihis is
particularly important to notice since it could be a sourtsystematic shifts in the trends when
comparing bulge and disk.

In order to further check the existence of any systematichae also redetermined the
abundances in the disk sample after degrading the resolafithe spectra to the one of GlI-
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Figure 3.7:Ala/Fel=[a/Felr-[a/Fe]r for the disk sample plotted as black filled circles where
the low resolution (LR) spectra were obtained by degradirghigh resolution (HR) to the
resolution of our GIRAFFE sample. The dashed line indicdtesniean value of the flierence
and the dotted lines show the-Tange for each element.

RAFFE. Figuré 3.]7 confirms that noffirences are observed due to a change in resolution. Only
Si shows a mean fierence of 0.04 dex which is negligible within the errors om #dbundance
itself.

Additionally we have re-measured the abundances in ousreddir stars Arcturugs-Leonis
and the Sun, using the spectra with the original high reswluilhe results were compared with
our abundance measurements from convolved spectra (T&x#a8 Figl[ 3.2) and no filerences
were found. We therefore conclude that our comparison aféostars based on lower resolution
to those of the disk is valid and no systematic shifts shoaldiplied to our results.
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3.5 Results

3.5.1 Thick and thin disk sample

In order to characterize the bulge alpha abundances andarerigem to other galactic com-
ponents we have checked carefully the homogeneity of theepore. Stellar parameters for
the disk sample were calculated following the same proedascribed in Z08. A comparison
between the stellar parameters obtained using our proeetharthe values presented in AB10 is
shown in Fig[3.B. We systematically find a largéieetive temperature with a mearfigrence

of 130 K between the two methods. Also, lpgalues are systematically larger in our analysis
with respect to AB10. Theseftierences between our studies show once more the importance of
a homogeneous analysis in which parameters for all sampesnahe same scale.

Using our determination of the stellar parameters, we haa@sored the abundances for Mg,
Ca, Tiand Si as described in section 3.3. Figurée 3.9 showsfileeehce between the abundances
for the disk sample derived in this work and the values preesem AB10. Mg abundances
appear to be on the same scale however abundances of Ca, Tiesgenditerences.

AB10 uses the abundances of a subsample of thin disk stabsmeitiallicity near to the solar
value, as internal zero-points. For the same stars we figédaa and Ti abundances as shown
in Table 3.8. However we remain with our zero-points basethersolar abundances of Asplund
et al. (2009). Table 313 should be used to compare our resithisr with models scaled to solar
abundances or other works orffdrent scales. Within our log-gf and adopted zero points, the
homogeneity of our analysis remains unchanged.

3.5.2 Alpha elements across the bulge, thick and thin disk

The final jp/Fe] trends for Mg, Ca, Ti, and Si are shown in Figures3.10 {8 arid listed in Ta-
ble[3.4. The general alpha enhancement of the bulge stdvseswed clearly in all four elements.
The alpha enhancement is also seen in our globular clustabers and their mean abundances
do not difer from those of field stars at their given metallicity. Thatser in the observed trends
is different: Mg abundances show much smaller scatter than Ca, Tiaaiolindances. In par-
ticular at low metallicities, where there is almost no degence on [FA4H], there is a~0.09 dex
scatter observed for [MGe] and~0.13 dex for the other elements. As shown in section 5, the
dependence of the measured abundance on the stellar parametrtainties also varies among
elements and the observed scatter in abundances is withiestimated errors. Therefore, the
different amount of scatter is largely due to the uncertaintidbe parameters. The similarity
and overabundance in the bulge and thick disk stars appeay among the elements and
therefore trends should be compared separately.

Mg is the element which shows the best defined trend amongl¢heeats analyzed here.
This element shows the least dependency on the stellar pteesrand can be considered as the
most reliable of the alpha elements for chemical enrichretrties as, together with oxygen, it
is expected to be enriched exclusively by SNII explosiortse mean abundance of the bulge at
[Fe/H]< —0.5 is [Mg/Fe]= +0.31 which only difers by 0.03 dex from the mean thick disk at the
same metallicity range with the bulge being slightly morbarced than the thick disk. Such a
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Figure 3.8: Diference between the stellar parameters obtained in this amatkhe values pre-
sented in AB10 calculated @sX=XisworcXaB10. The dashed line indicates the mean value of
the diference and the dotted lines show tlerange for each element.
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Table 3.4: Mg, Ca, Ti and Si abundances for stars in the fogeofiklds. Metallicities are those
presented in Z08 and listed here for reference. The fuletabavailable in Appendix B.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe]
423342 +0.46 -0.04 +0.13 +0.03 -0.08
423323 -0.48 +0.43 +0.15 +0.23 +0.26
412779 -0.37 +0.23 +0.29 +0.48 +0.22
423359 -1.23 +0.34 +0.30 +0.48 +0.43
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Figure 3.10: [MgFe] abundances in 4 fields of the bulge shown as red filledesircBulge
globular cluster members are shown as black filled squaMg/He] abundances for the thick
disk stars are shown as blue filled triangles and as empt¥ bleades for the thin disk stars.

behavior remains in the intermediate metallicity range wf ®ample £0.5 < [Fe/H] < -0.2)
where the bulge shows a mean [¥g] of 0.27 and is still only 0.03 dex more enhanced than the
thick disk. The diferences we have found between these populations are mutiardiren those
found by LO7, in which the bulge is up to 0.2 dex more enhanbad the sample of thick disk
dwarfs from the literature. Further comparison at highetatiieities are dificult because there
are too few thick disk stars at those metallicities in the gamas the separation between thin and
thick disk becomes dicult. All elements show that, at the high metallicity ranffée(H]> 0)
both the bulge and two of the high metallicity stars clasgifis thick disk by AB10 have lower
ratios, as low as those of the thin disk.

On the other hand, [GBe] trends show a larger scatter which complicates the cosgr
particularly at high metallicities. However, at lower mgtities, where actually the thick disk
is well defined, dterences in [Cére] between the mean of both populations are higher showing
the bulge 0.09 dex more enhanced than the thick disk @HJce—0.5 and 0.04 dex at higher
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Figure 3.11: [CAe] abundances in 4 fields of the bulge. Symbols are as i Hig. 3

metallicities. Worth notice as well is that [Fae] shows a shallower decline with metallicity than
Mg in good agreement with model predictions where Ca cortiohus also expected from SNla
explosions.

Results for [TiFe] are similar to those observed in Ca, showing trends withadlaver
decline with metallicity but also a larger scatter. The malamndance is [TiFe]=0.40 and shows
a difference with the thick disk of 0.10 dex from [fFB<-0.5 up to intermediate metallicities.
Only above solar metallicities the mean Ti abundances ajebahd thick disk are the same.
However these dlierences are within the scatter of the Ti abundances in thgebuhich is
consistent with the larger error dependence on temperallioecover, the [TiFe] ratios in the
thick disk are actually within the lower envelope of thoselef bulge.

Finally in the case of [$re], trends for the disk and the bulge are almost indistsitalle as
in the case of Mg, with the bulge showing a meanf8}=0.35 at [F¢H]< —0.5 and diferences
lower than 0.03 dex with the thick disk at all metallicities.

Figure[3.14 shows the averagelement abundances aglfel=[<Mg,Ca,Ti,Si>/Fe]. Trends
for the bulge and both thin and thick disk are very well defiaed we can also use them to
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compare the population properties between ofiedént fields along the minor axis and with the
field at a larger galactic longitude ef5°. A discussion regarding such a comparison is addressed
in section 3.6

In order to generally compare abundances between bulge iakdvee have followed the
procedure adopted in AB10 and fit two independent slopes foditterent metallicity regimes.
However, instead of fixing arbitrarily the point where theskris produced to a [[Ad] value of
—-0.5, as done in AB10, we have produced a linear fit to a metal-pegion between-1.2 and
—0.5 dex and to a metal-rich region betwee@3 and 02 dex. These regions where selected in
order to i) consider metallicity regions in which the trerzate well defined and ii) avoid taking
into account too metal-rich stars in which the uncertaméee larger. In this way, we are now
able to provide a value for the metallicity at which the kneactually produced, calculated as
the intersection of the linear fits of both regions. The béBh§ relations for both metallicity
ranges in all the bulge fields and the thick disk are shown b€[@a.% and plotted in Figurés 3115
and3.16.
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Figure 3.16: Same as in Figure 3.15 for 2 bulge fields alongrhjer axis.
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Table 3.5: Best fit parameters for lineas-(a[Fe/H]) trends for kMg,Ca,Ti,Sk/Fe] abundances
in the bulge and thick disk.

~12 < [Fe/H] < -05 —-0.3 < [Fe/H] < 0.2

Field m a m a

Baade's Window -0.0¥0.07 0.2740.06 -0.43-0.04 0.1190.006
b=-6° -0.06£0.04 0.2%0.04 -0.330.04 0.134.0.006
Blanco field -0.0#£0.04 0.2%40.03 -0.320.06 0.160.01
NGC 6553 -0.080.09 0.250.06 -0.392-0.06 0.1480.008
Thick disk -0.04:0.06 0.3@0.05 -0.3%40.08 0.130.03

As a general result, when considering the mean abundancaé tbe elements analyzed,
differences between the bulge and the thick disk do not exce&dd@X0for all metallicities.
Trends between both populations are therefore indistghgale within the errors of our analysis.
Additionally we see that the knee in the bulge in Baade’s Wimdolocated at a metallicity of
[Fe/H]=-0.44 and difers by less than 0.1 dex among the other bulge fields. This isn&lso
present in the thick disk distribution at [fF§=-0.51, only 0.07 dex dierent from the location
for the observed bulge downtrend. Therefore, within thersrconsidered in our analysis as
discussed in previous sections, no significaffedences are observed between the bulge and the
thick disk abundances for individual elements. The sintylas even stronger when all elements
are compared in the mean.

3.5.3 Isthere ana-element gradient in the bulge?

The existence of a metallicity gradient in the bulge is cdesed a strong indication towards the
classical bulge formation scenario and is not expected podsent in boxy or pseudo-bulges. On
the other hand, if Galactic bulge is a mixture of two (or ma@nponents, it could be expected
that these populations should have gone throudiierdint formation histories. A component
formed via mergers would show higher alpha elements thamuatste dynamically formed
from disk material which would have enough time for SNla tplede and decrease the/Fe]
ratio up to Solar values. These components might haVerdnt relative contributions across the
bulge and therefore their content of alpha elements migpttbealistinguish between them.
Figures3.1b and 3.16 show that in the case of the Galactiebtlie relations betweea/Fe]
and metallicity are indistinguishable among th&eatent fields analyzed here. From the obtained
relations for each field and in the two metallicity regimeattive have considered here, we can
actually see no significant fierence between the fields in terms of the IMF and the timescale
given by the knee at which SNla contribution becomes importaifferences between the fields
are not larger than 0.02 dex at all metallicity regimes arel khee is observed at the same
metallicity within 0.1 dex. This variation is in fact withiour estimation for the uncertainties in
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[Fe/H]. Such small diferences are fairly consistent with the errors consideredirrabundance
analysis and a striking similarity can be concluded botim@lihe minor axis (Fid. 3.15) and the
major axis (Fig[(3.766). Also shown in Fig._3]115 and Hig. B.A& the §/Fe] distributions for
each of the fields. The behavior of such distributions aresistent with the metallicity gradient
in the bulge in which the population of stars with higher nietéies ([Fe/H]~0) and lowera
element abundancesyFe]~0) becomes smaller at higher distances from the galactiepla

3.5.4 Correlation with kinematics

Coupling the information from radial velocities, proper imos and metallicity for the same
bulge FLAMES sample that we present here, Babusiaux| et al0j2@emonstrate that metal-
rich component shows digkar kinematics and a metal-poor component has kinemates ofd
spheroid. The formation time-scale for the old (and metadfp spheroid component is much
shorter, than that of the digkar component, and therefore it is expected that the forsnglpha
enhanced, while the latter has lower alpha element abued&ye investigate this by combining
our alpha element abundances with radial velocity inforomefirom Z08. Figuré 3.17 shows the
radial velocity dispersion for ffierent alpha element abundance bins. We observe that alpha-
enhanced stars have a velocity dispersior®® kmmys, which is approximately constant along
the minor axis, while the stars with solar or slightly subasqa/Fe] abundances have larger
velocity dispersion in the inner fields and decreasing vslatispersion at higher latitude. In
the b=-12 field the most alpha-poor component disappears altogeiier.behavior of alpha-
enhanced stars mimics very closely the (lack of) trend sHpymetal-poor component identified
as having spheroid kinematics, while alpha-poor starsviothe trend of metal-rich component
identified with diskbar kinematics by Babusiaux et al. (2010). While these trerelmgeresting,
they need to be confirmed with a more complete coverage ofulye b

3.6 Implications of [@/Fe] abundance results on the Bulge for-
mation history

We have confirmed the chemical similarity between the alpé&@ent abundances in bulge and
thick disk within the errors associated to our homogenebtusi@ance analysis. An overabun-
dance in alpha elements af/Fe}=0.30 dex up to a metallicity of [Fel]~-0.5 is observed in both
components as an indication of a short timescale of formatigth a chemical enrichment domi-
nated by the contribution of core collapse supernovae. idntietallicity the observed downtrend
in the bulge reflects the instance in which the Fe contriloutiom SNIa becomes important. In
the bulge both the trend at low metallicities and the valuetath the knee is produced do not
vary along the minor axis for latitudds< —4. This can be interpreted as a formation process
of the dominating population of the bulge being fairly horangous, sharing a similar IMF and
formation timescale. Figufe 3116 shows that these trerelmdistinguishable also for two fields
at different longitudesl (= 1° andl = 5°) at a fixed latitude ob = —4°, an indication that the
homogeneity is present along the major axis as well.
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Figure 3.17: Dispersion of radial velocity as a function @ffe], in bins of 0.15 dex, for the
three fields along the minor axis (filled circles and left asdale). Overploted as a dashed line is
the [a/Fe] distribution for each field, which scale is given on thghti Globular cluster members
in the sample were removed for this particular analysis.
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The chemical similarity of bulge stars and those of the sn&ghborhood thick disk, at
least for metallicities in which thick and thin disk can bealy separated, is also remarkably
intriguing. Furthermore, Bensbhy etlal. (2010a) demongiréde the first time that inner disk
stars show both the dichotomy thin-thick disk and the chahsenilarity with the bulge. Either
the bulge and thick disk went through similar formation tiiggs or the process which formed
the bulge is directly linked to that of the thick disk. Unfamtaately the formation history of the
thick disk is currently a matter of debate. Therefore, ag las a complete understanding of the
formation mechanism of the thick disk is missing, a corratenpretation for the bulge—thick
disk connection will be hard to achieve. Particularly iegmg, in the context of our results,
are the scenarios in which both bulge and thick disk sharestaafad early formation such as
the scenario discussedlin Bournaud etlal. (2009) (see alselireimal. 2004). They show the
properties obtained from simulations in which a thick diskl &ulge are formed internally by
instabilities of gas-rich clumpy disks in young galaxiesucls clumpy and turbulent rotating
disks are in fact observed in galaxies arour@ fElmegreen et al. 2008). This shared formation
mechanism could explain the observed chemical similariieftween these components.

The main result our observations provide is that all fieldhebulge follow the samex[Fe]
vs. [FgH] relation, and that metal-poor stars correspond to a @t enhanced inr elements
which shows homogeneous kinematics. These observatiant faken on their own are in
accordance with the classical bulge formation through #s¢ dissipative collapse. This is in
contrast with the recent literature claims of pure ghisk origin of the Galactic bulge (Shen et al.
2010), which would result in shallowet/Fe] decline, more similar to that of the thin disk.
The most metal-rich part of the population, that shows a downin [a/Fe] has formed on a
timescale long enough for SNla to start contributing sigatfitly with iron peak elements and
shows kinematics corresponding to a dislt component according to Babusiaux et al. (2010).
This component progressively disappears with increasstgrce from the plane.

Altogether, or results provide observational evidencdHercoexistence of a classical bulge,
within a bar-like component. Dual component bulges have la¢en observed in external galax-
ies in the work of Peletier et al. (2007) which shows an olghedal-like component dominating
the Bulge at higher distances from the plane, while a diskddmponent is observed in the cen-
tral regions. In particular, we highlight the recent resfiom/Williams et al.[(2011). They show
that the bulge of a pure disk galaxy, NGC 3390, rotates peyfeglindrically, has chemical
properties resembling those of the disk and shows no natgljradient. On the other hand, the
boxy bulge of NGC 1381 shows more complicated rotation pitogs is alpha enhanced with
respect to the disk and shows a metallicity gradient. Thespgties for NGC 1381 strikingly
resemble those presented here, on a star by star basise fielilily Way bulge. In terms of sim-
ulations, the chemo-dynamical model.of Samland & Gerha@®32 also predicts a composite
bulge: an early collapse component and a metal-rich, ghglma-population associated to a bar.

To settle the issue of the origin of the bulge and to intersaibservables it in the context of
the formation of the other Galactic components, a detaitedyais of the kinematics and stellar
abundances is necessary with a more complete coveragelailtieeand in the inner disk of the
Galaxy.
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3.7 Conclusions

We have analyzed the abundances of Mg,Ca,Si,Ti in four fidldseoGalactic bulge. We have
carried out a homogeneous analysis comparird] ratios for a large sample of bulge stars
(650) with those of giants belonging to the thin and thickkdis the Solar vicinity. We also
compared bulged|/Fe] distributions across theftirent fields in our sample. Our conclusions
can be summarized as follows:

1. We have confirmed the chemical similarity regarding alpleanent abundances between
the bulge and the thick disk when a homogeneous analysisis dod using only giant
stars spectra. Both populations are enhanced comparedttarireisk and show a down-
trend in [y/Fe] starting at a metallicity of [FBl]~-0.4. At higher metallicities, close to
solar, bulge ¢/Fe] ratios drop to values similar to those of the thin disk.

2. The trends ofd/Fe] ratios are indistinguishable among our three fieldscaltve bulge
minor axis. Analysis of a field dt = 4°, b = 5° hints for a homogeneity also present
along the major axis. The knee showing the downtrend/Rd] is observed in all fields at
[Fe/H]~-0.4. A more complete mapping offterent bulge regions is necessary to confirm
the conclusions regarding the major axis lack of gradieata/all to explore thed/Fe]
distribution for inner bulge fieldd(> —4).

3. The p/Fe] distributions in our dferent fields show that, while the population of metal-
rich stars and lowd/Fe] ratios observed &t = —4° seems to disappear at larger galactic
latitudes, trends and distributions at low metallicitifise(H]<-0.2), as well as velocity
dispersion, remain unchanged atelient latitudes. Such results are consistent with recent
evidences for a dual nature of the bulge.

Our results demand future work to be based on a more compbetragge of the bulge.
A better mapping of chemical and kinematical signaturemfepectroscopy, coupled with the
complete morphological characterization to be obtainethfa multi-epoch photometric survey
such as the VISTA Variables in the Via Lactea (VMV; Minniti &t |2010), could provide the
final step towards the observational characterizationebtiige.

In the second part of the thesis, the global properties diitiey Way bulge are investigated
using the VVV first year data release (VVV DR1; Saito et al. 2012



Chapter 4

The Red Clump as tracer of the Bulge
extinction and structure

Stellar populations can be strongly characterized by tlopgaties of the observed sequences
along the color-magnitude diagram (CMD). The CMD is a plot ellat color, defined as the
difference between the magnitude in twéelient bands and related to théeetive temperature
of the star, and the stellar magnitude which is a measureeoftéllar luminosity. Specific
sequences can be identified in the CMD, given the luminositieffiective temperature of stars
at different evolutionary phases, for a given mass, age, and chkoamposition. For this
reason, the dierent sequences in the CMD can be used to describe a givear gigtiulation.

The magnitude of a star will become fainter, depending onatiheunt of dust in the line
of sight towards the source. Since visual magnitudes are mttacted by the dust extinction,
stars will look fainter and redder in the CMD. Thus, a sourckrawn intrinsic magnitude and
color, known as standard candles, would be ideal to traceeitidening &ects by comparing
its intrinsic and observed colors. Once extinctidieets have been corrected from the observed
magnitude of the standard candle, this can be compared itantssic magnitude to determine
its distance.

In an old population, such as that of the Bulge, red clump (RQjtgiare core-helium burn-
ing, metal-rich stars, equivalent of the horizontal brasizns in old metal-poor populations, and
are easily identified in color-magnitude diagrams. Thelrimsic magnitude has a fairly well
understood dependence on population properties such asr agetallicity (Girardi & Salaris
2001), and reddeningtects in color can be clearly identified. The fixed luminositg aemper-
ature of RC stars, for a given stellar population, is theeetor ideal tracer of theséects.

The RC feature is clearly visible in the CMD and its photomatricperties can be well con-
strained. Indeed, Stanek & Garnavich (1998) determinettiigadispersion in the | magnitude
of RC starsis only 0.15 mag. Later observations have provided enough suppdti¢dRC as a
reliable distance indicator also in the near-R 0 — K) CMDs (Alves 2000; Grocholski & Sara-
jedinil2002; Pietrzfaski et al/ 2003; Laney et al. 2012) in good agreement witretpectations
from theoretical models (Girardi & Salaris 2001; Salaris &a8di12002). Figuré 411 shows the
near-IR CMD in the absolute plane (MJ — K)o) for stars with know distances from Hipparcos
satellite and 2MASS magnitudes (Casetti-Dinescu et al.[R@iHere the RC is clearly observed
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as an overdensity of stars at{ Ks); ~ 0.68 and M ~ —1.5.

