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Résumé : ’archéologie galactique consiste a disséquer et analyser les nombreuses com-
posantes de la Voie Lactée afin de mettre en évidence et distinguer les processus physiques
qui contribuent a sa formation et son évolution. Ceci est possible grace a une estimation
précise des positions, des vitesses ainsi que des propriétés de 1I’atmosphere stellaire des
étoiles individuelles qui appartiennent aux différents populations stellaires qui composent
chacune de ces composantes. De ce fait, ce domaine dépend non seulement d’observations
photométriques, astrométriques et spectroscopiques permettant de mesurer en détail les pro-
priétés stellaires mentionnées mais également de modeles théoriques précis afin de les con-
fronter avec les données observationnelles. Au cours de cette thése, j’ai mené une étude
détaillée sur les effets de fonction de sélection sur les abondances métalliques en utilisant
des sondages spectroscopiques aux grandes échelles, suivi d’observations spectroscopiques
de petites et grandes résolutions sur les parties internes de la Voie Lactée afin de caractériser
la nature chimique du bulbe galactique ainsi que le taux de formation stellaire dans la zone
centrale moléculaire (CMZ).

Avec les présents et futurs grands sondages dédiés a 1’archéologie galactique tels que
APOGEE, RAVE, LAMOST, GALAH, etc..., il est essentiel de connaitre la fonction de
sélection spécifique qui est associée a la stratégie de ciblage de chacun de ces sondages.
En utilisant des champs communs et des lignes de visée similaires entre APOGEE, LAM-
OST, GES et RAVE, et tout en considérant des modeles de syntheése de population stellaire,
J’ai étudié les effets de fonction de sélection sur la fonction de distribution de la métallic-
it¢ (MDF) et sur le gradient vertical de métallicité dans le voisinage solaire. Mes résultats
indiquent qu’il y a un négligeable effet de fonction de sélection sur la MDF ainsi que sur le
gradient vertical de métallicité. Ces résultats suggerent alors que différents sondages spec-
troscopiques (de différentes résolutions et de longueurs d’onde) peuvent A’tre combinés dans
des études similaires 2 condition que les métallicité soient placées sur la mA®me échelle.

Tandis que de plus en plus d’observations spectroscopiques des régions externes du bulbe
de la Voie Lactée révelent la complexité de sa morphologie, sa cinétique et de sa nature
chimique, les études détaillées sur les abondances chimiques de la région interne du bulbe
(400-500 pc) font en revanche défaut. Je présenterai alors des spectres de haute résolution
dans la bande K d’étoiles géantes K/M issues de cette région obscure et obtenus a partir du
spectrographe de haute résolution dans I’infrarouge, CRIRES (R-50,000) situé au VLT. Je
discuterai ensuite la MDF et les abondances chimiques détaillées de notre échantillon dans
cette région et également la symétrie Nord-Sud dans la MDF le long du petit axe du bulbe.

Un enjeu majeur dans les modeles d’évolution chimique est le manque de connaissance
vis a vis de I’histoire et du taux de la formation stellaire de la Voie Lactée. La partie centrale
de la Voie Lactée (<200 pc), appelée communément la zone centrale moléculaire, possede un
grand réservoir de gaz moléculaire avec des indications d’activités de formation stellaire du-
rant les 100 000 dernieres années. J’ai utilisé des spectres KMOS (VLT) de petite résolution
afin d’identifier et analyser les objects stellaires jeunes et massifs (YSOs) et afin d’estimer le
taux de formation stellaire dans la CMZ en utilisant la méthode de contage YSO.



Mots clefs: Voie Lactée, populations stellaires, sondages spectroscopiques, archéologie
galactique. Etoiles: abondances, "tardive" , pré-séquence principale, massive, diagramme
C-M. Galaxie: bulbe, centre, contenu stellaire.




Abstract : Galactic archaeology deals with dissecting the Milky Way into its various com-
ponents with the objective to disentangle processes contributing to the Milky Way formation
and evolution. This relies on precise estimation of positions, velocities as well as stellar at-
mosphere properties of individual stars belonging to different stellar populations that make
up each of these components. Thus this field relies on photometric, astrometric and spectro-
scopic observations to measure the above mentioned stellar properties in detail in addition
to accurate models to compare the observed results with. In this thesis, I have carried out
a detailed study of selection function effects on metallicity trends using larges scale spec-
troscopic surveys, followed by high and low resolution spectroscopic observations towards
the inner Milky Way to characterise the chemical nature of the inner Galactic bulge and to
measure the star formation rate in the central molecular zone (CMZ), respectively.

With ongoing and upcoming large Galactic archaeology spectroscopic surveys such as
APOGEE, RAVE, LAMOST, GALAH etc, it is essential to know the specific selection func-
tion which is related to the targeting strategy of each of them. By using common fields along
similar lines of sight between APOGEE, LAMOST, GES and RAVE, and together with stel-
lar population synthesis models, I investigate the selection function effect on the metallicity
distribution function (MDF) and the vertical metallicitiy gradients in the solar neighbor-
hood. My results indicate that there is negligible selection function effect on the MDF and
the vertical metallicity gradients. These results suggest that different spectroscopic surveys
(different resolutions and wavelength range) can be combined for such studies provided their
metallicities are put on the same scale.

While more and more spectroscopic observations of the outer bulge regions reveal the
complex morphological, kinematic and chemical nature of the Milky Way bulge, there is a
lack of detailed chemical abundances studies in the inner bulge region (400-500 pc). 1 will
present high resolution K-band spectra of K/M giants in this highly obscured region obtained
using the high resolution infrared spectrograph, CRIRES (R-50,000), on VLT. I will discuss
the MDF and detailed chemical abundances of our sample in this region as well as the North-
South symmetry in MDF along the bulge minor axis.

A major challenge in the chemical evolution models is the lack of knowledge about the star
formation history and the star formation rate in the Milky Way. The inner 200 pc of the Milky
way, the so called central molecular zone, has a large reservoir of molecular gas with the
evidence of star formation activity during the last 100,000 years. I used low resolution KMOS
spectra (VLT) to identify and analyse massive young stellar objects (YSOs) and estimated
the star formation rate in the CMZ using the YSO counting method.

Keywords: Milky Way, stellar populations, spectroscopic surveys, Galactic archaeology.
Stars:abundances, late-type, pre-main sequence, massive, C-M diagrams. Galaxy: Bulge,
center, stellar content.
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In this chapter, a brief overview of the Milky Way galaxy is given, with a little of its
history from observational perspective and in detail, the different components that constitute
the Milky Way. The main topic of this thesis, Galactic archaeology, is introduced focusing
on various observational surveys and certain models used for the Galactic excavation. The
inner kpc of the Milky Way, the region I explored in this thesis work, is introduced. Finally,
I present the goals of this thesis and the list of published works during this thesis.

1.1 An overview of the Milky Way Galaxy

The first image that comes to our mind on hearing the name "Milky Way" is the dim but
glowing band of light with dark patches arching across the dark night sky. This band of light
is our host Galaxy in which our star, the Sun, is just one among ~10'! stars. In addition to
these stars, various phases of gas as well as dust are part of the Milky way seen as diffuse
light patches and dark shady patches, respectively. The inherent curiosity of humans have
led to continuous efforts and advancements to decipher the Milky Way, and these investiga-
tions are still ongoing. It is interesting to map the way our understanding of the Milky Way
changed from generations to generations. I present a brief history of such findings, followed



2 Chapter 1. Introduction

Figure 1.1: The Galaxy model made by William Herschel based on star counts in different directions.
Image courtesy : Longair (2008)

by the current understanding that we have about the morphological structure and the stellar
populations constituting the different components of the Milky way.

1.1.1 A brief history : Milky Way from observations

Milky Way and its origin had a place in the mythology of ancient civilizations all over the
world. May that be the Hindu mythology - the story of the churning of the ocean of milk,
samudra manthan, that appears in ancient Hindu scriptures like Srimad Bhagavatam, the
Mahabharata and the Vishnu Purana. The more popular ones from the Greek Mythology
include the Milky Way being created by the Greek gods, not to mention the origin of the word
Galaxy from the greek word for milk, galaktos. There are numerous other old beliefs and
stories showing the interest and subsequent imaginations that the Milky Way has generated
in humans.

In the early 17" century, the father of modern observational astronomy, Galileo Galilei,
discovered that this nebulous band consists of innumerable stars based on his observations
through the telescope. This was followed up with speculative theories about solar systems,
orbiting of the Sun around the ’Divine Centre’ of the star system and hierarchical or fractal
models of the Universe by René Descartes (The World; 1636), Thomas Wright (An Origi-
nal Theory or New Hypothesis of the Universe; 1750), Immanuel Kant (1755) and Johann
Lambert (1761), respectively. All of these theories lacked observational validation.

A detailed observational study of the Milky Way star distribution was carried out by
William Herschel towards the end of the 18 century. He assumed that the stars observed
in different directions had the same intrinsic luminosities. Based on this, he presented his
famous picture of the structure of the Milky Way with a flattened disc of stars and the Sun
located close to its center, as shown in the Figure 1.1 His assumption of constant luminosity
for all stars was countered by John Mitchell, who advocated the existence of binary systems
as well as star clusters which would lead to a dispersion in intrinsic luminosities of stars.
Finally, William Herschel had to agree with John Mitchell’s conclusion when he measured
the magnitudes of visual binary stars in 1802.

Meanwhile, there have been speculations about the objects that show a diffuse or fuzzy
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appearance, differing from the stars. Most of them were considered to be ’island universes’
similar to the Milky Way that are too distant to be resolved. Charles Messier started catalogu-
ing many of these bright nebulae and the catalogue contains a mixture of brightest Galactic
and extra-galactic nebulae, commonly referred to by their Messier numbers. William Her-
schel and his sister Caroline also started a similar cataloguing of nebulae, continued by his
son John Herschel, which resulted in the publication of the General Catalogue of Nebulae
and Clusters of Stars in 1864. John Dreyer followed this up with the New General Catalogue
of Nebulae and Clusters of Stars in 1888, the objects of which are commonly referred to by
their NGC numbers.

It was in the year 1900 that the Milky Way was given the spiral arms for the first time
by Cornelius Easton, though his model galaxy was small and Sun-centered. Harlow Shapley
(1918, 1919) presented a much larger sized Galaxy, calculating the distances to globular
clusters using the period-luminosity relation discovered by Henrietta Leavitt for Cepheid
variable stars. He found the most distant globular cluster to be located at a distance of 67 kpc.
In addition, this meant that the spiral nebulae could hardly be comparable galactic systems,
rather they should belong to the enormously large Milky Way galaxy. At the same time, Heber
Curtis’s Milky Way was only 10 kpc across, with the Sun located at 3 kpc from the center.
He was also suggesting the spiral nebulae to be island universes citing the resemblance of the
spectrum of the average spiral nebula to that of the integrated spectrum of the Milky Way.
The questions about the true nature of the spiral nebulae (island universes or Milky Way
subsystems) together with that about the size/structure of the Milky Way, lead to the famous
"The Great Debate’ between Harlow Shapley and Heber Curtis in 1920.

The size/structure of the Milky Way was investigated by Jacobus Katpeyn with the de-
termination of the luminosity function of stars near the Sun based on star counts in different
directions without accounting for absorption by dust. His model of the Milky Way had a
flattened structure with the thickness of 1500 pc and extending about 8 times this size in the
Galactic plane, with the Sun located slightly off from the center. Though the debate was
unable to throw any significant light upon the issues, Edwin Hubble established that the spi-
ral nebulae are indeed distant extragalactic systems based on his observations of cepheid
variables in the Andromeda nebula. This was followed up with his finding in 1929 that the
extragalactic nebulae are moving away from the Milky Way with velocities that are propor-
tional to the distance from the Milky Way (Hubble, 1929). This discovery lead to the theory
of Big Bang cosmology and eventually the lambda cold dark matter (\-CDM) models which
describes our current understanding of the formation of the expanding Universe and the struc-
tures in it. I will summarise them in the context of Galaxy formation in the section 1.1.2.

1.1.2 Lambda Cold Dark Matter model

According to the Big Bang cosmology, the Universe must have started from a hot and dense
state (Lemaitre, 1931) and experienced inflation (a period of rapid exponential expansion
~picosecond after the Big Bang) that lead to the primordial density enhancements in the form
of quantum fluctuations to become the seeds of all structure formation. Various observations
in the 20" century contributed to the validation of the Big Bang picture of formation and
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evolution of the Universe : the discovery of the expansion of galaxies by Hubble, the obser-
vational evidence of the cosmic microwave background radiation (CMB, the cooled remnant
of the Universe’s very hot early phases; Penzias and Wilson (1965); Dicke et al. (1965)) and
the finding that the Big Bang nucleosynthesis could account for the cosmic abundances of
the light isotope of helium, 3He, deuterium, D, and lithium, "Li.

The temperature fluctuations/intensity distributions in the CMB gave an insight into the
density fluctuations at the epoch of recombination (formation of neutral hydrogen from elec-
trons and protons; z~1100) that lead to the proposal of two processes by which the present
structures in the Universe formed. Both the processes agreed that the very small anisotropies
in the CMB could not support a pure-baryonic universe from which the galaxies form (Sun-
yaev and Zeldovich, 1970). Around the same time, Rubin and Ford (1970) found a flat rota-
tion curve for Andromeda, M31, indicating the presence of non interacting matter or dark
matter’. One of the process was the hot dark matter model/top-down process of galaxy for-
mation in which the Universe was dominated by neutrinos in the pre-recombination era and
they were relativistic when they decoupled from the primordial plasma. In this model, the
small-scale structures formed by the fragmentation of the larger scale structures and galaxies,
stars etc formed at relatively later epochs (Doroshkevich et al., 1980a,b). The other process
was the cold dark matter model/bottom-up process in which matter was cold, meaning they
decoupled from the thermal background once they became non-relativistic. Based on this
model, small-scale structures came together to form larger structures by hierarchical cluster-
ing and stars, galaxies etc form at much earlier epochs.

The evidence of the accelerating universe from the cosmological distance estimates of
Type 1a supernovae (Riess et al., 1998; Perlmutter et al., 1999) lead to the inclusion of the
cosmological constant, A, in the CDM models representing the influence of the ’dark en-
ergy’ in the acceleration. In addition, the detailed power spectrum of the fluctuations in the
CMB from WMAP (Bennett et al. 2003; Spergel et al. 2003) helped to determine the cos-
mological parameters. The latest values of cosmological parameters have been determined
by the Planck observations of temperature and polarization anisotropies of the CMB (Planck
Collaboration et al., 2016) : Hubble constant, Hy = 67.81+0.92, density parameters, 1) =
0.692+0.012, ©2,,, = 0.308+0.012, and age of 13.799+0.038 Gyr.

Thus the A\CDM model was widely accepted to explain the current structure formation
from the tiny fluctuations in the cold dark matter density distribution, that formed cold dark
matter halos through mergers and accretion. These halos provide deep gravitational potential
wells driving the baryons to collapse onto them, eventually evolving into structures that we
see today as stars, galaxies and clusters. There are still unresolved issues in the ACDM
model like the missing satellites problem where the models predict larger number of satellite
galaxies than it has been observed around the Milky Way (Klypin et al., 1999).

Now that the general picture of structure formation in the Universe is introduced, I will
move on to the different structural components of the Milky Way that are considered to be
the relics of the Galaxy’s formation and evolution processes.
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Figure 1.2: The Hubble sequence of galaxies as presented in The Realm of the Nebulae.

1.1.3 Components of the Milky Way

From the observations of the spiral nebulae, Edwin Hubble designed the Hubble sequence
or the tuning fork diagram showing the morphological scheme of galaxies in The Realm of
the Nebulae (Hubble, 1936), as shown in the Figure 1.2. The Milky Way was identified to
be a SBb type barred spiral galaxy according to the Hubble sequence.

Currently we know that the Milky Way is one among the two dominant spiral galaxies
in the Local Group. The Local Group is a collection of spiral and dwarf galaxies, which in
turn is a part of the Virgo supercluster of galaxies. Currently, the Milky Way is also found
to be interacting with atleast three satellite galaxies : Sagittarius dwarf galaxy (Sgr), small
and large magellanic clouds (SMC and LMC). The total stellar mass of the Milky Way has
been estimated to be ~5x10° M, (Bland-Hawthorn and Gerhard, 2016). This stellar mass
is distributed among four components that resulted from the different stages of the Galaxy’s
formation process : halo, bulge, thin and thick disc. These components are considered to
be axisymmetric, while bars and spiral arms are two main non-axisymmetric and rotating
components of the Milky Way. Figure 1.3 shows the rough schematic of the edge-on view
of the Milky Way as per our current understanding. The IAU standard for the distance of
the Sun from the Galactic center is Ry=8.5 kpc, while I have used the value of Ry=8.0kpc
(Boehle et al., 2016; Gillessen et al., 2017) in this thesis.

In the following subsections, I will give a brief overview of the structural details of the
Milky Way components, their approximate morphology and the nature of their encompass-
ing stellar populations as inferred from observations as well as comparisons with extensive
models.
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Figure 1.3: A rough diagram showing the components of the Milky Way. Image courtesy : SolSta-
tion.com

Halo

The stellar halo of the Milky Way is considered to be one of the oldest components, composed
of old stars (RR Lyrae, blue horizontal branch stars etc) moving on eccentric orbits and
globular clusters with the metallicities of local halo stars peaking at ~-1.6 dex and extending
below [Fe/H]~-3 dex (Ryan and Norris, 1991). There are also evidences of past mergers of
satellite galaxies, in the form of numerous stellar streams and overdensities (Helmi, 2008;
Bell et al., 2008).

In general, the stellar halo is believed to have formed during the initial dissipative collapse
of gaseous cloud (Eggen etal., 1962), followed by the subsequent mergers of satellite galaxies
(Searle and Zinn, 1978). The Milky Way halo can be divided into inner and outer halo based
on their spatial stellar distribution, kinematics, chemical abundance distribution, age gradient
and their inferred formation scenario. The inner halo has a flattened but smooth structure with
stars distributed within 15 to 20 kpc from the Galactic center and ~3 kpc from the Galactic
mid-plane. Meanwhile, the outer halo stars show a spheroidal distribution at distances of
20kpc away from the Galactic center at similar heights as the inner halo. The stars in the
inner halo exhibit a slight prograde rotation and exhibit a peak metallicity, [Fe/H] = -1.6 dex
while within the outer halo, stars rotate in a retrograde fashion with metallicities peaking at
[Fe/H] = -2.2 dex (Carollo et al., 2007; Ferndndez-Alvar et al., 2015). In addition, an age
gradient is observed with the inner halo being older having formed during the dissipative
collapse of initial gas clouds and younger outer halo population, formed via mergers and
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accretion of satellite galaxies (Santucci et al., 2015; Carollo et al., 2016; Das et al., 2016).

In addition to the field halo stars, old globular clusters have been commonly used in the
determination of the above mentioned global properties, to interpret the formation scenarios
of the halo as well as to distinguish between the inner and outer halo (Searle and Zinn, 1978;
Deason et al., 2011). The estimated mass of the stellar halo from main sequence stars and
mass-to-light ratio of globular clusters, within radial distance of ~45 kpc, is about from 4-
7x108 Mg (Bell et al., 2008; Deason et al., 2011).

Bulge

The Milky Way bulge is located within 3 — 4 kpc from the Galactic center and on average
harbors old stars (Ortolani et al., 1995; Clarkson et al., 2008; Rich, 2013; Origlia, 2014;
Ness and Freeman, 2016; Zoccali and Valenti, 2016; Bernard et al., 2018). The estimated
stellar mass is around 1.2 — 1.6 x 1019 My, and constitutes nearly 15% of the total luminosity
(Portail et al., 2015). At the same time, the bulge does not show the spheroidal morphology
of the classical bulge, as would have been expected for a structure built through dissipative
collapse of a primordial gas cloud or through early mergers. Instead, boxy/peanut shaped
(B/P) or X-shaped morphology is exhibited by the stellar populations in the bulge (red clump
stars in particular) as revealed by photometric surveys (COBE/DIRBE: Weiland et al. 1994,
2MASS: McWilliam and Rich 1994, OGLE-III: Nataf et al. 2010, VVV: Wegg and Gerhard
2013; Valenti et al. 2016). The X-shape of the bulge gets prominent at a height of 400 pc
from the Galactic mid-plane (Nataf et al., 2010; Wegg and Gerhard, 2013; Gonzalez et al.,
2015a) in the form of the bimodal distance distribution of red clump stars representing the
near and far-sides of the peanut shaped bulge. Within the bulge, there is a longer and flatter
bar oriented at an angle between 20° and 30° with respect to the Sun-Galactic center direction
(Shen et al., 2010; Wegg and Gerhard, 2013). The B/P or X-shaped morphology of the bulge
is considered to be the manifestation of the stellar bar that evolved secularly after buckling
(Combes and Sanders, 1981; Athanassoula, 2005; Ness et al., 2012; Di Matteo et al., 2014).

The bulge stars show multi modal metallicity distribution with [Fe/H] between -1.5 dex
and 0.6 dex (Ness et al., 2013a; Rojas-Arriagada et al., 2017; Zoccali et al., 2017) indicating
the presence of multiple components of stellar populations. The different proportion of these
multiple components with height above the Galactic mid-plane has also resulted in the find-
ing of a vertical metallicity gradient (Zoccali et al., 2008b; Gonzalez et al., 2011; Ness et al.,
2013a). The bulge stars are also found to be v enhanced suggesting a rapid chemical en-
richment(Zoccali et al., 2017). Meanwhile, the cylindrical rotation exhibited by bulge stars
in the outer bulge fields (BRAVA: Kunder et al. 2012, ARGOS: Ness et al. 2013b, GIBS:
Zoccali et al. 2014) have been successfully reproduced using N-body simulations of pure
thin-disc models (Shen et al., 2010; Martinez-Valpuesta and Gerhard, 2011; Gardner et al.,
2014; Di Matteo et al., 2015) as the result of secular evolution of disc. Thus, this scenario is
able to explain not only the morphology but also the chemical and kinematic properties of
bulge stars with [Fe/H] >-0.5 dex to an extent, whereas it is unable to account for the metal-
poor bulge ([Fe/H] <-0.5 dex) stars that shows an extended, centrally concentrated spheroidal
distribution (Zoccali et al., 2017). However, Di Matteo et al. (2014, 2015); Di Matteo (2016);
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Fragkoudi et al. (2017) have suggested using N-body simulations that the Milky Way bulge is
the result of the mapping of the "thin + thick" disc of the Galaxy into the boxy/peanut-shaped
structure and thus also explain the origin of metal-poor stars to be from the thick disc metal-
poor population (and see also Athanassoula et al. (2016); Debattista et al. (2017) for similar
findings using hydrodynamic simulations). To summarise, it can be assumed that the bulge
formation and evolution have been very complex with contributions from more than any one
of the above mentioned processes. Thus, the Milky bulge is a very active research field ex-
plored in detail using observations as well as models. A part of this thesis will be focusing
on a comparatively unexplored region of the bulge, the inner bulge (|b|<3°), where high dust
extinction prevents optical observations. I will introduce this region in the Section 1.3 and
discuss my work in more detail in the Chapter 3.

Disc(s)

The Galactic disc hosts the maximum of the baryonic content in the Milky Way in the form
of gas as well as stars located in the spiral arms. The disc mass was estimated to be ~10'! M
by Kafle et al. (2014) using the kinematic data of K-giant stars from the Sloan Extension for
Galactic Understanding and Exploration (SEGUE).