(I-K),

Figure 4.1: Near-IR Color-Magnitude diagram for a sampleisi dtars with measured distances
from the Hipparcos satellite and 2MASS magnitudes. Thisgarfe 2 from Casetti-Dinescu et/al.
(2011), reproduced by permission of the AAS.

The RC has therefore been used in several studies to derivetext and distances in the
edge of the Milky Way disk (Minniti et al. 2011), bar (Standlka€ 1997 Babusiaux & Gilmore
2005; Rattenbury et al. 2007; Cabrera-Lavers et al. '2007) eflsaw distances to other galaxies
such as M 33 (Kim et al. 2002), or IC 1613 (Dolphin et al. 200Fpr old and relatively
metal-rich population such as found in the Galactic bulgg.(@rown et al. 2010, and references
therein) the population corrections for red clump absok#gand magnitude are of the order of
0.1 mag [(Salaris & Girardi 2002). In the following chaptens use the near-IR photometric
properties of RC giants to trace simultaneously extinctiod eelative distances in the Milky
Way bulge, with an unprecedented resolution and coverage.
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4.1 The VVV survey data

The VISTA Variables in Via Lactea (VV\@)is the Galactic near-IR ESO VISTA public survey
that started collecting data in 2010. The VVV area cover§20 dedg and will be imaged
repeatedly irKs-band with the aim to search for variable stars such as RR Ligrdee Milky
Way bulge, as well as Cepheids and eclipsing binaries adnegsl@ane. In addition to the main
variability campaign, the survey area is fully imaged in S{@metric bands: Z, Y, J, H, arf.

The VVV survey has two main components: th800 sq. deg VVV Galactic bulge survey
area covering-10 < | < +10 and-10° < b < 5°, and the~220 sq. deg VVV plane survey area
spanning between 295 | < 350 and-2° < b < 2°. In the first observing season in 2010 95%
of the total area has been imaged in J, H agavidvebands, while the YZ imaging covered 84%
of the disk and 40% of the bulge areas. The variability cagipaas also started, but mostly it
will be carried out in the upcoming observing seasons. Theesus expected to span 5 years of
observations, enabling to characterize well both shori@mgl period variable stars in the Milky
Way bulge and the plane.

Here we describe only data used in the analysis in this thib&Esingle-epoch JHKs coverage
of the bulge. The more complete description of the wholeeuand the observation strategy is
available in_Minniti et al.|(2010), while the data releasenfrl year observations and some first
results are presented|in Saito et al. (2010).

The observations are carried out in service mode with the VIR@Amera on VISTA 4.1m
telescopel (Emerson et/al. 2004; Emerson & Sutherland 2@baydd at ESO Cerro Paranal
Observatory in Chile on its own peak, some 1.5km away from #wy \/arge Telescope. The
bulge survey area consists of 196 tiles, ead8% 1.18 sqg. deg in size. VIRCAM focal plane is
sparsely populated with ¥4 4 Raytheon VIRGO 204& 2048 pixel arrays, and 6 exposures (so
called pawprints) are needed to fully cover the 1.5 squageegsfield (so called tile). The mean
pixel scale is 0.34 arcsec, and the point spread functiomestet! by the telescope and camera
hasFWHM ~ 0.51 arcsec. The median image quality measured on the reduéédie images
ranges between 0.8” fdf, 0.9” for J band, and up to 1.0” for Z-band.

VVV tiles are made combining 12 (two per pawprint) images yrKs and J band tiles.
EachH andKg image is a single 4 sec exposure, whildand images are sums of two 6 sec
exposures. Each pixel in a tile has therefore a minimum ofebéesposure it andKg and 24
sec inJ, and is an average of at least 4 individual exposures. VIS3iA dre processed through
the VISTA Data Flow System (VDFS) by the Cambridge Astron@hBurvey Unit (CASU).
The basic data reduction steps consist of reset corredark,subtraction, linearity and flat field
correction, sky background subtraction, destriping sjgger stacking and tiling. Finally the
astrometric and photometric calibration are applied u8M#SS sources in the images, and the
single band catalogues are produced (Lewis et al.|2010nidmiork we use the single band tile
images and catalogues versiorfl.1

The list of the analyzed tiles is given in the Appendix B. Theyrespond to the tiles located
in the Bulge region, coveringl® < | < +10° and spanning-10° < b < +5°.

Ihttpy/vvvsurvey.org
2More details about VISTA data processing is available from
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Figure 4.2: Distributions of the RA and DECfi#rences in arcsec between matched sources of
single band, J and Ks, photometric catalogs. Crossmatcbimigetd b278 is shown here as an
example

4.1.1 Multiband catalogs

Target coordinates andiH,Ks magnitudes were extracted from the single band catalogs pro
duced by the CASU. These catalogs were then matched usin@deeSTILTS [(Taylor 2006).
In particular, the routinéskymatchds used to perform a match based on the proximity of sky
positions of stars in each catalog. Several tests wereedaout by modifying the maximum
separation radius to match detections betw&dn andK catalogs. The majority of stars were
always found within a separation smaller than 0.5”, in gogeeament with the astrometric pre-
cision expected from CASU pipeline. Therefore, a maximurovedid separation of 1” was used
to ensure that our matched catalogs contain most of the a®writhout risk of including wrong
matches at a larger separation, and at the same time weati# the possibility for some minor
astrometry distortions in the large VIRCAM field of view. Figl#.2 shows the distributions of
the RA and DEC dterence for J and Ks catalogue matches in the VVV field b278.

The single band tile catalogs produced by CASU contain a flaghwidentifies detections
as stellar or non-stellar sources. We decided to only usesswvith the stellar flag in all three

http://casu.ast.cam.ac.uk/surveys-projects/vista/data-processing
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bands. Although this cleaning procedure implies that ov$p% of the original number of
detections remain in the final multiband catalog, it allows@ work with as clean as possible
sample of bulge stars, which is ideal for our purpose, andescdot bias our results.

4.1.2 Photometric calibration

R
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Figure 4.3: J,H and K; magnitudes dierences between VVV catalogs and 2MASS. Dashed
lines show the mean fiierence between both catalogs in the range denoted by thidisek

The VVV images extend about 4 mag deeper than 2|\/ﬁ3\iﬁ$pite of the short exposure
times because of theftierence in telescope apertures and spatial resolution. owle larger
telescope aperture of VISTA results in saturation for biegh stars. For this reason 2MASS
photometry is required to complete the bright end of the V\atatogs. Figure 413 shows tke
H andKgs magnitude dierences between VVV and 2MASS sources in a common 10x10 @&rcmi
window within the tile b278. We only adopted 2MASS sourcethvliest photometric quality
(flag AAA). Two important points can be observed from Kig.l4)3The saturation magnitude
in the VVV photometry is clearly observed Kt,,, < 12; and ii) there is a very smallffset

3The exact dference between VVV and 2MASS photometry depth dependsgiyrom the stellar density in
the field.
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between the zero points of both catalogs. Still, we mustrenthat both catalogues are in the
same photometric system to be able to complete the satlagdd end of the VVV photometry
with 2MASS. In doing this, only stars common to both survegd ith 13 > Kqw > 12
(see Fig.2) were used to bring the VVV catalogues onto the 3&Ahotometric system. The
magnitude range selected for the calibration ensureshbaliterences are noti@cted by larger
errors in the photometry for 2MASS or saturation for VVV maasnents. This procedure was
carried on independently for each VVV tile and zero pointsen@alculated for each one of the
catalogs. Once calibrated, stars brighter thkgn- 12 from 2MASS were used to complete the
bright end of our final VVV catalog. These catalogs, corrédte saturation and calibrated to
2MASS zero points were used in further analysis. Hence dfierewe refer to the usudlH,Ks
magnitudes corresponding to the 2MASS photometric system.

4.2 Characterizing the Red Clump in the Bulge color-magnitude
diagram

Figure[4.4 shows th&, J — K4 color-magnitude diagram (CMD) of a selected region in the
field b278. The photometry samples the entire RGB from the bpde the tip Ks ~ 8). The
RGB is quite bent as expected for metal-rich populations &ndelatively large width is due
to metallicity spread (Zoccali et al. 2003), deptiieets and some fierential reddening. The
red clump is located &5 ~ 13, and it is partially merged with the RGB bump. Although the
photometry is deep enough to properly sample the sub giamichr the almost vertical bluer
sequence at)(- Ks) ~ 0.4 due to foreground disk stars prevents to detect its exaatitm.

Studies of the chemical abundances and age measuremehis Btilge towards Baade’s
Window, have shown that the Bulge is predominantly eld@ Gyr) (Ortolani et al. 1995; Zoc-
cali et al.. 2003; Brown et al. 2010; Clarkson etlal. 2011) and itréhows a broad metallicity
distribution with a peak near Solar metallicity (McWilliag Rich [1994;| Zoccali et al. 2008;
Johnson et al. 2011). Stellar evolutionary models can thogigee specific constraints on the
expected intrinsic color of stars along théfelient evolutionary stages. The observed color can
then be compared to that expected from models andfitsrdhce can be linked to an external
factor, such as extinction. The metallicity of the Bulge is spatially uniform, but it shows a
gradient along its minor axis (Zoccali et al. 2008). Furthere, the extent of these gradients
towards other regions is not yet clear. For this reason,nteioéies may arise from direct com-
parison of the observed red giant branch (RGB) stars’ coldisnespect to those expected from
models. Fortunately, thigiect can be minimized by the use of RC giants, as the mean color of
these stars has a small dependence on these parameters.

The influence of the populatiorfects on the RC magnitudes and color has been investigated
both theoretically (Girardi & Salaris 2001; Salaris & GulaP002) and observationally (Alves
2000; Grocholski & Sarajedini 2002; Pietfzski et al! 2003; Laney et al. 2012). In both cases,
RC stars appear as reliable standard distance indicat@idssing the possible variations in the
general Bulge population properties. While the age of thedisigxpected to be homogeneously
old (~10 Gyr), the metallicity is known to change at least alongrtheor axis (Zoccali et al.
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Figure 4.4: VVV observed)— Kg,Ks) CMD of a 20 x 20 region within the tile b278 calibrated
and completed with 2MASS photometry.

2008). If we consider this variation of the mean Bulge met#jlito be A[Fe/H] = —0.4 (Rich
et al. 20017; Zoccali et al. 2008, see also Chapter 7 of thisshege expect an error in the mean
RC color of~ 0.08 mag, equivalent to a variation k. = 0.06 mag assuming the Cardelli et al.
(1989) extinction law andy_ = 0.04 mag for Nishiyama et al. (2009) law.

4.2.1 Red clump color in the reference Bulge field: Baade’s Window

Here, we use the multiband VVV catalogs to determine extnotalues by measuring the mean
(J - Ky) color of the RC stars and comparing it to that of a region ofvkmxtinction, named
Baade’s Window. A selection box in the CMD of each tile is chosemclude only Bulge
red clump stars. The limits of this box vary for each line gjtgidepending on the amount
of extinction and were therefore inspected by eye and mad#ezordingly. A Gaussian fit to
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Figure 4.5: Right panel shows the observed color magnitualgram for a 4<x 4 arcmin region
centered in Baade’s Window and a selection box corresportditige red clump. Left panel
shows the color distribution of these red clump stars. Qoéted is the best fit Gaussian curve
with the mean RC color.

(J-Ky) color distribution is then used to determine the mean aalitine red clump, as shown in
Fig.[4.5. For a 4x 4 region in Baade’s Window centered on coordinatgg, = 18 : 04 : 512
andézgeo = —30 : 03 : 265, VVV photometry yields ad — K¢) = 0.96 mag. Using the measured
extinction of this field ofE(B — V) = 0.55+ 0.01 mag (Sumi 2004 Kunder et/al. 2008; Zoccali
et al. 2008), we obtain a dereddened mean colod i), = 0.68 for the RC stars in this region.
We use this value as a reference for the intrinsic mean cdélthreoRC, and its dference with
respect to the measured RC color in any other region will b@dicator of extinction, meaning
E(J — Ky). In the next chapter, we use this technique to obtain a thepzie extinction map of
the Bulge for the VVV survey region.

4.2.2 The absolute magnitude of the red clump

The dereddened RC magnitudes can then be used in to deriveethre aistances for each of
our subfields through comparison of the measured valuesth&thintrinsic RC magnitude for
a 10 Gyr, near-solar metallicity population, ofkM= —1.55 based on Pietrinferni et/al. (2004)
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Teramo stellar evolution models (see also van Helshoechitde®@wegen 2007). As we already
discussed in the case of the reddening calculations, thege®n of homogeneous stellar pop-
ulations on the bulge are the main source of uncertaintibs.ifitrinsic magnitude of the RC is
known to have a dependence on age and metallicity (Salarisr&d52002; Pietrzfaski et al.
2003). Teramo stellar evolution models indicate that a @2 \ariation in metallicity would
affect the intrinsic magnitude of the RC b¥).10 mag, consistent as well with Salaris & Girardi
(2002). If for a solar metallicity population at 8 kpc frometBun we assume a main metallicity
0.20 dex lower, our method will result in measurement ofatise 0f~8.2 kpc instead. There-
fore, although this introduces a small error into our caltohs we are still able to trace the large
scale structure of the bulge.
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Chapter 5

The extinction towards the Milky Way
bulge

The Bulge is one of the major components of the Galaxy and ibeastudied at a unique level of
detail, in comparison to those of external galaxies, thaoks proximity which enables proper-
ties of individual stars to be measured. Bulge stars holdrtipgints of how our Galaxy formed
and evolved. The Bulge star formation and chemical enriclirhiestory can be investigated
in detail through analysis of stellar ages and chemical dances|(McWilliam & Rich 1994;

Zoccali et all 2003; Fulbright et al. 2007; Rich etlal. 2007¢cleur et al. 2007; Zoccali et al.
2008; Clarkson et al. 2008; Brown et al. 2010; Bensby et al. 2020b1; Johnson et al. 2011,
Gonzalez et al. 2011b, chapter 3 of this thesis).

Our current understanding of the Milky Way Bulge structurd atellar content can be sum-
marized as follows: i) the Bulge structure is dominated byBhe (Stanek et al. 1994) which
appears to have a peanut or X-shape in the outer regions (IWeW& Zoccalil2010; Nataf et al.
2010; Saito et al. 2011); ii) there is a radial stellar met#yl gradient (Zoccali et al. 2008; John-
son et al. 2011) that most likely flattens in the inner regi@ish et al! 2007); iii) in addition to
the population associated with the bar, there are hints $ecand chemically and kinematically
distinct component (Babusiaux et al. 2010; Hill et al. 201&n&alez et al. 2011b; Bensby et al.
2011); and iv) the bulge is dominated by old stars (Zoccadi€2003! Brown et al. 2010; Clark-
son et all_ 2011), although there are indications for a ptesgitunger population of metal-rich
stars as traced by Bulge microlensed dwarfs (Benshy et all)2bibivever, the general view of
these properties, based on a more complete coverage, istedpe provide the final picture of
the Milky Way bulge formation history. Several projects aimto obtain this general view of the
Bulge are either ongoing or planned for the near future (eignM et al.|2010] Feltzing 2011;
Ness & Freeman 2012; Elia Garcia Perez et al. 2012). Thepir@ition of these observations is
challenged by the variations in the dust extinction prapsiin small scales towards théfdrent
Bulge regions.

The currently available extinction maps of the Bulge regibage diterent resolutions and
coverages. The most commonly used extinction maps were thfdBurstein & Heiles (1982),
later superseded by Schlegel maps (Schlegel et al| 1998)Sdhlegel extinction maps are full-
sky maps of the dust color temperature based on IRAS and DIRBé&riexgnts which are then
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normalized to E(B-V) values using a calibration of colors atkground galaxies. Unfortunately,
these maps gter from large uncertainties in regions towards the Bulge.cHipelly, as stated
in the appendix C of Schlegel et al. (1998), the temperatuvetsire of the Galaxy towards lati-
tudeg|b| < 5° is not well defined and contaminating sources have not bempletely removed.
Furthermore, as we show below, the resolution of these nsmp®oi coarse. As a result, the
Schlegel reddening values towards the Bulge are unreliable.

Clearly, an extinction map coverirgl < 5°, with suficient resolution to resolve the small
spatial scale variations of extinction, is important foruarderstanding of the general properties
of the inner Galactic regions. Using red giant branch (RGBkdtam the near-IR photometric
survey DENIS| Schultheis etlal. (1999) provided a high nasmh (2') map in the inner regions
of the Bulge [b] < 2°). This map provides the flicient resolution to analyze such inner Galactic
regions, but its coverage is too limited to permit the stubihe global Bulge stellar populations
and structural properties.

More recently, Marshall et al. (2006) provided a full 3D extion map of the Bulge. 3D
maps are indeed of high importance for Galactic studiesrsvine inner Galaxy as they hold
the additional distance information. However, in order tdd3D extinction maps, a sticient
number of stars is required in each resolution element, winiplies that only a modest resolu-
tion can be achieved. The method in Marshall et al. (2006as2t on a comparison of 2MASS
photometry to the Besancon model (Robin €t al. 2003). At lola@r latitudes |p| < 3°)
2MASS stuffers strongly from incompleteness and blending due to toorésmelution and high
stellar density, limiting the ability to derive correct staunts and extinction. The resolution of
Marshall’'s 3D extinction map is 15’, which is again too caats fully overcome the dlierential
reddening problems at lower latitudés< 4°.

Other important extinction maps are available with a phdmerage of the Bulge such as
those ol Kunder et all (2008) and Sumi (2004). However, faaitkdl studies of the Bulge, a
high resolution and homogeneous extinction map coveriagtimplete area of interest is miss-
ing. The deep and near-IR photometry of the VVV ESO publioveyrof the Bulge (Minniti
et al.l2010) provides the ideal dataset to create such a mapegtribe here arffective tech-
nique, based on the color of red clump (RC) stars, to traceftleets of extinction (published
in |Gonzalez et al. 2011a, later referred to as Paper I). Buisrtique is then used to analyze
the complete Bulge region covered by the survey and derivirdteomplete extinction map of
the Bulge, using a homogeneous population, at a resoluti@+6f. We compare our map to
extinction maps in the literature in the corresponding layeregions (Seck. 5.2), and we discuss
the importance of high resolution extinction map in futurddggustudies (Sedt. 5.3).

5.1 Determination of Ax values and the complete extinction
map of the Bulge
We computed the mean RG{K) color in small subfields towards the complete Bulge region of

VVV. We adapt the resolution to provide afBaient number of RC stars-(200) to populate the
color distribution with enough statistics, and at the same to minimize the fect of diterential
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Figure 5.1: The mean value obtained from a Gaussian fit to afddtdata points randomly
distributed following a Gaussian distribution centeredzero (solid horizontal line) and with a
sigma of 0.10. The dashed vertical line shows the limit of @0hts adopted as the minimum
number of stars in each subfield.

extinction as discussed in Paper |. The minimum number of 286 for each subfield was
determined following the result shown in Fig.5.1. The \aatiaxis of Fig[ 5.1l shows the mean
value obtained from a Gaussian fit to a set of N random valwgdhow a Gaussian distribution
centered on zero and with a sigma of 0.10. The vertical daBhedshows the limit of 200
stars. The dispersion on the mean value from the Gaussiamditsases significantly for a
number of data points below this limit. The resulting resioluof the complete map depends on
latitude, as shown in Fi§. 8.2. For the latitude rar@5° < b < +5° the density of Bulge stars
allowed the highest resolution of 2’ to be used. As the dgritBulge stars drops at higher
distances from the plane, the resolution had to be reducdtfts —-7° < b < —3.5° and to 6’
for -10° < b < —7°. The mean measured RC color is compared to the intrinsic vagasured
in Baade’s Window to derive the reddening vale@ — Ks). FromE(J — Ks), the A, extinction
values are obtained by applying a specific extinction law.

A zoom in the CMD centered on the red clump region in the tile@80 ~ —-0.25,b ~ -2 is
shown in Fid.5.B. The reddening determination was donelifiedds of 2x2’ and this reduces
the spread in color of the RC stars in the full 215ded tile region, after applying the reddening
correction, as shown in the right panel of Eigl5.3.
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Figure 5.2: VVV coverage of the Bulge in Galactic coordinateach small square shows the
coverage by individual 21x 1.5° tile from the VVV. Tile numbering for the VVV survey is
described in_Saito et al. (2012) and the coordinates of théec®f each tile are listed in the
Appendix B. The dierent color shading of the tiles depends on the spatialugsnl(2’, 4’ and
6’, respectively) used to derive reddening from the meanoroof the red clump stars (see text
for details).
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Figure 5.3: Red clump region of the observed color magnitugigrdm for tile b306 (right panel)

compared to the de-reddened one obtained by our proceddtr@dhel). Only a subsample of
the stars are plotted in each CMD and contour levels are showratk the clump position and
shape. The arrow in the right panel shows the reddening vémt@ change in E(B-V) of 0.5

magnitudes.

Figure[5.4 shows the complet_ extinction map for the Bulge VVV region based on
i .[(19_89) extinction law. The extinction vaidgis in the inner 2from the Galactic
plane are better appreciated in the upper panel of Fig. 5e8entine highest values of extinction
reachAx, = 3.5.

In a small number of regions theffirential reddening is too strong even over 2’ resulting in
large errors for reddening measurements, or even in extoases preventing the identification
of RC feature. Some of these regions are visible as small wlbiggsquares in the upper panel
of Fig.[5.8. They are less obvious in Hig.}5.4, because ofd¢kampling in the inner most regions
in the presentation of the figure. All these regions are tledentified as having large errors in
our extinction database.

Our extinction maps show clearly the small scale variatiassproduced by the strong dust
features traced, in particular at low latitudes. Theseufestare now seen in great detail thanks
to the high resolution and large coverage of our study.
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Figure 5.4: Extinction map of the Galactic Bulge for the coetplregion covered by the VVV

survey. TheAg  values are computed frofE(J — Ks) measurements assumit al.
) extinction law for all tiles. ARy, values larger than 1.5 mag the color scale saturates.

The details of the extinction variation in the inner highktiact regions, wheré\._ reaches up

to 3.5 mag, are better seen in the upper panel of Fig. 5.8.
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5.1.1 A note about the extinction law

At present, there is no real consensus on which is the coepdtiction law to be used for
studies towards the inner Galactic bulge. Reddening mapekted to a given extinction law
which can vary betweenfilerent studies. Recent results suggest that extinction grepenight
vary in different locations and possibly depend on the amount of eidimand dust properties.
In particular, Nishiyama et al. (2006, 2008, 2009) presgateletailed study of the interstellar
extinction law towards the inner regions of the Bulge <€ 2°, |b| < 1.0°) concluding that this
varies significantly depending on the line of sight.

Nishiyama et al.[(2006) also provided ratios of total to sile extinction which dier from
aRy ~ 3.1 standard extinction law as obtained towards other regions

The problem of the correct extinction law towards the Gatdutilge is not addressed here,
but will be part of another article (Chen et al. 2012, in prep$dd on GLIMPSE and VVV
datasets. However, in order to obtain extinction valuesiftbe reddening map presented here,
E(J — Kg) values need to be transformed into an absolute extinctisough a given extinction
law. Here, we decided to adopt twoffdirent extinction laws. The first is the more commonly
used extinction law from_Cardelli et lal. (1989). Adopting402 1.664, 2.164 micron as the
effective wavelengths of a K2 giant (typical of red clump stdos)2MASS from Indebetouw
et al. (2005), the cdicients corresponding to the Cardelli et al. (1989) extinctaw are:

A; = 1.692E(J - KJ) (5.1)
Ay = 1.054E(J - Ky) (5.2)
A, = 0.689E(J — Ko) (5.3)

The second is the extinction law from Nishiyama etlal. (2009)

Ay = 1.526E(J - Ko) (5.4)
Ay = 0.855E(J - Ky) (5.5)
Ax. = 0.528E(J — Ko) (5.6)

which has been determined, for the 2MASS photometric systetine inner regions of the Bulge
closer to the Galactic plane.

In order to test which extinction should be preferred, weqrened the following exercise.
We measured the colord £ Ks) and g —H) in our 4’ control field in Baade’s window, where we
find mean values ofJ—Kg) = 0.96 and J —H) = 0.73. We then measure these colors for a set of
regions with diferent latitudes and compare them to those in our control filhd E(J — K) and
E(J — H) color difference for each line of sight are shown in [Eigl 5.5. The @iabetween these
color differences can be obtained from the correspondinffic@nts of each extinction law. Our
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Figure 5.5: 0 — K¢) and @ — H) color difference between our control field and those measured
in the subfields of tiles b317, b303 and b275. The size of théedds corresponds to the same
resolution described in Fig. 2. The blue dashed line showvsefationE(J—H) = 0.638E(J—-K)
corresponding to the extinction law from Cardelli et al. (3P&8nd red solid line t&(J — H) =
0.671E(J — K,) fromINishivama et &l. (2009)
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Figure 5.6: Screen-shot of the BEAM calculator web-page. id&s provides the center coordi-
nates and field size to retrieve the reddening valuegampthotometric metallicities.

measurements are in good agreement to those with the Nishigh al. [(2009) extinction law,
whereE(J - H) = 0.671E(J — K;). However, since the implications discussed in Sect. 5.8ado
depend strongly on the adopted extinction law, we proceedednalysis following the more
commonly used law from Cardelli et'al. (1989).

5.1.2 BEAM calculator

As described in the following, our high resolution extinctimap of the Bulge provides a valu-
able tool for future studies. In order to make it availabléh® community, we developed a web
based tool named BEAM (Bulge Extinction And Metallicity) calator FigEﬁ. This tool, pro-
vides the user with an easy access to our measurementspbdtie extinction values presented
here, as well as for the photometric metallicities. The cletepmetallicity map and its analysis
is the subject of Chapter 7 (Gonzalez et al. 2012, in premarpati

The tool allows the user to input a set of coordinates and éheesponding size of the field
of interest, retrieving the mean extinctiofy() towards these set of coordinates. The extinction
values are computed using either Cardelli et al. (1989) dnidigna et al. (2009) extinction law.

Ihttpy/mill.astro.puc.gBEAM)/calculator.php
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However, the measurdelJ — K;) values are always provided as well, so that the user carntadop
any other extinction law of preference.

5.2 Comparison with existing extinction maps of the Bulge

Other studies have addressed the problem of extinctiorrtistbe Bulge. Reddening maps pro-
viding a similar Bulge coverage as the one presented herédnard maps of Marshall et al.
(2006) and the Schlegel et/al. (1998) maps. As describeceimthoduction, it is well known
that Schlegel maps are not trustable for regions closertgdhactic planellf| < 5°) due to con-
taminating sources and uncertainties in the dust tempesatin order to quantify thesdfects,
we compared our extinction values to a set of lines of siglliféérent latitudes. We retrieved
Ay values from the Schlegel maps for 1000 regions 6&380 size, randomly distributed across
latitudes of-8° < b < —1° for 0° < | < 2°. Although the relative dierence betweeAg values
from Schlegel maps and ours will not depend on the adoptedotixin law, we converted their
Ay values intoAg, following (Cardelli et al. [(1989) law and then retrieved ourrofk. values
from the BEAM calculator for the same target fields, againdelg the Cardelli et all (1939)
extinction law. Figuré 5]7 shows the comparison betweeneatinction results and those of
Schlegel et &l. (1998) as a function of latitude. Th@edence its already visible at< —6° and
becomes much larger for latitudes closer to the plane. dategly, we observe a negative dif-
ference between owk, values and those of Schlegel et al. (1998)der —2° while it becomes
positive atb > —2°. The source of this sign variation is not obvious given theautainties in the
Schlegel maps at those latitudes.

Marshall et al.|(2006) provide an extinction map for the ctetgpBulge, obtained by compar-
ing the 2MASS photometry to the Besancon model, includiegtiodel dependent extinction as
a function of distance in each line of sight. Unfortunatétys technique only allows to calculate
the maps with a lower resolution (15’), which is ifBcient to resolve the small scale extinction
variations in the inner Bulge regions.

Studies of Schultheis et lal. (1999, 2009) provided very hegolution maps (2'), obtained
using DENIS and Spitzer data respectively for the irjbjet 2°. Since in these regions the small
scale extinction variations become particularly strohgst datasets are ideal to compare with
our extinction maps and study possible systematics bettheemethods. The Spitzer map of
Schultheis et all (2009) covers specifically thé° of the very central regions of the Galaxy. This
region is also included in the DENIS map and the extinctiorived from DENIS and Spitzer
observations agree very well.

In order to produce the DENIS extinction maps, Schulthe#s|gfi999) used a method based
on comparison of bulge RGB colors in 2’ subfields with modetisones from Bertelli et al.
(1994). They adopted a Solar metallicity population at aasise of 8 kpc with an age of 10
Gyr in the model isochrones. Same process was adopted tagadde Spitzer extinction maps
from|Schultheis et all (2009). This method has the benefisofguthe bright Bulge stars, thus
minimizing problems arising from photometric errors ang)¢ompleteness. However, the col-
ors of RGB stars are much more strongfieated by populationfiects, in particular metallicity
and to less extent age, when compared to RC stars in our methddct, the color of RGB
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Figure 5.7: Diference between th& values obtained in this work and those of Schlegel et al.
(1998), as a function of Galactic latitude, for 2000 randpdistributed 30x 30 regions between
(-8 <b<-1°).

stars is frequently used to derive the metallicity disttid function of stellar populations when
spectroscopy of individual stars is not available.

The extinction maps of Schultheis et al. (1999), based omihgnitudes of RGB and AGB
stars, were produced at latitudes 2° where no or only very weak metallicity gradient seems to
be present (Rich et al. 2007). Thus, extinctions obtainad fsmchrone comparison to red giant
stars should be reliable for the regions studied by Schigletteal. (1999) with errors dominated
by the distance uncertainty of the RGB population toward$ diae of sight. However, this
method would have a considerable problem when used to cahstrglobal extinction map,
such as the one presented here.

Figure[5.8 compares our extinction map with that of Schidtie¢ al. (1999) using DENIS
photometry. Ay values from Schultheis et lal. (1999) were convertedtpfollowing the ex-
tinction law of Cardelli et al.. (1989) for comparison purpesd heir similarity is remarkable,
with both maps tracing the same dust concentrations in theriregions. We can also directly
compare the extinction values retrieved from the BEAM caltad to those of Schultheis et al.
(1999) and Schultheis etlal. (2009). This comparison is shiomFig.[5.9. Ac_ values of both
methods are in good agreement with a scatter of the orde2ah@g, which is expected from
the diferent methods and photometric errors. The scatter becarges,lup to 0.6 mag, in the
regions of higher extinctionAx_ > 2), where for a significant number of lines of sight we find a
lower extinction value than Schultheis et al. (2009). A fpldssexplanation for this dierence is
that, in these highly reddened regions, the extinctionrgel@nough to bring RC stars to magni-
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Figure 5.8: The upper panel shows the inke¥2° region around the Galactic plane of our VVV
extinction map Ak, values are based on Cardelli et al. (1989) extinction lawt ¢fzhis region
was also covered by the DENIS survey, used in Schultheis ¢1899) to build an extinction
map shown in the lower panel.
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tudes fainter thatks ~ 17 where the completeness of VVV is of the order of 60% (Sdital.e
2012) and therefore our reddening values could be underatstd. However, we emphasize that
this difference is observed in the innet % 1° of the Bulge where extinction determinations
are certainly more complicated. Moreover, the overall agrent is remarkable considering the
different techniques, data sets and stellar populations (RC vs BiGB) studies.

5.3 Implications for Bulge studies

Extinction corrections are a fundamental parameter foergssly all studies of stellar popula-

tions, as well as for distances and the determination o€ttral parameters. In this section we
highlight the advantages provided by our new high resahugiod large area extinction map for
the studies of color magnitude diagrams and for deterntinaidf stellar parameters in spectro-
scopic abundance studies. We also discuss the deternmradtaistances and the study of the
Bulge structure which is the subject of Chapter 6.

5.3.1 The Color-Magnitude diagram of the inner Bulge

The VVV color magnitude diagrams are de-reddened using @uraxtinction map of the Bulge.
In Figurel5.10 we compare the observed, extinction cordeat@er Bulge CMD with the predic-
tions from the population synthesis model of the Milky Wagrfrthe Besancon group including
the thin disk, thick disk and bulge populations. This modadescribed in detail in Robin et al.
(2012). It uses the Marshall et/al. (2006) extinction map ahen compared with the obser-
vations such as 2MASS star counts it can be used to studyrtetige of the Milky Way. As
already mentioned above, in the innermost regions of thedB@ANYIASS is severely incomplete
and dfected by strong crowding and blending, thus limiting thedporéng power of the model
in the inner regions. With the superior spatial resolutibh'dV survey (median seeing is better
than 0.9” inJ, H and K images) and its deeper photometry, it is now possible to naike
rect comparisons with the simulations and thus validateesohthe assumptions adopted in the
model.

Figure[5.10 shows an observed HESS diagram of’ax4) region centered at Galactic
coordinatesl(b) = (1.0,-1.0) (VVV tile b320) in the left panel. In the right panel is the CM
obtained from the Besang¢on model for the same region. Teereamarkable similarity between
our dereddened data and the model. The majderdince is for the blue plume of stars at{
Ks)o ~ —0.2 in the left diagram, which is much stronger, brighter, ahgkbin the VVV CMD,
than the blue sequence dt{ K)o ~ 0.1 in the model. This part of the CMD contains the disk
stars, which are found all along the line of sight towardsBlge, and therefore they have a
range of reddening values, some having significantly lowddening than derived for the Bulge
red clump stars. Therefore after applying the extinctiorresdiion appropriate for the Bulge
stars the colors of the disk stars cannot be correctly rejmed in our CMDs, but the colors
and magnitudes of the major Bulge features, the RC and the RGB &ecellent agreement
with the model. This provides evidence that VVV dereddengdremagnitude diagrams can
be used to investigate the stellar populations properied) as age and metallicity distributions
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Figure 5.9: Upper panel shows the comparison ofAhevalues obtained in this work and those
of ISchultheis et al. (1999) for the common inner Bulge regie® (< b < +2°). Lower panel
shows the comparison with the SPITZER extinction map of 8his et al.|(2009) for the central
1° of the Galaxy. Both plots are shown as density contours duade humber of data points.
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Figure 5.10: Left panel shows the VVV observations based $Hi&agram of a 40’ region in
the inner Bulgel(b) = (-1.0,-1.0). The right panel shows the diagram for the same region as
obtained from the Besancon model.
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of stars even in the inner Bulge regions. Additionally, thediagreement between the model
and the observations indicates that we could use the Besangdel in comparison to observed
VVV data, in order to obtain 3D extinction maps such as the fooim [Marshall et al.|(2006).
The high spatial resolution and photometric depth of VVV CMilier the possibility to derive
the 3D extinction map of the Bulge with a resolution of up to & the inner regions (Chen
et al. 2012, in preparation). Although this resolution,ited by the number of stars needed
for the comparison, is lower than that of the map presentee, litewill add the important 3D
information, allowing more accurate characterizationhef structure in the inner Bulge.

5.3.2 Photometric dfective temperatures

Low and intermediate resolution spectroscopic studiegrevtletermination of stellar parameters
is based on photometric properties of the targets, depenkeoadopted extinction corrections.
In particular, the critical parameter is thfextive temperature which is derived from the color
of the stars. Current studies of the Bulge use multi-objece fipectrographs with large field
of view in order to observe simultaneously large number afdts. The field of view can range
from 25’ radius for the FLAMES spectrograph on the VLT (Pasget al.|2003) to 2 field

of AAOmega multifibre spectrograph at the AAT (Sharp et aD€)0 Assuming that a single
value of extinction is adopted for a single pointing, using & resolution extinction map we
can estimate the fierential extinction in a typical region of say 30" and derilie gfect on the
corresponding féective temperatures determined from colors of stars.

The relative &ect of diferential reddening will not depend significantly on the addycal-
ibration, and in our experiment we use the photometric catiibon from Ramirez & Melendez
(2005) for giant stars. A typical Bulge K giant star will havel& metallicity with an &ective
temperature of around 4500 K. According to the calibratimmfRanrez & Melendez|(2005),
this star will have an intrinsic color oM — K)o = 2.625. We now consider a 30’ region located
at a latitude ofb = —4° along the minor axisl(= 0°) and retrieve the extinction values using
our BEAM calculator for a set of 200 randomly distributed piosis within this region. These
individual extinctions will diter from the mean extinction for the whole region dependinthen
amount of the dterential extinction. If we add this filerence to the intrinsic color of the star
and use the new color to calculate the correspondifegtve temperature from the photometric
calibration, we obtain an estimation of thiéeet of diferential reddening when adopting a single
reddening value for the whole region. Theéfdrence between the origingtective temperature
and the one obtained after including theet of diferential extinction is shown in Figute 5]11
as a function of the variation iAx,. The amount of extinctioAy, varies by 0.10 mag in the 30’
region, which produces an error of up to 300 K fifieetive temperature. Thidfect becomes
even more important in regions of higher extinction than B&window as shown for the case
at latitudeb = —2° (red circles in Fig 5.111). Here a 0.30 mag extinction vaoiatis observed
within the 30’ region which implies errors larger than 600rkihe derived photometridiective
temperature.

Clearly all studies relying on photometric determinatioritef efective temperature need to
take these extinction variations into account and corm@ctfem. Otherwise the strongfiiir-
ential reddening in the inner Galaxy may result in largersrfor the abundance measurements.
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Figure 5.11: The fect of diferential reddening towards the Bulge for the determinatibn o
photometric &ective temperatures. We plot the variations in fhe values for a set of 200
random positions in a 30’ region towartds= —4° (black squares) and = —2° (red circles), as
obtained from the BEAM calculator, and compare them to viaatin the photometricféective
temperature.
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While the dependence of metallicity error on temperaturetsnecessarily linear, and will de-
pend on the spectral type of the target, for a reference walibat already an error of 200 K
in effective temperature led to a measurement error ifHFef 0.1 dex for K giant stars in the
Bulge (Zoccali et al. 2008).

5.3.3 Bulge luminosity function and distances

With the de-reddened photometry of VVV obtained as explinghe previous section, we are
able to use the RC magnitude as a distance indicator (Pad&/&sanek 1998; Alves et &l. 2002;
Grocholski & Sarajedini 2002). We divided each VVV field irufcsubfields of~ 0.4° x 0.4° in
which we built the luminosity function (LF) and used it to alstthe mean observed magnitude of
the RC,KSROC, by means of a Gaussian fitting procedure (e.q. Stanek & @@in4998; Babusiaux
& Gilmore|2005) following the function:

Nrc « [(KSF;C - KSO)Z]

N(Kg) = a+ bKg + cK2 + e
K K N O'RC\/Z

(5.7)

2
205

We first applied a color cut ad(- Ks) > 0.5 to minimize the contamination from foreground
stars and then fitted the underlying RGB LF using a second @al@romial corresponding to
the first 3 terms of Eg. (2). The RC was then fitted with two Garssiin the form of the
forth term in Eqg. (2), in the regions where the two red clumpes @bserved, i.e for latitudes
b < -5° (McWilliam & Zoccali 2010) and with a single Gaussian in ther regions. An
additional Gaussian fit was performed when the red giantdirémump (RGBb) was detected.
Upper panels of Fig.5.12 show the final de-reddened CMDs fod&aaVindow and the field
atb = —6° where the density contours show clearly the single and @oRKl features in each
field. The lower panels of Fig._5.12 show the de-reddeiigdband luminosity functions for
both fields with overplotted polynomial Gaussian fits. The polynomial function fits very well
the underlying red giant branch population, while Gausgiactions are required to fit RCs and
RGBb. A single RC is observed Kt, ~ 129 inb = —4°, while atb = —6° the RC region shows
two components &, ~ 132 andKg, ~ 12.6. Additionally, the RGBb is observed Kt, ~ 13.6
in b = —4°. The latter is in agreement with the measurements of theeldlR(@Bb by Nataf et al.
(2011) using OGLE photometry.

McWilliam & Zoccali (2010) and Nataf et al. (2010) showed fbe first time the presence
of a double RC observed at large latitudes. McWilliam & Zot:(2010) argued that this feature
could be consequence of a X-shaped Bulge. Furthermore, 8aito(2011) mapped the density
of RC stars across the bulge using 2MASS photometry and codedlinat the X-shape morphol-
ogy merges to the bar in the inner regions. Our results argraeaent with the measurements in
previous studies, showing the clear double peak in the LReobtilge as can be seen in Eig.5.12.
Our method can be then used to map the innermost Bulge regioict @&re not considered in
the work of_ Saito et al! (2011) because of the limiting deptti blending in 2MASS photometry
in these inner regions. This analysis is the subject of tkxécleapter.
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Figure 5.12: Lower panels show the luminosity functionsd@ubfield in Baade’s Window and
atb = —6. The underlying RGB is fitted with a second order polynomral ¢he red clump is
fitted with two Gaussians centeredif = 129 andKg, = 13.2 for b = -6 (right panels) and
with a single Gaussian centeredikay = 12.9 for Baade’s Window (left panels). Upper panels
show the corresponding CMD for each field, oriented with calong the y-axis and magnitude
along the x-axis. Density contours denote the single andlédrC in each field. The second
gaussian component in BW field is due to the RGB bump.

5.4 Conclusions

We have used the VVV data to obtain a high-resolution extincinap of the galactic Bulge
covering~ 315 sq. deg area:10.3° < b < +5.1° and-10.0° < | < +10.4°. We used the color
of RC stars to trace theftect of extinction in subfields of % 2’ for +5° > b > -3.5°, 4 x 4’ for
-35°>b>-7"and 8x 6 for -7° > b > —-10°, providing a first reddening map sensitive to the
small scale variations and covering homogeneously theavBolge.

An excellent agreement is found when comparing the commginme of our full VVV map
with those of DENIS|(Schultheis etlal. 1999) and Spitzer m@&uhultheis et al. 2009) which
cover the very inner regions of the Bulgb| (< 2°). We also have compared our maps with those
of ISchlegel et &l.[(1998) at flierent latitudes and we confirm that Schlegel maps shouldenot b
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used for latitudegb| < 5° towards the Milky Way bulge.