Initial investigations of the disc morphology and structure have been carried out based on
the stellar density/star counts and luminosity profiles of disc stars in the vertical and radial
directions for the Milky Way as well as external galaxies. Based on the photometric ob-
servations of disc stars in the vertical direction towards the North and South Galactic poles
(Yoshii, 1982; Gilmore and Reid, 1983), it was found that an exponential profile could fit the
observed stellar density profile but with an extra component to account for the excess of the
observed stars/light emission. Thus the disc was decomposed into two components : thin
and thick discs, with scale heights of ~300 pc and ~1450 pc respectively (Gilmore and Reid,
1983). Later, Juri¢ et al. (2008) refined the scale height of thick disc to ~900 pc based on the
density profiles of M dwarfs from SDSS. Bland-Hawthorn and Gerhard (2016) compiled the
main papers on the scale height, scale length estimates at R finding 0.3,2.6 kpc and 0.9,
2.0kpc as the scale height and scale length for thick and thin discs, respectively.

However, these classifications into thin and thick discs were purely based on geometry,
and it was important to include the abundance as well as kinematic information of the stars in
this classification to shed some light on the disc formation and evolution. Thus later studies
found the thick disc to be older (Bensby et al., 2005), kinematically hotter (Gilmore et al.,
2002; Kordopatis et al., 2013), more metal poor and enhanced in e abundances (Reddy et al.,
2006; Haywood, 2008; Recio-Blanco et al., 2014) compared to that of the thin disc. Using
mono abundance populations of dwarfs in SEGUE, Bovy et al. (2012) showed that the thick
disc corresponds to the high [a/Fe], low [Fe/H] population with longer scale height and
shorter scale length (~2kpc), while the low [«a/Fe], high [Fe/H] population with shorter
scale height and longer scale length (~3.6 kpc) represents the thin disc. But the variation
of [a/Fe] sequence in the [a/Fe] vs [Fe/H] plane across the disc from inner to outer parts
of the Milky Way (Hayden et al., 2015) have shown that the chemical patterns found at the
Solar radius are not representative of the whole disc. Very recently, Hayden et al. (2017)
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argued that the current chemical definitions of thin and thick discs are misleading as they
found significant age overlap of low and high « sequences for main sequence turn off and
sub giant stars in the solar neighbourhood. They attribute this to the radial mixing (through
churning and/or blurring, Sellwood and Binney 2002; Schonrich and Binney 2009) of stellar
populations from inner and outer discs at the solar position as suggested by Haywood et al.
(2013). These results suggests that the thin-thick disc naming convention is valid only in the
geometrical context, while the chemical patterns in the [a/Fe] vs [Fe/H] plane suggest the
division of disc into inner and outer disc.

An inside-out formation scenario for the disc with old stellar population dominating the
inner disc and younger stellar population in the outer disc is supported by observations. Still,
the existence of the geometrical thick disc component raises a question about the disc forma-
tion and evolution. Adhering to the hierarchical structure formation in the A\CDM paradigm,
several external mechanisms have been invoked to explain the thick disc formation : accre-
tion of dwarf galaxies and stars from a disrupted satellite galaxy (Statler, 1988; Abadi et al.,
2003), minor merger resulting in the heating of pre-existing thin disc (Quinn et al., 1993;
Villalobos and Helmi, 2008) or merger induced star formation (Brook et al., 2004). Inter-
nal formation mechanisms like radial migration (Sellwood and Binney, 2002; Schonrich and
Binney, 2009) and clumpy disc or turbulence dominated disc evolution (Bournaud et al.,
2009) have also been introduced to explain the thick disc.

The disc formation and evolution is not discussed in detail in this thesis. [ will focus on the
vertical metallicity gradient as well as the metallicity distribution function of the disc stellar
population in the solar neighbourhood in the chapter 2 in the context of Galactic archaeology
and related surveys (see Section 1.2 below)

1.2 Galactic archaeology

As described in the Section 1.1.3 above, our understanding about the Milky Way formation,
evolution, the contribution of various Milky Way components and their exact order of for-
mation is still intuitive. Galactic archaeology deals with dissecting the Milky Way into its
various components (Freeman and Bland-Hawthorn, 2002) with the objective to disentan-
gle processes contributing to the Milky Way formation and evolution. This relies on precise
estimation of stellar atmosphere properties of individual stars belonging to different stellar
populations that make up each of these components. Stellar atmospheres retain the compo-
sition of chemical elements present in the interstellar medium at the time and place of their
formation. Their orbital distributions, kinematics and ages are other reliable parameters that
encode the evidences about the various physical processes that contribute to the formation
and evolution of individual Milky Way components. Thus tracing chemical abundances of
individual stars combined with their kinematic properties, ages and current phase-space dis-
tribution is an important part of the Galactic archaeology.

Galactic archaeology studies rely on all sky photometric, astrometric and large scale spec-
troscopic surveys to measure the detailed properties, i.e., six dimensional phase-space dis-
tribution, age and elemental abundances of a large number of stars. We also need stellar
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Figure 1.4: A schematic overview showing the logical dependencies between the stellar observables
in Galactic surveys (thick dotted ovals) and the main desired parameters for each star (thin dashed
ovals). The desired properties of each star include distance from the Sun (D), dust extinction (Ay/), age
(tage), abundances (Z) and mass (M,,). The basic observables are line-of-sight-velocity (v;,) , proper
motions (u), parallax (7), multi-band photometry (m)) and photospheric parameters derived from
spectra (1.¢ , log g, abundances, Z). Stellar isochrones and stellar atmospheric models are used to
determine the probability of the stellar observables for a given set of desired properties, for which prior
probabilities are obtained from our notions about star formation (e.g. IMF), the the Galaxy structure
and various constraints on the dust distribution. This model still makes a number of simplifications.
Image and caption courtesy : Rix and Bovy (2013)
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population synthesis models to account for the target selection biases in these surveys, and
chemical evolution models to test various Galactic formation and evolution scenarios. These
models in turn depends on our approximate idea about the star formation rate (SFR), star for-
mation history (SFH), initial mass function (IMF), age-metallicity relations, isochrones and
stellar atmosphere models. A rough schematic overview from Rix and Bovy (2013) is shown
in the Figure 1.4 describing the way stellar parameters are constrained from observables in
Milky Way surveys.

In the following subsections, I will introduce various photometric and spectroscopic sur-
veys which have been used in this thesis as well as a few other current and ongoing surveys.
A brief description about stellar population synthesis and chemical evolution models are also
given.

1.2.1 Photometric surveys

There are many imaging and photometric surveys of the Milky Way covering multiple ranges
of wavelengths, that estimate flux density of point sources and provide detailed catalogs.
These catalaogs can be used as input photometric catalogs for target selection in comple-
mentary Milky Way spectroscopic surveys. In this subsection, I will introduce few surveys
that have been used as input photometric catalog for spectroscopic surveys listed in subsec-
tion 1.2.2, which in turn have been used for my study involving the selection function in
Chapter 2. I will also introduce a few mid and near infrared photometric catalogs that are
not part of big surveys, but have been used in detail in the Chapters 3 and 4.

2MASS

The Two-Micron All Sky Survey (2MASS) is an all sky near infrared photometric survey
covering JHK bands with 100 Vega-based limiting magnitudes of J = 15.8, H = 15.1 and
K = 14.3 with a spatial resolution of 4" (Skrutskie et al., 2006). Observations were carried
out using 1.3 m telescopes at Mt. Hopkins and CTIO, Chile. 2MASS provides full sky
coverage (> 10,000 square degree) and the 2MASS point source catalogue contains positional
and photometric information for nearly half a billion sources (mostly stars). The 2MASS
photometric catalog have been used as input catalog for spectroscopic surveys like APOGEE.

SDSS

The Sloan Digital Sky Survey (SDSS) is an imaging + spectroscopy survey that focused on
galaxy evolution, quasars etc, with the photmetric survey covering uptoone quarter of the
celestial sphere in the north Galactic cap and a smaller area of ~225 square degree in the
southern Galactic hemisphere (York et al., 2000; Stoughton et al., 2002). Observations are
carried out in five optical bands, ugriz, in AB, system with completeness of ~99.3% at the
bright end, dropping down to 95% at magnitudes of 22.1, 22.4, 22.1, 21.2 and 20.3 in u,g,r,i
and z respectively with approximate spatial resolution of 1".
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VHS

The VISTA Hemisphere Survey (VHS) is a near infrared survey of the southern hemisphere
covering an area of ~20,000 square degrees in J and Kg wavebands with 5o Vega-based point
source limits of J = 20.2 and Kg = 18.1, resulting in a depth 30 times fainter than the 2MASS
in the same bands and a spatial resolution of 0.339”per pixel. An area of ~5000 square
degrees in the South Galactic cap is imaged more deeply including H band with 5o limits of
J=20.6, H=19.8 and Kg = 18.5 (McMahon et al., 2013). As the name indicates, the survey
is being carried out using the 4.1 m Visible and Infrared Survey Telescope (VISTA) located
at the Paranal Observatory in Chile. VHS is used as input photometric catalog for Gaia ESO
survey (GES).

\AAY

The Vista Variables in the Via Lactea (VVV) is an infrared variability survey of the Milky
Way bulge and a part of the disc, performed at the 4.1 m VISTA in five passbands : Z, Y,
J, H, Kg (Minniti et al., 2010). VVV provide photometry for 10° point sources, among
which there are 10° expected variable sources with repeated observations over 2010-2015.
Using RR Lyrae stars as distance calibrators, VVV will provide the 3D map of its surveyed
region, in addition to variable source detection, search for micro lensing events, estimate dust
extinction etc (Saito et al., 2012). VVV is also used in the photometric selection function
and ancillary photometric catalogs of the Gaia-ESO survey bulge felds.

Spitzer GLIMPSE and MIPSGAL

Infrared Array Camera (IRAC; Fazio et al. 2004) and Multiband Imaging Photometer (MIPS;
Rieke et al. 2004) are two instruments onboard the Spitzer Space Telescope (Werner et al.,
2004), which is a space-borne telescope with 0.85 m aperture. IRAC obtains simultaneous
broadband images at 3.6, 4.5, 5.8 and 8 um. All four detector arrays in the camera are 256 x
256 pixels in size, and the FWHM of the point spread function are 1".6, 1".6, 1".8 and 1".9 at
3.6,4.5,5.8 and 8.0 um, respectively. MIPS covers longer wavelengths with imaging bands at
24,70 and 160 um and very low resolution spectral energy distribution (SED) spectroscopy
from 52 to 100 um. MIPS achieves telescope-limited resolutions of 6", 18" and 40" at 24,
70 and 160 pm, respectively.

The Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE; Churchwell
et al. 2009a) is one of the legacy programs of the Spitzer Space Telescope that uses IRAC
observations to get a deeper understanding of the physics of interstellar dust, star formation,
and the large-scale structure of the Milky Way as traced by stars. GLIMPSE consists of three
surveys : GLIMPSE I covering an area of 220 deg? of the Galactic plane from longitudes ]|
= 10° to 65°, GLIMPSE II fully imaging the inner 20° of the Galactic plane and GLIMPSE
3D extending the GLIMPSE I & II latitude coverage to +3° at nine selected latitudes and to
+4° within 2° of the Galactic center.

MIPSGAL (Carey et al., 2009) is another legacy program of the Spitzer Space Tele-
scope that covers 278 deg? of the inner Galactic plane using the 24 and 70 ym bands of the
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MIPS instrument. MIPSGAL provides far-infrared/submillimeter measurements for both
point sources and diffuse emission, complementary to their observations in near infrared
regime using 2MASS and GLIMPSE.

1.2.2 Spectroscopic surveys

Spectroscopic surveys of the Milky Way focusing on Galactic archaeology mainly observe
in narrow spectral bands covering optical to near infrared wavebands chosen depending on
their science goals and the area/component of the Milky Way being studied. The spectral
resolution and quality of the spectra obtained from these surveys vary depending upon the
instruments they use and the time they dedicate for observations respectively. Many of the
latest surveys observe multiple targets simultaneously using dedicated multi-fiber observing
plates and have dedicated pipelines to carry out spectral data reduction. They also provide
final catalogs containing the reduced stellar parameters like effective temperature (7.g ), sur-
face gravity (log g) and abundances for various elements (iron peak elements, alpha elements,
odd-z elements etc). Below, I will briefly explain various surveys focusing mainly on few
spectroscopic surveys whose data have been used in this thesis (see Chapter 2)

APOGEE

The Apache Point Observatory Galactic Evolution Experiment (APOGEE; Majewski et al.
2017) is one of the four programs in the Sloan Digital Sky Survey III (SDSS-III; Eisen-
stein et al. 2011), which performed a three-year survey of our Galaxy using the Sloan 2.5 m
Telescope at the Apache Point Observatory (APO). APOGEE observed in the near-infrared
H-band (1.5 pm — 1.7 um) at high spectral resolution (R ~ 22500) and high signal-to-noise
ratios, S/N (>100). APOGEE was designed to obtain precise and accurate radial velocities
and chemical abundances for ~10° red giant branch stars, red clump stars and asymptotic
giant branch stars in the dust-enshrouded Galactic mid plane and inner Galaxy regions, typ-
ically ignored by optical surveys.

The survey made use of the standard SDSS plugplates designed with holes for 300 APOGEE
fibers, with ~230 fibers placed on science targets and ~70 fibers reserved for telluric absorp-
tion calibrators and airglow emission calibration positions. Each plate has a field of view
(FOV) ranging from 1-3°; the number of visits per field varied from 1 to ~24 depending on
the type and location of the field. The targeting strategy of APOGEE involved grouping of
stars into sets based on their apparent H-band magnitudes, called "cohorts", with the aim
of obtaining desired S/N for all the stars in the cohort. Cohorts are categorised into short,
medium and long in the increasing order of their number of visits. The brightest set of stars
belong to the short cohorts, implying fewer number of visits than fainter ones that are in the
medium and long cohorts. Each plate is drilled with a "design", made up of a particular com-
bination of cohorts, which is associated with only one field (Zasowski et al., 2013). T will
explain the color and magnitude cuts used for APOGEE target selection in the Chapter 2.

The APOGEE Stellar Parameters and Chemical Abundances Pipeline (ASPCAP; Garcia
Pérez et al. 2016) is used to determine the stellar parameters and chemical abundances of up
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to 15 elements based on a y? minimization between observed and synthetic model spectra.
There have been 5 public data releases of APOGEE starting from DR10 to DR14. In this
work, I use the DR13 catalogue of APOGEE.

The APOGEE-2 survey (Majewski et al., 2016) is part of the Sloan Digital Sky Survey IV
(SDSS-1V) and a successor to APOGEE, with the plan to observe the Northern (APOGEE-
2N) and Southern (APOGEE-2S) hemispheres. The APOGEE-2N survey is carried out by
the same telescope and instrument as the APOGEE, while a second observing station, the du
Pont 2.5-m telescope at Las Campanas Observatory (LCO) with a similar spectrograph have
been used for APOGEE-2S. Thus APOGEE-2 aims to expand the original APOGEE sample
in both distance and spatial coverage, in addition to the inclusion of diverse target objects
and scientific goals.

RAVE

The RAdial Velocity Experiment (RAVE) (Steinmetz et al., 2006) is a multi-fibre spectro-
scopic survey that covers the entire southern celestial hemisphere except at low |b| and |/|. The
observations were carried out at the Anglo-Australian Observatory (AAO) in Siding Spring,
Australia, using the 1.2 m UK Schmidt telescope. A 6° field multi-object spectrograph was
used to obtain the spectra in the infrared Call-triplet region (8410 A< \ < 8795 A) with a
spectral resolution of R~7500. Three field plates with 150 robotically positioned fibers have
been used in turn for observations.

RAVE was designed to decipher the chemical and dynamical evolution of the Galaxy,
using the local dwarfs as well as giant stars. The limiting magnitude of I~12 limit the most
apparently bright targets to the thin and thick discs. RAVE was designed to be a precursor
to Gaia, with the RAVE wavelength range matching to that of the Gaia Radial Velocity
Spectrometer. In addition to the Ca II IR triplet lines, there are iron, silicon, magnesium
and titanium lines that provide an estimate of the alpha element abundance, [a/Fe], as well
as overall metallicity, [Fe/H]. RAVE data have been used to advance our understanding of
the Milky Way disc (Kordopatis, 2014), to estimate the Milky Way mass from extreme high
velocity stars (Piffl et al., 2014b), determine the local dark matter density (Piffl et al., 2014a),
to detect signatures of radial migration (Wojno et al., 2016) etc.

RAVE provides radial velocities and stellar parameters complementing the surveys that
focus on astrometric information. The stellar atmospheric parameters were estimated using
the pipeline designed for the RAVE spectra (Kordopatis et al., 2011, 2013) making use of the
MATrix Inversion for Spectral SynthEsis algorithm (MATISSE, Recio-Blanco et al. 2006)
and the DEcision tree alGorithm for AStrophysics (DEGAS). There have been 5 data releases
of RAVE providing the stellar atmospheric parameters, radial velocities and individual abun-
dances for more than 400,000 unique stars. I use the DR4 version of the RAVE data in this
work.
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GES

The Gaia-ESO survey (GES) is a ESO spectroscopic survey aimed at targeting ~10° stars
covering the major components of the Milky way (Gilmore et al., 2012). The observations are
carried out using the Fibre Large Array Multi Element Spectrograph (FLAMES) (Pasquini
et al., 2002) on the Very Large Telescope array (VLT) in Cerro Paranal, Chile. This fibre
facility has a FoV of 25 arcmin diameter for two different spectrographs, GIRAFFE and
UVES.

GES was designed to advance our knowledge of the Galactic and stellar evolution by
quantifying the kinematic and multi-element chemical abundance distribution functions of
the Milky Way components (bulge, halo, thin and thick discs). Blue F stars in the halo, redder
F stars in the thick disc and K giants in the bulge fields as well as outer thin disc, warp, flare
etc. have been targeted. The Field survey has been carried out mainly with GIRAFFE for
~10° stars to V<20 mag, making use of its two mid resolution setups, HR10 (Ca IT IR triplet)
and HR21 (~540nm), that include a number of Fe I and Fe II lines as well as lines of several
a-elements such as Ca, Mg etc. UVES, with its red (300-500 nm) and blue (420-1100 nm)
high resolution setups, have been used in parallel to observe ~10* G-type stars to V<15 mag.
GES also observed a significant sample of open cluster populations of all accessible cluster
ages and stellar masses. UVES fibers have been allocated to pre-main sequence or zero age
main sequence G and K-type cluster members, while GIRAFFE fibers targeted K and M-type
cluster members.

The stellar parameters were derived by different nodes (using MATISSE, SME: Valenti
and Piskunov 1996 and FERRE: Allende Prieto et al. 2006 codes for GIRAFFE spectra, and
about a dozen different methods for UVES spectra). The final recommended GES parameters
come from a careful homogenization and calibration of the different results for a given star.
There have been four public data releases of GES, DR1 to DR4, with data from DR4 used in
this thesis.

LAMOST

The Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST) is another ex-
tensive ground-based spectroscopic survey of the Galaxy being carried out with the Guo
Shou Jing reflecting Schmidt Telescope. It is equipped with 16 low resolution spectrographs
capable of recording the spectra of up to 4000 objects simultaneously in a FOV of 5°, cover-
ing all optical wavelengths with a spectral resolution of ~1800 (Cui et al., 2012; Zhao et al.,
2012). The survey contains the LAMOST ExtraGAlactic Survey (LEGAS) and the LAM-
OST Experiment for Galactic Understanding and Exploration (LEGUE : Deng et al. 2012;
Smith et al. 2012), which itself is composed of three separate surveys with different input
catalogues and target selection criteria.

Stars have been targeted using bright, medium and faint plates, with limiting magnitudes
set at 14< r < 16.3, 16.3< r < 17.8 and 17.8< r < 18.5. Restricted number of faint plates
have been observed constrained by the observing condition at the site. The main survey
goals include determining the basic stellar parameters of nearly 7 million stars belonging to
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thin, thick discs and halo, map out the star density distribution for Galactic disc and halo
in multi dimensional phase space, identify possible phase-space substructures and decipher
the contributions of mergers and accretion to the Galactic stellar spheroid, measure the local
dark matter density in the solar neighborhood etc. (Liu et al., 2015).

The LAMOST survey has collected more than 5 million low resolution stellar spectra and
provides basic parameters, including radial velocity, effective temperature, surface gravity
and metallicity determined with the LAMOST Stellar Parameter Pipeline (LASP) (Wu et al.,
2011). There have been three public data releases of LAMOST, and I use the data from the
DR?2 catalog in this thesis.

GIBS

The GIRAFFE Inner Bulge Survey (GIBS) is carried out using the GIRAFFE spectrograph
of the FLAMES instrument at the ESO Very Large Telescope (VLT) targeting red clump stars
in the Milky Way Bulge (Zoccali et al., 2014). The survey aims top derive the metallicity and
radial velocity of bulge stars located in the in the region of Galactic longitude range ~ -10° to
+10° and latitude range ~ -10° to +5°, same as those mapped by the VVV survey. Hence the
targets of 200—400 stars for the 31 fields are selected from the VVV survey catalog. Majority
of fields are located at negative latitudes, with only ~5 fields at b = 4°. The LRS8 setup (R ~
6500, centred on the CaT spectral feature at ~ 8500 A, S/N per pixel ~ 50) of the FLAMES
GIRAFEFE have been used for observing stars in all fields except those at b = -4°. The stars in
this latitude fields have been observed with the HR13 setup (R ~ 22,500, centred at ~ 6500 A,
S/N per pixel ~ 100) to measure iron and light element abundances. The survey continues to
give results that have been used to constrain the chemodynamical properties of the Galactic
bulge (Gonzalez et al., 2015b; Zoccali et al., 2017)

GALAH

The Galactic Archaeology with HERMES (GALAH) survey is a large-scale Milky Way stel-
lar spectroscopic survey designed with the aim of understanding the Galaxy’s history by
means of chemical tagging (De Silva et al., 2015). GALAH makes use of the High Efficiency
and Resolution Multi-Element Spectrograph (HERMES) at the 3.9-m Anglo-Australian Tele-
scope, which provide multi-object (~392) high resolution (~28000) spectra. The survey aims
to provide elemental abundances for up to 30 elements in four optical windows. The GALAH
targets are chosen within magnitude range of 12<V<14 and Galactic latitude |b| > 10°, with
roughly two-thirds of the targets being dwarf stars and the rest, red giant branch stars located
at kpc-scale distances from the solar neighborhood.

GALAH targets are in the magnitude range wherein the Gaia parallaxes and proper mo-
tions are accurate as well as complete. Moreover, GALAH will be highly complementary,
in terms of different magnitude ranges and regions of the Galaxy observed, to the existing
spectroscopic surveys like APOGEE and GES. The latest data release, DR2, provides stellar
atmosphere parameters and element abundances for more than 300,000 stars (Buder et al.,
2018). GALAH aims to obtain spectra for several million stars by the end of the survey run.
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WEAVE

The WHT Enhanced Area Velocity Explorer (WEAVE) survey is a multi-object survey that
makes use of the WEAVE spectrograph which will equip the prime focus of the 4.2-m
William Herschel Telescope (WHT) at the Observatorio del Roque de los Muchachos, on
La Palma in the Canary Islands. This instrument will enable astronomers to observe and
obtain optical spectra of up to ~1000 targets over a two-degree field of view in a single ex-
posure (MOS). The same field can be observed using 20 deployable mini integral-field units
(mIFUs) of 11" x 12", with 1.3" spaxels. Finally, there is a large fixed integral-field unit
(LIFU) with a field of view of 1.3" x 1.5" and 2.6" spaxels to study extended objects. The
WEAVE spectrograph has two arms, red and blue, offering spectroscopic resolutions of 5000
and 20000 respectively (Bonifacio et al., 2016). The science goals and targets of WEAVE are
broad and diverse, some of which are Galactic archaeology, stellar physics, Galaxy clusters,
QSOs etc. WEAVE is expected to start operations in 2019.

MOONS

The Multi-Object Optical and Near-infrared Spectrograph (MOONS; Cirasuolo et al. 2014)
on the 8.2 m VLT, with it’s 1000 object multiplex capability and medium to high resolution
set ups (9000 in the optical and 20000 in the infrared) covering near-IR wavelength range,
has Galactic archaeology in the bulge as one of the main science goals. The observations,
to start in 2019, will be able to provide accurate radial velocities, metallicities and chemical
abundances for bulge stars in highly extincted regions, thus enabling to shed light on the
chemo-dynamical characteristics of the bulge.

4MOST

The 4-metre Multi-Object Spectroscopic Telescope (4MOST) is a fibre-fed spectroscopic
survey facility on the VISTA telescope with a hexagonal field-of-view of 4 square degrees
and ability to simultaneously observe and obtain spectra for ~2400 objects . The fibers will
feed one high-resolution (~20,000) and two medium resolution (~5000) spectrographs with
fixed 3-channel designs and identical 6k x 6k CCD detectors. The science goals of 4MOST
are broad ranging from Galactic Archaeology and stellar physics to high-energy physics,
galaxy evolution, and cosmology (de Jong et al., 2016). The survey science operations are
expected to start in 2021.

1.2.3 Stellar population synthesis models

The observations carried out using various photometric and spectroscopic surveys have given
us a global view of the Milky Way and its various components. The data products from these
surveys have enabled us to visualise the Milky Way components not only in terms of their
star counts/density distributions but also from chemical, dynamical as well as chronological
perspective.
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Similarly, there have been a progressive increase in the models of the Milky Way, from
simple empirical models fitting star counts along few lines of sights to dynamically self con-
sistent population synthesis models. Stellar population synthesis models make use of Galaxy
formation and evolution scenarios along with various physical assumptions (star formation
histories (SFH), initial mass functions (IMF), age-metallicity relations (AMR) etc.) to gen-
erate a picture of the Milky Way in different photometric systems. Their prime objective
is to compare as well as interpret different observational data currently available and to test
the theories on which the models are based. Besancon (Robin et al., 2003) and TRILEGAL
(Girardi et al., 2005) are two of the commonly used stellar population synthesis models,
while Galaxia (Sharma et al., 2011) provides a numerical framework to create such models,
successfully tested for Besancon. These models make use of suitable stellar isochrones that
takes into account our knowledge about the stellar structure evolution and link it with the
Galactic component properties like SFH, IMF, density profiles etc.

In the following subsections, I will briefly introduce the two stellar population synthesis
models, TRILEGAL and Galaxia/Besangon, that have been used to create mock catalogs for
certain spectroscopic surveys as explained in the Chapter 2.

1.23.1 TRILEGAL

The TRI-dimensional modeL of the GALaxy (TRILEGAL) is essentially a Monte Carlo sim-
ulation in which stars across small sky areas towards an element of galactic coordinates (/,b)
and solid angle df2, in a given bin of apparent magnitude [m),m) + dm,] are generated for
a specific passband, A, according to the following fundamental equation of stellar statistics
(Bahcall, 1986):

N(mA,l,b)=dmA/Omdrr2p(r)¢(MA,r)dQ (1.1)

Here, r is the line of sight distance, ¢(M,,r) is the intrinsic luminosity function of the
stars considered at r, p(r) is the stellar density as a function of the positionr = (1,b,r). r (pc) is
related to the absolute magnitude (M, ), apparent magnitude (m,) and interstellar absorption
(A,) by the formula :

M, =my —5logr — Ax(r) +5 (1.2)

One major assumption is that p or stellar density can be separated into distinct components
like that of thin disc, thick disc, halo and bulge. The number of stars in each distance modulus
bin is predicted using Equation 1.1, and the age, metallicity and mass for each simulated star
is obtained from the SFR, AMR and IMF defined for the corresponding component to which
the star belongs. The age, metallicity and mass are then used to derive the corresponding
absolute magnitude, 7., log g etc via interpolation in the isochrone grids.

A user interactive mode is available for TRILEGAL, for which the input model parame-
ters like IMF, SFR, local surface density of stars etc can be modified. A default version is also
provided that is advocated in Girardi et al. (2005). The default IMF is a log-normal function
from Chabrier (2001). The thin disc is not locally isothermal (scale height, h,, a function of
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stellar age), has a radially decreasing mass density and is not isolated. The TRILEGAL web
interface provides two choices of SFH for thin disc : one with a constant SFR up to an age of
11 Gyr and the other, a two-step SFH with a 1.5 times enhancement in the SFR between the
ages of 1 and 4 Gyr (Gao et al., 2013). The scale height of the thick disc, h,, is not a function
of stellar age with the SFH taken to be constant over an age range of 11-12 Gyr with metallic-
ity, [Fe/H] = -0.67+0.1 dex and o enhancement of [a/Fe] ~ 0.3 dex. TRILEGAL assumes a
de Vaucouleurs r'/4 (de Vaucouleurs, 1959) or oblate r'/4 spheroid (Gilmore and Reid, 1983)
mass density profile for the halo, with a constant SFH over an age range of 12—13 Gyr, peak
metallicity of -1.6+1 dex and o enhancement of [a/Fe] ~ 0.3 dex. The bulge is modeled as
a triaxial one, with a single bursts of age of 10 Gyr and peak metallicity of +0.3 dex. The
detailed description of the model is given in Girardi et al. (2005), and the specific details of
the input parameters used for this work is given in Chapter 2.

TRILEGAL have been used in different studies comparing the model output with the
observed characteristics of the Milky Way as well as external galaxies. Vanhollebeke et al.
(2009) used TRILEGAL to study the characteristics of the stellar populations and the metal-
licity distribution in the Galactic bulge. The color cut used in the APOGEE target selection
was chosen and justified based on the comparison with the CMDs simulated using TRILE-
GAL (Zasowski et al., 2013). Miglio et al. (2013) used TRILEGAL to simulate the red giant
population in two disc fields from the Corot sample by using their selection cuts and under-
stand the observed mass distribution. TRILEGAL have been used to model external galaxies
as well (Rubele et al., 2012, 2015).

1.2.3.2 Galaxia/Besancon

The Galaxia code provides a framework for modeling the Galaxy based on analytic distri-
bution functions of stellar populations that make up the individual Milky Way components.
Like TRILEGAL, the distinct components include the thin disc, the thick disc, the stellar halo
and the bulge. Each of these components is defined by the following distribution function :

fizfj(r7va7—7zam) (13)

where r represents the position, v the velocity, 7 the age, Z the metallicity and m the mass
of star belonging to the component labelled j. This function can be written as the product of
individual functions, that depend mostly on age, 7, and in some cases the spatial position, r.
These are the star formation rate (¢)(7)), IMF (¢(m, 7)), present day spatial distribution of
stars (f,,5(r,7)), velocity distribution (f,¢;(Z,r,7)), metallicity distribution (fz(Z,r,7)). Equa-
tion 1.3 then becomes :

fi = ip(—T)E(m7 T)fpos(rv T)fvel(Zv r, T)fZ(Z’ r, T) (14)

m >

<m> represents the mean mass of the stars of a simple stellar population with the pre-
scribed age dependent IMF. Detailed description of these individual distribution functions
can be found in Sharma et al. (2011).
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Once the distribution laws are fixed, the next step is to sample position and age coordinates
for stars using an adaptive Von Neumann rejection technique, which is much more efficient
and computationally less expensive compared to the standard Von Neumann rejection tech-
nique. The metallicity and velocity distributions can then be easily generated from age and
spatial distribution, followed by the mass from IMF. A synthetic library of isochrones can be
used to constrain the basic stellar parameters like 7T.¢ ,log g ,bolometric luminosity etc. via
interpolation. Galaxia makes use of the Padova isochrones (Marigo et al., 2008).

The properties of other main ingredients like SFR, age-velocity relation, density profiles
etc for each of the Milky Way components are adopted from the Besangon model (Robin
et al., 2003). The Besancon model is dynamically self consistent, constraining the scale
height of populations (assumed to be isothermal and relaxed) by its velocity dispersion and
Galactic potential. Among the four main populations, the thin disc is divided into seven age
components (0 to 10 Gyr) and has a two-slope IMF. The thick disc has a mean metallicity
of -0.78 dex simulated as a single burst of age 11 Gyr, while the halo (mean metallicity ~
-1.78 dex) and bulge (mean metallicity ~ 0.0 dex) are simulated as single bursts of ages of 14
and 10 Gyr, respectively. Robin et al. (2012) updated the model by using two components to
define the bulge/bar. The main component is boxy S-shape, triaxial with mass ~ 6.1x10° Mg,
age around 8 Gyr and approximately solar metallicity. The second one is of similar age, more
extended and triaxial with poorer metallicity ~ -0.35 dex. Instead of the Schlegel extinction
maps (Schlegel et al., 1998) used by Galaxia to calculate the extinction along a given line of
sight, the more sophisticated model of the 3D dust distribution provided by Drimmel et al.
(2003) is chosen for this work.

The Galaxia code has been used to evaluate the statistical significance of the Aquarius
stellar stream in the RAVE data (Williams et al., 2011). Boeche et al. (2013) investigated
the influence of selection effects on the chemical radial gradients in the Galactic disc with
RAVE data using Galaxia model. Some of the ongoing as well as planned surveys (GALAH,
4MOST etc.) also made use of the Galaxia code to simulate the input catalog and produce the
expected output from the complete run of these surveys, to evaluate the science capabilities
of these surveys.

1.2.4 Chemical evolution models

Stellar atmospheres retain the composition of chemical elements present in the interstellar
medium at the time and place of their formation. Thus the determination of chemical abun-
dances in stellar atmospheres can help us in reconstructing the star forming history of the
Milky Way. Chemical evolution models play an important role in interpreting the abun-
dances of various chemical elements from stellar atmospheres belonging to different Milky
Way components. It is possible to constrain initial conditions of the interstellar medium,
star formation history as well as possible stellar yields from star formation and evolution
processes by comparing the results from chemical evolution models with observational data.

To build a Galactic chemical evolution model, there are many basic ingredients, starting
from certain initial conditions. These include the definition of the system, i.e., whether it is
closed (no infall and/or outflow) or open, and also if the system has primordial or chemically
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enriched gas. Following this, the stellar birth rate function needs to be defined as follows :

B(m,t) =y (t)y(m) dtdm (1.5)

where () is the rate at which stars form from the available gas and ¢)(m) is the mass
distribution of the stars at birth. As Equation 1.5 suggests, the stellar birth rate function is
the product of these two independent functions.

In addition, it is necessary to know how different elements are produced in stars via nu-
clear burning inside stellar interiors during its lifetime, and the amount of each element being
restored into the interstellar medium by means of mass loss or especially at the time of death
of the star. This is termed as the stellar yields and is another crucial ingredient in the chemical
evolution models. There are other ingredients like gas flows in the form of galactic winds, ra-
dial flows and infall of extragalactic gas that are considered to be supplementary (Matteucci,
2014).

IMF I

SFR

[a/Fe]

[Fe/H]

Figure 1.5: The [a/Fe] versus [Fe/H] plot showing the usual observed pattern followed by stars be-
longing to different components.The arrows indicate how the IMF and SFR affect the variation of
plateau level of [a/Fe] and the variation of the location of the knee respectively.

The chemical enrichment of the ISM with elements heavier than H, He and small amounts
of Li (all from Big Bang) can be traced back to their production in different types of super-
novae. Core collapse type II supernovae (SN II) explosions have massive stars (M > 10M)
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as progenitors and nucleosynthesis calculations have indicated that most of the O, other a-
elements (Ne, Mg, Si, S, Ca, Ti), and some iron are produced in these events. Meanwhile,
the type Ia supernovae (SN Ia) explosions have lower mass stars (M < 8M) as progenitors
producing large quantities of iron-peak elements (Vn, Cr, Mn, Fe, Co, Ni). Due to their
short lifetimes, massive stars drive the early evolution of the gas enrichment, polluting the
gas with a-elements from SN II explosions. The SN Ia supernovae, arising from lower mass
stars, takes much longer time and thus iron enrichment of the ISM is expected to be delayed.
This delay between chemical enrichment of the ISM gas lead to the proposal of the time-
delay model, which can be used to interpret the behaviour of [a/Fe] versus [Fe/H] measured
in stars of different Milky Way components as shown in the Figure 1.5. Thus the initial high
level of the [a/Fe] is determined by the fraction of massive stars born initially in the system,
i.e., initial mass function (IMF). The plateau of the [«/Fe] will be at a higher level if there
are more massive stars initially. Small amount of iron production from SN II together with
the not so dominant SN Ia ensures that the metallicity, [Fe/H], also increases as the chemical
enrichment proceeds. The plateau will end up in a "knee" once the SN Ia explosions become
prominent and the [a/Fe] value decreases with increasing metallicity from this point. The
location of the knee is controlled by the star formation rate (SFR) as higher SFR will result
in the knee to move to higher metallicities.

Multiple chemical evolution models have been made with different assumptions. One of
the earliest model is based on only one episode of infall, during which first the halo formed
and then the disc (Matteucci and Francois, 1989, 1992). Another model was based on the
parallel formation with the simultaneous formation of halo, thick and thin disc but at different
rates (Pardi et al., 1995). A more recent model is the two infall episode scenario (Chiappini
etal., 1997) with a short time scale for the first infall episode during which the inner halo and
bulge are formed and the thick disc is assembled. The thin disc is formed inside out during
the second infall episode with a relatively longer time scale.

In this thesis, I have not used any chemical evolution models to compare my results with.
But I have carried out a detailed observational study to estimate the SFR in the inner Milky
Way (central molecular zone, CMZ) as discussed in detail in Chapter 4. As I have mentioned,
SFR is an important ingredient in the Galactic chemical evolution models. I will briefly in-
troduce the IMF and SFR which are the primary ingredients that make up the stellar birth
rate function.

The majority of the chemical evolution models assume the SFR to be a function of the
surface gas density, o, following the Schmidt (1959) law :

W(t) = Ao, (1.6)

where k varies from 1 to 2 (Kennicutt, 1989) obtained by the best fit to the observational
data on spiral disks and starburst galaxies, and A is the efficiency of star formation expressed
as the inverse of the timescale of star formation. Observational results of Dopita and Ry-
der (1994) suggested the inclusion of the total surface mass density, induced by supernovae
feedback, besides the surface gas density, resulting in the following formulation :
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U(t) = Aol or, (1.7)

Other Schmidt-like formulations of SFR include that from Kennicutt (1998) including
the angular rotation speed of gas, (1, :

»(t) =0.0170, 9, (1.8)

Meanwhile, these relations with surface gas density are not found to reproduce the SFR
in the CMZ, and we need other methods to determine the SFR to constrain the chemical
evolution models in the CMZ, as shown in Chapter 4.

The variation of the SFR over a certain period of time (e.g. the evolution time of the
Galaxy) is known as star formation history (SFH). It is very difficult to unravel SFH as it is
closely tied up with the nature and mechanism of gas accretion, infall history, re-accretion
of outflowing gas etc. which are still not completely understood. Snaith et al. (2015) have
tried to reconstruct the SFH of the Milky Way using a chemical evolution model making use
of the age-metallicity relations and [a/Fe] vs [Fe/H] relations estimated for the solar neigh-
bourhood stars. Their best fit SFH showed that there was an intense phase of star formation
between 9 and 13 Gyr ago, followed by a rapid drop for about 1 Gyr (related to quenching) and
continues at a lower intensity from ~7 Gyr ago upto the present. Bernard et al. (2018) have
used the CMD fitting technique to reconstruct the SFH of the Galactic bulge that revealed
nearly 60-70% of stars being old (>10 Gyr) but also found recent star formation ~1 Gyr ago.
Thus determining SFH is very crucial to decipher the formation history of the Milky Way
and chemical evolution models are needed to decipher and validate them.

The IMF is a probability distribution function that provides a convenient way to parametrize
the relative number of stars as a function of their mass. From the definition, the IMF can be
estimated by counting stars within a limited volume as a function of mass. But low mass stars
are more numerous than high mass stars, thus requiring large volumes to construct samples
with significant samples of high mass stars. Moreover, massive stars have shorter lifetimes
than lower mass stars and thus the present day mass function (PDMF), constructed by count-
ing the stars in a population spanning a large range of ages, need to be corrected for the loss
of the previous generations of high mass stars. Finally, stellar multiplicity, in the form of
undetected binary stars, need to be taken into account (Bastian et al., 2010).

Salpeter (1955) introduced a one-slope power law form for the IMF :

Y(m) = Am~ (1) (1.9)

where x = 1.35 and A is the normalization constant, with the IMF normalized as :

[mew(m)dmﬂ (1.10)

Chabrier (2003) found the IMF to depend weakly on the environment and present a gen-
eral formula that follows a power-law form for m > 1 M, and a lognormal form below 1 Mg,
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_ (—logm—logm.c)2

e(m) = Acexp 202 if m < 1Mg (1.11)
Ye(m) = Bom™ 3 if m > 1M, (1.12)

Here logm, denote the mean mass and o2 the variance in logm.
Kroupa (2001) introduced a three-slope function for the IMF determined based on the
study of stelllar clusters :

P(m) = Am™3 for 0.5Me < m < 120M o (1.13)
Y(m) = Bm ™3 for 0.08Me <m < 0.5Mo (1.14)
P(m) = Cm ™3 for 0.01Me <m < 0.08M o, (1.15)

where A, B, and C are scaling factors. The Kroupa IMF has been used to determine the SFR
in the CMZ as described in the Chapter 4.

1.3 The inner Milky Way

The inner Milky Way, in this thesis, refer to the inner 200 pc region across the Galactic major
axis (Galactic mid plane or longitude) and 400-500 pc around the Galactic center along the
Galactic minor axis (Galactic latitude). This region is characterized by the presence of very
high stellar density of stars and star forming molecular clouds that are largely extincted in
the optical wavelength regimes by the huge amount of dust. This region hosts the supermas-
sive black hole (SMBH), Sgr A*, the so called nuclear bulge encompassing the nuclear star
cluster (NSC), nuclear stellar and molecular discs, as well as the unusually dense molecular
cloud complex, also known as the central molecular zone (CMZ) (Launhardt et al., 2002).
Figure 1.6 shows the nuclear bulge region of the Milky Way using the RBG color composite
image made combining the Herschel 250 pm (FIR), Spitzer IRAC 8 ym (MIR) and Spitzer
IRAC 3.6 ym (NIR) maps each of which traces the cold dust emission, warm dust + UV ex-
cited polycyclic aromatic hydrocarbon (PAH) emission and the stellar emission respectively.
Major molecular clouds and stellar cluster features in the CMZ are also shown in the figure.

The initial identification of the Galactic center was through radio observations that un-
covered the Sgr A (Piddington and Minnett, 1951), and later confirmed by the discovery of
the unresolved source Sgr A* or the SMBH of the Milky Way at (1,b) = (-0.056°, -0.046°)
(Balick and Brown, 1974; Reid and Brunthaler, 2004). The mass of the SMBH was estimated
to be 4.2+0.2 x 106 My compiled from various studies (Bland-Hawthorn and Gerhard 2016
and references therein).

Astrometric and spectroscopic studies using high angular resolution infrared observations
aided by adaptive optics have enabled the identification as well as kinematic characterisation
of the highly dense population of stars orbiting the SMBH. These stars include a complex
population of young hot, early type stars, Wolf-Rayet stars, older and lower mass giants as
well as O and B-type main sequence, giants and super giants within the central parsec that
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Nuclear Bulge

Nuclear Star bluster

Figure 1.6: The RGB map of the inner Milky Way with red diffuse emission showing the cool dust
emission as traced by Herschel 250 ym (FIR), green extended emission representing the warm dust+
PAH emission as traced by Spitzer IRAC 8 pum (MIR) and blue point source emission tracing the
stellar emission from Spitzer IRAC 3.6 um (NIR) maps. Sgr A* is the location of the supermassive
black hole (SMBH) of the Milky Way. The bright emission seen very close around Sgr A* represent
the nuclear star cluster (NSC), a cluster of young massive stars. Other well studied molecular clouds
as well as clusters are also indicated in the map that are all concentrated in the Galactic mid plane.
The whole region shown in the map is the so called Nuclear Bulge (Launhardt et al., 2002). The
central molecular zone (CMZ) includes these features and is a bit more extended in longitude. The
region in the map is ~2° (275 pc) in longitude and ~1° (140 pc) in latitude.
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belong to the NSC which was discovered by Becklin and Neugebauer (1968). Schodel et al.
(2014) found the NSC (earlier assumed spherically symmetric) to be elliptical and flattened
with a half light radius of 4.2 + 0.4 pc, luminosity at 4.5 um of 4.1+0.4 x 107 L and mass
of 2.5+0.4 x 107" M. Feldmeier et al. (2014) extracted the kinematics of individual stars as
well as from integrated light in near infrared spectrum and found the kinematic axis to be
misaligned with respect to the photometric axis. Feldmeier-Krause et al. (2015) observed
the central >4 pc? of the Galactic centre and found that early-type stars (>100 of them) are
centrally concentrated favouring the in situ formation of early-type stars. Stgstad et al. (2015)
mapped a smaller area within 0.28-0.92 pc from SgrA* and found a break in the distribution
of young stars at 0.52 pc. These authors concluded that this break possibly indicated an outer
edge to the young stellar cluster in the Galactic centre, which is expected in the case of in
situ star formation.

In addition to the NSC, most of the stellar mass of the nuclear bulge is constrained in
the nuclear stellar disc (NSD), dominating the stellar mass distribution between ~30 pc and
~230 pc with estimated mass of ~1.4+0.6x10° My (Launhardt et al., 2002). From their de-
tailed multi wavelength study using the photometric data covering the NIR to radio wave-
length range (IRAS, COBE, IRAM), Launhardt et al. (2002) also established the presence of
a nuclear molecular disc (NMD) composed of an inner (<120 pc) warm disk and outer cold
torus of dust and gas.

Above mentioned molecular gas clouds, stellar clusters and disc structures are all encom-
passed within the innermost few hundred pc radius region, i.e., the CMZ. It is a giant molec-
ular cloud complex with an asymmetric distribution of molecular clouds (see e.g. Morris
and Serabyn 1996; Martin et al. 2004; Oka et al. 2005). It has also been evident from obser-
vations that roughly the distribution of molecular gas as well as their kinematics are strongly
assymetrical with roughly three quarters of molecular emission coming from positive lon-
gitudes. The prominent features detected at 24 pm using the MIPS map in the central 2.5°
x 2° region are shown in the Figure 1.7. This prodigious reservoir of molecular gas is in an
active region of star formation, where there is evidence of starburst activity during the last
100,000 years (Yusef-Zadeh et al., 2009). The gas pressure and temperature are higher in the
CMZ than in the Galactic disc; these conditions favour a larger Jeans mass for star forma-
tion and an initial mass function (IMF) biased towards more massive stars (see Serabyn and
Morris 1996; Fatuzzo and Melia 2009). In addition, the tidal force from the SMBH, shocks
from the rotating inner spiral arms etc must regulate/feed the star formation in this region.
Amidst these unique conditions, the exact star formation rate in the CMZ poses an intriguing
question, which will be discussed in detail in the Chapter 4.