The reddening map presented here becomes particularlyriampavhen the global picture
of the Bulge is investigated. We presented some of the dimtserjuences of using a higher
resolution map, when studying both the stellar populateomd the structure of the Bulge. We
show that a typical 30’ region &t= —4°, for which normally a single extinction value is assumed,
has a variation of up to 0.10 magnitudes only due fiedential reddening. Thidiect becomes
even more important in the inner regions wherfealential reddening produces variations of
more than 0.35 magnitudes in a similar field size. This hasomgtmpact in stellar population
properties obtained from the color of stars, such as theophetric éfective temperature. We
show that errors of more than 500 K can be caused figréntial extinction in a 30’ region if
single extinction value is adopted. The current map allanavbid such errors. Also, we show
that the observed CMD of an inner bulge regionlab) = (1.0, —1.0) matches very well a CMD
produced from the Besancon stellar population model whigeets of extinction are obviously
not present.

We have also shown how a good treatment of extinction andatesdt such as the one pre-
sented here, provides the ideal tool for the inner Galatticgire study based on the luminosity
function properties. We find excellent agreement with pesifindings of a double red clump
for latitudes larger thab < —5° which trace the X-shape of the Galactic bulge (McWilliam &
Zoccalii2010] Nataf et al. 2010). We further detect the aolcitl bump in the luminosity func-
tion interpreted as the RGBb by Nataf et al. (2011). In the nbapter we use the technique
shown here to further investigate the structure of the Gialaalge.

Our extinction map is available to the community via a welebladsol BEAM (Bulge Extinc-
tion And Metallicity) calculator (httg/mill.astro.puc.¢gBEAM/calculator.php). The complete
photometric metallicity map (Chapter 7) will also be avaiafsom the same site. These maps
are an important step towards the understanding of the glepeaperties of the Galactic bulge
and they are a particularly valuable tool for the forthcogngpectroscopic surveys of the inner
Galaxy.



Chapter 6

The Bulge structure

The presence of bars in spiral galaxies is common (Eskritige €000) and the Milky Way
is no exception. DOferent studies based on various techniques have suggeatetthé¢re is a
large-scale bar witk2.5 kpc in radius oriented 15-30 degrees with respect to #ladBc center
line of sight (e.g. Dwek et al. 1995; Stanek etlal. 1997: Biss&Gerhard 2002; Babusiaux
& Gilmore|2005; Cabrera-Lavers et al. 2007; Rattenbury et@0./2 with the near end towards
positive longitudes.

However, observations of external galaxies have led to ¢éimelasion that the existence of
double bars is not unusual (e.g Laine et al. 2002; Erwin 2@iht))have provided observational
constraints on their scales. Secondary bars are found tetergly small, with a typical size
of ~ 500 pc or a relative length of about 12% of that of the main fEawin 2011). Some
observations in the very inner regions of the Milky Way hauggested that there is another
structure inside the Galactic bar, namely a nuclear bar/f¢ago|2001; Nishiyvama et &l. 2005).
Alarg (2001) used 2MASS star counts to show evidence of aassxin the inner regions of the
Milky Way, which is interpreted as the presence of a smafisided, nuclear bar. In particular,
Nishiyama et al.[(2005, hereafter NO5) used the magnituded€lump (RC) stars at a latitude
of b = +1° to measure the properties of the inner regionBX < | < 10°) detecting a shallower
inclination angle for the Galactic bar at fields with longiés|l| < 4°. This was interpreted by
NO5 as the ffect of a distinct inner bar structure. The existence of suchicdear bar has strong
effects on the gas distribution in the inner parts of the Gal®odriguez-Fernandez & Combes
(2008) concluded that indeed a nuclear bar is likely to bpawrsible for the observed so-called
central molecular zone in the inner Milky Way bulge.

Here, we make use of the ESO public survey Vista Variabldsanfa Lactea (VVV) to trace
the magnitudes of RC giants in the longitude rard€®’ < | < 10° atb = +1° to constrain the
morphology of the Galactic bar. The technique, based orguRid giants as accurate distance
indicators across tferent lines of sight, was first applied by Stanek et al. (19@d)adopted later
by several authors to trace the bar morphology fiecent Galactic latitudes (e.g. Babusiaux &
Gilmore 2005} Rattenbury etlal. 2007; Cabrera-Lavers /et &7 pMinniti et al. (2011) applied
this technique to the VVV survey data to detect the edge of3kactic stellar disk. Here, we
use it to test whether the change of the slope in the oriemtati the Galactic bar observed by
NO5 atb = +1° is also evident in VVV data a = +1°, as well as ab = —1°. We corroborate
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Figure 6.1: K-band extinction map in Galactic coordinatesvéing the fields analyzed in this
study. The 28 VVV tiles cover ranges of longitudé®® < | < 10¢* and of latitude-1.4° < b <
—-0.4° and 07° < b < 1.7°.
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the measurements of NO5, which suggests that there is adistructure in the inner regions of
the Galactic bar that appears to be symmetric with respabetGalactic plane. At the end, we
also investigate the bar slope changes at higher Galattiodes and compare it with the model
predictions from Gerhard & Martinez-Valpuesta (2012).

6.1 The data

For this study, we use the near-IR JK photometry from the V\Obl surveﬂ. A detailed
description of the survey and the data can be found in Mimtial. (2010). In particular, the
photometric calibration and dereddened magnitudes wdcelated as described in Chapter 4
and 5 (Gonzalez et al. 2011c). Multi-band catalogs wereywred by a cross-match of sources
between single-band catalogs produced at the Cambridgendstical Survey Unit (CASU)
using the STILTS code (Taylor 2006). For this work, we anatya total of 28 tiles, containing
about 30 million measured sources, which cover the sungipmebetween-1.4° < b < -0.4°
and+0.7° < b < +1.7° at longitudes across the rang&0® < | < 10° (Fig[6.1). The photometric
calibration was obtained by cross-matching sources of V\ith those of 2MASS flagged with
high quality photometry. This produced the final VM H, andKs photometric catalogs fully
consistent with the 2MASS photometric system. The caldntatVV tile catalogues were then
dereddened and used to build the luminosity functions fohed the tiles.

6.2 Tracing the bar in the inner regions

The extinction correction was done following the presaoips described in Chapter 5 Gonza-
lez et al. (2011c) used to construct the complete extinanap of the Bulge. For the present
analysis, we adopted the Nishiyvama €t lal. (2009) extindaan whereA, = 0.528- E(J — Ky)
instead of the standard values of Cardelli et al. (1989),aatter does not seem to be consistent
with observations in the high-reddening regions analyzer@.hTherefore, the dereddeniégl
magnitudes were obtained as

Ke, = Ks + 0.528[(J - K)o — (J = Ko, (6.1)

where we use the mean intrinsic RC color for the bulgelei{s), = 0.68 as measured in Baade’s
window (Sect. 4.2). We note that by following this procedure obtain reddening values in
subfields of 2« 2 arcmin instead of assigning individual extinction valteesach star as in NO5.
Owing to the broadness of the bulge metallicity distribat{e.q.l Zoccali et al. 2008; Bensby
et al.. 2011), a single intrinsic RC color cannot be adoptedfiostars but only to the mean of
the observed RC color distribution in small subfields wheeedtects of diferential extinction
are minimized. Therefore, our procedure allows us to oldereddenedks magnitudes while
keeping the imprints of the original bulge stellar popuatiFigurd 6.11 shows the final extinction
map and the field coverage for this study.

Ihttpy/vvvsurvey.org
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We applied a color cut]— K)o > 0.4 to select the region of the color-magnitude diagram
(CMD) dominated by bulge giants and avoid contamination fiahgk stars. Using the dered-
denedKg, magnitudes of bulge giants, we then built the luminositycfion for each tile and
followed the method introduced by Stanek et al. (1997) tosueathe RC mean magnitudes in
order to trace the mean distance of the bulge population. belse of the luminosity function
was fitted with a second order polynomial and a Gaussian fitkesapplied to measure the RC
mean magnitude, as given in Equation 5.7.

The results of the Gaussian fits for each RC are listed in Tallle ¥/e also included an
additional Gaussian fit for a peak in the luminosity funcfidistinct from the RC, which is
centered aKg, ~ 137. NO5 mention the detection of this additional peak at a di#gaed
magnitudeK, ~13.5 but they only performed Gaussian fits up to a magnituderevtne RC is
undfected by this fainter peak. Nataf et al. (2011) also preskitdedetection, based on optical
OGLE data, and identified it as an anomalous red giant branoip(RGBb). In Gonzalez
et al. (2011c), the peak was observed using the VVV photgmeirtob = —4°. For larger
distances from the plane, the detection of this peak becaliffesult because of the split in the
RC (McWilliam & Zoccalil2010). However, we point out that, Wdithe magnitude of the RC
becomes brighter toward positive longitudes accordingpéddar orientation, thKg, magnitude
of this additional peak changes in the opposite directiohis Ts not expected if this feature
corresponds to the RGBb. A possibility could be that it insteadtesponds to RC stars from
a more distant population. Assuming an intrinsic RC mageitatiMy = —1.55, the observed
fainter RC peak would be at 11.2 kpc from the Sun. Further discussion of this point, such as
the number counts of the RC with respect to those of the secppéak cannot be addressed in
this work because of the possible incompleteness at theitndgs where this peak is observed,
in particular for regions féected by high reddening and crowding. However, we assune her
that the RC mean magnitudes remain reliable as long as theéamdipeak is included in the
fitting procedure, independently of its origin. Figlrel6hdws the results for the fits to thé,o
distribution of RC stars in representative fields of the ragistudied in this work.

Figure[6.8 shows the measured location of the Galactic baires from the dereddened
K, magnitude of the RC &b = +1°, compared with those of NO5 fdr = +1° and adopting
an intrinsic magnitude of the RC dflx = —1.55 (Sect. 4.1). Along every line of sight, the
dispersion in distance was obtained from the measuredrrected by an intrinsic dispersion
in the RC of 0.17 mad (Babusiaux & Gilmore 2005) and a photometnior of 0.05 mag. As
discussed in_Stanek et/al. (1994), the observed orientatigte based on our methodfers
from the real one by an amount that depends on the thicknéke bfr, measuring larger angles
for a thicker bar. For this reason, we included in Fiduré &zheples of the observed orientations
of a bar with axis ratios ok/y = 0.15 (Cabrera-Lavers et lal. 2007) for the true angles 6f 15
30, and 45 following corrections shown in Stanek et al. (1994). Resallesin good agreement
with previous studies, which are consistent with the bandpécated at 7.6 kpc, oriented at’30
and with its near end towards positive longitudes. Howether position angle of the bar in the
inner~1 kpc is more than 20arger than measured in the outer regions, which impliesttizae
is an inner central structure.
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Figure 6.2:Kso luminosity functions for representative fielddat —1° (left panels) andh = +1°
(right panels). The red solid line shows the best fit to easlkridution while the dashed line
shows the individual Gaussian fits to the RC and to the additipeak when detected.
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Table 6.1: Listed are the mean deredderteg)( sigma ¢) and peak of the Gaussian used to fit
the RC in each one of the tile& ,, peak ando, are the parameters used fo fit the secondary
peak.

Tile I Ks, peak o Ky, peak o
[deg] [mag] [mag] [mag] [mag]

b=-1

b313 -9.3 13.36 1004.40 0.39 * * *

b314 -7.8 13.29 1219.88 042 * * *

b315 -6.3 13.25 2451.44 0.44 * * *

b316 -4.9 1299 2569.64 0.30 13.53 1638.15 0.36
b317 -3.4 1294 394479 0.28 13.59 1683.01 0.32
b318 -2.0 12.93 3894.66 0.29 13.68 930.18 0.22
b319 0.5 1287 5241.86 0.30 13.69 82197 0.21
b320 1.0 1281 6658.11 0.31 13.68 1262.40 0.26
b321 2.4 1280 4209.59 0.30 13.59 756.11 0.27
b322 3.9 1276 2531.18 0.33 13.70 42159 0.29
b323 5.3 12.69 1562.18 0.39 13.76 280.90 0.23
b324 6.8 1257 978.848 0.39 * * *

b325 8.3 12.42 793.638 0.40 * * *
b326 9.7 12.37 980.697 0.48 * * *
b=+1

b341 -9.3 13.33 1142.66 0.43
b342 -7.8 13.23 1605.09 0.46
b343 -6.3 13.16 2013.17 0.49
b344 -49 13.10 2659.84 0.44
b345 -3.4 12.89 3930.44 0.28 13.51 1293.89 0.36
b346 -2.0 1292 7113.72 0.28 13.68 1817.71 0.29
b347 -0.5 12.89 8410.80 0.27 13.66 1923.11 0.26
b348 1.0 12.87 8029.82 0.29 13.68 1829.86 0.27
b349 2.4 1280 5536.06 0.30 13.66 1199.78 0.30
b350 3.9 12.72 3473.53 0.32 13.74 64258 0.40
b351 5.3 12.71 3069.82 0.32 * * *

b352 6.8 12.63 2062.99 0.36
b353 8.3 1253 1643.23 0.37
b354 9.7 1242 1321.51 0.39

*
*
*

* ok * ¥
* % % o

*

O

*
*
*

*  x %




6.3 Is there a secondary inner bar in the Milky Way? 77

o

()

Distance from the Sun [kpc]

® YW b=—1
® VW b=+1
0 NO5 b=+1

Figure 6.3: Position of the Galactic bar with respect to the & measured with the RC method
assuming a mean RC magnitudeMy = —1.55. Red and black filled circles show the results for
VVV data at latituded = —-1° andb = +1°, respectively. Solid lines show the distance spread
along each line of sight correcting for an intrinsic bulgspairsion of 0.17 mag and photometric
errors. Black open squares are the results from NO® at +1. Dashed lines represent the
observed orientation angles for true orientations df, 3®°, and 45 following |Stanek et al.
(1994). Dotted lines show the lines of sight for longituties+5 andl + 10.

6.3 Isthere a secondary inner bar in the Milky Way?

Recent studies seem to point out that secondary bars in lspirads are a common phenomenon,
with at least 29% of barred galaxies having a secondary bguil(aine et al. 2002). Therefore,
it would not be surprising that our Milky Way hosts such aneinstructure. In this work, we
have presented further evidence of the detection of an ismmacture in the Galactic bar, as
previously suggested by NO5, identified by a change in trentation angle of the bar measured
at both positivel§ = +1) and negativel = —1°) latitudes. Since our results have been obtained
independently and based on &drent dataset from that of NO5, we confirm that the detection i
not an artifact owing to possible issues with either the pinatry or calibrations.

However, we note that both studies are based on the use obt#esved magnitude of the
RC to trace distances acrosstdient regions of the bar. Therefore, one point to considéres
dependence of metallicity for the intrinsic magnitude af RRC (Girardi & Salaris 2001). As
discussed in Sect. 4.2, this dependence can produce chaing@sl mag for 0.2 dex changes



78 6. The Bulge structure

in [Fe/H]. However, these gradients in [fF§ have only been observed along the minor axis in
the outer bulge (Zoccali et al. 2008) and are even more litcebe absent from the inner regions
aroundb ~ —-1° (Rich et al| 2007). Even if gradients are indeed present &smahe major axis
for the inner regions considered here, to produce a simifaceto what we see in Fig. 6.3, the
[Fe/H] gradient could not beadial, but should go from one extreme of the bar to the other with
a slope that changes in the inner longitudes: 4°. These particular properties for the stellar
populations of the Milky Way bar are very unlikely and in thexh Chapter, our photometric
metallicity map shows that this is indeed not the case foBilige.

A second point to consider is the adopted extinction lawHerdetermination of dereddened
Ks, magnitudes. For a consistent comparison with NO5 measuntsmee have used the same
extinction law based on Nishiyama et al. (2009). However,nete that this extinction law,
which differs from the more commonly adopted laws (e.g. Cardelli etd9].Savage & Mathis
1979; Rieke & Lebofsky 1985), was derived for the highly raaetkinner bulge fieldskf < 2°),
while this does not seem to be the case for the whole bulgéelstudy of RR Lyrae in the bulge
from|Kunder et al.|(2008), variations with respect to thendtad reddening law were observed
in a few directions. However, they conclude that, on averdgeextinction law oR, ~ 3.1 is
consistent with the observations of the bulge at largeadists from the Galactic plane. Given
this uncertainty in the correct extinction law with line oflst, a variation of it from standard
values to that of Nishiyama etlal. (2009) could produce a ghasf up to 0.1 magnitudes in
K, for the regions with the highest reddenind, (~ 2.5), as seen in Fig. 6.1. However, these
variations are likely to be randomly distributed alongfelient lines of sight. That the same
change in the bar orientation is now observed at both pesédivd negative latitudes, where
reddening patterns flier greatly (FigL6.1), leads us to conclude that our resuétsat an &ect
of extinction.

At larger Galactic latitudeglf > 3°), the flattening of the bar withih| < 4° is not observed.
This, combined with the symmetric change in slope, lead®siggest that we are detecting
an inner second bar in the Milky Way. We cannot however exchhdt the observed flattening
is due to a particular change in the density distribution of s in the inner bulge. Indeed,
Gerhard & Martinez-Valpuesta (2012) used the galactic hbiden Martinez-Valpuesta et al.
(2006) to investigate the simulated RC distance modulusrtisstne same regions investigated
here. The model of Martinez-Valpuesta et al. (2006) cossista central boxy-bulge formed
through the buckling instability of a bar embedded in an eguial disk. This model does
not have a secondary inner bar component, however, theaieaudluminosity functions and RC
maxima reproduce our observations very well. Their ressitggest that the flattening of the
bar orientation observed here is the result of a transitiomfhighly elongated bar to a nearly
axisymmetric central concentration of stars and not neci#gso the presence of a secondary
inner bar.

6.4 The bar at higher latitudes

In the previous section we studied the bar orientation inrther regionsty = +1°) by measuring
the mean RC magnitudes as a function of longitude. Using tineolgeneous extinction map
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Figure 6.4: Position of the Galactic bar with respect to the & measured with the RC method
from the the dereddend€ magnitudes using our extinction map (red filled circles) &tidude

of b = -5°. Also shown, are the measurements from the Galactic mogekasnted in Gerhard
& Martinez-Valpuesta (2012) at the same latitude, corradptg to a bar with an angle of 25
with respect to the Sun-Galactic center line of sight (blaokty squares). Dotted lines mark
the lines of sight for longitudds= +5° andl = +10°
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presented in Chapter 5, the study can now be extended to etfiens of the Bulge. Ideally, these
measurements should be compared to a galactic model suble ase¢ of Martinez-Valpuesta
et al. (2006). Interestingly, although this model has nerbgne-tuned in any way to reproduce
the Milky way properties, in_Gerhard & Martinez-Valpues2012) the model was shown to
nicely reproduce the observed structural properties ofBihige, including the change in the
bar inclination in the inner regions, as obtained by Nishigaet al. |(2005) and us from VVV
data in the previous section. This model also provides ptiedis for higher latitudes which
can now be validated using our extinction-free magnituegure[6.4 shows position of the bar
with respect to the Sun as measured from the mean dered#enédv magnitudes and from
the model of Gerhard & Martinez-Valpuesta (2012) at highata@tic latitudeb = -5°. The
agreement between our observations and the model is rebb@rkanfirming that the Milky
Way bar is inclined at 25 deg with respect to the Sun-Galaetiter line of sight. The correction
for differential extinction from our new map allows to extend thimparison of the model and
observations to the complete Bulge, including the charaetigon of the stellar density profile,
the observed X-shape, and other structural indicators.

6.5 Conclusions

With our full extinction map it is possible to recover the lggd Bulge structural information.
We have used the VVV data at= +1° andb = -5° to build the bulge luminosity functions
along diterent lines of sight, and to measure the mean deredd€gedagnitude, which can be
used as a distance indicator. The RC is clearly detected fielal$, and withinl| < 5° a second
component is detected in the K-band luminosity functiorve@ithat the average magnitude shift
of this second peak does not follow the primary RC, it could bexdependent structure detected
at~ 11.2 kpc from the Sun e.g. a spiral arm behind the bulge.

At b = £1°, the main RC traces the mean orientation for the Galacticdach produces
a magnitude variation fronkg, ~13.4 (~ 9.6 kpc) atl = -10 to Ky, ~12.4 (~ 6.2 kpc) at
| = +10°. However, a dierent position angle is observed for the centralkpc regions with
longitudes-4° < | < 4°. This is in excellent agreement with the results of NO5, Wwtshow the
same change in the orientation of the bar at positive lagbd= +1°. These results suggest an
evidence of a possible secondary inner bar with a semi-na&jerof~ 500 pc, that is symmetric
to the Galactic plane and has an orientation angle th&rdifrom the large scale bar. Our
measurements are consistent with an angle of the inner tgmrlthan 45, although in these
regions we measure the superposition of both the inner amdatiye scale bar and therefore
detailed models are required to constrain the geometry tanctsre in the inner bulge. Gerhard
& Martinez-Valpuestal (2012) have shown how the Galactic ehofl Martinez-Valpuesta et al.
(2006) reproduces our observations in the inner Bulge-(+1°). This dfers an alternative
interpretation for the inner flattening of the bar due to gemin the density distribution of stars
forming the bar. Their orbits in the innermost regions @eahigher concentration, leading to
an axisymmetric structure which is not necessarily a seaumet bar.