While severe extinction and reddening prevents large scale observations in the inner
Milky Way especially across the Galactic mid plane, there are similar observational lim-
itations upto a certain height above and below the Galactic plane. This has hindered our
understanding of the characteristics of the stellar populations in the inner bulge, which is the
region that lies within ~400-500 pc around the Galactic center or within |b| ~ 3°. Figure 1.8
shows the A extinction map estimated using extinction coefficients from Nishiyama et al.
(2009) calculated with the methods described in Gonzalez et al. (2012). The bulge outline
from the COBE/DIRBE estimate (Weiland et al., 1994) is also shown. In section 1.1.3, 1
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Figure 1.8: The mean extinction map, calculated from Gonzalez et al. (2012) using extinction coeffi-
cients from Nishiyama et al. (2009), is overlaid on the figure to show the level of obscuration in our
observed fields. The bulge outline is the COBE/DIRBE bulge envelope (Weiland et al., 1994).
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mentioned several large scale surveys that explore the morphology, chemistry and kinemat-
ics of stellar populations in the outer bulge (|b|>3°). Meanwhile chemical characterisation of
inner bulge regions mainly rely on small scale spectroscopic surveys covering only a handful
of sources. A detailed review of previous studies in the inner bulge region is carried out in
the Chapter 3.

1.4 Goals of this thesis

This thesis involves the use of data from the currently available spectroscopic surveys as well
as observations with low and high resolution spectroscopic instruments to explore the metal-
licity trends in the solar neighbourhood and derive chemical abundance relations using late
type stars as well as estimate SFR in the Galactic center region. Our understanding of the
present day SFR is an important input parameter in chemical evolution models. The derived
chemical abundances of stellar populations also are crucial to understand the Galaxy for-
mation scenario and to reconstruct the SFH by comparing the observed abundance relations
with the outputs of chemical evolution models. Thus chemical evolution models link the
SFR and chemical abundances both as means to develop such models as well as to validate
and improve them. In this thesis, I attempt

* to understand the selection function effect in the metallicity trends using Galactic ar-
chaeology surveys, focusing on the solar neighbourhood.

* to derive accurate chemical abundances for late type stars in the inner bulge region from
their high resolution spectra, explore the North-South symmetry in MDF as well as
determine the abundance relations that can be used to confront the chemical evolution
models with.

* to carry out spectroscopic identification of young stellar objects (YSOs) in the CMZ,
and estimate the present day SFR in the CMZ, which can be used as input parameter
in the chemical evolution models to explore CMZ’s evolutionary history.

Thus this thesis aims to contribute to the Galactic archaeological endeavor by making use of
available data and observing facilities, especially in the comparatively unexplored Galactic
center region.

1.5 Published works

The works presented in this thesis have been published in peer reviewed journals. There
are three first author papers that have come out of this thesis, in the broad context of Galac-
tic archaeology, focusing on large scale spectroscopic surveys and small scale spectroscopic
observations towards the inner Milky Way. I have also contributed to few other related pub-
lished research works. All of them are listed below.

First author papers from the thesis
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* Nandakumar, G.; Schultheis, M.; Hayden, M.; Rojas-Arriagada, A.; Kordopatis, G.;
Haywood, M. (2017) A&A 606, A97 Effects of the selection function on metallicity
trends in spectroscopic surveys of the Milky Way. Presented in Chapter 2. This paper
was chosen as A&A highlight.

» Nandakumar, G.; Schultheis, M.; Feldmeier-Krause, A.; SchA{del, R.; Neumayer, N.;
Matteucci, F.; Ryde, N.; Rojas-Arriagada, A.; Tej, A. (2018) A&A 609, A109 Near-
infrared spectroscopic observations of massive young stellar object candidates in the
central molecular zone. Presented in Chapter 4

* Nandakumar, G.; Ryde, N.; Schultheis, M.; Thorsbro, B.; JAqnsson, H.; Barklem, P.
S.; Rich, R. M.; Fragkoudi, F. (2018) MNRAS.tmp.1201N Chemical Characterization
of the Inner Galactic bulge: North-South Symmetry

Other first author papers unrelated to the thesis

* Nandakumar, G.; Veena, V. S.; Vig, S.; Tej, A.; Ghosh, S. K.; Ojha, D. K. (2016) Star-
forming Activity in the H Il Regions Associated with the IRAS 17160-3707 Complex

Other contributions

* Schultheis, M.; Ryde, N.; Nandakumar, G. (2016) A&A 590, A6 Temperatures and
metallicities of M giants in the Galactic bulge from low-resolution K-band spectra

* Schultheis, M.; Rojas-Arriagada, A.; GarcAa PA@rez, A. E.; JA{nsson, H.; Hayden,
M.; Nandakumar, G.; Cunha, K.; Allende Prieto, C.; Holtzman, J. A.; Beers, T. C.;
Bizyaev, D.; Brinkmann, J.; Carrera, R.; Cohen, R. E.; Geisler, D.; Hearty, F. R.;
Fernandez-Tricado, J. G.; Maraston, C.; Minnitti, D.; Nitschelm, C.; Roman-Lopes, A.;
Schneider, D. P.; Tang, B.; Villanova, S.; Zasowski, G.; Majewski, S. R. (2017) A&A
600, A14 Baade’s window and APOGEE. Metallicities, ages, and chemical abundances
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In this chapter, I investigate the effect of the selection function on the metallicity dis-
tribution function (MDF) and on the vertical metallicity gradient by studying similar lines
of sight using four different spectroscopic surveys (APOGEE, LAMOST, RAVE, and Gaia-
ESO), which have different targeting strategies and therefore different selection functions. 1
use common fields between the spectroscopic surveys of APOGEE, LAMOST, RAVE (ALR)
and APOGEE, RAVE, Gaia-ESO (AGR) and use two stellar population synthesis models,
GALAXIA and TRILEGAL, to create mock fields for each survey. I apply the selection
function in the form of colour and magnitude cuts of the respective survey to the mock fields
to replicate the observed source sample. I make a basic comparison between the models
to check which best reproduces the observed sample distribution. I carry out a quantita-
tive comparison between the synthetic MDF from the mock catalogues using both models
to understand the effect of the selection function on the MDF and on the vertical metallicity
gradient.
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2.1 Selection function

During the last decade, the number of low, medium, and high resolution spectroscopic sur-
veys of stellar populations in our Galaxy have increased drastically (Wyse, 2016). As men-
tioned in Section 1.2.2, there are several multi-object spectroscopic surveys that have been
completed or are underway. They differ in spectral resolution, wavelength coverage, and in
their selected targets (giant stars, dwarf stars, clusters, etc.) based on their science goals.
These unique target selection schemes can lead to biases in which stellar populations are ob-
served, and affect measurements of the observed properties of the Milky Way; these targeting
biases are known as the selection function. The selection function is defined as the fraction
of objects in a certain colour and magnitude range successfully observed spectroscopically
compared to the underlying stellar populations, and determines how representative the ob-
served sample is compared to the full existing stellar population of the Milky Way.

Each spectroscopic survey targets and observes a limited number of stars belonging to
certain populations based on the colour and magnitude limits imposed during target selec-
tion. Moreover, the location of the telescope decide the part of the sky being covered for
observation. In addition, the field of view of the instrument and the plate design limits the
field size. Taking all this into account and according to the definition in the previous para-
graph, the selection function of a spectroscopic survey can be formulated as follows (Bovy
et al., 2012; Wojno et al., 2017) :

S a Ssereet (1, b, magnitude, colour) 2.1

Ngurvey (1, b, magnitude, colour)

(2.2)

Ssetect (1, b, magnitude, colour) = Ninput (1, b, magnitude, colour)
Mpu » Yy ’

where Ngrvey is the number of observed stars with valid spectroscopic parameters ob-
served in a field centered on (1,b) limited in magnitude and colour by the target selection
criterion in the respective colour magnitude diagram. Ny, is the total number of stars from
the input photometric catalog in the same field and within the colour and magnitude cuts,
representing the total number of targets available for target selection and observation.

The target selection schemes limit the coverage of parameter space of 7.¢, log g, and
[Fe/H] that could potentially lead to biases while carrying out analysis that measure the gra-
dients and metallicity distributions of certain stellar populations. Cheng et al. (2012) and
Schlesinger et al. (2012) used different weighting schemes to correct for the metallicity bias
introduced by the target selection in their sample of SEGUE main-sequence turn-off stars,
and G and K dwarf stars, respectively. Meanwhile, Bovy et al. (2012) determined a plate-
dependent selection function for a G-dwarf sample along ~150 lines of sight in SEGUE using
the dereddened colour-magnitude boxes. The selection effects in the APOGEE red clump
(RC) sample is discussed in Bovy et al. (2014) and Nidever et al. (2014) using the much sim-
pler and well-defined target selection algorithm of APOGEE (Zasowski et al., 2013). Sharma
et al. (2014) constrained the kinematic parameters of the Milky Way disc using stars from
RAVE and the Geneva—Copenhagen Survey (GCS; Nordstrom et al. 2004) using kinematic
analytic models. The RAVE selection function was taken into account while modelling using
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GALAXIA (Sharma et al., 2011). On comparing the temperature and colour distributions
of RAVE stars with that predicted using GALAXIA, they found a reasonably good match
except for colours in J-K for stars at low Galactic latitudes. An extinction correction was
performed to correct this. Wojno et al. (2017) described the RAVE selection function in
detail and studied the selection function effect on the RAVE metallicity and velocity param-
eters. For this, they created a mock-RAVE catalogue using the GALAXIA stellar population
synthesis model. They found that RAVE stars do not show any selection effects in terms
of kinematics and metallicities using the selection cuts in magnitude and colour of RAVE.
Anders et al. (2016) created a mock sample of more than 600 solar-like oscillating red giant
stars observed by both CoRoT and APOGEE based on their selection functions. They found
some small systematic biases of +0.02 dex in the radial gradient, most notably in the age bin
2-4 Gyr. Recently, there have been many more attempts to provide a detailed description of
the selection function for other major spectroscopic surveys showing the importance of the
knowledge of the selection function (e.g. GES: Stonkute et al. 2016; LAMOST: Yuan et al.
2015, Carlin et al. 2012).
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Figure 2.1: T,.g vs log g diagram of sources for the four surveys in the field located towards (1,b) ~
(60°,-45°).

For this study, I use four different spectroscopic surveys (APOGEE, LAMOST, RAVE,
and Gaia-ESO), the selection function of each of which are described in detail below. In
Figure 2.1, I show the Hertzsprung-Russell diagram for the sources in the field common to all
four surveys located towards (I,b)~ 60°, -45°. This figure shows how different surveys observe
different stellar populations located in the same part of the sky (the same field) depending
on their target selection schemes and how the number of observed targets differ depending
on their respective field sizes. The location of LAMOST and RAVE sources are mainly
concentrated along the main-sequence and the turn-off stars, while APOGEE traces mainly
giant stars and red clump stars. The lowest density comes from GES tracing mainly main-
sequence stars.
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APOGEE selection function

APOGEE has a well-defined input catalogue and colour selection scheme, as described in
Zasowski et al. (2013). The 2MASS Point Source Catalog is used as the base catalogue, and
the targets are chosen based on their H-band magnitude and a colour limit to the dereddened
(J-Kg)o colour (Zasowski et al., 2013). The extinction corrections are derived using the
Rayleigh Jeans Colour Excess (RJCE) method (Majewski et al., 2011), which calculates the
reddening values combining the 2MASS photometry with mid-IR data (Spitzer-IRAC Galac-
tic Legacy Infrared Mid-Plane Survey (Benjamin et al., 2003; Churchwell et al., 2009b) and
Wide-field Infrared Survey Explorer (Wright et al., 2010)), as

A(Ks) = 0.918 x (H - [4.5u] - (H - [4.51]0) 2.3)
BE(J - Kg) = 1.5 x A(Ks) 2.4)
o APOGEE Field 10 (1=259.6b=54.5) |,
l l l l l ZIMASS(IZS‘)) '
71 e _APOGEECID || 0.9
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8} | i
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: 0.52<<
1} : s
120 el G L 0.3
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Figure 2.2: (J-Kg)g vs H showing the selection function for one of the fields located towards 1~259.6 °,
b~54.5°. The bins are colour-scaled based on the N 4 poarE/Nans ass With bin sizes of 0.05 mag in
(J-Kg)o colour and 0.3 mag in H. The dashed box shows the overall colour and magnitude cuts used
for APOGEE.

A colour cut at (J-Kg)g > 0.5 mag was used to include stars cool enough that the stellar
parameters and abundances can be reliably derived by ASPCAP, and to lower the fraction
of nearby dwarf star ‘contaminants’ in the sample. For the halo fields (|b|>16°), the limit
is extended to a bluer colour cut of 0.3 mag (Zasowski et al., 2013). In addition, for some
dwarf-dominated halo fields, Washington+DDO51 photometry ' was used to choose more
giants stars than dwarfs. The bit 7 of the APOGEE_TARGET]1 flag is set for sources that
fulfil the Washington+DDOS51 photometric giant star criteria (see Zasowski et al. 2013). The
general H-magnitude limit is taken to be 7<H<13.8, though the upper limit varies depending
on the field and the plate design.

'acquired with the Array Camera on the 1.3 m telescope of the U.S. Naval Observatory, Flagstaff Station
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Using the input 2MASS sample and their respective A(Kg) values for our fields of in-
terest, we estimated the fraction of the observed stars with respect to 2MASS stars in small
rectangular bins in the CMD. Figure 2.2 shows a typical example where we see that the se-
lection function shows variations along the CMD. For the full field the fraction of observed
stars to the 2MASS sample is ~0.75. However, with the rectangular binning in the CMD, we
see a lower fraction for fainter stars (H > 11) and for bluer stars (J-Kg)q < 0.7.

We use the DR13 catalogue which has 164 558 sources (Albareti et al., 2017). We se-
lect only main survey targets, removing calibration, telluric, and ancillary targets, for a total
sample of 109 376 stars. APOGEE provides also ‘calibrated’ stellar parameters which were
calibrated using a sample of well-studied field and cluster stars, including a large number of
stars with asteroseismic stellar parameters from NASA’s Kepler mission. Using calibrated
parameters implies a limit in logg < 3.8. Nearly 16% of the sample lacks calibrated surface
gravities and nearly 4% of the sources have no calibrated effective temperature and metallic-
ity values. For this reason, we chose the uncalibrated ASPCAP values of fundamental stellar
parameters for this study.

GES selection function

The GES selection function is defined in Stonkute et al. (2016) based on the VHS magni-
tudes. We obtained the VHS catalogue for our fields of interest from the ESO archive by
searching using the field centre and a search radius of 0.2°. We used the APERMAG4 mag-
nitude in the VHS catalogue for the corresponding J, H, and K magnitudes as it gives the
closest magnitudes to those provided in the GES catalogue.

GES Field 12 (1=233.3,b=8.4)
VHS : 1274
Observed : 87 FErm=mTssmm T 0.9
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Figure 2.3: (J-Kg) vs J (CM diagram) showing the selection function for field 12 located approxi-

mately towards 1~233.3°, b~8.4°. The bins are colour-scaled based on the Nogs/Ny g with bin

sizes of 0.05 mag in (J-Kg) colour and 0.3 mag in J. The dashed box shows the overall colour and

magnitude cuts for red and blue boxes used for GES.


http://archive.eso.org/wdb/wdb/adp/phase3$_$main/form?phase3$_$collection=VHS$&$release$_$tag=1
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The target selection scheme of GES is built on stellar magnitudes and colours by defining
two boxes, one blue and one red. The blue box is used for the selection of the turn-off and
main-sequence targets, while the red box is for the red clump targets (Stonkute et al., 2016).
The colour and magnitude cuts for the blue and red boxes are given below:

* Blue box : 0.0 <(J-Kg)<0.45for14.0<J<17.5
* Redbox : 0.4 <(J-Kg)<0.70 for 12.5<J < 15.0

That said, the actual target selection scheme also takes into account the extinction by
shifting the boxes by 0.5xE(B - V), where E(B - V) is taken as the median reddening in
the field measured from the Schlegel et al. (1998) maps. Furthermore, additional targets
were assigned by relaxing the red edge of the colour-cut if enough targets were not available
within the colour cuts (e.g. high latitude Milky Way fields). Thus, the target selection scheme
becomes

* Blue box: 0.5E(B-V)+[0.0<(J-Kg)<045]for 14.0<J<17.5
* Red box: 0.5E(B - V) +[0.4 < (J - Kgs) <0.70] for 12.5 <J < 15.0

* Extra box: 0.5E(B-V) +[0.0<(J-Kg) <045+ Ag] forJ>14.0 and J + 3x((J - Kyg)
-0.35)< 175

where A is the right-edge extension of the extra box, and the values of A4 and E(B -
V) are provided in Table 1 of Stonkute et al. (2016) for the required fields. Figure 2.3 shows
the selection scheme for field 12, which is a low latitude field with a higher stellar density,
that leads to a lower selection fraction. In this field, we found no stellar parameters for about
15% of the GES sources. This fraction can increase to about 40% in other fields.

For this study, we chose the sources observed using GIRAFFE with two set-ups, HR10
(\ =5339-5619 A, R~19,800) and HR21 () = 8484-9001 A, R~16,200). We used the ho-
mogenized set of parameters from the three nodes in DR4, which are available on the public
ESO webpage 2, and were left with 29 591 sources.

RAVE selection function

For RAVE, the selection function is defined based on the I magnitude and (J-Kg) colour cut.
The initial target selection is based on the apparent I-band magnitude, for 9<I<12, but the
input sample is not obtained from a single catalogue. For the regions towards the Galactic
disc and bulge (Galactic latitude |b| < 25° ), a colour criterion J-Kg > 0.5 is imposed to
select cool giant stars (Kordopatis et al., 2013). The original input catalogue for earlier data
releases of RAVE was constructed by deriving I magnitudes from the Tycho-2 catalogue (Hgg
etal., 2000), photographic I magnitudes from the SuperCOSMOS Sky Survey (Hambly et al.,
2001), and later using the Gunn I-band photometry from the DENIS catalogue (Epchtein
etal., 1997). The latest DR4 release includes observations drawn from a new input catalogue

*http://www.eso.org/gi/
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RAVE Field 10 (1 = 263.8,b =55.3)
2MASS : 1019
o Observed : 260 0.9

30700 02 04 06 08 10 12 14

J-Ks

Figure 2.4: (J-Kg) vs I (CMD) showing the selection function for one of the fields located towards
1~263.8 °, b~55.3 °. The bins are colour-scaled based on the Ng 4y 5/Noasass with bin sizes of 0.05
mag in (J-Kg) colour and 0.3 mag in I. The dashed box shows the overall colour and magnitude cuts
for RAVE.

based on DENIS DR3 (DENIS Consortium, 2005) cross-matched with the 2MASS point
source catalogue. We adopted the same strategy as Wojno et al. (2017) by choosing 2MASS
as the input catalogue, and calculated an approximate I, 455 magnitude via the following
formula:

J-Kg)-1.2

Ionrass —J = (J = Kg) +0.2x e 03 40.12 (2.5)

For our fields of interest, we searched for 2MASS sources using the approximate field
centres (Tables 2.2 and 2.3) with a radius of 2.85°, and used the above-mentioned formula
to calculate the I5); 455 magnitude. We used the same approach as in the case of APOGEE
to determine the selection function for each field, i.e. by defining selection bins in the CMD,
(J-Kg) vs Ixpr455. We used sources with Isp; 455 between 8 and 12 magnitude as the Iy 455
distribution for DRS5 is shown to be broader than Ipzx7s (Wojno et al., 2017). Figure 2.4
shows the CMD for one such field located towards high galactic latitude. Here again, a clear
drop in the selection fraction to about 0.1-0.2 is seen for the fainter magnitudes (I > 11).

We use the DRS5 catalogue of RAVE, which has more than ~ 520 000 sources (Kunder
et al., 2017). There are repeated observations (~15%) with the same RAVEID, DENIS_ID,
and 2MASS_ID, but which differ in the stellar parameters. In these cases, we chose the
sources with the highest S/N. For this study, we used the calibrated fundamental stellar pa-
rameters which are labelled with the suffix *_N_K’ (e.g. TEFF_N_K, LOGG_N_K, etc.;
Kunder et al. 2017).
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LAMOST Field 5 (1=322.1,b =60.1)
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Figure 2.5: (g-r) vs r (CM diagram) showing the selection function for one of the fields located towards
approximate 1~322.1°, b~60.1°. The bins are colour-scaled based on the Ny 43;057/Nspgs with bin
sizes of 0.05 mag in (g - r) colour and 0.3 mag in r. The dashed box shows the overall colour and
magnitude cuts used for LAMOST.

LAMOST selection function

Like RAVE, LAMOST does not make use of a single input catalogue and unlike the other
three surveys, LAMOST uses ugriz photometry for their target selection. Catalogues such as
UCAC4 (Zacharias et al., 2013) and Pan-STARRS 1 (Tonry et al., 2012) have been used to
select targets for the observing plates in the main survey regions. To make sure that we use
a homogeneous photometric input sample, we use only the SDSS photometry? in order to
define the selection function. For the respective fields, we searched for SDSS sources within
a radius of 2.5° around the field centres. We use only those fields where we have the full
SDSS footprint covered.

The targeting algorithm for LEGUE designed by Carlin et al. (2012) was not applied, due
to the sparse stellar sampling. This results from the limited dynamic range of magnitudes
observed on a single LAMOST plate and from the brighter r magnitude limit at the faint end
compared to the designed goal (Liu et al., 2017). Finally, the target selection was carried out
on a plate-by-plate basis with different plates covering9 <r< 14, 14 <r< 16.8,r < 17.8, and
r<18.5.

Based on the distribution of LAMOST sources of each field in the g-r vs r CMD, we used
the following colour and magnitude cuts : 0.0 < g-r< 1.5and 11 <r < 17.8. We neglected the
small fraction of very red (g-r>1.5) and blue (g-r<0.0) sources. Figure 2.5 shows a typical
example for a field towards 1 = 322.1°, b = 60.1 °. Statistically, LAMOST is more prominent
than the other three surveys, and this is seen in the dramatic rise in the number of masks
within the colour and magnitude range. The gradual decrease in the selection fraction towards
fainter magnitudes is seen here as well.

32MASS was more complete in each field, but the LAMOST sources are fainter than the reliable magnitude limits
(~14.3) of 2MASS pass band magnitude.
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We use the DR2 catalogue, which includes the calibrated stellar parameters for 2 207 803
sources estimated using the LAMOST Stellar Parameter Pipeline (LASP, Wu et al. 2011).

2.2 Comparison of stellar parameters

Despite the large amount of spectroscopic data available, few studies exist (e.g. Schultheis
et al. 2017, Kunder et al. 2017, Lee et al. 2015, Chen et al. 2015, Kordopatis et al. 2013)
comparing stellar parameters and chemical abundances of the same stars. Lee et al. (2015)
studied common stars between APOGEE DR12 (Alam et al., 2015) and the LAMOST DR2
catalogue. They found that the LAMOST photometrically calibrated 7.4 were consistent
with the spectroscopic Tog from APOGEE, but found systematic biases in log g and [Fe/H]
for common stars in the APOGEE DR12 and LAMOST DR2 catalogues. Lee et al. (2015)
applied the SEGUE Stellar Parameter Pipeline (SSPP : Allende Prieto et al. 2008; Lee et al.
2008a,b; Smolinski et al. 2011; Lee et al. 2011) to the spectra from LAMOST and com-
pared the stellar parameters with the common stars in APOGEE (DR12), RAVE (DR4), and
SEGUE. For the RAVE DRS5 release a detailed comparison of the derived stellar parameters
in RAVE with that of APOGEE, GES, and LAMOST for the common stars has been obtained
as a part of the external RAVE DRS verification (Kunder et al., 2017).

Table 2.1: Median offset and dispersion estimated for the comparison of fundamental stellar param-
eters in APOGEE - RAVE and APOGEE - LAMOST.

APOGEE - RAVE (907)
Median Offset Dispersion

Teg (K) -109.4 229.2
Log g (dex) 0.02 0.60
[Fe/H] (dex) 0.10 0.16

APOGEE - LAMOST (11 203)
Median Offset Dispersion

Terr (K) -42.3 170.4
Log g (dex) -0.04 0.34
[Fe/H] (dex) 0.05 0.09

Recently, a data-driven approach known as The Cannon (Ness et al., 2015) has been in-
troduced. The Cannon uses stellar spectra along with the derived stellar parameters from
well-characterized stars (estimated with pipelines using synthetic model spectra) in higher
resolution surveys as a training set to derive stellar parameters. This method was used to
derive the stellar parameters for around 450 000 giant stars in LAMOST (low spectral reso-
lution survey) by bringing them to the scale of APOGEE (high spectral resolution), showing
that two very different spectroscopic surveys can be combined together (Ho et al., 2017).
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But still there are limitations in this data-driven approach, as the accuracy of the Cannon
depends on the chosen training set. In the cases of APOGEE and LAMOST, which target
different populations — red giants stars for APOGEE vs dwarf stars for LAMOST - only a
limited training set is available. The Cannon was also used to re-analyse the RAVE spectra
and a new catalogue (RAVE-on) of stellar parameters and abundances was produced (Casey
et al., 2017). The training set for red giant stars was made using common stars in APOGEE
DR13 (Albareti et al., 2017), while the stars in common in K2/EPIC catalogue (Huber et al.,
2016) made up the main-sequence and subgiant branch training set.

For our study, we need to make sure that systematic offsets between surveys are corrected.
This is accomplished by comparing the derived stellar parameters for the common sources
between the surveys. We have arbitrarily chosen the APOGEE data set as a reference frame
due to its high spectral resolution and S/N. We used a cross-identification radius of 2” to
identify the common sources of the three surveys with respect to APOGEE.

In this section, we investigate the systematic offsets seen in 7o, log g, and [Fe/H]* be-
tween APOGEE and the other data sets, RAVE, GES, and LAMOST, respectively. We found
only six sources in common between GES and APOGEE, making any comparison difficult.
Therefore, we carried out the comparison only between APOGEE and RAVE and between
APOGEE and LAMOST. Table 2.1 lists the median offsets and the standard deviation esti-
mated for APOGEE - RAVE and APOGEE - LAMOST.
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Figure 2.6: Comparison of common sources in APOGEE and RAVE (Top), and APOGEE and LAM-
OST (Bottom) for T,g (left), log g (middle), and [Fe/H] (right). For the metallicities, the median of
the difference in parameters and its dispersion is also shown as red circles with error bars in the plots.
[Fe/H] here denote the global metallicity for APOGEE and RAVE (see footnote 4).

*APOGEE, RAVE, and GES use the [M/H] notation for the overall content of metallic elements, rather than [Fe/H].
However, throughout this paper, we use [Fe/H] as the the global metallicity, i.e. [Fe/H] = [M/H]. For LAMOST, only
[Fe/H] is provided in the catalogue.
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APOGEE-RAVE

There are 907 sources in common between APOGEE and RAVE. Figure 2.6 (top panel)
shows the comparison of the stellar parameters. We find that RAVE has systematically higher
temperatures than APOGEE with a median difference of about 110 K. The log ¢g values show
a peculiar shape (Figure 2.6, top middle panel), which has been already noted by Kunder
et al. (2017). They consider this behaviour to be the consequence of degeneracies in the Ca
IR triplet region that affects the determination of log g (Kordopatis et al., 2011). Overall
we see a large dispersion (0.6 dex) for log g between APOGEE and RAVE. In terms of the
metallicity comparison, we note that APOGEE gives higher metallicities for metal-poor stars
([Fe/H] < -0.2 dex), while much lower metallicities for metal-rich stars ([Fe/H] > 0.2 dex) in
comparison with RAVE. We have calculated the median offsets in bins of 0.25 dex in RAVE
metallicities (indicated by the red points) and did a linear fit to them, as indicated by the red
line.

APOGEE-LAMOST

LAMOST has 11 203 sources in common with APOGEE, which is statistically the high-
est number. The plots used for comparison are shown in the bottom panel of Figure 2.6.
The median offset of T, between LAMOST and APOGEE is about 42 K with a dispersion
of 170 K. A slight trend with T.g is visible in the sense that for stars hotter than 5000 K
LAMOST predicts higher temperatures. However, the APOGEE pipeline is more adapted
to getting stellar parameters for cooler stars below 5000 K (Holtzman et al., 2015). The log
g correlation shows distinct behaviour for the APOGEE values above and below ~ 4.0 dex.
Below 4.0 dex we see in general good agreement except around log g ~ 2.5, the area where
the red clump is dominant. The log g values above 4.0 dex are underestimated in APOGEE
because of the lack of reliable calibrators for stars with high surface gravity values (Holtz-
man et al., 2015). This can be seen in the behaviour of difference in log g with log gz ano0sr
for log g > 4.0dex. Hence, we estimate the median offset and dispersion for log gapoceE
< 4.0dex. Overall, the median offset is negligible (~ -0.04 dex), but with a large dispersion
(~0.34 dex). In the case of metallicity, the median offset between APOGEE and LAMOST
for sources within -1 < [Fe/H] < 0.5 is 0.05 dex with a dispersion of 0.14 dex. Here again, we
added correction terms for the metallicities by calculating the median offset in bins of 0.25
dex in metallicity and fitting a second-degree polynomial to them (red points and line).

2.3 ALR and AGR

We have chosen to select common fields distributed along similar lines of sight to study the
effect of the selection function on the observed MDF and the vertical gradient. In total,
there are only three common fields between the four surveys, which provide a relatively
small sample size, and for this reason we have chosen to restrict ourselves to the common
fields between three surveys at a time: APOGEE, LAMOST, and RAVE (hereafter ALR)
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Table 2.2: Details of the ALR fields. The field numbers assigned by us, mean of field centres of
each field for three surveys, along with the number of observed sources in each field are listed. The
number of observed sources having their distances calculated (based on availability of derived T.g, log
g, [Fe/H], and photometric magnitudes) are indicated in parentheses alongside the observed source
numbers. There are overlapping fields for certain surveys, indicated by _1, _2, or _3.

Field Mean(1°,b°) N(APOGEE) N(RAVE) N(LAMOST)
5 (320.7,59.4) 222 (222) 497 (495) 2844 (2677)

10_1 (262.6,55.2) 221 (221) 277 (277) 503 (475)
10_2  (259.1,55.4) — — 1306 (1175)

13_1 (58.7,-45.5) 228 (228) 566 (566) 719 (709)
13_2  (61.7,-46.5) — — 1185 (1160)

14 (312.4,59.1) 225 (225) 250 (248) 1208 (777)

15_1 (292.1,59.6) 221 (221) 362 (362) 994 (898)
15_2  (293.2,60.7) — — 990 (846)

20_1 (331.6,58.6) 227 (227) 306 (306) 2822 (2488)
20_2 (330.7,60.7) — — 3021 (2870)

25_1  (273,58.3) 252 (252) 282 (282) 2668 (2500)
25_2 (269.9.,57.9) 263 (262) — 385 (360)
25_3  (270.7,58.8) 260 (260) — 1542 (1460)

32 (254,51.4) 225 (225) 300 (300) 1793 (1698)

and APOGEE, GES, and RAVE (AGR). We found eight common fields in the ALR case and
ten in AGR. Tables 2.2 and 2.3 list the common fields in each survey of ALR and AGR,
respectively, with the approximate mean field centres and number of sources in each field.

2.4 Distances

Distances for the sources in each survey are estimated by isochrone fitting as described in
Rojas-Arriagada et al. (2017), which is similar to other methods in the literature (e.g. Zwitter
et al. 2010) using the derived stellar parameters T.g, log g, [M/H] together with the J, H,
Kg (for APOGEE, RAVE, and GES) or SDSS u,g.r,i photometry (for LAMOST). A set of
PAdova and TRieste Stellar Evolution Code (PARSEC) isochrones with ages ranging from 1
to 13 Gyr in 1 Gyr step and metallicities from -2.2 dex to +0.5 dex in 0.1 dex step are chosen
for this. PARSEC is the stellar evolutionary code used to compute sets of stellar evolutionary



2.4. Distances

43

80 ALR ' ' 30 AGR
60f & 8w * APOGEE 60| . - APOGEE
e « RAVE ® ® « RAVE
40¢ o LAMOST 40f o GES
g 20 % 20} .
g o °
2 o 2 ol *
o e}
[=] [=]
= 20t < 20}
fal fal
—40} —40f
® P
—60} —60} @ o
—80, —80,
=200 —150 —100 =50 0 50 100 150 200 =200 —150 —100 —50 0 50 100 150 200
4 I (in degrees) . I (in degrees)
T N 1 i L T
3 T h g 3 I N A
&, 3
s 5 %*}& T VL
1 1 b
2 P =
< 0 & 0 !
N N "
-1 -1 ]
-2 LAMOST I S -2 RAVE .: """ ‘:.; --- R
-3 RAVE 1:: -3 APOGEE | %~ o o
APOGEE | i GES Cas T H
—45 6 7 8 9 0 s 6 7 8 9 10
R (kpc) R (kpc)

Figure 2.7: Distribution of the common fields in ALR and AGR shown in the Galactic plane (top);
the R-Z distribution of the sources in those fields with the dashed box indicating the 7<R<9 kpc and
|Z| < 2 kpc range we chose to select the sources for our study (bottom).
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Table 2.3: Details of the AGR fields. The columns are the same as in Table 2.2

Field Mean(1°,b°) N(APOGEE) N(RAVE) N(GES)
1_1 (339.6,50.8) 228 (228) 485 (485) 103 (54)

1.2 (337.1,49.7) — 521 (521) —
1.3 (337.2,49.5) — 534 (534) —
3 (182,-45.6) 222 (222) 155 (155) 91 (47)

4.1 (1584,-62.1) 259 (259) 389 (389) 82 (45)
4.2 (152.2,-61.8) — 233 (233) —

51 (239.6,17.2)  230(230) 614 (614) 104 (81)
52 (2382,18) — 479 479)  —

8 (60.3,-457)  228(228) 566 (566) 103 (59)
10 (277.748.5)  220(220)  582(582) 102 (51)
12 (233.8,7.4)  229(229) 801 (801) 104 (87)
14 (2359,124)  229(229) 451 (451) 108 (88)
23 (984,-61.1)  279(279)  320(320) 86 (47)

311  (299.1,54.3) 231 (231) 348 (348) 108 (60)
31.2  (299.4,56.9) — — 96 (54)

tracks for stars of different intial masses, evolutionary phases, and metallicities. Isochrones
in several photometric systems are derived from these tracks (Bressan et al., 2012). The
distance of the observed star to the set of all model stars from the whole set of isochrones
is calculated in the T,g-log g-[Fe/H] parameter space. This distance is weighted to account
for the evolutionary speed and non-uniformity of model stars along the isochrone tracks.
Using these weights, the most likely values of absolute magnitudes of the star in each band
is calculated as the weighted mean or median of the model stars’ absolute magnitudes. We
also compute the line-of-sight reddening from the observed and theoretical colours. Finally,
we compute the distance modulus and the line-of-sight distance in each passband from the
absolute magnitudes and the estimated reddening (Rojas-Arriagada et al., 2017). We use the
average value of the distances from different passbands as the final line-of-sight distance of
each source. Using the same approach to calculate the distances for each of the four surveys
makes sure that no biases are introduced. The typical uncertainty of the distances is in the
order of ~ 20%. The Galactocentric distance R (kpc) and the vertical height Z (kpc) from
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the Galactic mid-plane for the sources are calculated by assuming the Sun to be located at
R~8.0 kpc. The distribution of the fields in the Galactic plane and that of the sources in the
R-Z plane are shown in Figure 2.7. We see from the R-Z distribution in the bottom panel of
Figure 2.7 that there is a wide range of Z allowing us to determine the vertical gradient (see
Section 2.7), while the range in the radial gradient is limited. Even though the range in R is
broader in AGR than that in ALR, to be consistent between the two cases and to minimize
the impact of any radial gradient on the vertical gradient, we restrict the samples in R from
7 to 9 kpc and |Z| from 0 to 2 kpc for our study (see the dashed box in the bottom panel of
Figure 2.7).

2.5 MOCK fields using SPS models

As mentioned in the Chapter 1, stellar population synthesis models make use of Galaxy
formation and evolution scenarios along with some physical assumptions to generate a picture
of the Milky Way in different photometric systems. Their prime objective is to compare and
interpret different observational data currently available and also to test the theories on which
the models are based. I also introduced in the Chapter | GALAXIA (Sharmaetal., 2011) and
TRILEGAL (Girardi et al., 2005), the two most commonly used population synthesis models
differing in their assumed component parameters, density laws, star formation history, stellar
libraries, and other dynamical constraints. We chose them to create the respective mock fields
for each survey with the aim of understanding the selection function effect in the MDFs and
to attempt a basic comparison of the models. We chose two stellar population synthesis
models with different input physics to test the robustness of our analysis. We generate the
mock catalogues along each line of sight using the field centre and the field radius of the
respective surveys for each of the model. The 2MASS+SDSS photometric system was used
for both the models.

2.5.1 Applying uncertainties and related checks on the models

Both GALAXIA and TRILEGAL predict the stellar parameters and photometric magnitudes
for each star at a given line of sight. Each of the four surveys has intrinsic errors in the mea-
sured stellar parameters and observed photometric magnitudes, which should be simulated
accordingly in the model in order to make it more realistic. Since we use only the metallicity
values from the models to compare the MDFs and vertical gradients, we do this only for the
metallicity among the stellar parameters in the model. In order to simulate the metallicity
errors, we have fitted a fourth-degree polynomial in the ofpe/y vs [Fe/H] plane for LAM-
OST, and GES and a third-degree polynomial for APOGEE. For RAVE, we used the same
metallicity error description as described in Kordopatis et al. (2013). We apply a Gaussian
filter to the metallicities of the mock catalogues.

OFe/Hapocps = 0-023 = 0.015[Fe/H] - 0.001[Fe/H]* - 0.005[ Fe/H ] (2.6)
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OFe/H]aps = 0-072+0.047[Fe/H]+0.150[ Fe/ H]*+0.034[ Fe/ H]*-0.004[ Fe/H]* (2.7)

O[Fe/H]pamosr = 0-164 = 0.122[ Fe/H] + 0.048[ Fe/H]* +0.013[ Fe/H]* - 0.004[ Fe/H]*

(2.8)

Similarly we need to apply uncertainties to the photometric 2MASS or SDSS magnitudes

provided by each model. We used an exponential function for 2MASS and a third-degree

polynomial for SDSS to define the relation between the mag vs o,,,4, Which we model as a
Gaussian for each model source, as mentioned earlier.

0y =0.019 + 2377710550 (2.9)
o = 0.025 + ¢0-612H-10.736 (2.10)
o = 0.028 + 0 728K-11.963 (2.11)
04 =9.079 - 2.287¢g + 0.213¢* - 0.009¢° (2.12)
o, = 14.273 - 3.502r + 0.3197% — 0.01373 (2.13)

In addition, we have simulated errors in the distance distribution in the model to verify
the percentage of souces lost or gained, due to our limiting R-Z cut. The typical errors in the
spectro-photometric distances are in the order of 20% (see Hayden et al. 2015, Schultheis
etal. 2015). We carried out ten trials, each time introducing a 20% error in distance calculated
by the models to check whether this drastically affects the number of sources at the boundaries
of the R-Z range that are thrown out or that come in. We have found that a 20% error in the
distances would affect less than 5% of stars in the selected R-Z ranges. This is a relatively
small change in the sample size, but to make the mock sample realistic, we kept the 20%
distance uncertainty in the models.

2.5.2 Comparison between GALAXIA and TRILEGAL

In Section 2.1, we show the CMDs for each survey with their respective colour and magnitude
cuts that were used to select the target sample. We carry out the same exercise for the mock
fields generated using the models. The masks (in the form of small rectangular boxes within
the selection box) are used to denote the bins in colour and magnitude where the sources
are observed. Figure 2.8 shows an example of our method for the APOGEE field located
towards 1~259.6° and b~54.5° for both GALAXIA and TRILEGAL. The masks are colour-
coded with the fractional percentage of model sources compared to the input photometric
sample (ZMASS or SDSS). We find that TRILEGAL predicts more sources at the faint end
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Figure 2.8: CMD diagrams for the APOGEE field located towards 1,b~59.6°, 54.5° with GALAXIA
and TRILEGAL source distribution shown in the left and right panels, respectively. The open circles
in each panel represent the respective model sources. The rectangular boxes are the masks where
the real observed sources are, each colour-coded with the fraction (Noas455 - Nyodel)/Noarass if
Norrass > Nonodel O (Noarass - Nonodet) /Nimodet if Noarass < Nyoder- The redder colours indicate
that the 2MASS sources are in equal number or greater than the number of model sources, while bluer
colours denote more model sources. From the colours of the bins, there are more TRILEGAL sources
than GALAXIA sources towards the faint magnitudes.

than does GALAXIA. A very similar trend is seen for the simulated RAVE, LAMOST, and
GES fields.

Using the masks in the CMD we force each model to have the same fraction (Nopserved/Nphotometricsample)
as the real targeted and observed sample. To understand which model best replicates the ob-
served MDF, we compare the mask and the observed sample MDFs combining all common
fields for each survey in ALR and AGR, restricted in the R-Z range of 7< R <9 kpc and |Z| < 2
kpc, as shown in Figures 2.9 and 2.10. Each model uses different stellar libraries and stellar
evolutionary tracks, which could lead to systematic offsets in the abundance scale between
the models and observations. However, as discussed in Sections 2.6 and 2.7, we investigate
the selection effect within each model.

Except for APOGEE and GES, GALAXIA predicts a slightly higher number of sources,
while TRILEGAL overestimates the star density for all four surveys. This difference in the
number of predicted sources with respect to the observed sample could be explained by the
different assumption in the density normalization of the two models. The fractional per-
centage of mask sources compared to the observed sources is listed in Table 2.4, where the
differences between the two models can be clearly seen.

The MDFs are binned in 0.1 dex metallicity bins and then normalized by the total num-
ber of sources. The fit of the distributions are carried out using a Gaussian mixture model
(GMM) (as in Rojas-Arriagada et al. 2017). A mixture model (M) is a weighted sum of a
number of probability distribution functions, while the mixture ina GMM in 2D is defined by
a sum of bivariate normal distributions. For a given data structure composed of certain un-
derlying substructures/features, the parameters (1, o, etc.) that define the best mixture model
with a given number of modes is determined using the expectation-maximization algorithm
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Table 2.4: Fractional percentage of mask sources compared to the observed sources for GALAXIA
and TRILEGAL in ALR and AGR.

ALR APOGEE (%) RAVE (%) LAMOST (%)
GALAXIA -20.16 +1.32 +10.06
TRILEGAL +34.41 +68.72 +111.23
AGR APOGEE (%) RAVE (%) GES (%)
GALAXIA -15.62 +0.41 -39.07
TRILEGAL +45.04 +65.74 +49.10

that maximizes the likelihood function of the mixture. Since we do not know a priori the
exact number of components in the data, we use the Bayesian Information Criterion (BIC) as
a cost function to assess the relative fitting quality between different proposed mixtures and
determine the best solution (the one with the lowest BIC value) to the number of Gaussian
components that constitutes the distribution.

In order to quantify the differences between the observed and the mask MDFs, we esti-
mate and compare the quartile values for each distribution as in Wojno et al. (2017). The
quartile values designated as Q1, Q2, Q3 represent the 25th, 50th and 75th percentiles of
the distribution, respectively, as indicated in each panel of Figures 2.9 and 2.10. We choose
0.1 dex (considered to be the general metallicity uncertainty) as the threshold for the differ-
ence between the respective quartiles of samples below which the distributions are considered
to agree. We note the following results by comparing the mask and observed MDFs for each
survey (see Figures 2.9 and 2.10) :

* Both models show a significant metal-poor tail in the mask MDF compared to the
APOGEE MDF, which is more prominent in the case of GALAXIA but absent in the
observations. This can be seen in the difference in Q1 quartile between GALAXIA and
APOGEE distributions, exceeding the adopted threshold of 0.1 dex.

* For RAVE, TRILEGAL matches the observed distribution very well for both AGR and
ALR. In GALAXIA the mask MDF is distributed as broadly as the RAVE MDF, though
there are subtle differences in the source fraction throughout.

* For LAMOST, the observed MDF has a broad peak that is skewed towards subsolar
metallicities, which both the models are unable to replicate. The difference in Q1 and
Q2 quartiles exceed the 0.1 dex threshold between TRILEGAL and LAMOST distri-
butions.

* The small sample size in the case of GES makes it hard to decipher the exact shape of
the MDFs, especially for GALAXIA. The majority of the 0.1 dex bins in the GALAXIA
MDF have fewer than 15 sources, except for the bins closer to the peak with more than
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Figure 2.9: Mask and observed normalized MDF for ALR in the R-Z range of 7< R < 9 kpc and 0< |Z|
<2 kpe. The survey histograms are in black, while GALAXIA and TRILEGAL histograms are in blue
and red, respectively. Histograms are normalized by dividing the counts in each 0.1 dex bin by the
total number of sources. The distributions in black line represent the observed MDF, while those in
blue and red lines represent the mask MDF for GALAXIA and TRILEGAL, respectively. APOGEE
and RAVE distributions are shown in the top and middle rows, respectively, and the LAMOST in the
bottom row. Quartile values for both distributions are given in each panel colour-coded according
to the distribution. Indicated is also the giant-to-dwarf ratio for mask and observed samples of each
survey for both models.
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Figure 2.10: Same as in Figure 2.9 for AGR high latitude fields.
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25 sources. Thus the normalized GALAXIA mask MDF is dominated by noise in
the form of multiple peaks, which we are not able to properly fit using GMM. The
TRILEGAL mask MDF has better statistics, resulting in significantly less noise in the
distribution. This is also evident in the quartile analysis for GALAXIA, with the Q1
quartile difference between GALAXIA and GES distributions exceeding 0.1 dex, which
is not the case with TRILEGAL.

We also estimated the giant-to-dwarf ratio in the model and observed samples in all cases.
The giants and dwarfs are separated based on their log ¢ value, i.e. dwarfs : log g>3.5 dex
and giants : log g<3.5dex. These ratios show how well each model is able to replicate
the observed stellar population. Among the four surveys, the giant fraction is highest in
APOGEE followed by RAVE, LAMOST, and GES. We find that both models are unable to
represent the ratio we find in the observed sample for APOGEE as GALAXIA gives a lower
value, while TRILEGAL overpredicts the ratio by a factor of ~2 in ALR. The prediction
by TRILEGAL is close to the observed case for APOGEE in AGR, although still slightly
overpredicted. For RAVE, we find the ratio in GALAXIA to be very close to that of the
observed case, while TRILEGAL again gives comparatively higher values for both ALR
and AGR. The giant-to-dwarf ratios predicted by both GALAXIA and TRILEGAL are quite
similar for LAMOST and for GES, though the sample size is quite limited for the GES mask
in GALAXIA.