Furthermore, we show that the modell.of Martinez-Valpuestal|l(2006) also reproduces
our observations at larger latitudds £ —5°). We find a remarkable agreement between our
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measurements and those from the model of Martinez-Valpwst. (2006) for a bar at 2%vith
respect to the Sun-Galactic center line of sight. This studlybe extended to the complete 300
deg bulge region and will provide a consistent trace of the stmecof the bulge including the
inner regions.
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Chapter 7

Towards the complete picture of the Milky
Way bulge metallicity gradients

7.1 Bulge photometric metallicity distributions

The final goal of our work is to use the information obtainedha previous chapters such as
reddening and mean distance to study stellar populatioalhegy gradients in the bulge. We
compare the derived field CMDs with an empirical grid of RGB &dmes of globular clusters
in the [Mk,, (3 — Kg)o] absolute plane. The empirical templates of Galactic hald laulge
globular clusters (M92, M55 , NGC 6752, NGC 362, M 69, NGC 64MGC 6528 and NGC
6791), with well know metallicity, is selected from the sdenpf|Valenti et al.|(2004). We then
derive a metallicity value for each field RGB star from iis{Ky)o color interpolating within the
empirical grid. This procedure has been proven toftecéve in bulge globular clusters (Valenti
et al.[2007), fieldl(Zoccali et &l. 2003; Johnson el al. 205Wyell as in studies of more distant
galaxies (e.d. Rejkuba et/al. 2005; Lianou et al. 2011).

To transform the observed field CMDs into the absolute planesedhe distance and redden-
ing values derived in the previous sections, while for thistr ridge lines we adopt the estimates
listed in Table 3 of Valenti et al. (2004). It is worth to mentithat the cluster templates are de-
rived from a homogeneous photometric database calibraedioe 2MASS photometric system
(see Valenti et al. 2004, for more details) and they have lse@atted in order to span a large
metallicity range, between -2.16 am@.35. In particular, we have included in our empirical grid
the RGB ridge line of NGC6791 which is one of the oldest (age Gyt2Carney et al. 2005,
and references therein) and most metal-rich /fffe0.35, (Origlia et al. 2006, and references
therein) open clusters. Furthermore, we notice that thesafipundance patterns of the selected
templates - enhanced for metallicity up to that of NGC6528 soldr for higher metallicities
- match very well the abundance patterns observed in the Bidigls (Gonzalez et al. 2011b;
Alves-Brito et al: 2010; Lecureur etlal. 2007; Fulbright €2807). This implies that there is no
need to adjust the fiducial ridge line of the clusters to m#tehalpha-abundances of the fields.
In the interpolation, stars brighter thankM= —4.5 were used to include only the RGB region
most sensitive to metallicity variations, and to avoid tke of red clump stars (See Zoccali et al.
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2003, for a detailed discussion). Additionally, a color wats applied including only stars with
(J — Kg)o > 0.6 to minimize the disk contamination.

Although this method has been shown to work well in specifgeesdi.e. single stellar popu-
lation and distant galaxies), here a problem may arise fremassumed distance modulus along
different latitudes. First, as discussed in the previous segtibe distance estimates are derived
assuming an intrinsic RC magnitude which depends on the icétal However, the expected
error of 0.10 mag for RC stars due to metallicity gradient hraalkeffect on our photometric
metallicity measurements because these are based on RGRBatagy which has significantly
larger sensitivity to metallicity variations. To show thae compare in the next section our
photometrically determined metallicity distributionstlviron abundances from high resolution
spectroscopy.
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Figure 7.1:Left panels:Comparison of the photometric (hashed histogram) and sysecipic
(red dotted histogram) MDFs along the Bulge minor axib at—4°, —6° and—8°. The average
[Fe/H] and dispersiomwrg are also shown for all MDFRight panelsCMDs in the absolute plane
of the fields located along the minor axisat —4°, —6° and—8° with overplotted the empirical
RGB templates. Thick black circles refer to the stars use@twe the photometric MDFs.

A second and more important problem arises from the obseteetle red clump in the
luminosity function, which traces the X shape of the bulgeéhe Thoice of the bright or the
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faint RC as the observed value to obtain the absolute magsthds a strong impact on the
results because it implies a change of up to 1.0 mag along ther raxis. Clearly, whichever
RC we assume to be the dominating population, RGB stars fromdpelation corresponding
the other RC will have an error in magnitude as large as theragpa of both clumps. Since
it is impossible to distinguish the two populations on the R@B,adopt the weighted average
magnitude of the two RCs as the observed magnitude to caldhaistance modulus for the
RGB stars in that field. This magnitude was calculated as:

KS)C = (KS(R)C:LNRC]_ + KSROCZ NRQ)/(NRCl + NRCZ) (71)

whereNgc; and Nre, are the number of stars in each clump with mean magnitl@}% and
KE* respectively.

Therefore, the errors for metallicities for individual iItaobtained using our interpolation
method are expected to be significantly larger than thosedoais high resolution spectroscopy.
However, the photometric metallicity method provides twigque benefits: (i) the large number
statistics, and (i) most importantly the large coverageicl allows us to investigate gradients.

7.2 Spectroscopic vs. photometric metallicity distributions alog
the minor axis of the Bulge

The implications of the errors in the photometric metaffiaietermination method due to as-
sumptions on the reddening law, on the selection of starherRC and the assumptions on
population corrections for RC absolute magnitude, are hatdiee into account within our cal-
culations rigorously and therefore a direct comparisom&imore precise method such as high
resolution spectroscopy is particularly useful. Sevepalcsroscopic studies have been carried
out in fields along the minor axis of the bulge. In particulae tmetallicity distributions of
Zoccali et al. ((2008) presented the evidence for metalligradient between latitudest®, —6°
and-12°. The study of Johnson etlal. (2011) provided the metallidiggribution of a field at

b = —8°, which is consistent with the expectation from the metdiés and gradient observed
bylZoccali et al.[(2008). To check the reliability of our pbotetric metallicity distribution func-
tions (MDFs), we compare the MDFs from our photometric mdthmo~ 30 x 30 fields with
those from spectroscopic studies of Zoccali et al. (2008)-at-4° andb = —6° and of Johnson
etal. (2011) ab = -8°.

Figure[7.1 shows the remarkable agreement for the photan{btxshed histograms) and
spectroscopic (red dotted histograms) MDFs. The metglgriadient is clearly observed in our
data, and the shape of the photometric distributions relsewaioy well those from spectroscopic
studies. The dispersion values in the photometri¢gHlFdistributions are larger than the spectro-
scopic ones. This may be produced by a combination of fackergarticular, our method relies
on extrapolation for stars with metallicities larger thaB9) the value of the most metal-rich
template corresponding to the open cluster NGC6791. Thislgmnerate a metal rich tail with
no reliable abundances, which might increase the disper€la the other hand, the metal-poor
tail has a possible disk contamination which could end up msreasing the dispersion of our
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distributions. However, we do not exclude that such metalrstars could actually belong to
the bulge. Altogether, we demonstrate that our metallidgterminations are as reliahlethe

meanas the high resolution spectroscopic studies. This presepbwerful tool to trace how
metallicity varies not only in discrete fields along the miaais, but all across the outer bulge.

7.3 The complete metallicity map of the Bulge
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Figure 7.2: Map of the mean values of the metallicity disttibns for the complete region of the
Bulge covered by the VVV survey.

Having proven the reliability of the mean metallicity megsuaents from the VVW¥2MASS
photometry we can now present in Figlrel 7.2 the first comphete of mean metallicity in bins
of ~ 1.5° x 1°. These map is restricted figf > 3° as the upper RGB in our dataset corresponds
to 2MASS photometry which is limited by crowding in the inrregions. This map provides,
for the first time, the general view of metallicity gradiemdhe Bulge. The gradient along the
minor axis, observed from high-resolution studies, itadieseen in our map and it is the result
of a central concentration of metal-rich stars in the regibh< b < 5° and-7° < | < 7°. This
concentration of near-solar metallicity stars seems tovioh radial gradient of 0.06 dexdeg,
going from more metal-poor stars in the outer Bulge to moreaivéth stars towards the inner
regions.
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The presence of a radial metallicity gradient is commonlysidered to be a strong argument
for the classical bulge scenario. In our complete metgflimap we could be observing such
gradient. However, we point out that whether boxy-bulgesalao show such gradients is still
not clear. Furthermore, in Sect. 3 we have shown how the ctignaonical properties of the
Bulge are consistent with a change of the dominating poulatetween the outer and inner
bulge. A metal-poor, alpha-rich component with spheroigeknatics which is homogeneous
along the minor axis and a metal-rich, alpha-poor bar pdjmuladominating the inner bulge.
This is fully consistent with the general view seen in our ptete metallicity map.

Another factor which must be considered when interpretivgrhetallicity map is the ob-
servations suggesting a X-shaped bulge structure. MaWillk Zoccali (2010) presented the
observations of a double RC feature (see Sect. 5.3.3) in thasity function of the bulge and
interpreted it as two concentration of stars dfatent distances. Later on, Saito et al. (2011)
mapped the double clump for the regidbs > 4, using 2MASS photometry, and concluded
that it is the result of the a X-shaped Bulge. To explain this,racall our description of tfer-
ent bulges in chapter 1, in particular that of boxy-bulgesnu$ations show how bar s$iering
from bucking instabilities result in the formation of a paaor X-shaped structure (Athanas-
soula 2005; Debattista & Williams 2004; Debattista et aD&Martinez-Valpuesta et al. 2006).
When these bars are observed with an orientation exactlyepdigular to the line of sight, they
are seen as peanut-bulges. When bars are aligned at an idiaterengle, they appear as boxy-
bulges. Observationally, this interpretation has beerobarated by the stellar kinematics, light
profiles and morphology of boyyeanut bulges(Kuijken & Merrifield 1995; Bureau & Freeman
1999; Patsis et al. 2002; Bureau et al. 2006) being in gooceawget with the simulations of the
formation and buckling of galactic bars.

The Milky Way has a bar oriented 25 with respect to the line of sight (see previous
chapter), with the near side towards positive longitudessimows the corresponding cylindrical
rotation (Shen et al. 2010). This scenario fits the picturé&soboxy shape being the result
of the peanyX shape bar seen at an intermediate inclination angle. 6 s&quire a longer
time to be reach higher orbits above the plane, we could éxpesee the older, metal-poor,
stars dominating the populations at large latitudes and fginaducing the observed metallicity
gradient. Furthermore, we see from Hig.l7.2 that stars gétdatitudes are more metal-rich at
positive longitudes with respect to negative ones. Folhgyihe discussion in (Saito et al. 2011),
at a given latitude, stars at negative longitudes are fuettivay from us, because of the X-shaped
bar inclination, and therefore their actual vertical dista from the plane will be larger than
those stars at the near side of the bar. The observed migyatiiap would then be the result of
a vertical metallicity gradient along the peafXashaped bulge.

The final observational ingredient, needed to disentaigetigin of the metallicity gradi-
ent, will be obtained from radial velocities combined witlke imetallicities and alpha-abundances
for individual stars. Such a sample will be available fromr ongoing FLAMES@VLT ESO
large program to obtain a sample of low (LR) and high (HR) retsmhuspectra of red clump
giants mapping the Bulge with 27 fields across both major antbrraxis at diferent Galac-
tic latitudes. LR spectra will provide a screening of acteimradial velocities and metallicities
based on Call Triplet analysis while from HR spectra we wiltadiy kinematics, metallicities
anda-element abundances fefl000 stars along the Bulge major axis.
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Chapter 8

Conclusions and outlook

The Bulge is one of the major components of the Galaxy and ibeastudied at a unique level of
detail, in comparison to those of external galaxies, thémks resolved stellar populations which
hold the imprints of how our Galaxy formed and evolved. Thau®etter understanding of the
Milky Way bulge will provide solid constraints to interprebservations of extragalactic bulges
as well as for detailed galaxy formation models. Howevegltain a complete characterization
of the Bulge is not straightforward. A large coverage is reggliin order to study its global
properties. Observations in discrete regions |¢kected by extinction have recently been found
not to be representative due to an apparently very compleyeButure. A large scale mapping
of the Bulge is necessary to make significant progress.

Important constrains for the formation scenario of the Baggeobtained from the observed
alpha-element abundances in the Bulge. In particulardffee] ratio is used as indicator of its
timescale of formation. We analyzed theelement abundances for a large number of red giants
in the Bulge across fferent regions as well as for thin and thick disk giants, thamgaring in
a homogeneous way distinct Galactic components.

We used the VVV survey data to obtain reddening maps with itpeest resolution to date
(up to 2’ in the inner regions), covering th&20 ded of the Galactic bulge. We showed that we
are able to trace small scale variations in extinction wittuaprecedented level of detail includ-
ing the very inner regions. Additionally, we showed that itm@roved control over extinction
allows to accurately trace the Bujpar structure and to obtain photometric metallicities.

We used the red clump (RC) giants as a standard candle to buséiddeming map and de-
termine distances. This allowed us to construct the cologmtade diagrams in the absolute
plane M., (J - Ks)o) and then to obtain individual photometric metallicities RGB stars in the
bulge through interpolation on the RGB ridge lines of clus@mple from Valenti et al. (2004).
The final metallicity distributions were compared to thob#amed in the spectroscopic studies
of Zoccali et al.|(2008) and Johnson et al. (2011) showingraar&able agreement. We demon-
strated clearly the possibility to track the observed nfietgl gradient along the minor axis and
extend the study to the complete region covered by the suiM@g provides, within the errors
of the method, the opportunity to obtain clues for metalligradients along other regions of the
bulge.

Our current understanding of the Milky Way bulge can now bhamarized as follows:
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1. The Milky Way bulge has, at least, two components. The kpetar component is alpha-
enhanced and it is chemically indistinguishable from thektldisk. This hints for a fast
and early formation for both the bulge and the thick disk. lBaccomponent shows no
variation, neither in abundances nor kinematics, amonggxggions along the minor axis.
An additional metal-rich component shows low/lfe], similar to those of the thin disk,
and kinematics corresponding to a bar component. This metatomponent disappears
at larger latitudes along the minor axis.

2. The morphology of the Bulge is complex. For latitudlgs< 5 the red clump traces the
Galactic bar with an inclination angle of 25At lowest galactic latitudesh(= +1), we
observe a change in the inclination angle, both above arahiidle plane, for the inner
+4° in longitude as traced by the RC. Although this suggests theepee of an inner bar,
models of a boxy-bulge, without a nested inner bar, sucalgséproduced these results
as a consequence of an axisymmetric concentration of RCistdns inner bulge. At high
Galactic latitudes|lf| > 5) the double RC observed in the luminosity function is intetgd
as two structures at fierent distances which trace the peanut-X shaped Bulge. Iims i
agreement with the scenario of the Galactic bulge being g-baige resulting from the
buckling instability of the Galactic bar.

3. The complete metallicity map is consistent with a vettcatallicity gradient ¢ 0.06dexdeg),
with metal-rich stars ([F&1]~0) dominating the inner bulge in regions closer to the galac-
tic plane (b] < 5). At larger scale heights, the mean metallicity of the bytgpulation
becomes more metal-poor. This fits in the scenario of oldetalypoor stars dominating at
higher scale heights above the plane as stars would re@ugerltime to reach the higher
orbits of a boxy-bulge formed from the bucking instabilifyag more metal-rich, present
day Galactic bar. An additional classical component mighplesent as suggested from
our alpha-element abundance analysis and kinematics.

This work presents an important step forward in our undedstey of the general properties
of the Milky Way bulge. With our complete high-resolutiontiection map, we can now access
the previously obscured regions and improve the accuraoyio$pectroscopic studies across a
larger area. This way we can complement the general photemettallicity map presented here
with the chemical and kinematic information of individuédis. The large scale mapping of the
stellar populations and structure of the Galactic bulgeetan the results presented in this the-
sis, provides a valuable reference for the study of exteagial bulges. It also allows the current
dynamical and chemical evolution models to be tested, fofitht time, using global constrains.
We may now have the opportunity to finally unfold the formathustory and evolution of the
Milky Way bulge.



Appendix A

Abundances of 650 bulge red giants

Listed are the metallicities and [VIige], [CaFe], [Ti/Fe] and [SiFe] abundance ratios for 650
K giants in four fields of the Galactic Bulge analysed in ChaBteAbundances were measured
using standard local thermodynamic equilibrium MARCS modeld spectral synthesis using
MOOG.

Table A.1: Full table listing Mg, Ca, Ti and Si abundances
for stars in the four bulge fields. Metallicities are those-pr
sented in Z08 and listed here for reference.

starID [FgH] [Mg/Fe] [CaFe] |[Ti/Fe] [SiFe] Field
423342 +0.46 -0.04 +0.13 +0.03 -0.08
423323 -0.48 +0.43 +0.15 +0.23 +0.26