Overall, neither model is able to reproduce both the MDF and the giant-to-dwarf ra-
tio of the APOGEE sample. Both conditions are found to be very consistently satisfied by
GALAXIA in the case of RAVE. Even though the shape of the MDFs are slightly different
from the observed MDF, we find consistency in the MDF and giant-to-dwarf ratio between
GALAXIA and TRILEGAL for LAMOST. In the case of GES, TRILEGAL reproduces the
observed MDF better than GALAXIA, likely because of the lack of targets in the latter model.

2.6 Selection function effects on MDF

With the models described above, we are able to study the effect of the selection function
on the MDF for the sample from the common fields of each survey in ALR and AGR. We
categorize the sources in the mock fields by the limiting magnitude of the respective surveys
and restricted in R-Z range as the parent population. This represents the underlying sample
from which the selection function in the form of colour and magnitude cuts are applied to
create a subset of mask sources. These mask sources in turn represent the observed sources.
Thus by comparing the MDF of the underlying sample, hereafter called the magnitude limited
sample, with that of the mask sample, we can assess the effect of the selection function, if any,
on the underlying MDF for each survey. For ALR and AGR, we restrict both the magnitude
limited and mask sample in the R-Z range of 7< R <9 kpc and |Z| < 2 kpc and all fields are
combined together. The |Z| values for sources in the three low latitude fields in AGR do not
exceed 1 kpc for the selected R range. As these low latitude fields have different selection
cuts and low numbers of stars, we restrict our analysis only towards high latitude fields.

We compare the magnitude limited MDFs and the effect of the selection function on the
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Figure 2.11: MDFs of magnitude limited and mask sample for the high latitude fields of each survey
in ALR. The GALAXIA and TRILEGAL MDFs are shown respectively in the left and right columns
of each panel. The histograms are normalized by dividing the counts in each 0.1 dex bin by the total
number of sources (mentioned in each panel). The blue and red lines represent the mask distribu-
tion, while the green and black lines for the magnitude limited distribution fitted using GMM for
GALAXIA and TRILEGAL respectively. APOGEE and RAVE distributions are shown in the top
and middle rows, respectively, and the LAMOST (left) and GES (right) in the bottom row. Quartile
values for the two distributions are given in each panel, colour-coded according to the distribution.
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Figure 2.12: Same as in Figure 2.11 for AGR.
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MDF for ALR and AGR in Figures 2.11 and 2.12 respectively. Here again we use the GMM
method to fit the multiple number of Gaussians to the MDF. In addition, we use the quartile
values to carry out a quantitive comparison of two distributions. Wojno et al. (2017) carried
out a similar comparison of distributions using the quartile values for RAVE. As mentioned
in Section 2.5.2, we choose 0.1 dex as the threshold for the difference between the respective
quartiles of samples below which the distributions are considered to agree thus implying
that the selection function has a minimal effect on the MDF. The quartile values for mask
and magnitude limited samples are listed in the respective panels in Figure 2.11. We find that
all the quartile values estimated for the mask and the magnitude limited sample in GALAXIA
are more metal-poor than those in TRILEGAL.

2.6.1 AGRvs ALR

As APOGEE and RAVE are the common surveys in ALR and AGR, we check the consistency
of the quartile values of their mask and magnitude limited distributions. Since we are using
only high latitude fields, the colour and magnitude cuts are consistent for both surveys in
ALR and AGR. As a first step, we compare the quartile values of mask and magnitude limited
distributions of APOGEE in ALR and AGR for each model separately. The same model-wise
quartile comparison is carried out for RAVE in ALR and AGR. We find that model-wise,
the individual quartiles differ only by a maximum of ~0.03 dex for both surveys between
ALR and AGR. This ensures that APOGEE and RAVE distributions in ALR and AGR are
consistent.

To quantitively compare the mask and magnitude limited distributions of each model in
ALR and AGR, we check for differences in their individual quartiles:

¢ For APOGEE, we find the differences in Q1 to be ~0.05-0.08 dex, for Q2 ~0.03-0.05 dex,
and for Q3 ~0.03-0.05dex. Thus, although we find the quartile differences to vary
widely, they are all within the 0.1 dex difference threshold, implying no large selection
function effect. As mentioned in the APOGEE selection function, there are certain
halo fields in APOGEE where the giant targets are preselected using the Washing-
ton+DDOS51 photometry. These photometric bands are not available in the two the
models we use, so we attempted an approximate simulation of this preselection for
such fields in our mask sample by using the APOGEE_TARGET]1 flag. We estimated
the observed giant-to-dwarf fraction in each small rectangular bins, which we tried to
replicate in the models by choosing approximately the same giant fraction. We carried
out the comparison of mask and magnitude limited samples with this approximate gi-
ant preselection using quartiles. We find there is an overselection of metal-poor stars
in the -0.5 to -1.0dex range in [Fe/H] in GALAXIA, which is not evident in TRI-
LEGAL. The Q1 quartiles for mask and magnitude limited samples show differences
higher than 0.1 dex in such fields for GALAXIA, but in Figures 2.9 and 2.10, we find
that GALAXIA already (i.e. without any giant preselection) overpredicts the metal-
poor stars in the same [Fe/H] regime compared to the observed APOGEE MDF. It
is likely that this selection effect seen in such giant dominated fields is the result of
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model parameterization, as it already significantly overpredicts contributions from the
metal-poor populations.

* For RAVE, the individual quartile differences are minimal: ~0.0-0.02 dex. Thus we
find the RAVE MDF to be least affected by the selection effect. Wojno et al. (2017)
have found very similar result for the RAVE DRS sample, for separate giant, main-
sequence, turn-off samples of stars and for a mixed population sample and at different
distance bins from the Galactic mid-plane.

* Like APOGEE, the individual quartile differences in LAMOST show some variations
(QI: ~0.06-0.08 dex, Q2: ~0.04-0.05 dex, and Q3: ~0.03 dex). However, as per our
criteria, the selection function effect is not prominent.

* In the case of GES, we find inconsistency in the quartiles between GALAXIA and TRI-
LEGAL. The quartile differences of the mask and magnitude limited sample in TRI-
LEGAL agrees within the 0.1 dex threshold (Q1: ~0.04 dex, Q2: ~0.02dex, and Q3:
~0.02 dex), but the Q1 values in GALAXIA differ by ~0.2 dex. We find that GALAXIA
masks do not have enough sources in the metal-poor regime (170 stars in total), making
this difference highly susceptible to Poisson noise.

2.7 Selection function effects on vertical metallicity gradients

We use stellar population synthesis models as described in Section 2.6 to simulate any influ-
ence of the selection function on the vertical metallicity gradient.

Here we estimate and compare the vertical metallicity gradients for the mask and magni-
tude limited sample of each survey. In both models, the gradient in metallicity in the vertical
direction is not incorporated as an input parameter. Instead, the mean metallicity of different
Galaxy components like thin and thick discs, combined with their different scale heights,
leads to the vertical metallicity gradient. In TRILEGAL, this is found to be shallow (~ -
0.1 dex kpc~1), while that in GALAXIA is steeper (~ -0.4 dex kpc™!). This can be attributed
to the wide range of the age—metallicity relation for thin disc in GALAXIA (~-0.01 to -
0.37 dex Sharma et al. 2011). Thus the two models differ largely in their vertical metallicity
gradients. We use only the ALR sample to carry out our simulations to ensure sufficient
statistics.

As mentioned in Section 2.5.2, the mask sample is made by randomly choosing the model
sources within each 0.05 mag by 0.3 mag bins in the CMD. The slopes of the gradients are
measured by finding the median metallicity in 0.2 kpc bins in |Z| and then using a linear least-
squares regression fit to the median values. Unlike in the case of MDF, we find that the source
distribution in the |Z|-[Fe/H] plane is sensitive to the random distribution of stars calculated
by the models for the mask sample. We find that the mask gradient varies each time the model
is run since the location of mask sample stars at the high Z boundaries keep varying. In order
to account for this, we performed ten different mask samples for each survey in ALR. We
use the median value of the vertical metallicity gradient and its error estimated from all ten
trials as the final gradient for the mask sample. If there is a major influence of the selection
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Table 2.5: Vertical metallicity gradients measured for mask and magnitude sample for GALAXIA
and TRILEGAL in ALR.

Model Survey Mask (dex kpc™)  Mag limited (dex kpc™?)

APOGEE -0.359+0.033 -0.382+0.025
GALAXIA LAMOST  -0.396 +0.019 -0.378 £ 0.017
RAVE -0.438 + 0.047 -0.424 + 0.042

APOGEE -0.085+0.018 -0.054+0.01
LAMOST  -0.037 + 0.005 -0.044 £ 0.005
TRILEGAL RAVE -0.121 £ 0.019 -0.103 £ 0.016
GES -0.075 + 0.039 -0.072 £ 0.011

function, we expect to find different metallicity gradients between the mask and magnitude
limited samples. Table 2.5 gives the fitted values of the metallicity gradient for ALR using
GALAXIA and TRILEGAL. We find that the variation in the gradient estimated between the
mask and magnitude limited samples are consistent within the 1-¢ limit for all three surveys
(see Table 2.5). This indicates that the selection function does not have a strong impact on
the vertical metallicity gradient. We investigate this further in the following section using
the vertical metallicity gradients estimated for the observed sample from each survey.

2.7.1 Vertical metallicity gradients for the observed sample

To estimate the vertical metallicity gradient and compare them between the different surveys,
we have to ensure that the metallicities of the different surveys are on the same scale. We
applied a small offset to the RAVE and LAMOST metallicities with respect to our reference
sample APOGEE using the linear and second-degree polynomial functions that we fitted in
Section 2.2. While estimating the functional relation of metallicity offsets of RAVE and
LAMOST with respect to APOGEE, we make sure that the relation holds true seperately for
both high and low S/N samples of RAVE and LAMOST. So we can proceed without any
major quality cuts for each survey, ensuring a statistically significant sample for our study.

Here again we restrict our study to the high latitude fields. Figure 2.13 shows the vertical
metallicity gradients plotted separately for ALR and AGR. We follow the same fitting routine
mentioned in the previous section to estimate the slopes. Table 2.6 lists the slopes of the
gradients calculated for each survey in ALR and AGR, along with the slope of the combined
sample. We also list the mean vertical metallicity gradient estimated from combined samples
of ALR and AGR in the last row of the table.

We measured the vertical gradients of -0.235 + 0.025 dex kpc~! and -0.229 + 0.026 dex
kpc~! for APOGEE in ALR and AGR, respectively. Hayden et al. (2014) measured a slightly
steeper slope of -0.31 + 0.01 dex kpc~! for their APOGEE DR10 sample located within the
solar neighbourhood, 7<R<9 kpc and |Z| < 2 kpc. Their sample in the solar neighbourhood is
more complete and homogeneous than the volume limited sample we are dealing with. We
used the same criterion in Hayden et al. (2014) to distinguish the a-poor and a-rich sources in
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Table 2.6: Vertical metallicity gradients measured for ALR and AGR high latitude fields.

Survey % (dex kpc™1)
APOGEE -0.235+0.025
LAMOST -0.224 + 0.024
RAVE -0.225 + 0.025
ALR -0.225+ 0.024
APOGEE -0.229+0.026
GES -0.202 + 0.095
RAVE -0.274 + 0.025
AGR -0.256 + 0.015
Mean L5/ 1 0,241+ 0.028
15 ALR ‘ 15 AGR - High Latitudes
’ o APOGEE/Slope : -0.235+0.025 ’ 6 APOGEE/ Slope : -0.229+0.026
1.0 ¢ LAMOST/ Slope : -0.224::0.024 | | 1.0l ¢ GES/Slope : -0.20240.095
¢ RAVE/Slope : -0.225+0.025 ¢  RAVE/Slope : -0.274+0.025
& ALR/Slope : -0.225+0.024 o AGR/Slope : -0.25640.015
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Figure 2.13: Vertical metallicity gradients calculated for all sources in each survey belonging to ALR
(left) and AGR (right). The slope estimated for each survey is also shown in the plots. The gradient
for the combined sample of surveys is shown for ALR and AGR.

our sample, and measured % =-0.175 + 0.045 dex kpc~! and -0.164 + 0.035 dex kpc~! for
the low-a samples in ALR and AGR, respectively. Hayden et al. (2014) measured a slightly
steeper gradient of -0.21 + 0.02 dex kpc~! for their set of low-« samples. Meanwhile, the low
number statistics of the high-a sources in our sample prevented us from calculating the same.
The vertical metallicity gradient for the DR13 APOGEE sources in the same R-Z range was
recalculated and found to be consistent with our slope (Hayden et al. 2017 in prep.).

The RAVE vertical metallicity gradient calculated for ALR and AGR are also similar,
with slopes of -0.225 + 0.025dex kpc~! and -0.274 + 0.025dex kpc~!, respectively. The
steeper slope in AGR could be due to the comparatively low number statistics in the bins at

high |Z| with respect to that in ALR, which makes the slope steeper. Boeche et al. (2014) used
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giants stars in the RAVE DR4 sample and measured a shallower slope of d[};ZH] =-0.112 +
0.007 dex kpc~ for ~ 10511 stars (RC sample) in the region extending from 7.5 to 8.5 kpc in
R and |Z| < 2 kpc. They have also carried out a study of the gradients seen in the «-poor and
a-rich sample, but we were not able to identify any clear separation in the [«/Fe] vs [Fe/H]
plane to define a a-poor and a-rich sample.

The low number statistics of GES is a significant issue when analysing metallicity trends.
Since we use only the high latitude fields, there are no sources populated in the first 0.2 kpc
bins of |Z|. We also find a comparatively metal-poor median metallicity value in the 0.2-0.4
kpc |Z| bin, which leads to a very high uncertainty of ~ 0.1 dex kpc~! in the estimated gradient.
We calculated % of -0.202 + 0.095 dex kpc~!t, which is still inside 1-o with respect to
APOGEE and RAVE. Mikolaitis et al. (2014) measured vertical metallicity gradients of -
0.079 £ 0.013 and -0.046 + 0.010 dex kpc~! for thin and thick-disc FGK stars separately in the
solar circle (7<R<9 kpc and |Z| < 3.5 kpc), which are much shallower than our measurements.
They use the first internal data release of the GES (GES iDR1) and chemically differentiate
the thin and thick discs based on their o abundances, whereas our sample is made using the
iDR4 release and we do not make any separation based on the a-abundances.

The vertical metallicity gradient measured for LAMOST is steep, -0.224 + 0.024 dex
kpc~!, but within the 1-o limit with respect to APOGEE and RAVE. Using nearly 70 000
red clump stars covering 7<R<14 kpc and |Z| < 3 kpc from the LAMOST Spectroscopic
Survey of the Galactic Anti-Centre (LSS-GAC) survey, Huang et al. (2015) measured the
radial and vertical metallicity gradients. Our estimate is steeper than their slopes of -0.146
+ 0.012 dex kpc~! and -0.149+ 0.012 dex kpc~! measured for the sample in 7<R<8 kpc and
8<R<9 kpc, respectively. Xiang et al. (2015) measured a vertical metallicity gradient that is
in the range of ~ -0.2 to -0.3 dex kpc~! in the R bin of 8 to 9 kpc and |Z| < 2 kpc, for a sample
of main-sequence turn-off stars from LSS-GAC, which is consistent with our value.

Our mean vertical metallicity gradient from the combined samples of ALR and AGR
is -0.241+0.028 dex kpc~'. Among recent studies, Schlesinger et al. (2014) carried out a
detailed study of the vertical metallicity gradient using over 40 000 G-dwarf stars from the
SEGUE DRO catalogue, volume complete in the range of 6.7 t0 9.5 kpc in R and 0.27 to 1.62
kpc in |Z|. Their range in R-Z is very close to the coverage of our samples. They estimated
the gradient to be -0.243*0-939 dex kpc~!, which is in good agreement with our derived mean
value. Very recently, Duong et al. (2018) estimated the vertical metallicity gradient to be
-0.22+0.01 dex kpc~! for stars within 7.9<R<9.5 kpc and |Z| <4 kpc from the GALAH pilot
survey, which is again consistent with our measured mean value.

In addition to the results from the surveys used in our analysis, there are other studies
calculating the vertical metallicity gradients near the solar circle, Chen et al. (2003): -0.295
+ 0.005 dex kpc~!, Borkova and Marsakov (2003): -0.29 + 0.06 dex kpc~!, Soubiran et al.
(2008): -0.31 + 0.03 dex kpc~! for thin disc clump giants within |Z| < 1 kpc, Ak et al. (2007):
-0.22 + 0.03 dex kpc~! for G-type stars in |Z| < 3 kpc. All these gradients are very close to
the gradients we estimated for each survey. Vertical gradients have been measured for thick
discs alone; Chen et al. (2011) have measured a gradient of -0.22 + 0.07 dex kpc~! for RHB
stars in 1 < |Z| < 3 kpc, and Carrell et al. (2012) -0.113 £ 0.010 dex kpc~! for SEGUE FGK
dwarf stars in 1 < |Z| < 3 kpc. Kordopatis et al. (2011) have estimated a vertical metallicity
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gradient of -0.14 + 0.05 dex kpc~! using roughly 700 stars at 1 < |Z| < 4 kpc from the solar
neighbourhood towards the Galactic coordinates (1~ 277° , b~ 47°).

While there is a large variation in the vertical metallicity gradient in the literature, we find
consistent measurements of the vertical gradient in the four spectroscopic surveys analysed
in this paper. This implies that the effect of the selection function on the vertical metallicity
gradient is very small, if any at all.

As seen in Section 2.7 the metallicity gradients for the mask sample in both models (Ta-
ble 2.5) do not match the observed metallicity gradient (see Table 2.6). However, as we
compare the magnitude limited sample and the mask sample for each model separately to
study the influence of the selection effect, we neglect the discrepancy between the observed
gradient and both models. Nevertheless, it shows that both models need to be improved in
order to reproduce the observed quantities (e.g. metallicity gradient).

Thus, using the models and the observed sample, we find negligible selection function
effects on the vertical metallicity gradient. This in turn means that it is indeed possible to
merge different spectroscopic surveys to obtain a broader Z range that traces the vertical
metallicity gradient to higher precision, provided they are on the same metallicity scale.

2.8 Summary and conclusions

We investigated the effect of the selection function on the MDF and on the vertical metallicity
gradient using common fields between APOGEE-LAMOST-RAVE (ALR) and APOGEE-
GES-RAVE (AGR) around the solar neighbourhood. Our results can be summarized as fol-
lows:

We compared and discussed stellar parameters of the common sources between APOGEE,
RAVE, and LAMOST. In order to bring the surveys to the same metallicity scale, we applied
corrections for [Fe/H] with respect to APOGEE, which we used as the reference sample.
Distances were calculated for all four surveys and we restricted our sample in R from 7 to 9
kpc and |Z| from O to 2 kpc allowing the determination of the MDF and vertical metallicity
gradient.

We generated mock fields using two commonly used population synthesis models, GALAXIA
and TRILEGAL, to investigate the selection effect in MDFs. We divided the corresponding
CMDs into small bins (called masks) which we applied to each model trying to replicate the
observed MDF. Based on the comparison of the shape of mask MDFs and giant-to-dwarf
ratio we find that

» for APOGEE, both models have a dominant metal-poor tail absent in the observed
MDF. In addition, GALAXIA underestimates the giant-to-dwarf ratio while TRILE-
GAL overestimates it;

* GALAXIA traces both the shape of the MDF and the giant-to-dwarf ratio of the RAVE
sample better than TRILEGAL,;

» for LAMOST there is good consistency between the giant-to-dwarf ratio of mask sam-
ples and observed samples, even though the shape of the mask MDF relative to the
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observed is found to be different in the two models.

To understand the selection function effect in MDF, we compared the mask MDF with
the magnitude limited MDF for the survey-replicas of both models using quartiles. We found
APOGEE, RAVE, and LAMOST to have negligible selection effects using both models,
while GES suffers from number statistics that are too low to be conclusive.

We simulated the vertical metallicity gradient with the two models, and they both failed
to reproduce our observed metallicity gradient; clearly some improvements in both models
are necessary. However, when we compare the vertical metallicity gradients between mask
and magnitude limited samples for APOGEE, RAVE, and LAMOST, which are sensitive to
the selection function, we did not find any significant difference. In addition, the agreement
found in our observed values of the metallicity gradient between the four different surveys
again strengthens the argument that the selection effect plays a negligible role when deter-
mining the metallicity gradient.

We scaled the metallicity values in RAVE and LAMOST to that in APOGEE and com-
pared the vertical metallicity gradients for combined fields for each survey in ALR and AGR.
The estimated vertical metallicity gradient for each survey is consistent within 1-¢ indicating
the negligible effect of selection function. Finally, we estimated a mean vertical metallicity
gradient of -0.241+0.028 dex kpc~1.

We conclude that in the era of rising large spectroscopic surveys, in principle common
fields of the surveys could be combined once they are put on the same metallicity scale. This
will increase significantly the statistics without imposing any selection effect when studying
the MDF and the metallicity gradient. With the forthcoming Gaia data releases, we plan to
extend this study to a much larger volume .
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In this chapter, we carry out the data reduction and analysis of high resolution K band
CRIRES spectra of 72 M giant stars in the inner Galactic bulge. The stars are distributed in
six fields along the bulge minor axis (1 = 0°) covering latitudes, b =0°, £1°,, £2° and +3°. We
derive the fundamental stellar parameters (7.¢ , log g, [Fe/H], radial velocities and [«a/Fe] (Si
and Mg) abundances of all the stars in our sample, with the aim to estimate the nature of the
MDF in the inner bulge region and do a comparison to its nature in the outer bulge. We also
intend to investigate the North-South symmetry/asymmetry in the MDF as well as chemical
abundance patterns in the inner bulge regions.
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3.1 (Lack of) Observations in the inner Galactic bulge

As mentioned in the Section 1.1.3, the Milky Way bulge is on average one of the older com-
ponents of the Milky Way, located within ~ 3 — 4 kpc from the Galactic center and harbors
most likely multiple stellar populations. Its structure, formation, and evolution scenarios have
been under debate in recent years owing to a large increase of observational data allowed by
the advancements in telescope sizes, instrumentation as well as observing techniques. These
general advances derive from observations of bulge stars in regions of relatively low optical
extinction. However, much of the mass of the bulge, that lies within ~400-500 pc around
the Galactic center or within |b| ~ 3°, has escaped investigation due to the obscuration in
the line-of-sight toward the inner bulge. Observations at infrared wavelengths mitigates this
problem, enabling us to peer further and deeper through the highly extincted inner regions
of the Milky Way.

One of the first observations and metallicity determination for stars in the inner bulge
region along the bulge minor axis (0°1 < b < —228) was carried out by Frogel et al. (1999)
using IRCAM (Persson et al., 1992). These authors derived mean metallicities from the slope
of giant branches in CMDs and estimated a slope of -0.085+0.033 dex deg™! for -0°8<bx<-
2°.8. Follow up low resolution (R~1300-4800) spectroscopic observations of around 100
M giants in the same fields were carried out by Ramirez et al. (2000b). These authors de-
termined metallicities for their sample from the equivalent widths of three features in these
spectra, EW(Na), EW(Ca), and EW(CO), and found no evidence for a metallicity gradi-
ent along the minor or major axes of the inner bulge (Rs ~560 pc). Carr et al. (2000) and
Ramirez et al. (2000a) have carried out a detailed abundance analysis using high resolution
spectra (R~40,000) to estimate a mean metallicity of +0.12+0.22 dex for 10 cool luminous
super giants stars in the Galactic center (GC). The same stars were re-analysed by Cunha
et al. (2007) with a slightly higher resolution (R~50,000) and they estimated a similar mean
metallicity.