412779 -0.37 +0.23 +0.29 +0.48 +0.22

423359 -1.23 +0.34 +0.30 +0.48 +0.43

433669 +0.54 -0.02 +0.01 -0.04 -0.10
412752 -0.80 +0.15 +0.34 +0.51 +0.30

412794 +0.13 -0.04 +0.28 +0.30 -0.08
402327 +0.15 +0.08 +0.36 +0.20 -0.17
412924 +0.48 -0.04 +0.07 +0.17 -0.13
575317 +0.22 +0.14 +0.16 +0.07 +0.03
92600 +0.05 +0.20 +0.15 +0.29 +0.08
412759 -0.39 +0.24 +0.26 +0.31 +0.16
423331 +0.18 -0.02 -0.06 -0.14  -0.02 1
564797 +0.24 +0.02 -0.01 +0.08 -0.11
564792 -0.68 +0.28 +0.32 +0.36 +0.30
412931 -0.15 +0.25 +0.25 +0.31 +0.11
564988 -0.24 +0.32 +0.19 +0.43 +0.14
412792 -0.26 +0.29 +0.20 +0.43 +0.18
564762 -0.63 +0.35 +0.19 +0.49 +0.36
564757 +0.38 +0.04 +0.17 -0.07 -0.08 1
564807 -0.67 +0.34 +0.26 +0.34 +0.32 1
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
575293 +041 +0.09 +0.34 +0.11 -0.02 1
92537 -0.56 +0.40 +0.37 +0.51 +0.31 1
575303 -0.27 +0.35 -0.03 +0.33 +0.26 1
240260 -0.26 +0.29 +0.27 +0.35 +0.09 1
82762 +0.31 +0.09 +0.30 -0.06 +0.01 1
92565 -0.05 +0.06 +0.06 +0.16 +0.01 1
240210 -0.04 +0.23 +0.31 +0.28 +0.22 1
554722 -0.44 +0.20 +0.12 +0.36 +0.26 1
82725 -0.70 +0.30 +0.16 +0.37 +0.41 1
231262 -0.10 +0.16 +0.07 +0.30 +0.10 1
231099 -0.22 +0.09 +0.16 +0.34 +0.09 1
82747 -0.26  +0.14 +0.27 +0.44 +0.20 1
63856 +0.33 +0.03 +0.01 -0.06 +0.00 1
231144  -0.20 +0.24 +0.22 +0.47 +0.01 1
231364 +0.27 +0.01 +0.10 +0.04 -0.11 1
82742 +0.17 +0.09 +0.03 -0.11 +0.04 1
73506 -0.24 +0.30 +0.10 +0.29 +0.09 1
222451 -0.33 +0.22 +0.08 +0.32 +0.24 1
73504 -0.16 +0.25 +0.20 +0.38 +0.10 1
82761 -0.21 +0.20 +0.32 +0.41 +0.13 1
73490 +0.49 +0.08 +0.04 +0.00 -0.04 1
222618 -0.33 +0.28 +0.31 +0.44 +0.17 1
357480 +0.32 -0.12 +0.08 +0.00 -0.10 1
554664  -0.48 +0.33 +0.29 +0.54 +0.31 1
73514 -041 +0.35 +0.29 +0.50 -0.04 1
205243 +0.31 +0.16 +0.28 +0.30 -0.13 1
82705 -0.19 +0.24 +0.32 +0.42 +0.23 1
205257 -1.10 +0.29 +0.00 +0.19 +0.42 1
82831 +0.33 +0.09 +0.22 +0.16 +0.07 1
205436 +0.16 +0.05 +0.10 +0.28 -0.10 1
82798 -0.06 +0.21 +0.26 +0.29 +0.03 1
73515 -0.45 +0.30 +0.38 +0.45 +0.18 1
214035 +0.26 +0.08 +0.20 +0.10 -0.01 1
63794 -0.31 +0.16 +0.39 +0.31 +0.29 1
63792 -0.15 +0.39 +0.25 +0.34 +0.17 1
54167 -0.38 +0.25 +0.14 +0.30 +0.41 1
54104 -0.28 +0.28 +0.00 +0.20 +0.00 1
54132 -0.11 +0.27 +0.11 +0.35 +0.18 1
44560 -0.23 +0.14 +0.16 +0.21 +0.12 1
205356 -0.19 +0.11 +0.01 +0.01 +0.17 1
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
63800 +0.31 +0.16 +0.25 +0.12 -0.14 1
63849 -0.92 +0.35 +0.33 +0.48 +0.41 1
537070 -1.03 +0.38 +0.35 +0.49 +0.30 1
63823 -0.04 +0.16 +0.07 +0.23 +0.03 1
545401 +0.01 +0.11 +0.18 +0.14 +0.02 1
545440 -0.60 +0.43 +0.31 +0.30 +0.34 1
54311 +0.26 +0.06 +0.09 +0.22 -0.03 1
537101 -0.67 +0.14 +0.28 +0.23 +0.31 1
554655 -0.34 +0.13 +0.11 +0.24 +0.17 1
392918 +0.05 +0.11 +0.24 +0.32 +0.10 1
63839 -0.22 +0.24 +0.21 +0.25 +0.09 1
554700 -0.17 +0.11 +0.14 +0.31 +0.15 1
554787 -0.58 +0.31 +0.39 +0.36 +0.31 1
63855 +0.40 +0.14 -0.04 -0.04 +0.10 1
402294 -0.50 +0.43 +0.38 +0.53 +0.31 1
63820 -0.14 +0.11 +0.31 +0.27 +0.10 1
393015 -0.06 +0.41 +0.36 +0.35 +0.02 1
554663 -0.72 +0.40 +0.36 +0.33 +0.44 1
63834 +0.16 +0.21 +0.19 +0.25 +0.01 1
402361 -1.05 +0.24 +0.30 +0.40 +0.41 1
402307 +0.40 +0.05 +0.17 +0.10 -0.11 1
402414 -0.21 +0.39 +0.11 +0.49 +0.29 1
545288 +0.13 +0.19 +0.20 +0.15 +0.11 1
554889 -0.10 +0.12 +0.33 +0.30 +0.13 1
402315 -0.17 +0.25 +0.31 +0.41 +0.08 1
554811 +0.17 +0.04 +0.30 +0.05 +0.00 1
234671 +0.06 +0.04 +0.05 +0.05 -0.03 1
402332 -0.31 +0.26 +0.19 +0.41 +0.28 1
402322 -0.94 +0.36 +0.36 +0.35 +0.32 1
564743 +0.21 +0.12 +0.03 +0.06 -0.04 1
402311 +0.08 +0.12 +0.15 +0.26 +0.00 1
244582 -0.81 +0.21 +0.33 +0.30 +0.20 1
244504 -0.25 +0.26 +0.22 +0.35 +0.27 1
402607 -0.82 +0.23 +0.28 +0.40 +0.39 1
402531 -0.85 +0.26 +0.28 +0.51 +0.36 1
402325 -0.32 +0.23 +0.13 +0.36 +0.29 1
585982 -0.08 +0.41 +0.15 +0.28 +0.09 1
575308 +0.27 +0.16 +0.26 +0.27 +0.08 1
575289 -0.50 +0.49 +0.29 +0.45 +0.21 1
423298 -0.08 +0.12 +0.28 +0.24 +0.20 1
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
433830 +0.17 +0.25 -0.08 +0.00 -0.04 1
564963 +0.34 +0.19 +0.14 +0.14 -0.05 1
554980 +0.31 +0.03 +0.03 +0.08 -0.18 1
423304 +0.22 +0.02 +0.06 +0.24 -0.09 1
102833 +0.29 +0.11 +0.24 +0.17 -0.15 1
102853 +0.15 +0.14 +0.27 +0.27 +0.00 1
564768 -0.30 +0.06 +0.28 +0.42 +0.28 1
586077 +0.21 +0.07 +0.04 +0.08 -0.16 1
586005 +0.29 +0.00 +0.08 +0.09 -0.18 1
564789 -0.15 +0.03 +0.10 +0.42 +0.04 1
596502 +0.28 +0.19 +0.03 +0.10 +0.10 1
564991 +0.19 +0.05 +0.09 +0.19 +0.00 1
82760 +0.25 -0.06 -0.05 +0.03 -0.20 1
82727 +0.17 +0.05 +0.15 +0.11 -0.16 1
92557 -0.07 +0.18 +0.18 +0.46 -0.05 1
231128 +0.17 -0.03 +0.03 +0.10 -0.08 1
82717 +0.28 +0.15 -0.03 +0.18 -0.18 1
240216 +0.19 +0.112 +0.31 +0.21 +0.04 1
240459 -0.39 +0.31 +0.28 +0.54 +0.41 1
240394 +0.14 +0.16 +0.04 +0.01 -0.08 1
231369 +0.29 +0.07 +0.01 -0.01 -0.16 1
231367 -0.01 +0.11 +0.12 +0.27 +0.01 1
231310 +0.30 +0.11 +0.31 +0.08 -0.10 1
374186 +0.20 +0.05 +0.08 +0.17 +0.04 1
231325 +0.34 -0.11 -0.09 +0.05 +0.00 1
222627 +0.13 +0.13 +0.13 +0.08 +0.03 1
231185 +0.19 -0.04 +0.21 +0.15 -0.10 1
231233 -0.16 +0.26 +0.13 +0.08 +0.12 1
365797 -0.19 +0.34 +0.26 +0.56 +0.17 1
222412 -0.11 +0.20 +0.28 +0.46 +0.17 1
222408 +0.31 +0.25 +0.04 +0.03 +0.00 1
357466 +0.43 +0.07 -0.09 +0.27 +0.01 1
350527 -0.65 +0.37 +0.33 +0.56 +0.30 1
222523 +0.01 +0.24 -0.03 +0.09 +0.30 1
222543 +0.34 -0.12 +0.14 +0.18 -0.04 1
357436 +0.44 -0.10 +0.13 +0.01 -0.09 1
357459 -0.01 +0.06 +0.10 +0.29 +0.04 1
73607 +0.28 +0.07 +0.03 +0.13 -0.01 1
73483 +0.16 +0.01 +0.04 +0.08 +0.02 1
73609 +0.28 +0.03 -0.10 +0.08 -0.09 1
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
214192 +0.11 +0.22 +0.18 +0.24 -0.02 1
73472 +0.49 -0.17 +0.01 +0.02 -0.25 1
64005 -0.25 +0.36 +0.17 +0.39 +0.16 1
205265 +0.02 +0.03 +0.16 +0.33 +0.03 1
214042 +0.38 +0.14 +0.08 -0.01 -0.06 1
350483 +0.14 +0.13 +0.09 +0.13 +0.03 1
64018 +0.15 +0.12 +0.08 +0.01 +0.22 1
63859 +0.25 +0.23 +0.11 +0.13 +0.00 1
545445 +0.13 -0.01 +0.02 +0.05 +0.01 1
63840 +0.31 +0.15 +0.22 +0.19 -0.01 1
54108 +0.46  -0.09 -0.02 +0.03 -0.26 1
54125 +0.07 +0.18 +0.19 +0.28 +0.22 1
73467 +0.12 +0.08 +0.01 +0.19 -0.02 1
54078 +0.09 +0.01 +0.26 +0.08 -0.01 1
63829 -0.01 +0.17 +0.06 +0.09 +0.01 1
537095 +0.31 +0.05 +0.17 +0.04 +0.00 1
545222 +0.16 +0.12 +0.12 +0.19 +0.02 1
545438 +0.12 +0.16 +0.05 +0.19 -0.04 1
545233 +0.31 +0.07 +0.09 +0.17 -0.03 1
545313 +0.19 +0.16 -0.08 +0.30 -0.05 1
537092 -0.25 +0.39 +0.33 +0.46 +0.00 1
402415 +0.01 +0.18 +0.00 +0.31 -0.05 1
554670 -0.26 +0.25 +0.18 +0.48 +0.26 1
554748 +0.39 +0.07 +0.01 +0.09 -0.08 1
392952 +0.13 +0.16 +0.12 +0.09 -0.14 1
392896 -0.12 +0.20 +0.06 +0.38 +0.16 1
393083 +0.03 +0.19 +0.02 +0.22 -0.02 1
393053 +0.49 +0.09 +0.04 +0.03 -0.15 1
392931 -0.04 +0.19 +0.03 +0.09 -0.03 1
545269 +0.45 +0.09 +0.04 +0.06 -0.09 1
554683 -0.20 +0.21 +0.31 +0.49 +0.11 1
554668 +0.08 +0.17 +0.04 +0.17 +0.03 1
78106 -0.17 +0.40 +0.19 +0.49 +0.11 1
402498 +0.55 +0.06 +0.05 -0.05 -0.18 1
234704  -0.18 +0.26 +0.21 +0.36 +0.09 1
234701 +0.12 +0.24 +0.27 +0.26 -0.05 1
234888 +0.28 -0.60 +0.03 +0.00 -0.17 1
554713 +0.20 +0.16 +0.09 +0.13 +0.05 1
554956 -0.01 +0.19 +0.30 +0.49 +0.03 1
392951 +0.10 +0.11 +0.04 +0.32 -0.17 1
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
412750 +0.11 +0.14 +0.25 +0.29 -0.04 1
411479 -0.30 +0.09 +0.34 +0.39 +0.23 1
402656 -0.32 +0.31 +0.33 +0.54 +0.10 1
554694 +0.15 +0.07 +0.04 +0.31 +0.05 1
402375 +0.05 +0.22 +0.20 +0.25 +0.02 1
244829 -1.09 +043 +0.36 +0.50 +0.47 1
244738 -0.25 +0.27 +0.34 +0.48 +0.08 1
402347 +0.19 +0.06 +0.03 +0.39 -0.04 1
564772 -0.07 +0.21 +0.06 +0.33 +0.15 1
423286 +0.05 +0.11 +0.18 +0.29 +0.04 1
267974 +0.31 -0.04 +0.07 +0.18 -0.19 1
412753 +0.33 +0.09 +0.09 +0.21 -0.17 1
256345 +0.33 +0.06 +0.04 +0.02 +0.00 1
41958¢3 +0.05 +0.20 +0.11 +0.32 -0.10 2
157820c3 -0.73 +0.40 +0.25 +0.37 +0.27 2
32799c3 -1.25 +0.44 +0.22 +0.29 +0.40 2
76187c3  -0.42 +0.44 +0.26 +0.48 +0.26 2
38354c3 -0.61 +0.33 +0.29 +0.43 +0.22 2
203158c3 -0.04 +0.29 +0.09 +0.38 +0.01 2
39802c3 -0.50 +0.17 +0.22 +0.26 +0.18 2
43054c3 -1.03 +0.32 +0.29 +0.33 +0.44 2
46885c¢3 +0.00 +0.15 +0.17 +0.04 +0.10 2
1604c2 -1.13 +0.38 +0.39 +0.47 +0.46 2
36989c¢3 +0.05 +0.23 +0.10 +0.12 +0.09 2
36067¢3 +0.08 +0.19 +0.09 +0.15 +0.12 2
77454c2 -0.38 +0.30 +0.20 +0.31 +0.10 2
43562c2 -0.81 +0.37 +0.18 +0.34 +0.40 2
32832c2 -0.03 +0.17 +0.09 +0.19 -0.01 2
62009c2 -0.39 +0.37 +0.21 +0.36 +0.37 2
38565c2 -0.26 +0.27 +0.13 +0.42 +0.08 2
204270c3 +0.02 +0.25 +0.28 +0.20 -0.02 2
69429¢c3 -0.76 +0.41 +0.24 +0.36 +0.39 2
56671c3 -0.20 +0.24 +0.30 +0.14 +0.11 2
25213c2 +0.09 +0.14 +0.05 +0.03 +0.06 2
35428c2 -1.16 +0.13 +0.24 +0.40 +0.35 2
31338c2 -0.55 +0.28 +0.10 +0.49 +0.20 2
53477c2 -0.55 +0.30 +0.28 +0.40 +0.22 2
56410c2 -1.10 +0.41 +0.26 +0.30 +0.30 2
4799c2 -0.12 +0.26 +0.41 +0.42 +0.26 2
43239c2 -1.26 +0.31 +0.20 +0.46 +0.30 2
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field

14297c2 -0.66 +0.51 +0.11 +0.41 +0.29 2
17437c2 -050 +0.39 +0.29 +0.53 +0.25 2
30173c2 -0.90 +0.21 +0.23 +0.44 +0.38 2
45160c2 -0.56 +0.41 +0.32 +0.47 +0.09 2
13661c2 -0.09 +0.20 +0.14 +0.25 +0.04 2
212324c6 -0.32 +0.35 +0.39 +0.41 +0.10 2
10381c2 -0.14 +0.11 +0.23 +0.25 +0.30 2
14893c2 -0.47 +0.34 +0.05 +0.16 +0.36 2
204828c2 -0.22 +0.27 +0.27 +0.38 +0.11 2
203913c2 -0.24 +0.35 +0.29 +0.30 +0.08 2
33058c2 -0.35 +0.41 +0.26 +0.40 +0.09 2
212175¢6 -0.47 +0.38 +0.33 +0.55 +0.26 2
213150c6 -0.02 +0.06 -0.04 +0.16 +0.07 2
1678c2 -0.95 -0.03 +0.22 +0.40 +0.30 2
874c2 -0.32 +0.32 +0.24 +0.42 +0.00 2
7694c2 +0.15 +0.09 +0.06 +0.19 -0.04 2
8312c2 -0.32 +0.17 +0.11 +0.25 +0.22 2
19402c1 -0.61 +0.32 +0.29 +0.38 +0.20 2
23483c1 -0.52 +0.33 +0.38 +0.31 +0.24 2
98692c6 +0.07 +0.17 +0.23 +0.30 -0.03 2
94324c6 -0.39 +0.38 +0.28 +0.51 +0.19 2
99147¢5 -0.60 +0.29 +0.13 +0.38 +0.29 2
96158c6 -0.37 +0.35 +0.31 +0.54 +0.16 2
100047c6 -0.33 +0.31 +0.14 +0.43 +0.14 2
102180c6 -0.39 +0.26 +0.15 +0.38 +0.23 2
211484c6 -0.60 +0.31 +0.35 +0.48 +0.24 2
106969c6 -1.00 +0.30 +0.33 +0.52 +0.33 2
91438c6 -0.62 +0.33 +0.37 +0.10 +0.30 2
74262c6 -0.32 +0.29 +0.33 +0.30 +0.22 2
79869c6 -0.48 +0.22 +0.29 +0.50 +0.24 2
98974c6 -0.39 +0.22 +0.24 +0.43 +0.08 2
99069c6 -0.26 +0.14 +0.14 +0.24 +0.08 2
100384c6 -0.57 +0.45 +0.30 +0.40 +0.10 2
108928c6 -0.88 +0.28 +0.36 +0.42 +0.35 2
101274c6 -0.06 +0.14 +0.20 +0.48 +0.00 2
71769c6  -0.22 +0.22 +0.23 +0.23 +0.11 2
62520c6 -0.84 +0.25 +0.25 +0.32 +0.30 2
60577c6 -0.18 +0.30 +0.18 +0.44 -0.05 2
43679c6 -0.59 +0.28 +0.23 +0.44 +0.20 2
54561c6 -0.25 +0.27 +0.29 +0.37 +0.23 2
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
80281c6 -0.08 +0.16 +0.24 +0.34 +0.03 2
66376c6 +0.19 +0.28 +0.26 +0.17 +0.04 2
205837c¢7 -0.36 +0.38 +0.28 +0.54 +0.23 2
75097c7 -0.09 +0.16 +0.06 +0.36 -0.02 2
63747c7 -0.09 +0.23 +0.10 +0.39 +0.15 2
46642c7 +0.21 +0.06 +0.07 +0.14 -0.06 2
57883c7 -0.25 +0.23 +0.33 +0.38 +0.13 2
51688c6 -0.42 +0.37 +0.33 +0.59 +0.19 2
209695c7 -0.11 +0.39 +0.14 +0.49 +0.16 2
90337c7 -0.27 +0.20 +0.33 +0.30 +0.07 2
87232c7 -0.21 +0.29 +0.21 +0.42 +0.09 2
54480c7 -0.40 +0.36 +0.31 +0.40 +0.11 2
64860c7 +0.09 +0.18 +0.08 +0.19 -0.07 2
79003c7 -0.40 +0.20 +0.22 +0.46 +0.17 2
50439c7 -0.08 +0.34 +0.28 +0.46 -0.01 2
80144c7 -0.05 +0.22 +0.10 +0.14 -0.01 2
97618c7 -0.91 +0.21 +0.20 +0.47 +0.41 2
102010c7 -0.56 +0.38 +0.34 +0.56 +0.14 2
87242c¢8 +0.00 +0.24 +0.26 +0.10 +0.13 2
88768c7 -0.25 +0.27 +0.20 +0.50 +0.15 2
86105c7 -0.14 +0.25 +0.35 +0.51 -0.01 2
77209c7 -043 +0.35 +0.33 +0.50 +0.31 2
98458c7 -0.02 +0.26 +0.06 +0.07 +0.30 2

5685c3 -1.15 +0.20 +0.20 +0.50 +0.44 2

5118c4 +0.06 +0.16 +0.05 +0.25 -0.05 2
110465¢7 +0.00 +0.20 +0.01 +0.33 +0.02 2
212654c8 +0.39 +0.04 +0.25 +0.02 -0.10 2
108191c7 -0.77 +0.32 +0.35 +0.55 +0.30 2
23017c¢3 +0.09 +0.15 -0.02 +0.17 +0.01 2
101167c8 +0.05 +0.22 +0.16 +0.30 -0.02 2
202633c3 +0.31 +0.14 +0.01 +0.11 +0.05 2
32080c3 -0.17 +0.28 +0.06 +0.39 +0.06 2
43791¢c3 +0.00 +0.07 +0.06 +0.18 +0.04 2
11653c3 +0.13 +0.18 +0.38 +0.41 -0.14 2
21259c2 -0.08 +0.29 +0.25 +0.54 -0.10 2
34058c3 +0.21 +0.13 +0.00 +0.09 +0.02 2
40528c3 -0.48 +0.39 +0.08 +0.40 +0.30 2
29280c3 +0.18 +0.08 +0.01 +0.00 +0.00 2
12982c3 +0.01 +0.09 +0.10 +0.35 +0.11 2
108051c7 -0.09 +0.24 +0.15 +0.36 +0.13 2
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
20863c2 +0.08 +0.20 +0.12 +0.09 +0.02 2
31220c2  -0.02 +0.20 -0.07 +0.03 +0.20 2
50086¢c2 +0.32 +0.08 +0.18 +0.11 -0.04 2
208608c3 -0.56 +0.25 +0.16 +0.38 +0.28 2
58159¢3 -0.09 +0.15 +0.10 +0.23 +0.06 2
205096¢c2 -0.15 +0.14 +0.12 +0.07 +0.07 2
42348c2 -0.09 +0.19 +0.09 +0.07 +0.10 2
149531c2 -0.38 +0.20 +0.03 +0.09 +0.24 2
31090c2 -0.26 +0.35 +0.12 +0.39 +0.09 2
69986¢c2 -0.27 +0.38 +0.19 +0.53 +0.14 2
139560c2 +0.26 +0.05 +0.04 +0.07 -0.08 2
145595c2 +0.44 -0.06 +0.07 +0.09 -0.08 2
22905c2 -0.45 +0.37 +0.19 +0.32 +0.24 2
47298c2 -0.51 +0.48 +0.25 +0.41 +0.27 2
33601c1 +0.29 -0.02 +0.07 +0.03 -0.16 2
43023c2 -0.46 +0.30 +0.32 +0.30 +0.20 2
31176¢c2 -0.22 +0.29 +0.19 +0.29 +0.06 2
17038c2 +0.29 +0.08 +0.09 -0.13 +0.05 2
959¢2 -0.58 +0.37 +0.24 +0.33 +0.25 2
10584c2 -0.38 +0.29 +0.13 +0.35 +0.10 2
15094c1 -0.19 +0.20 +0.23 +0.51 +0.02 2
95371c6 -0.27 +0.29 +0.25 +0.46 +0.01 2
103413c6 +0.24 +0.11 +0.08 -0.16 +0.13 2
85625¢5 +0.15 +0.08 +0.09 +0.05 +0.03 2
91631c6 -0.28 +0.32 +0.21 +0.49 +0.26 2
95545¢c6 -0.45 +0.44 +0.25 +0.42 +0.42 2
96460c6 +0.25 +0.07 +0.21 +0.17 -0.06 2
83500c6 +0.09 +0.12 +0.08 +0.46 -0.06 2
72513c6 -0.48 +0.34 +0.20 +0.39 +0.12 2
69731c6 -0.19 +0.28 +0.19 +0.39 +0.07 2
73072c6 +0.12 +0.27 +0.04 -0.10 +0.14 2
56641c6 +0.17 +0.08 +0.10 -0.04 +0.04 2
208907c6 -0.17 +0.30 +0.16 +0.25 +0.08 2
99166¢c6 +0.04 +0.24 +0.29 +0.26 +0.16 2
71832c6 -0.09 +0.20 +0.14 +0.19 +0.18 2
77481c6  -0.28 +0.33 +0.19 +0.46 +0.19 2
91776c6 +0.23 +0.11 +0.14 +0.15 -0.09 2
93621c6 -0.22 +0.21 +0.29 +0.38 +0.19 2
99940c6 -0.25 +0.33 +0.08 +0.16 +0.24 2
53554c6 +0.08 +0.26 +0.23 +0.26 -0.02 2
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
63690c6 +0.03 +0.07 +0.12 +0.37 -0.10
205097c6 +0.26 -0.04 +0.03 +0.00 -0.13
52922c6 -0.30 +0.33 +0.16 +0.27 +0.09
51954c6 +0.03 +0.12 +0.08 +0.03 +0.15
56533c6 +0.13 +0.16 +0.03 -0.11 +0.14
94909c7 -0.11 +0.17 +0.26 +0.28 +0.19
73484c7 +0.31 -0.22 +0.30 +0.55 -0.17
90995c7 -0.03 +0.21 +0.24 +0.20 -0.08
41505c7 -0.48 +0.36 +0.19 +0.46 +0.18
34034c7 +0.04 +0.16 +0.29 +0.37 +0.10
205852c7 +0.06 +0.22 +0.08 +0.22 +0.03
64944c7 +0.08 +0.11 +0.28 +0.19 +0.02
75601c7 -0.08 +0.18 +0.22 +0.20 +0.18
60208c7 -0.37 +0.27 -0.02 +0.13 +0.25
46088c7 -0.20 +0.20 +0.26 +0.35 +0.05
77743c7 +0.25 +0.04 -0.10 -0.05 +0.05
85832c7 +0.01 +0.23 +0.11 +0.05 +0.09
93881c7 +0.03 +0.14 +0.29 +0.19 +0.00
82739¢c7 -0.45 +0.35 +0.09 +0.43 +0.10
88860c7 -0.06 +0.22 +0.31 +0.33 +0.01
62874c7 -0.48 +0.36 +0.19 +0.31 +0.19
73636¢7 -0.22 +0.29 +0.17 +0.27 +0.17
56730c7 +0.00 +0.29 +0.22 +0.27 +0.10
48678c7 +0.17 +0.22 +0.10 +0.18 +0.01
58592c¢7 +0.17 +0.01 +0.17 +0.27 -0.20
77419c7 +0.18 +0.05 +0.14 +0.10 +0.00
96001c8 +0.21 +0.15 +0.13 +0.15 +0.06
97453c7 +0.02 +0.03 +0.07 +0.23 +0.10
105594c7 -0.25 +0.27 +0.18 +0.32 +0.23
80262c8 +0.23 +0.11 +0.21 +0.22 -0.08
80419¢c8 +0.18 +0.07 +0.08 +0.04 +0.29
98090c7 -0.05 +0.00 +0.04 +0.26 +0.03
75382¢c8 +0.20 +0.07 +0.04 +0.15 +0.01
94445c7 -0.29 +0.35 +0.30 +0.39 +0.08

8683c4 +0.02 +0.11 +0.13 +0.18 +0.01
215027c7 +0.20 +0.29 +0.05 +0.03 +0.23
213817c7 +0.27 +0.08 +0.09 +0.17 -0.04
110776¢c7 -0.85 +0.32 +0.26 +0.27 +0.38
111007¢c8 +0.01 +0.14 +0.10 +0.16 +0.02
108627c7 +0.02 +0.19 +0.10 +0.39 -0.02

NN RONRPONONRONNOONNNRONNONNNRONRNRONNMNRONNRONNRNONNN OO NNNN D




101

Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
97461c8 +0.31 +0.03 +0.11 +0.26 -0.05 2
19346¢3 +0.27 +0.02 +0.08 +0.03 -0.09 2
41112c4 -0.31 +0.36 +0.24 +0.35 +0.14 2
9081c3 -0.25 +0.39 +0.16 +0.51 +0.09 2
35643c4 +0.22 +0.15 +0.35 +0.48 -0.10 2
27350c4 -0.36 +0.25 +0.37 +0.41 +0.15 2
6693c3 -0.03 +0.19 +0.23 +0.33 +0.03 2
2002C3 -0.36 +0.14 +0.28 +0.36 +0.30 3
2374C3 -0.58 +0.17 +0.14 +0.45 +0.35 3
3142C3 -0.15 +0.27 +0.23 +0.38 +0.26 3
2947C3 -0.44 +0.27 +0.34 +0.23 +0.15 3
2200C3 -0.17 +0.14 +0.19 +0.14 +0.14 3
3018C3 -061 +0.31 +0.22 +0.40 +0.38 3
3515C5 +0.00 +0.16 +0.18 +0.08 +0.09 3
2769C3 +0.18 +0.13 +0.10 +0.28 -0.06 3
2470C3 -0.06 +0.20 +0.13 +0.25 +0.05 3
3267C3 +0.01 +0.13 +0.17 +0.30 +0.02 3
3161C3 -0.12 +0.21 +0.10 +0.23 +0.00 3
4365C3 -066 +0.21 +0.13 +0.39 +0.45 3
6549C6 +0.11 +0.20 +0.30 +0.21 +0.02 3
3733C3 -0.19 +0.16 +0.21 +0.16 +0.02 3
4085C3 -0.38 +0.27 +0.10 +0.30 +0.24 3
2525C2 -0.33 +0.27 +0.33 +0.30 +0.26 3
6505C6 -0.37 +0.27 +0.17 +0.34 +0.27 3
867C3 -0.46 +0.28 +0.24 +0.31 +0.20 3
222C3 -0.38 +0.27 +0.18 +0.28 +0.22 3
650C2 -0.67 +0.40 +0.30 +0.30 +0.31 3
1876C2 -0.86 +0.14 +0.21 +0.39 +0.43 3
2335C2 -0.84 +0.33 +0.31 +0.10 +0.39 3
1814C1 -0.39 +0.28 +0.29 +0.49 +0.28 3
2052C2 -0.94 +0.38 +0.10 +0.43 +0.40 3
1156C2 -0.36 +0.31 +0.11 +0.15 +0.39 3
2407C2 -0.70 +0.37 +0.29 +0.25 +0.34 3
1918C1 -0.36 +0.29 +0.18 +0.33 +0.26 3
1917C1 +0.18 +0.11 +0.03 +0.04 +0.17 3
6080C8 +0.11 +0.17 +0.10 +0.14 +0.22 3
6426C8 -0.39 +0.37 +0.28 +0.22 +0.34 3
6391C8 -0.59 +0.26 +0.31 +0.45 +0.31 3
6637C8 -0.26 +0.21 +0.17 +0.28 +0.27 3
431C2 -0.02 +0.25 +0.25 +0.24 -0.05 3
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
455C1 -0.57 +0.23 +0.29 +0.33 +0.39
6828C7 +0.17 -0.01 -0.01 -0.10 +0.11
608C1 -1.66 +0.09 -0.01 -0.10 +0.11
5487C8 -0.27 +0.16 +0.05 +0.17 +0.10
4478C8 -0.28 +0.23 +0.20 +0.24 +0.33
4740C8 -0.33 +0.25 +0.24 +0.47 +0.09
6913C7 -0.21 +0.19 +0.11 +0.24 +0.17
5351C8 -0.09 +0.22 +0.21 +0.28 +0.22
5400C8 +0.14 +0.09 +0.03 +0.04 +0.09
2812C8 -0.62 +0.24 +0.27 +0.30 +0.40
2772C7 -0.22 +0.31 +0.18 +0.39 +0.26
3191C7 -0.28 +0.39 +0.20 +0.24 +0.17
3091C8 -0.36 +0.29 +0.21 +0.41 +0.13
3711C7  -0.30 -0.07 +0.33 +0.34 +0.05
3035C7 -0.61 +0.18 +0.18 +0.33 +0.39
2110C7 -0.09 +0.23 +0.10 +0.37 +0.09
2220C7  -0.05 +0.32 +0.19 +0.44 +0.00
1554C7  -0.39 +0.22 +0.28 +0.45 +0.15
2178C7  -0.02 +0.14 -0.07  -0.16 +0.10
2422C7 +0.26 +0.16 +0.05 +0.02 +0.32
3101C7 -0.34 +0.25 +0.17 +0.30 +0.35
2580C6 +0.42 +0.09 +0.17 +0.30 +0.35
3238C6 -0.17 +0.19 +0.18 +0.40 +0.00
2532C6  -0.13 +0.28 +0.15 +0.09 +0.30
2948C7 +0.02 +0.25 +0.25 +0.01 +0.29
3690C7 -1.40 +0.28 +0.31 +0.46 +0.41
3796C6 -0.83 +0.31 +0.34 +0.43 +0.36
3201C6 -0.05 +0.27 +0.10 +0.20 +0.31
4217C6  -0.39 +0.30 +0.17 +0.41 +0.33
4333C6 -0.16 +0.21 +0.21 +0.28 +0.07
6164C6 -0.17 +0.31 +0.21 +0.36 +0.05
3350C6 -0.19 +0.31 +0.18 +0.19 +0.10
4263C6 -0.18 +0.44 +0.32 +0.30 +0.18
3558C6 -0.02 +0.33 +0.08 +0.18 +0.16
6090C6 +0.11 +0.18 +0.10 -0.12 +0.07
5543C6 +0.12 +0.22 +0.11 -0.20 +0.13
5908C6 -0.67 +0.33 +0.34 +0.43 +0.33
4876C6  -0.59 +0.28 +0.25 +0.52 +0.30
5319C6 -0.36 +0.34 +0.23 +0.40 +0.25
5977C6 +0.09 +0.18 -0.06  -0.04 +0.08

w
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
4612C6 -0.82 +0.19 +0.34 +0.46 +0.39 3
5588C6 -0.28 +0.27 +0.23 +0.45 +0.23 3
5664C6 +0.15 +0.26 +0.13 +0.05 +0.01 3
3965C6 -0.20 +0.28 +0.14 +0.32 +0.16 3
6717C6 -0.23 +0.25 +0.22 +0.23 +0.23 3
5980C6 -0.25 +0.15 +0.21 +0.30 +0.10 3
7119C5 -0.33 +0.40 +0.33 +0.44 +0.35 3
6419C5 -0.25 +0.31 +0.30 +0.34 +0.11 3
6230C5 +0.09 +0.11 +0.38 +0.15 -0.04 3
2502C3 -0.39 +0.25 +0.18 +0.43 +0.19 3
1754C3 -0.20 +0.34 +0.34 +0.31 +0.22 3
1407C3  -0.82 +0.37 +0.37 +0.43 +0.39 3
166C3 -0.86 +0.28 +0.09 +0.39 +0.41 3
96341C3 +0.03 +0.23 -0.10 +0.01 +0.42 4
240059C6 -0.66 +0.26 +0.29 +0.52 +0.10 4
77707C3 +0.09 +0.17 +0.10 +0.03 +0.14 4
77186C3 +0.15 +0.13 -0.02  -0.09 +0.05 4
88522C3 +0.15 +0.05 +0.02 +0.02 +0.13 4
135108C4 -0.39 +0.33 +0.21 +0.51 +0.33 4
83525C3 -0.05 +0.27 +0.29 +0.37 +0.14 4
130246C4 -0.21 +0.39 +0.20 +0.37 +0.38 4
127018C4 -0.14 +0.28 +0.09 +0.23 +0.30 4
95424C3 +0.17 +0.11 +0.04 +0.10 +0.06 4
98554C3 +0.09 +0.27 +0.09 +0.23 +0.04 4
101374C3 +0.29 -0.19 +0.15 -0.04 -0.05 4
100606C3 -0.83 +0.24 +0.31 +0.47 +0.35 4
82227C3 +0.08 +0.19 +0.08 +0.13 +0.09 4
83531C3 +0.19 +0.15 +0.03 +0.08 +0.06 4
242039C6 +0.20 +0.17 -0.02 +0.04 +0.05 4
101754C3 +0.30 +0.27 +0.12 +0.23 +0.03 4
80582C3 -0.02 +0.18 +0.16 +0.43 +0.10 4
47188C2 -0.48 +0.30 +0.16 +0.43 +0.35 4
51148C2 +0.11 +0.17 -0.17 +0.06 +0.01 4
52349C2 +0.10 +0.16 +0.07 +0.13 +0.08 4
57824C2 +0.27 +0.09 +0.07 +0.13 +0.08 4
237293C6 +0.18 +0.22 +0.06 -0.06 +0.00 4
45452C2 -0.64 +0.30 +0.34 +0.30 +0.43 4
46830C2 +0.19 +0.06 +0.17 +0.19 +0.08 4
48656C2 +0.31 +0.11 +0.15 -0.03 +0.10 4
77182C3 -0.19 +0.21 +0.08 -0.04 +0.15 4
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
49289C2 +0.24 +0.25 +0.03 -0.03 -0.03
44556C2 -0.07 +0.26 +0.01 +0.10 +0.35
278419C7 +0.03 +0.16 +0.27 +0.34 -0.03
279577C7 +0.02 +0.34 +0.12 +0.11 -0.04
229507C6 +0.13  -0.08 -0.01 +0.27 -0.21
271021C7 -0.18 +0.19 +0.10 +0.29 +0.22
230424C6 -0.72 +0.22 +0.23 +0.31 +0.39
230208C6 -0.09 +0.17 +0.08 +0.10 +0.09
284675C7 +0.02 +0.21 +0.03 +0.13 +0.09
225847C6 -0.13 +0.22 +0.21 +0.37 +0.09
266670C7 -0.23 +0.30 +0.33 +0.39 +0.19
268360C7 -0.21 +0.30 +0.11 +0.35 +0.11
270316C7 -0.25 -0.39 +0.38 +0.45 +0.08
270055C7 -0.14 +0.23 +0.25 +0.11 +0.12
271400C7 -0.09 +0.24 +0.37 +0.46 +0.11
270789C7 -0.14 +0.16 +0.36 +0.27 +0.19
270767C7 -0.19 +0.35 +0.32 +0.36 +0.10
265795C7 -0.19 +0.38 +0.32 +0.27 +0.13
255677C7 +0.02 +0.13 +0.09 +0.05 +0.06
268493C7 -0.22 +0.22 +0.28 +0.30 +0.18
271097C7 -0.24 +0.32 +0.23 +0.43 +0.23
261672C7 -0.11 +0.29 +0.28 +0.30 +0.18
259922C7 -0.18 +0.29 +0.09 +0.13 +0.21
265404C7 -0.14 +0.18 +0.15 +0.16 +0.16
224951C6 -0.02 +0.23 +0.17 +0.12 +0.11
260308C7 +0.10 +0.03 +0.04 -0.06 +0.09
233708C6 -0.05 +0.16 +0.18 +0.37 +0.03
208605C6 -0.10 +0.26 +0.10 +0.26 +0.25
256560C7 +0.01 +0.13 +0.13 -0.03 +0.11
258426C7 -0.34 +0.33 +0.19 +0.44 +0.30
259377C7 +0.10 +0.12 +0.09 +0.08 +0.10
256294C7 +0.19 +0.05 +0.14 +0.14 -0.02
208959C6 -0.12 +0.14 +0.11 +0.34 +0.18
209297C6 -0.04 +0.48 +0.08 +0.33 +0.08
210397C6 -0.30 +0.40 +0.34 +0.29 +0.25
231618C6 +0.01 +0.16 +0.20 +0.24 -0.02
228407C6 -0.19 +0.35 +0.27 +0.41 +0.11
224206C6 +0.16 +0.08 -0.02 -0.13 +0.14
211036C6 +0.24 -0.05 +0.21 -0.13 +0.07
226450C6 +0.15 +0.20 +0.02 +0.01 +0.13

-l>-b-b-h_h-b-b-b_h-l>bbbbbbbbbbbbbbbbbbbbbbbb-h_h_h_b-hb
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
178348C5 -0.08 +0.27 +0.18 +0.13 +0.30 4
227867C6 -0.21 +0.32 +0.15 +0.27 +0.25 4
223343C6 -0.06 +0.26 +0.26 +0.34 +0.01 4
223621C6 -0.02 +0.18 +0.04 +0.32 +0.07 4
219909C6 -0.61 +0.16 +0.38 +0.29 +0.42 4
221537C6 +0.14 +0.03 +0.10 +0.11 -0.04 4
213114C6 -0.02 +0.26 +0.08 +0.10 +0.13 4
237513C6 +0.24 +0.15 +0.01 -0.05 +0.06 4
207215C6 -0.25 +0.22 +0.24 +0.33 +0.16 4
223113C6 -0.17 +0.31 +0.18 +0.26 +0.16 4
183783C5 +0.12 +0.13 +0.08 +0.16 +0.03 4
184618C5 -0.32 +0.37 +0.23 +0.44 +0.23 4
225531C6 -0.68 +0.27 +0.21 +0.50 +0.38 4
181349C5 +0.09 +0.18 +0.04 -0.17 +0.20 4
180018C5 +0.02 +0.24 +0.28 +0.28 -0.01 4
226850C6 -0.79 +0.29 +0.28 +0.50 +0.48 4
227379C6 -0.10 +0.15 +0.32 +0.44 +0.19 4
197366C5 +0.01 +0.47 +0.11 +0.11 +0.18 4
193190C5 +0.05 +0.19 +0.26 +0.15 +0.07 4
232493C6 -1.19 +0.29 +0.31 +0.40 +041 4
185357C5 +0.22 +0.06 -0.10  -0.10 +0.00 4
187067C5 -0.99 +0.19 +0.22 +0.47 +0.44 4
231379C6 -0.32 +0.37 +0.39 +0.49 +0.12 4
185541C5 +0.15 +0.13 +0.09 +0.17 -0.06 4
129499C4 +0.01 +0.24 +0.06 +0.17 +0.03 4
228466C6 -0.89 +0.28 +0.09 +0.10 +0.53 4
125336C4 +0.04 +0.24 +0.06 +0.21 +0.03 4
125652C4 +0.12 +0.07 +0.07 +0.09 +0.03 4
239284C6 +0.18 +0.11 +0.05 +0.03 -0.09 4
82866C3 +0.16 +0.33 -0.20 +0.10 +0.01 4
240083C6 -0.57 +0.30 +0.28 +0.49 +0.20 4
90428C3 -0.41 +0.25 +0.01 +0.29 +0.39 4
81350C3 +0.27 -0.60 +0.01 +0.29 +0.39 4
81644C3 +0.05 +0.18 +0.07 +0.02 -0.06 4
86757C3 +0.00 +0.14 -0.14  -0.03 +0.08 4
132160C4 -0.58 +0.16 +0.24 +0.51 +0.30 4
85597C3 -0.12 +0.21 +0.21 +0.33 +0.06 4
129738C4 +0.27 +0.07 +0.09 +0.13 -0.17 4
90065C3 +0.21 +0.11 +0.12 +0.09 -0.08 4
238092C6 +0.47 +0.09 +0.12 +0.09 -0.08 4
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
286252C7 +0.05 +0.13 +0.17 +0.20 -0.01
42031C2 -0.09 +0.27 +0.01 +0.13 +0.11
52007C2 -0.33 +0.42 +0.22 +0.43 +0.05
53865C2 -0.02 +0.51 +0.05 +0.26 +0.09
45512C2 -0.31 +0.25 +0.10 +0.34 +0.28
277490C7 -0.50 +0.21 +0.12 +0.32 +0.41
46746C2 +0.29 +0.09 +0.12 +0.32 +0.41
44230C2 -0.45 +0.27 +0.16 +0.33 +0.30
282804C7 -0.07 +0.15 +0.07 +0.03 +0.12
50596C2 -0.37 +0.35 +0.28 +0.44 +0.18
43617C2 -0.24 +0.44 +0.15 +0.49 +0.23
275623C7 +0.06 +0.16 +0.01 +0.13 +0.06
275181C7 -0.04 -0.05 -0.10 +0.08 -0.10
277711C7 +0.02 +0.12 +0.08 +0.19 +0.00
284449C7 -0.50 +0.16 +0.10 +0.29 +0.36
276756C7 -0.50 +0.24 +0.17 +0.33 +0.36
285690C7 -0.61 +0.48 +0.30 +0.42 +0.49
286100C7 +0.25 +0.09 +0.30 +0.42 +0.49
267780C7 -0.67 +0.18 +0.35 +0.55 +0.34
269704C7 -0.22 +0.14 +0.14 +0.44 +0.11
266367C7 -0.44 +0.26 +0.29 +0.49 +0.14
274019C7 -0.29 +0.39 +0.29 +0.50 +0.23
262018C7 +0.22 +0.06 +0.03 +0.01 -0.02
256709C7 -0.18 +0.23 +0.08 +0.24 +0.22
261934C7 +0.08 +0.23 +0.03 +0.21 +0.02
268100C7 -0.31 +0.26 +0.21 +0.39 +0.20
259001C7 -0.63 +0.16 +0.13 +0.19 +0.41
262994C7 +0.01 +0.33 +0.06 +0.21 +0.01
259050C7 -0.39 +0.20 +0.14 +0.23 +0.22
266442C7 -0.37 +0.27 +0.29 +0.51 +0.22
263366C7 -0.24 +0.31 +0.29 +0.49 +0.13
261361C7 -0.21 +0.22 +0.18 +0.33 +0.22
224866C6 -0.37 +0.19 +0.10 +0.50 +0.26
215681C6 +0.08 +0.09 +0.03 +0.06 +0.10
230483C6 -0.33 +0.18 +0.12 +0.43 +0.14
216922C6 -0.07 +0.15 +0.13 +0.34 +0.20
249215C7 -0.52 +0.02 +0.10 +0.40 +0.32
223722C6 -0.65 +0.24 +0.17 +0.45 +0.39
252803C7 +0.04 +0.08 +0.08 +0.36 -0.05
257104C7 -0.02 +0.09 +0.11 +0.19 +0.18
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Table A.1: continued.

starID [FgH] [Mg/Fe] [CaFe] [Ti/Fe] [SiFe] Field
223310C6 -0.27 +0.33 +0.11 +0.20 +0.26 4
223238C6 +0.15 +0.23 +0.02 +0.09 -0.04 4
223822C6 +0.22 +0.04 +0.05 +0.15 -0.10 4
210487C6 +0.30 -0.60 +0.01 -0.18 -0.07 4
204733C6 -0.39 +0.18 +0.12 +0.31 +0.37 4
175662C5 +0.12 +0.09 +0.12 +0.31 +0.37 4
172997C5 -0.17 +0.17 +0.22 +0.24 +0.19 4
218198C6 -0.21 +0.12 +0.17 +0.30 +0.21 4
175328C5 -0.12 +0.20 +0.24 +0.38 +0.17 4
169218C5 -0.01 +0.01 +0.13 +0.04 +0.18 4
169674C5 -0.65 +0.11 +0.36 +0.50 +0.34 4
166540C5 +0.19  -0.60 -0.10 +0.10 -0.07 4
166720C5 -0.43 +0.30 +0.14 +0.41 +0.34 4
220214C6 +0.36 +0.09 +0.14 +0.41 +0.34 4
230059C6 -0.54 +0.28 +0.20 +0.42 +0.33 4
213385C6 -0.59 +0.22 +0.17 +0.40 +0.45 4
217943C6 -0.12 -0.04 +0.09 +0.34 +0.09 4
187568C5 +0.10 +0.09 +0.09 +0.34 +0.09 4
185169C5 -0.42 +0.23 +0.23 +0.47 +0.23 4
184088C5 -0.54 +0.27 +0.24 +0.55 +0.30 4
181132C5 -0.07 +0.13 +0.08 +0.14 +0.10 4
178333C5 +0.13 +0.09 +0.08 +0.14 +0.10 4
176772C5 +0.05 +0.19 +0.01 +0.08 +0.06 4
119799C4 -0.38 +0.21 +0.08 +0.22 +0.26 4
233121C6 -0.41 +0.28 +0.07 +0.31 +0.24 4
233560C6 -0.27 +0.23 +0.00 +0.00 +0.17 4
186097C5 +0.52 +0.09 +0.00 +0.00 +0.17 4
84255C3 -0.69 +0.21 +0.24 +0.30 +0.38 4
82485C3 +0.18 +0.30 -0.01 +0.03 +0.01 4
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Appendix B

Bulge VVV tile centre coordinates

Here we list the tile centre coordinates for all VVV pointngThere are 196 bulge tiles. For
each tile we provide tile centre coordinates in Equatonal @alactic coordinates. All tiles have
been observed using the identicdfsetting strategy, combining 6 pawprints to contiguously
fill 1.5 x 1.1 sq. deg area. The second last column lists the filters foclwtiie tile has been
completed (i.e., observed within constraints), and thedakimn lists the number of epochs
taken inKs band within the first observing season (DR1).