Rich et al. (2007) did one of the first detailed abundance analysis of 17 M giants located
at (1,b)=(0°, —1°) from their high resolution (R~25,000) spectra and found a mean iron abun-
dance of [Fe/H]=-0.22 with a 1 ¢ dispersion of 0.14 dex. Rich et al. (2012) then proceeded
to carry out a consistent analysis of 30 M giants at (/,b)=(0, —1°75) and (1°,-2°75) that were
observed with the same instrument and estimated mean iron abundances of —0.16 + (.12 dex
and —0.21 + 0.08 dex respectively. These authors also combined their analysis of 14 M gi-
ants in Baade’s Window (1=1°02, b=-3°93) using the same instrument and found no major
vertical abundance or abundance gradient in the inner most 150 pc to 600 pc region. Babu-
siaux et al. (2014) determined metallicities for ~100 red clump (RC) stars at ({,b) = (0°,+1°)
using low resolution spectra (R~6,500) and found a mean metallicity very similar to that of
Ramirez et al. (2000b) and Rich et al. (2007) at ({,b) = (0°, —1°) suggesting symmetry between
Northern and Southern inner bulge fields. APOGEE data (Majewski et al., 2017) presented
evidence of a significant metal-poor component in the inner one degree (Schultheis et al.,
2015). Ryde and Schultheis (2015) analyzed 9 field giants in the vicinity of the Nuclear Star
Cluster (NSC), finding a broad, metal-rich component at [Fe/H]~+0.1 and a lack of metal-
poor stars. Their o abundances are found to be low following the trends from studies in the



3.2. Data 63

outer bulge, resembling a bar-like population. Grieco et al. (2015) made a detailed chemical
evolution model of the center region to compare with these data. They conclude that this
region experienced a main, early, strong burst of star-formation, with a high star-formation
efficiency, no late in-fall of gas, and some indications of a top-heavy Initial-Mass Function
(IMF). Ryde et al. (2016a) presented an abundance study of 28 M giants in fields located
within a few degrees south of the Galactic Center using high resolution (R ~50,000) spectra
and determine the metallicity distribution functions and « element trends. They find a large
range of metallicities, with a narrower range towards the center, and a large similarity of the
« element trends among the different fields and that of the outer bulge, suggesting a homoge-
neous bulge regarding the enrichment processes and star-formation history. Recently, Zoccali
et al. (2017) derived metallicities of stars from the GIRAFFE Inner Bulge Survey (GIBS) in
fields close to the Galactic plane, at b=-2° and b = -1°. They find a clear bimodal Metallicity
Distribution Function (MDF). Meanwhile, Garcia Pérez et al. (2018) identify more than two
components by arranging the red giant stars in the APOGEE DR12 bulge sample by pro-
jected Galactocentric distance and distance from the Galactic mid-plane. Fragkoudi et al.
(2018), using derived metallicities from the more recent data release of APOGEE (DR13),
compare the observed MDF, including that in the inner bulge with that obtained from N-body
simulations of a composite (thin+thick) stellar disc. These authors find the MDF trends to be
reproduced by the models, and argue their consistency with bulge formation from the secular
evolution of disc.

It is clear from the overview of the literature that almost all focus has been on the less
extincted Southern fields of the inner bulge. Here, I present the first comprehensive data set
of high resolution spectroscopic data of 72 stars in fields sampling the full inner bulge within
|b| ~ 3°, thus both at Southern and Northern latitudes, all analyzed in a homogeneous way.
My study is the first comparative study of stars in inner fields of the bulge of both sides of
the Galactic Plane. With this study, I aim to estimate the nature of the MDF in the inner
bulge region and do a comparison to its nature in the outer bulge. I also intend for the first
time to investigate the symmetry in MDF between Northern and Southern latitudes, which
has not been studied before. With our limited sample, I also try to understand how the mean
metallicity changes with different latitudes away from the Galactic mid-plane. In addition,
O also estimate «-element abundances for the observed stars, and show the [a/Fe] vs [Fe/H]
trend in the inner bulge region. Finally, I have measured radial velocities of our stars with
the aim of exploring correlations between kinematics and metallicity. All these studies are
needed to constrain the formation of the Milky Way bulge.

3.2 Data

In order to determine the MDF and the a-element trends for stellar populations in the opti-
cally obscured inner bulge, we have observed M giants in six different fields at high spectral
resolution in the K band. We succeeded in securing useful spectra of 72 bulge giants along
the Northern and Southern minor axes within 3 degrees! of the Galactic Center. We have

"This corresponds to approximately 450 pc in projected distance
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Figure 3.1: Our inner bulge fields in galactic coordinates. The individual stellar coordinates (or-
ange) are plotted, which shows the concentration within each field. The mean extinction map, cal-
culated from Gonzalez et al. (2012) using extinction coefficients from Nishiyama et al. (2009), is
overlaid on the figure to show the level of obscuration in our observed fields. The bulge outline is the

COBE/DIRBE bulge envelope (Weiland et al., 1994).
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included a Galactic Center field at 2!5 — 5’5 North of the Galactic Center, thus avoiding the
Nuclear Star Cluster?. In Figure 3.1 the stars are plotted on a sky projection showing how
they sample the inner minor axis both to the North and to the South of the Galactic Plane.
We observed the stars in the infrared K-band at 2.1 ym, in order to overcome the extreme
optical extinction towards the inner regions.

All stars were observed at both high- and low spectral resolution. The high resolution
spectra, recorded with the CRIRES spectrograph (yielding a resolving power of R ~ 50, 000;
Kaufl et al., 2004; Kaufl et al., 2006; Moorwood, 2005) mounted on UT1 of the Very Large
Telescope, VLT, were used to determine the metallicity and abundances of the o elements,
while the low resolution spectra, recorded with the ISAAC spectrograph (R ~ 1000; Moor-
wood et al., 1998a) on UT3 of the VLT and the SOFI instrument (R ~ 1000 Moorwood et al.,
1998b) on the NTT telescope at La Silla, were used to determine the effective temperatures
of the stars via low resolution spectroscopy of the 2.2 pm CO bands, following the method
described in Schultheis et al. (2016) (see Section 3.3.3).

44 of the observed giants that are located in the Northern fields were observed with
CRIRES during the period 20 April - 16 September 2013 in Service Mode and with SOFI
during 13-17 July 2013 in Visitor Mode (program ID 091.B-0369). 28 of the remaining
giants are located in the Galactic Center field and the Southern fields and were observed
with both the CRIRES and ISAAC spectrographs in Visitor Mode during 27-29 June 2012
(program ID 089.B-0312). The 44 bulge giants in the Northern fields are presented for the
first time here, whereas the 28 giants in Southern and Center fields are reanalysed here for
consistency, but were first published in Ryde and Schultheis (2015) and Ryde et al. (2016b).
In Tables 3.1 and 3.2 the coordinates and total exposure times for all the stars are provided.

3.2.1 Target selection

We selected our M giant sample in the Northern fields in the same way as it was done for the
Southern fields (Ryde et al. 2016b) to ensure consistency of the North and South samples. We
used the dereddened color-magnitude diagram, which covers the full (J — K')y-colour range
for all the fields except the Galactic center field, where we use the (H — K')y-colour. Figure
3.2 shows the corresponding colour-magnitude diagrams for the northern and southern fields
together with our selected targets. Interstellar extinction is less severe than in the Southern
fields, especially for the field located at b=+1° is well known for its low and homogeneous
interstellar extinction, which has been the subject of many studies (see e.g. Omont et al.
2003a, van Loon et al. 2003, Babusiaux et al. 2014). Our input catalog for the Northern field
is the 2MASS catalog, as the Nishiyama et al. (2009) catalog is not available for the North-
ern fields. We again checked our extinction values with the 3D high-resolution interstellar
extinction map from Schultheis et al. (2014).

In addition, we used the surface-gravity index, as outlined in Ramirez et al. (2000b),
based on measured equivalent widths (1) of the Na1- and Cai-features, as well as the first
overtone, CO bandhead in our low-resolution spectra. This is done to ensure that none of

2 An abundance analysis based on high-resolution spectra of stars in the Nuclear Star Cluster is performed in Ryde et al.
(2016a); Rich et al. (2017)
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Table 3.1: The coordinates, dereddened magnitudes and exposure time for the observed stars in the

Northern fields.
Star RA (J2000) Dec (J2000) H K Hy Ky  exp. time
(h:m:s) (d:am:as) [s]

Northern field at (I,b) = (0°,+3°)

bp3-01 17:34:05.20 -27:19:58.20 10.04 9.55 931 9.10 1500
bp3-02 17:34:19.24 -27:20:42.70 11.48 10.99 10.69 10.50 1200
bp3-04 17:34:09.23 -27:22:38.00 10.97 10.39 10.22 9.23 1200
bp3-05 17:34:00.71 -27:18:59.60 1047 996 9.78 9.53 1200
bp3-06 17:34:07.13 -27:22:2890 11.71 11.21 10.97 10.75 1200
bp3-07 17:34:24.09 -27:23:16.70 11.52 1097 10.77 10.51 1200
bp3-08 17:34:16.44 -27:24:3430 1043 9.82 9.69 9.36 1200
bp3-10 17:34:13.70 -27:24:31.00 11.50 11.03 10.75 10.57 1200
bp3-11 17:33:58.67 -27:20:30.20 10.10 9.59 9.44  9.18 720
bp3-12  17:34:06.61 -27:19:29.30 10.13 9.61 9.40 9.16 720
bp3-13 17:34:08.21 -27:22:58.70 10.25 9.66 9.50 9.20 720
bp3-14 17:33:57.31 -27:21:07.60 10.27 9.67 9.61 9.26 1200
bp3-15 17:34:06.52 -27:22:30.20 10.30 9.77 9.56 9.31 1200
bp3-16 17:34:15.46 -27:22:30.90 10.39 9.78 9.63 9.31 1200
bp3-17 17:34:03.57 -27:18:49.60 10.31 9.82 9.60 9.38 1200
Northern field at (I,b) = (0°,+2°)

bp2-01 17:37:49.64 -27:51:05.50 11.21 10.66 10.42 10.17 1800
bp2-02 17:38:02.25 -27:52:31.40 11.11 10.64 10.33 10.16 1800
bp2-03 17:37:58.65 -27:51:40.90 10.93 10.37 10.15 9.89 1200
bp2-04 17:38:02.12 -27:52:49.80 10.86 10.38 10.08 9.90 1800
bp2-05 17:37:53.31 -27:52:01.10 11.39 10.88 10.60 10.39 1800
bp2-06 17:37:51.19 -27:54:01.70 11.48 11.03 10.72 10.56 1200
bp2-07 17:37:58.13 -27:53:42.60 11.30 10.87 10.55 10.40 1800
bp2-08 17:37:56.88 -27:51:52.80 10.87 10.29 10.08 9.80 1200
bp2-09 17:37:50.52 -27:54:24.60 10.89 10.36 10.14 9.89 1200
bp2-10 17:38:01.25 -27:55:38.40 10.60 10.03 9.86 9.57 1800
bp2-11 17:38:00.03 -27:55:45.00 10.62 10.02 9.88 9.56 1200
bp2-12  17:38:02.01 -27:53:30.70 10.55 10.03 9.78 9.56 2400
bp2-13  17:38:02.54 -27:55:42.50 11.52 11.06 10.78 10.60 1200
bp2-14 17:38:01.74 -27:55:56.10 11.16 10.55 10.42 10.09 1200
bp2-15 17:38:13.55 -27:53:41.40 10.67 10.15 9.93 9.69 600
Northern field at (I,b) = (0°,+1°)

bpl-01 17:41:57.26 -28:28:46.50 1191 11.17 10.87 10.53 1200
bpl-02 17:41:57.62 -28:28:51.60 11.46 10.86 10.41 10.21 1200
bpl-03 17:41:58.61 -28:28:46.80 11.38 10.65 10.31 9.99 1800
bpl-04 17:41:55.92 -28:27:03.80 11.56 10.93 10.60 10.34 1200
bpl-05 17:41:59.76 -28:27:36.20 11.70 10.95 10.68 10.32 1200
bpl-06 17:41:57.66 -28:27:07.20 11.79 11.11 10.82 10.51 1200
bpl-07 17:42:03.59 -28:27:18.20 11.68 11.08 10.63 10.43 1200
bpl-08 17:41:58.51 -28:26:18.70 11.61 10.81 10.53 10.15 1800
bpl-09 17:42:04.43 -28:26:55.60 11.61 10.81 10.58 10.17 1800
bpl-10 17:42:06.49 -28:27:09.10 11.43 10.69 10.36 10.03 1800
bpl-11 17:41:59.06 -28:26:03.90 11.64 11.08 10.70 10.50 1200
bpl-12  17:41:58.72 -28:25:58.80 11.50 10.90 10.56 10.32 1800
bpl-13  17:42:05.96 -28:26:59.10 11.03 1043 998 9.78 1200
bpl-14 17:42:10.05 -28:25:36.90 11.47 10.83 1048 10.22 1800
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Table 3.2: The coordinates, dereddened magnitudes and exposure time for the observed stars in the
Southern fields.

Star RA (J2000)  Dec (J2000) H K Hy Ky  exp. time
(h:m:s) (d:am:as) [s]
Galactic Centre field at (I,b) = (0°,0°)
GC1 17:45:35.43  -28:57:19.28 14.74 1190 1048 9.40 3000
GC20 17:45:34.95 -28:55:20.17 1447 11.87 10.21 9.37 3600
GC22 17:45:42.41 -28:55:52.99 1341 1154 9.15 9.04 3600
GC25 17:45:36.34 -28:54:50.41 14.35 11.60 10.09 9.10 2400
GC27 17:45:36.72  -28:54:52.37 1431 11.64 10.05 9.14 3600
GC28 17:45:38.13  -28:54:58.32 14.08 11.67 9.82 9.17 3000
GC29 17:45:43.12  -28:55:37.10 14.39 11.59 10.13 9.09 3600
GC37 17:45:35.94 -28:58:01.43 13.77 11.50 9.51 9.00 3600
GC44 17:45:35.95 -28:57:41.52 13.78 11.74 952 9.24 3600
Southern field at ({,b) = (0°,-1°)
bml1-06 17:49:33.42 -29:27:28.775 11.84 11.04 10.58 10.26 1800
bml1-07 17:49:34.58 -29:27:14.82 1222 11.44 10.95 10.66 2400
bml1-08 17:49:34.34 -29:26:57.98 11.22 1040 995 9.62 1200
bml1-10 17:49:34.45 -29:26:48.68 1092 10.12 9.65 9.34 1920
bml-11 17:49:32.57 -29:26:30.75 11.26 10.41 10.00 9.63 1200
bml-13  17:49:37.12 -29:26:40.24 1091 1025 9.65 947 1080
bml1-17 17:49:37.08 -29:26:21.67 11.70 1094 10.43 10.16 1800
bml-18 17:49:37.83 -29:26:19.19 1223 1142 1096 10.64 1800
bml-19 17:49:36.93 -29:26:10.51 12.11 11.34 10.84 10.56 3600
Southern field at ({,b) = (0°,-2°)
bm2-01 17:53:29.06 -29:57:46.22 11.44 11.11 11.08 10.89 2400
bm2-02 17:53:24.59 -29:59:09.48 10.78 10.44 10.41 10.21 1920
bm2-03 17:53:27.61 -29:58:36.39 11.30 1093 10.94 10.70 2400
bm2-05 17:53:33.20 -29:57:25.88 10.07 9.51 9.70  9.28 2280
bm2-06 17:53:30.68 -29:58:15.75 10.01 9.71 9.65 9.48 1200
bm2-11 17:53:31.50 -29:58:28.51 10.20 991 9.83  9.68 1680
bm2-12  17:53:31.74 -29:58:22.94 10.67 10.32 10.30 10.09 480
bm2-13  17:53:31.14 -29:57:32.76 10.86 10.52 10.50 10.29 2400
bm2-15 17:53:30.23 -29:56:42.74 1043 996 10.07 9.74 1200
bm2-16 17:53:29.54 -29:57:22.71 10.93 10.57 10.56 10.35 1200
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Figure 3.2: 2MASS K vs . J-K diagram for the Northern and Southern fields. The filled red points
show our selected targets.
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Figure 3.3: Effective temperatures based on the '2CO first overtone bandhead vs. logg sensitive
spectral index log(CO)/(log(Na)+log(Ca)). Black filled circles show our sample while the red filled
circles are those of Ramirez et al. (2000a).
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Figure 3.4: Histogram of the heliocentric distances of our stars using the isochrone method from
Rojas-Arriagada et al. (2014) and Schultheis et al. (2017)
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our stars actually is a foreground dwarf star. Ramirez et al. (2000b) demonstrated nicely that
this index is a very good discriminator to distinguish dwarf stars from giant stars. Figure
3.3 shows our sample of M giant stars in black and the comparison sample of Ramirez et al.
(1997) in red. Dwarf stars are supposed to lie at about log [((CO)/((Ca) + (Na))]~ 0. We see
clearly that our stars are indeed M giants.

We have also calculated the heliocentric distances for our sample by using the stellar
parameters 1.¢, log g and [Fe/H] (determined in Sections 3.3.3 and 3.3.4) and taking the
closest point in the PARSEC isochrones (Bressan et al., 2012), by assuming a typical age
between 5 and 10 Gyr. A more detailed explanation of the procedure can be found in Rojas-
Arriagada et al. (2014) and Schultheis et al. (2017). Figure 3.4 shows the histogram of our
derived distances. Our distance distribution shows clearly that our stars belong to the bulge
and that we can exclude any foreground contamination.

All our targeted stars are M giants (3300 K< 7,<4300 K and 0.5 < log g < 2.0), for which
we will determine the metallicities, [Fe/H], and the abundances of the a-elements, Mg and
Si. The apparent magnitudes of our stars lie in the range of K=9.5-12.0. The H and K'-band
magnitudes, as well as the dereddened (- and K(y-magnitudes are presented in Table 3.1
and 3.2.

In the following section, we give some details about the specific observations of our tar-
gets.

3.2.2 Observations
High spectral resolution VLT/CRIRES observations

When possible, we used the Adaptive Optics (AO) MACAO system when observing with
the CRIRES spectrometer, concentrating the light into our slit. Special care was thus taken
to find an optimal AO guide star, sufficiently bright in the R band (the band in which the
wavefront sensing is done, with R < 14 required), and within 15" of our science target, in
order for an optimal performance of the MACAO system.

Furthermore, special care was also taken to individually determine the position angles of
the slit for every target star in these crowded fields. This is done in order to ensure that we
only record the target star on the 40" long slit, also when nodding along the slit and jittering to
reduce the sky background, following standard procedures (Smoker, 2007). Figure 3.5 shows
an example of a finding chart in the K band, used at the observations, with the target and the
AO-guide stars marked. The crowding of stars in these regions and the size of the long,
narrow slit of the CRIRES spectrometer is illustrated nicely in the Figure and demonstrates
the challenges in observing in the inner bulge.

A slit width of 074, which we used, yields a resolving power of R ~ 50,000. For the
CRIRES observations, we used a standard setting (\'¢!, = 2105.5, order=27) with an unvi-
gnetted spectral range covering 20818 — 21444 A, with three gaps (20 A) between the four
detector arrays. Exposure times of 0.5 — 1 hour per star provide a signal-to-noise ratios per
pixel of typically 50-100.
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Figure 3.5: An example of a finding chart from our observing run with VLT/CRIRES. The underlying
image is a DR9, UKIDSS K-band image (Lawrence et al., 2013). The observed giant star GC37, lies
in the Galactic Center field. East is to the left and North straight down. The slit is 40"

The reduction of all of the CRIRES observations was accomplished by following standard
methods (Smoker et al., 2012) using Gasgano (Klein Gebbinck et al., 2012). Subsequently,
we used IRAF (Tody, 1993) to normalize the continuum, eliminate obvious cosmic hits, and
correct for telluric lines (with telluric standard stars).

Low spectral resolution VLT/ISAAC observations

We obtained spectra using the red grism of the ISAAC spectrograph (ESO,VLT) covering
the wavelength range between 2.00 — 2.53 um. The slit width is 1” providing a resolving
power of R ~ 2000 and the typical S/N ratio is about 100.

We observed B dwarfs (typically 6-8 stars per night) close to the airmass range of our
targets, to use as telluric standard stars to correct for the instrumental and atmospheric trans-
mission. We used IRAF to reduce the ISAAC spectra. We removed cosmic ray events,
subtracted the bias level, and then divided all frames by a normalized flat field. We used the
traces of stars at two different positions (AB) along the slit to subtract the sky. After extract-
ing and co-adding the spectra, we calibrated wavelengths using the Xe-lamp. The r.m.s of
the wavelength calibration is better than 0.5 A. The spectra were rebinned to a linear scale
with a dispersion of ~ 7 A and a wavelength range from 2.0 m to 2.51 zm. Each spectrum
has been divided by a telluric standard star observed closest in time and in airmass.
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Low spectral resolution NTT/SOFI observations

We used the Red Grism of the SOFI spectrograph, covering 1.50-2.53 pum, to observe our M
giant sample. We took the spectra with a 1” slit providing a resolving power of R ~ 1000. We
obtained a Kg-band acquisition image before each spectrum to identify the source and place
it on the 90" slit. We used UKIDSS finding charts for source identification and to choose
‘empty’ sky positions for optimal sky subtraction.

We observed B dwarfs (typically 6-8 stars per night), close to the airmass range of our
targets, as telluric standard stars to correct for the instrumental and atmospheric transmission.
We used IRAF to reduce the SOFI spectra. We removed cosmic ray events, subtracted the
bias level, and then divided all frames by a normalized flat-field. We used the traces of stars
at two different (AB) positions along the slit to subtract the sky. After extracting and co-
adding the spectra, we calibrated wavelengths using the Xe-lamp. The r.m.s of the wavelength
calibration is better than 1 A. We re-binned the spectra to a linear scale, with a dispersion
of ~ 10 A/pixel. We then divided each spectrum by the telluric standard observed closest in
time and in airmass (airmass difference < 0.05). We then normalized the resulting spectra by
the mean flux between 2.27 and 2.29 um.

3.3 Analysis

In order to determine the abundances from our spectra, we first have to determine the funda-
mental parameters of the stars. These are the effective temperatures (7.g), surface gravities
(log g), metallicities ([Fe/H]), and microturbulences ({micro). With these parameters, we can
synthesize model spectra for the stars, based on spherical model atmospheres and an appro-
priate line list with atomic and molecular lines. In the following sections, we will describe
the procedure to determine the fundamental stellar parameters and the abundances of iron
(metallicity), silicon, and magnesium from our spectra.

3.31 SME

We have used the package Spectroscopy Made Easy (SME) (Valenti and Piskunov 1996,
2012; Piskunov and Valenti 2017) for the spectral synthesis and the abundance analysis.
Among the model libraries available with the SME, a grid of MARCS spherical-symmetric,
LTE model atmospheres (Gustafsson et al., 2008) have been used in this work to generate
synthetic spectra for a given set of fundamental, stellar parameters. SME has two main com-
ponents : the graphical user interface (GUI) written in IDL and solver that performs the
calculations, either the spectral synthesis or the fit to an observed spectrum. The GUI ex-
pects the user to provide as input, the global stellar parameters (7.¢ , log g , metallicity, and
radial velocity), line data (see Section 3.3.2), spectral intervals, and line broadening param-
eters (macro- and micro-turbulence, vsini, and instrumental profile). Synthetic spectra are
generated by solving for molecular and ionization equilibrium, radiative transfer equations
as well as computing continuous and line opacities. The procedure to fit observed spectrum
with SME is explained below.
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Figure 3.6: The SME interface with the synthetic spectrum fit (blue line) to a typical observed spec-
trum (black line). The dark orange coloured regions represent the masks used to define the chosen
lines of interest and those in light orange colour represent the chosen continuum regions.