Table B.1: VVV Tile centres for the Galactic bulge region.

Tile RA(J2000.0) DEC (J2000.0) longitude latitude FiltersKs epochs
name dd:mm:ss.sss  dd:mm:ss.ss degrees degrees completadleted
b201 18:04:24.384 -41:44:53.52 350.74816-9.68974 ZY JHK 1

b202 18:08:00.144 -40:27:29.88 352.22619-9.68971 ZY JHK
b203 18:11:29.496 -39:09:52.92 353.70409-9.68973 ZYJHK
b204 18:14:52.992 -37:52:03.36 355.18207-9.68974 ZY JHK
b205 18:18:11.136 -36:34:02.64 356.66012-9.68976 ZY JHK
b206 18:21:24.360 -35:15:52.20 358.13813-9.68975 ZYJHK
b207 18:24:33.096 -33:57:33.48 359.61607-9.68977 ZY JHK
b208 18:27:37.728 —-32:39:07.20 1.09399-9.68974 ZY JHK
b209 18:30:38.640 —31:20:34.08 2.57200-9.68971 ZYJHK
b210 18:33:36.168 —30:01:55.56 4.04998 -9.68973 ZY JHK
b211 18:36:30.624 -28:43:12.36 5.52796 -9.68978 ZY JHK
b212 18:39:22.272 -27:24:25.20 7.00593-9.68975 ZYJHK
b213 18:42:11.424 -26:05:34.80 8.48396-9.68974 ZY JHK
b214 18:44:58.320 -24:46:42.24 9.96193-9.68974 ZY JHK
b215 17:59:15.960 -41:13:55.92 350.74595-8.59756 ZY JHK
b216 18:02:55.992 -39:57:07.92 352.21956-8.59753 ZYJHK
b217 18:06:29.472 -38:40:04.08 353.69327-8.59756 ZY JHK
b218 18:09:56.880 —37:22:46.56 355.16684-8.59757 ZY JHK
b219 18:13:18.768 —36:05:16.07 356.64051-8.59760 ZY JHK
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Table B.1: continued.
Tile  RA (J2000.0) DEC (J2000.0) longitude latitude FiltersKs epochs
name dd:mm:ss.sss  dd:mm:ss.ss degrees degrees completadleted
b220 18:16:35.568 —-34:47:34.08 358.11423-8.59759 ZY JHK 1
b221 18:19:47.688 -33:29:42.36 359.58781-8.59757 ZYJHK 2
b222 18:22:55.560 -32:11:41.28 1.06151-8.59755 ZYJHK 2
b223 18:25:59.544 -30:53:32.28 2.53522-8.59757 ZYJHK 2
b224 18:28:59.952 -29:35:16.80 4.00880-8.59759 ZYJHK 2
b225 18:31:57.120 -28:16:54.84 5.48250-8.59755 ZYJHK 2
b226 18:34:51.360 -26:58:27.84 6.95620 -8.59757 ZYJHK 3
b227 18:37:42.912 -25:39:56.88 8.42977 -8.59756 ZY JHK 2
b228 18:40:32.088 —24:21:21.96 9.90350-8.59757 ZYJHK 3
b229 17:54:12.456 -40:42:07.56 350.74383-7.50542 Y JHK 1
b230 17:57:56.496 -39:25:54.48 352.21380-7.50537 JHK, -
b231 18:01:33.792 -38:09:24.48 353.68363-7.50537 JHK, 1
b232 18:05:04.920 -36:52:38.28 355.15359-7.50541 JHK, 1
b233 18:08:30.312 -35:35:38.04 356.62342-7.50539 JHKs 1
b234 18:11:50.472 -34:18:24.48 358.09337-7.50535 JHK, 1
b235 18:15:05.832 -33:00:59.76 359.56322-7.50542 JHK, 2
b236 18:18:16.752 -31:43:24.24 1.03312-7.50538 ZYJHK 2
b237 18:21:23.640 -30:25:39.36 2.50307 -7.50541 ZYJHK 2
b238 18:24:26.808 —29:07:46.20 3.97300 -7.50540 JHKs 2
b239 18:27:26.568 -27:49:45.84 5.44287 -7.50536 JHKs 2
b240 18:30:23.256 —26:31:39.36 6.91271 -7.50540 JHKs 2
b241 18:33:17.136 -25:13:27.12 8.38261 -7.50541 JHK, 3
b242 18:36:08.472 -23:55:10.20 9.85251 -7.50542 JHK, 2
b243 17:49:13.848 —-40:09:29.16 350.74206-6.41324 Y JHK 1
b244 17:53:01.608 -38:53:51.72 352.20875-6.41323 JHKs -
b245 17:56:42.504 -37:37:54.84 353.67546-6.41323 JHKs 1
b246 18:00:17.064 -36:21:40.32 355.14219-6.41321 JHK, 1
b247 18:03:45.792 -35:05:09.96 356.60888-6.41323 JHK, 1
b248 18:07:09.120 -33:48:25.20 358.07550-6.41322 JHK, 1
b249 18:10:27.504 -32:31:27.12 359.54218-6.41323 JHKs 2
b250 18:13:41.328 -31:14:17.16 1.00886 —6.41325 ZYJHK 2
b251 18:16:50.952 -29:56:56.04 2.47562 -6.41319 JHK, 2
b252 18:19:56.736 -28:39:25.92 3.94224 -6.41326 JHK, 2
b253 18:22:58.968 -27:21:46.80 5.40892 -6.41319 JHK, 2
b254 18:25:58.008 —26:04:00.12 6.87563 -6.41325 JHKs 2
b255 18:28:54.072 —24:46:06.60 8.34231-6.41319 JHKs 3
b256 18:31:47.496 -23:28:07.32 9.80903 -6.41325 JHK, 2
b257 17:44:20.112 -39:36:02.16 350.74076-5.32104 JHK, 1
b258 17:48:11.328 -38:20:59.64 352.20485-5.32102 JHK, 1
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Table B.1: continued.

Tile  RA (J2000.0) DEC (J2000.0) longitude latitude FiltersKs epochs
name dd:mm:ss.sss  dd:mm:ss.ss degrees degrees completadleted
b259 17:51:55.560 -37:05:36.24 353.66885-5.32101 JHK, -
b260 17:55:33.360 -35:49:53.40 355.13291-5.32104 JHK, -
b261 17:59:05.184 -34:33:52.92 356.59692-5.32103 JHK, -
b262 18:02:31.512 -33:17:36.24 358.06096-5.32105 JHK, -
b263 18:05:52.752 -32:01:04.80 359.52500-5.32104 JHKs -
b264 18:09:09.288 -30:44:20.04 0.98899 -5.32099 JHK, -
b265 18:12:21.528 -29:27:23.40 2.45295 -5.32106 JHK, -
b266 18:15:29.784 -28:10:15.24 3.91703 -5.32105 JHK, -
b267 18:18:34.368 —26:52:57.36 5.38103-5.32101 JHK, -
b268 18:21:35.616 -25:35:30.48 6.84507 -5.32101 JHKs -
b269 18:24:33.792 -24:17:55.68 8.30909 -5.32100 JHK, 1
b270 18:27:29.184 -23:00:14.04 9.77309 -5.32107 ZYJHK 1
b271 17:39:31.128 -39:01:49.44 350.73953-4.22883 JHK, 1
b272 17:43:25.536 —-37:47:22.20 352.20141-4.22884 JHKs 1
b273 17:47:12.888 -36:32:31.92 353.66332-4.22886 JHK, 1
b274 17:50:53.688 -35:17:20.76 355.12516-4.22890 JHK, 1
b275 17:54:28.416 -34:01:49.80 356.58709-4.22886 JHK, 1
b276 17:57:57.528 -32:46:01.20 358.04898-4.22882 JHK, 1
b277 18:01:21.456 -31:29:56.40 359.51088-4.22881 JHKs 1
b278 18:04:40.584 -30:13:36.84 0.97275-4.22884 JHKs 1
b279 18:07:55.272 -28:57:03.60 2.43463 -4.22884 JHKs 1
b280 18:11:05.880 -27:40:17.76 3.89659 —-4.22886 JHK, 1
b281 18:14:12.696 -26:23:20.76 5.35849 -4.22883 JHK, 1
b282 18:17:16.056 —25:06:13.68 6.82039 -4.22886 JHK, 1
b283 18:20:16.224 —-23:48:57.60 8.28222 -4.22888 JHKs -
b284 18:23:13.488 -22:31:32.88 9.74416 -4.22889 JHKs -
b285 17:34:46.896 -38:26:51.72 350.73871-3.13666 JHK, -
b286 17:38:44.256 -37:12:59.40 352.19896-3.13670 JHK, -
b287 17:42:34.488 -35:58:41.88 353.65931-3.13670 JHK, -
b288 17:46:18.096 —34:44:01.68 355.11962-3.13673 ZYJHK -
b289 17:49:55.536 -33:29:00.24 356.57994-3.13668 ZY JHK 1
b290 17:53:27.288 -32:13:39.72 358.04023-3.13673 ZYJHK 1
b291 17:56:53.736 -30:58:01.20 359.50054-3.13672 ZY JHK -
b292 18:00:15.264 -29:42:06.12 0.96088 —3.13663 zY -
b293 18:03:32.280 -28:25:56.28 2.42120-3.13666 Y -
b294 18:06:45.096 -27:09:32.75 3.88150-3.13671 ZYJHK -
b295 18:09:54.024 -25:52:56.64 5.34179-3.13672 ZYJHK -
b296 18:12:59.352 -24:36:09.00 6.80204 -3.13666 ZY JHK -
b297 18:16:01.416 -23:19:10.92 8.26235-3.13668 ZY JHK 1
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Table B.1: continued.
Tile  RA (J2000.0) DEC (J2000.0) longitude latitude FiltersKs epochs
name dd:mm:ss.sss  dd:mm:ss.ss degrees degrees completadleted
b298 18:19:00.456 -22:02:03.12 9.72271 -3.13666 JHK, 1
b299 17:30:07.272 -37:51:11.88 350.73789-2.04453 JHK, -
b300 17:34:07.344 -36:37:53.76 352.19711-2.04451 JHK, -
b301 17:38:00.240 -35:24:09.00 353.65635-2.04453 ZYJHK -
b302 17:41:46.440 —-34:09:59.40 355.11565-2.04449 ZY JHK -
b303 17:45:26.424 -32:55:27.48 356.57487-2.04453 ZY JHK 1
b304 17:49:00.600 -31:40:34.32 358.03411-2.04446 ZY JHK 1
b305 17:52:29.424 -30:25:22.08 359.49334-2.04452 ZY JHK -
b306 17:55:53.256 -29:09:51.84 0.95261-2.04456 ZY JHK -
b307 17:59:12.432 -27:54:05.04 2.41186-2.04451 ZY JHK -
b308 18:02:27.312 -26:38:03.12 3.87111-2.04447 ZY JHK -
b309 18:05:38.232 -25:21:47.52 5.33034 -2.04451 ZY JHK -
b310 18:08:45.480 -24:05:18.96 6.78962 -2.04454 ZYJHK -
b311 18:11:49.320 —22:48:38.52 8.24891-2.04449 ZY JHK 1
b312 18:14:50.040 -21:31:47.64 9.70816 —2.04447 JHK, 1
b313 17:25:32.232 -37:14:49.92 350.73753-0.95236 JHK, 1
b314 17:29:34.800 -36:02:05.64 352.19625-0.95230 JHK, 1
b315 17:33:30.168 -34:48:52.92 353.65504-0.95232 JHK, 1
b316 17:37:18.768 —33:35:14.28 355.11368-0.95231 JHKs 1
b317 17:41:01.104 -32:21:10.80 356.57248-0.95229 JHKs 1
b318 17:44:37.584 -31:06:45.00 358.03121-0.95230 JHKs 1
b319 17:48:08.616 -29:51:58.32 359.48996-0.95233 JHK, 1
b320 17:51:34.560 -28:36:52.56 0.94861 -0.95235 JHK, 1
b321 17:54:55.800 -27:21:28.44 2.40742 -0.95234 JHK, 1
b322 17:58:12.648 -26:05:48.12 3.86612-0.95234 JHKs 1
b323 18:01:25.416 -24:49:52.68 5.32477 -0.95232 JHKs 1
b324 18:04:34.440 -23:33:42.84 6.78355 -0.95232 JHK, 1
b325 18:07:39.984 -22:17:20.40 8.24226 -0.95238 JHK, -
b326 18:10:42.288 -21:00:45.72 9.70101 -0.95231 JHK, -
b327 17:21:01.656 -36:37:48.00 350.73744 0.13984 JHK; 1
b328 17:25:06.528 -35:25:37.20 352.19621 0.13989 JHK; 1
b329 17:29:04.152 -34:12:56.52 353.65492 0.13987 JHK; -
b330 17:32:55.008 -32:59:47.76 355.11368 0.13984  JHK; -
b331 17:36:39.504 -31:46:13.08 356.57236  0.13988 JHK; -
b332 17:40:18.120 -30:32:14.28 358.03110 0.13982 JHK; -
b333 17:43:51.192 -29:17:52.80 359.48985 0.13988 JHK; -
b334 17:47:19.128 -28:03:10.80 0.94855 0.13988  JHKs -
b335 17:50:42.288 -26:48:09.36 240731 0.13985 JHKs -
b336 17:54:00.984 -25:32:49.92 3.86610 0.13985 JHKs -
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Table B.1: continued.

Tile  RA (J2000.0) DEC (J2000.0) longitude latitude FiltersKs epochs
name dd:mm:ss.sss  dd:mm:ss.ss degrees degrees completadleted
b337 17:57:15.528 -24:17:14.28 5.32478 0.13981  JHKs -
b338 18:00:26.208 -23:01:23.16 6.78348 0.13983  JHK, -
b339 18:03:33.336 —-21:45:17.64 8.24226  0.13983  JHKg 1
b340 18:06:37.152 -20:28:59.16 9.70099  0.13985 ZY JHK 1
b341 17:16:35.472 -36:00:07.56 350.73765 1.23203 ZY JHK 1
b342 17:20:42.432 -34:48:30.24 352.19686  1.23205 JHK; 1
b343 17:24:42.144 -33:36:20.88 353.65613 1.23203 JHK; 1
b344 17:28:35.040 -32:23:41.64 355.11542  1.23207 JHK; 1
b345 17:32:21.576 -31:10:35.04 356.57468 1.23205 JHK; 1
b346 17:36:02.160 -29:57:02.52 358.03399 1.23203 JHK; 1
b347 17:39:37.152 -28:43:06.24 359.49322  1.23206 JHK; 1
b348 17:43:06.960 -27:28:47.64 0.95251 1.23203  JHKs 1
b349 17:46:31.896 -26:14:08.52 241172 1.23201  JHKs 1
b350 17:49:52.296 -24:59:09.96 3.87096 1.23204 JHK; 1
b351 17:53:08.496 -23:43:53.40 5.33027 1.23202  JHKg -
b352 17:56:20.760 -22:28:20.28 6.78955  1.23201 ZY JHK -
b353 17:59:29.376 -21:12:31.68 8.24885  1.23202 ZY JHK -
b354 18:02:34.608 -19:56:29.04 9.70808  1.23199 ZY JHK -
b355 17:12:13.584 -35:21:49.68 350.73827  2.32427 ZY JHK 1
b356 17:16:22.488 —34:10:45.12 352.19857  2.32417 zY 1
b357 17:20:24.096 -32:59:06.36 353.65894  2.32423 zY -
b358 17:24:18.888 -31:46:56.64 355.11924  2.32422 zY -
b361 17:35:26.472 -28:07:39.36 359.50024 2.32421 zY -
b362 17:38:58.008 -26:53:43.80 0.96059  2.32418 ZY JHK —
b363 17:42:24.624 —25:39:25.92 2.42098  2.32420 ZY JHK -
b364 17:45:46.632 —24:24:47.88 3.88124  2.32419 ZY JHK -
b365 17:49:04.368 -23:09:50.40 5.34158  2.32416 ZY JHK -
b366 17:52:18.096 -21:54:34.92 6.80192 2.32418 JHKs 1
b367 17:55:28.104 -20:39:02.88 8.26224  2.32419  JHK 1
b368 17:58:34.656 -19:23:15.00 9.72265  2.32423  JHK; 1
b369 17:07:55.872 —-34:42:57.24 350.73892  3.41637 ZY JHK 1
b370 17:12:06.480 -33:32:24.36 352.20083  3.41644 ZY JHK 1
b371 17:16:09.864 -32:21:16.20 353.66280 3.41638 ZY JHK -
b372 17:20:06.384 -31:09:35.28 355.12466  3.41637 ZY JHK -
b373 17:23:56.496 -29:57:23.04 356.58663 3.41642 ZY JHK -
b374 17:27:40.584 -28:44:42.36 358.04853 3.41640 ZY JHK -
b375 17:31:19.032 -27:31:34.68 359.51046  3.41635 ZY JHK -
b376 17:34:52.152 -26:18:01.44 0.97243  3.41644 ZY JHK -
b377 17:38:20.328 -25:04:05.16 2.43434  3.41638 ZY JHK -
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Table B.1: continued.

Tile  RA (J2000.0) DEC (J2000.0) longitude latitude FiltersKs epochs
name dd:mm:ss.sss  dd:mm:ss.ss degrees degrees completadleted
b378 17:41:43.848 -23:49:46.56 3.89631 3.41638 ZY JHK
b379 17:45:03.024 -22:35:07.44 5.35828  3.41637 ZY JHK
b380 17:48:18.120 -21:20:09.24 6.82020 3.41640 ZY JHK
b381 17:51:29.424 -20:04:53.40 8.28204  3.41640 JHK;
b382 17:54:37.224 -18:49:20.64 9.74399 3.41636  JHK;
b383 17:03:42.216 -34:03:30.60 350.73979  4.50856 ZY JHK
b384 17:07:54.408 -32:53:29.40 352.20380 4.50857 JHK;
b385 17:11:59.352 -31:42:51.12 353.66783 4.50858 JHK;
b386 17:15:57.480 -30:31:37.92 355.13195 4.50860 JHKq
b387 17:19:49.176 -29:19:52.68 356.59597 4.50856 JHK;
b388 17:23:34.824 -28:07:36.84 358.06004 4.50857 JHK;
b389 17:27:14.784 -26:54:52.56 359.52411 4.50859 JHK;
b390 17:30:45.384 -25:43:05.52 0.96034 450854  JHKs
b391 17:34:15.096 —24:29:30.12 2.42444 450852  JHK;
b392 17:37:40.080 -23:15:31.32 3.88850 4.50858 JHKg
b393 17:41:00.672 -22:01:10.92 5.35253 4.50853 JHKs
b394 17:44:17.136 -20:46:29.64 6.81666 4.50854  JHKg
b395 17:47:29.736 -19:31:29.28 8.28074  4.50857 ZY JHK
b396 17:50:38.736 -18:16:11.28 9.74476  4.50855 ZY JHK
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