The spectral lines of interest are marked with masks to indicate the parts of the lines that
should be modeled and compared with the observed spectra. In a similar fashion, we also
marked regions, around the lines being analyzed with masks, that should be treated by the
SME as continuum regions. These are used for a final, local continuum normalization. Fig-
ure 3.6 shows the synthetic spectrum fit for a typical observed spectrum in the SME interface
and the masks used to define the chosen lines of interest as well as the continuum regions.
Abundances or any other parameters to be determined are set as free variables, for which
SME synthesizes spectra in an iterative manner following an approach that minimizes the x>
by comparing the synthesized with the observed spectrum.

3.3.2 K-band line list

The line list used in the K band is based on an extraction from the VALD3 database (Piskunov
et al., 1995; Kupka et al., 1999; Ryabchikova et al., 1997; Kupka et al., 2000; Ryabchikova
et al., 2015), but with updated values of wavelengths and line-strengths from recent experi-
mentally and theoretically determined atomic line-strengths of Mg (Civis et al., 2013; Pehli-
van Rhodin et al., 2017), as well as of Si (Pehlivan et al., 2018, in prep.). Furthermore,
astrophysical log g f-values are determined and wavelengths corrections are applied by fit-
ting the solar center intensity atlas of Livingston and Wallace (1991). Of approximately 700
interesting spectral lines for cool stars identified in the K band, 570 lines have been assigned
new values.

The Fe, and Si abundances are determined from between 2-6 lines depending on star,
telluric lines, radial velocities, and spectral quality. The Mg abundance is determined from
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two quite strong spectral features consisting of two fine-structure groups of 4f-7g lines at
21059 - 21061 A. Since the pressure-broadening obviously affects this feature, we made cal-
culations based on the Kaulakys method (Kaulakys (1985, 1991)), as described in Osorio
et al. (2015). The line broadening cross section, o, at a relative speed of 10*ms~! (see
Anstee and O’Mara, 1991; Barklem and O’Mara, 1998; Barklem et al., 2000) is found to be
2917 au [atomic units], expected to be accurate to 20-50%, and the calculations indicate a
roughly a flat temperature dependence, which was adopted in the calculations.

In the abundance analysis, we also include molecular line lists of the CN molecule (Sne-
den et al., 2014).

3.3.3 Stellar parameters

We determined stellar parameters in a similar way as for the Southern fields in Ryde et al.
(2016b) using the relation between effective temperature and the '2CO band-head at 2.3 ym.
This tight relation between T,z and '2CO is based on the low resolution (ISAAC) spectro-
scopic observations of 20 well studied M giant stars in the Galactic bulge (Schultheis et al.,
2016). This relation is as follows :

Tog = 4974.85 - 56.53 x'2.CO(3 - 1) (3.1)

where 12CO(3 - 1) represent the equivalent width of the 12?CO band-head at 2.3 zm mea-
sured using the Blum et al. (2003) bandpasses and continuum points. In addition we deter-
mined photometric effective temperatures from the dereddened J; and K|, photometry for
stars that have no low resolution observations.

The surface gravities were determined by the iterative method described in Rich et al.
(2017), who demonstrated that this method determines surface gravities with a precision
better than 0.3 dex compared to an APOGEE data set. In short, we proceed as follows: we
start off from a rough photometric estimate of the surface gravity by using H and K band
photometry, extinction values (quite uncertain) from Gonzalez et al. (2012), and bolometric
corrections from Houdashelt et al. (2000). For this, we assumed a solar value of T'x=5770 K,
log go=4.44, M2°! =4.75, and a mass of our giants of 1.0 M. With this surface gravity, a
first metallicity estimate can be determined from our high-resolution CRIRES spectra as
explained in the section 3.3.4. A better estimate of the log g is subsequently found from the
isochrone for a given T.¢ and [Fe/H]. We then use this new log g to redetermine the [Fe/H]
value. This procedure is iterated a few times until it converges. A schematic block diagram of
the procedure to determine the stellar parameters is shown in the Figure 3.7 and an example
in the corresponding HR diagram in the Figure 3.8.

The microturbulence, &,,cr0, that takes into account the small-scale, non-thermal motions
in the stellar atmospheres, is important for saturated lines, influencing their line strengths.
We estimate this parameter from an empirical relation with the surface gravity based on a
detailed analysis of spectra of five red giant stars (0.5 < log g< 2.5) by Smith et al. (2013), as
described in Rich et al. (2017). Our derived stellar parameters for all our stars are given in
Tables 3.3 and 3.4.
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Figure 3.7: Schematic block diagram of the procedure to determine the stellar parameters.

0.0
T,rf = 3683 K
[Fe/H] = 0.14 dex o4
O‘S-IOgg.mi = 076 deX 02
=0.31 dex -
10 00
3 an
= —O.ZEE
QD e
—0.6
2.0
—0.8
1.0

255000 4500 4000 3500 3000 2500
Terr (K)

Figure 3.8: Example HR diagram showing the case where the assumed initial value of log g has to
be increased by 0.31 dex so that the star lies on the correct isochrone track.
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Table 3.3: The derived stellar parameters and abundances for the observed stars in the Northern fields.

Star RA (J2000) Dec (J2000) Tug logg [Fe/H] &macro  [Si/Fe] [Mg/Fe]
(h:m:s) (d:am:as) [K]  (cgs) [kms™!]

Northern field at (I,b) = (0°,+3°)

bp3-01 17:34:05.20 -27:19:58.20 3780 0.79 -0.60 6.7 +0.20 +0.20

bp3-02 17:34:19.24 -27:20:42.70 4111 190 +0.20 5.6 -0.12 -0.10
bp3-04 17:34:09.23 -27:22:38.00 3623 0.94 +0.10 73 +0.05 0.00
bp3-05 17:34:00.71 -27:18:59.60 3879 1.55 +0.30 54 -0.20 -0.10
bp3-06 17:34:07.13 -27:22:28.90 3755 0.68 -0.70 5.8 +0.20 +0.30
bp3-07 17:34:24.09 -27:23:16.70 3962 1.70 +0.30 4.9 -0.10 0.00
bp3-08 17:34:16.44 -27:24:3430 3637 1.12 +0.30 4.9 -0.20 0.00
bp3-10 17:34:13.70 -27:24:31.00 4052 1.70 +0.10 53 -0.10 +0.10
bp3-11 17:33:58.67 -27:20:30.20 3542 0.66 +-0.10 6.8 -0.10 0.00
bp3-12  17:34:06.61 -27:19:29.30 3966 145 -0.05 7.2 0.00 +0.10
bp3-13 17:34:08.21 -27:22:58.70 3625 0.74 -0.20 52 -0.05 0.00
bp3-14 17:33:57.31 -27:21:07.60 3569 092 +0.20 9.2 -0.20 -0.10

bp3-15 17:34:06.52 -27:22:30.20 3610 0.56 -0.50 6.3 +0.20 +0.10
bp3-16 17:34:15.46 -27:22:30.90 3654 0.85 -0.10 8.4 +0.10 +0.20

bp3-17 17:34:03.57 -27:18:49.60 3946 1.52 +0.10 7.5 -0.10 -0.10
Northern field at (1,b) = (0°,+2°)

bp2-01 17:37:49.64 -27:51:05.50 4054 195 +0.40 6.1 -0.10 -0.05
bp2-02 17:38:02.25 -27:52:31.40 3838 1.60 +0.50 5.9 -0.20 -0.10
bp2-03 17:37:58.65 -27:51:40.90 3889 1.70 +0.60 7.4 -0.10 -0.25

bp2-04 17:38:02.12 -27:52:49.80 4134 1.74 -0.10 6.5 0.00 +0.05
bp2-05 17:37:53.31 -27:52:01.10 4079 140 -0.50 4.9 +0.20 +0.40
bp2-06 17:37:51.19 -27:54:01.70 3962 1.17 -1.80 7.8 +0.20 +0.40
bp2-07 17:37:58.13 -27:53:42.60 4320 1.84 -0.50 5.8 +0.10  +0.10
bp2-08 17:37:56.88 -27:51:52.80 3808 1.38 +0.25 4.0 -0.15 +0.20
bp2-09 17:37:50.52 -27:54:24.60 3813 0.70 -0.80 6.2 +0.15 +0.20
bp2-10 17:38:01.25 -27:55:38.40 3774 1.28 +0.20 4.8 0.00 0.00
bp2-11 17:38:00.03 -27:55:45.00 3645 1.26 +0.50 5.3 -0.30 +0.10
bp2-12  17:38:02.01 -27:53:30.70 4032 154 -0.10 8.4 0.00 0.00
bp2-13  17:38:02.54 -27:55:42.50 3899 1.12 -0.40 5.5 +0.15  +0.30
bp2-14 17:38:01.74 -27:55:56.10 3559 1.00 +0.30 54 -0.10 0.00
bp2-15 17:38:13.55 -27:53:41.40 4237 1.69 -0.50 6.7 +0.13 +0.20
Northern field at (1,b) = (0°,+1°)

bpl-01 17:41:57.26 -28:28:46.50 3918 1.54 +0.20 5.6 0.00 0.00
bpl-02 17:41:57.62 -28:28:51.60 4311 1.89 -0.40 6.0 +0.10 +0.10

bpl-03 17:41:58.61 -28:28:46.80 3948 1.75 +0.40 4.8 -0.10 -0.20
bpl-04 17:41:55.92 -28:27:03.80 4060 1.66 +0.00 6.6 -0.15 0.00
bpl-05 17:41:59.76 -28:27:36.20 3731 1.30 +0.30 4.6 -0.10 +0.20
bpl-06 17:41:57.66 -28:27:07.20 3863 1.50 +0.30 7.4 -0.06 -0.10

bpl-07 17:42:03.59 -28:27:18.20 4209 1.58 -0.60 59 +0.10 +0.30
bpl-08 17:41:58.51 -28:26:18.70 4242 1.63 -0.60 7.2 +0.14 +0.30
bpl-09 17:42:04.43 -28:26:55.60 3494 0.79 +0.20 5.2 -0.10 -0.15
bpl-10 17:42:06.49 -28:27:09.10 3879 1.50 +0.20 5.7 -0.13 +0.10
bpl-11 17:41:59.06 -28:26:03.90 4352 1.90 -0.50 7.3 +0.18 +0.20
bpl-12 17:41:58.72 -28:25:58.80 4175 195 +0.10 6.4 0.00 +0.05
bpl-13  17:42:05.96 -28:26:59.10 4151 147 -0.60 6.9 +0.10 +0.20
bpl-14 17:42:10.05 -28:25:36.90 4070 1.70 +0.00 54 -0.06 +0.10
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Table 3.4: The derived stellar parameters and abundances for the observed stars in the Southern fields.

Star RA (J2000) Dec (J2000) T.g logg [Fe/H]  &macro  [Si/Fe] [Mg/Fe]
(h:m:s) (d:am:as) [K]  (cgs) [kms™']
Galactic Centre field at (7,b) = (0°,0°)
GCl1 17:45:35.43 -28:57:19.28 3668 1.25 +0.40 5.0 -0.17 +0.10
GC20 17:45:34.95 -28:55:20.17 3683 133 +0.50 7.3 -0.17 -0.10
GC22 17:45:42.41 -28:55:52.99 3618 1.00 +0.20 5.5 -0.10 +0.10
GC25 17:45:36.34  -28:54:50.41 3340 0.54 +0.20 7.6 -0.20 -0.20
GC27 17:45:36.72 -28:54:52.37 3404 0.64 +0.20 7.2 -0.05 -0.05
GC28  17:45:38.13 -28:54:58.32 3773 120 +0.10 5.9 -0.10  +0.20
GC29 17:45:43.12 -28:55:37.10 3420 0.65 +0.18 8.1 -0.25 -0.10
GC37 17:45:35.94 -28:58:01.43 3754 133 +0.30 7.2 -0.08 -0.05
GC44  17:45:35.95 -28:57:41.52 3465 0.89 +0.40 7.5 -0.20  -0.10
Southern field at (7,b) = (0°,-1°)
bml1-06 17:49:33.42 -29:27:28.75 3814 1.56 +0.50 4.6 -0.30 -0.20
bml1-07 17:49:34.58 -29:27:14.82 3873 1.38 +0.08 5.7 -0.06 +0.10
bm1-08 17:49:34.34 -29:26:57.98 3650 1.10 +0.24 4.2 -0.05 -0.05
bml-10 17:49:34.45 -29:26:48.68 3787 1.09 -0.10 7.3 +0.05 +0.20
bml-11 17:49:32.57 -29:26:30.75 3812 135 +0.20 4.1 -0.10 0.00
bml-13  17:49:37.12 -29:26:40.24 3721 046 -091 6.1 +0.20 +0.50
bml-17 17:49:37.08 -29:26:21.67 3775 0.65 -0.79 7.3 +0.25 +0.40
bml-18 17:49:37.83 -29:26:19.19 3780 1.28 +0.18 33 -0.10 0.00
bml-19 17:49:36.93 -29:26:10.51 3958 1.77 +0.40 5.0 -0.20 -0.10
Southern field at (1,b) = (0°,-2°)
bm2-01 17:53:29.06 -29:57:46.22 3946 133 -0.19 43 +0.10 +0.30
bm2-02 17:53:24.59 -29:59:09.48 4013 151 -0.10 6.8 -0.10 +0.15
bm2-03 17:53:27.61 -29:58:36.39 3668 1.25 +0.40 49 0.00 —
bm2-05 17:53:33.20 -29:57:25.88 3450 0.64 +0.10 6.3 -0.05 -0.05
bm2-06 17:53:30.68 -29:58:15.75 4208 1.26 -1.00 6.8 +0.20 +0.50
bm2-11 17:53:31.50 -29:58:28.51 4005 1.20 -0.60 7.2 +0.25  +0.30
bm2-12  17:53:31.74 -29:58:22.94 4003 1.67 +0.15 6.3 -0.30 -0.15
bm2-13 17:53:31.14 -29:57:32.76 3727 094 -0.17 6.9 +0.13 +0.40
bm2-15 17:53:30.23 -29:56:42.74 3665 1.09 +0.20 5.6 0.00 +0.30
bm2-16 17:53:29.54 -29:57:22.71 3886 1.38 +0.06 3.14 -0.02 —




78 Chapter 3. Chemical characterization of the inner Galactic bulge

3.3.4 Stellar abundances

As mentioned above, once we have determined the 7.¢, an approximate [Fe/H], initial pho-
tometric log g-estimate, and the corresponding &,,icro for our stars, we made use of our high
resolution spectra to iteratively determine their final metallicities. Subsequently we can then
determine the a-element abundances (Si and Mg).

Since SME compares the strengths and forms of observed spectral lines with the synthe-
sized ones (within the defined masks), the line profiles have to be accurately characterized
and the line broadening well determined. Extra broadening not accounted for by the synthe-
sis, is the stellar macroturbulence £5t¢12r but also the instrumental profile, which is set by the
instrumental resolution. We estimate this extra fotal broadening (which is a convolution of
the both) for each of our stars by fitting a few selected well-formed, medium-weak lines while
setting ‘€ nacro’ as a free parameter in a SME run and assuming both broadening profiles to
be Gaussian in shape. We then get the total macroturbulences for our stars, &,acr0, Which are

given in Tables 3.3 and 3.4.

Subsequently, we ran SME for each star with the above mentioned parameters, letting
SME perform a x? minimization to fit Fe lines in the spectra that are of sufficient quality,
in shape and form (due to their strengths for a given SNR), for retrieving an abundance.
We then adjusted the [Fe/H] value based on the fit, simultaneously changing to a new log g-
estimate based on the position on the isochrone tracks, and a corresponding &0 from the
Smith et al. (2013) relation. This is repeated until the stellar parameters are consistent with
the corresponding isochrone in the HR diagram. Figure 3.9 shows the HR diagram with the
locations of our stars on the 10 Gyr YY isochrones (Demarque et al., 2004), color coded with
their determined metallicities. With the fundamental stellar parameters thus determined, we
proceeded to determine the [Si/Fe] and [Mg/Fe] using SME with similarly selected Si and
Mg lines.

The final metallicities and Si and Mg abundances are given in Tables 3.3 and 3.4.

3.3.5 Uncertainties

It has been shown in Rich et al. (2017); Ryde et al. (2016b) that the uncertainties in the derived
metallicities arise partly from the fitting procedure and partly from the uncertainties in the
derived stellar parameters like T.¢, log g, and & ;0. The systematic uncertainties due to the
noise in the spectra, telluric residuals and the uncertainty in continuum level is assumed to
be of the order of 0.15 dex. When observing our stars we aimed for a S/N of 60-70 per pixel,
which means that the uncertainties are of similar magnitudes for all the stars. For a few stars
(e.g. GC25 and GC44) the S/N is lower, and these uncertainties can therefore be larger.

Even though the above mentioned studies have explored the uncertainty in metallicity
due to a variation in stellar parameters for individual stars of a given 7.g and metallcity, the
variation of the uncertainty in metallicity determination for a range of metallicities and 7.¢
has been relatively unstudied. We have carried out such an investigation in Section 3.3.5.2.
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Figure 3.9: Tog vs log g diagram showing the position of our sample of stars on different metallicity
tracks of the 10 Gyr YY isochrone (Demarque et al., 2004). Each star is color coded with their
determined [Fe/H] values.

3.3.5.1 General uncertainties

The abundance is given by the line strength, which is the contrast between the continuum
and the line center. Not only the determination of the continuum level in the observations,
which can be difficult depending on SNR and spurious feature in the spectrum, is crucial,
but also the calculation of the continuous opacity in the generation of the synthetic spectra
is important. For a typical star in our sample, the continuous opacity is due to H- free-free
opacity, which is affected by the electron density. This is given by the major electron donors
in the line-forming regions of the star, which are magnesium (1/2 of all electrons), iron (1/3
of electrons), and Si (1/10). Thus, it is especially important to know the magnesium abun-
dance for an accurate abundance determination of any element. We have taken the general
a-element trend vs. metallicity for bulge stars into account in order to minimize this effect.
Also, special care has been taken to find good continuum points.

As described above, the way SME works by fitting the shape of the line, the determined
abundance is sensitive to the line broadening adopted, most importantly the macroturbulence
but also the pressure broadening for strong lines, like the Mg lines used in this study. We have
therefore invested considerable effort to estimate the broadening as accurately as possible.

Most line strengths in our line list, are determined from the solar spectrum (astrophysical
g f-values). We have also tested the list against the spectra of the metal-poor, ~4800 K giant
a Boo, and the metal-rich giant ¢« Leo. There might, however, be non-LTE, saturation, or 3D
effects that are not taken into account which might affect different type of stars differently,
see Rich et al. (2017) for a discussion. We have avoided spectral lines that we suspect are
affected by these issues.
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As mentioned above, we estimate the total uncertainty due to the fitting procedure to
approximately 0.15 dex.

3.3.5.2 Uncertainties related to stellar-parameters

We synthesized a grid of test spectra of similar spectral resolution as that of our observed
spectra, with metallicities of -0.8, -0.5, -0.3, 0.0, 0.3, 0.5 dex, each with T.g of 3500, 3900,
4300 K. For each of these test spectra, we determined the surface gravities and the corre-
sponding microturbulence in the same way as for our observed spectra (see Section 3.3.3).

For each of the test spectra, we varied T.g by the typical uncertainty from the low-
resolution, CO-bandhead estimate, namely +150 K, changed logg as well as &0 corre-
spondingly, and then ran SME with these parameters, setting [Fe/H] as free parameter. This
exercise was carried out for each of the three 1.5 cases for all six [Fe/H] values, thus cover-
ing the full range of fundamental stellar parameters of our observed sample. The difference
between the actual [Fe/H] and that estimated by SME gives us the typical uncertainty in
[Fe/H] that arises from the combination of errors in 7.g, log g, and &icro. The same exer-
cise was carried out to estimate the typical uncertainty in [Mg/Fe] by setting Mg as the free
parameter. Table 3.5 lists the final estimated error in [Fe/H] and [Mg/Fe], and we plot them
in Figure 3.10. The typical change in log g ranges from +0.25 to 0.37 dex and in &0 from
-0.2 to +0.2km s7!, for a £+150K change in T,g. The maximum values of [Fe/H] uncer-
tainties are of the order of 0.2 dex, found partly at the lowest metallicity and partly at low
T.q, whereas the maximum uncertainty of [Mg/Fe] of the same order, is found at supersolar
metallicities.

Indeed, one could suspect that there should be a systematic trend in the uncertainties due
to the line strength. Lines tend to get weaker for more metal-poor stars (7.¢ and log g may,
however, also play a role). Thus, for a given SNR, metal-poor stars might have weaker lines,
and therefore more uncertainty in the derived abundances.

Furthermore, the cooler the star, the stronger the molecular features are, and therefore
the quality of the molecular line list is increasingly important. In addition, the continuum
determination might be more uncertain. In no case were the molecular lines so dense as to
prevent us from identifying continuum points. Hence we do not require pseudo-continua,
i.e. a situation where the true continuum is not found but many weak lines blend into each
other forming flat regions, resembling a continuum.

Also, for more metal-rich stars, there might be a problem with saturation of the lines,
especially for the strong Mg lines, which get increasingly saturated and therefore less abun-
dance sensitive.

However, from Table 3.5 and Figure 3.10 we see that the uncertainties do not dramatically
increase neither towards the metal-poor regime, nor the metal-rich one, which is reassuring.
Nevertheless we find that warmer stars have generally lower abundances uncertainties, less
than 0.1 dex.

We conclude that apart from more systematic uncertainties (e.g. continuum placement)
the typical abundance uncertainties are due to errors in the stellar parameters, which are
~<(.1 dex. We have somewhat higher errors for stars with [Fe/H]<-0.5 dex, and further, the
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Table 3.5: Uncertainties in the derived metallicities and magnesium abundances due to uncertainties
in Tog of £ 150K, corresponding change in log g and &icro. This was estimated using synthetic
spectra with metallicities in the range of -0.8, -0.5, -0.3, 0.0 ,0.3 and 0.5 dex each with T,g of 3500,
3900 and 4300 K, that represent the stars in our sample.

[Fe'H] T O0Teg dlogg &mico O [Fe/H] 6 [Mg/Fel
3900 -150  -0.27 +0.1 -0.07 -0.04
0.8 +150 +0.27 -0.2 +0.19 +0.10
4300 -150 -0.27 0.0 +0.01 +0.07
+150 +0.28 -0.1 +0.09 +0.06
1500 -150  -0.25 +0.1 -0.06 +0.03
+150 +0.25 -0.2 +0.03 -0.01
-0.5
3900 -150  -0.27 +0.1 -0.09 -0.04
+150 +0.28 -0.2 +0.07 +0.11
4300 -150  -0.28 +0.1 -0.07 -0.03
+150 +0.29 0.0 +0.06 +0.01
3500 -150  -0.24 +0.1 -0.10 0.00
+150 +0.25 -0.2 -0.02 -0.06
-0.3
3900 -150  -0.27 +0.1 -0.14 -0.11
+150 +0.28 -0.1 -0.03 -0.06
4300 -150  -0.28 +0.1 -0.09 -0.04
+150 +0.29 0.0 +0.05 -0.02
3500 -150 -0.24 +0.1 +0.02 +0.10
+150 +0.26 -0.2 +0.05 -0.01
0.0 3900 -150 -0.28 +0.1 -0.01 -0.05
+150 +0.28 0.0 +0.02 -0.17
4300 -150  -0.30 0.0 -0.06 +0.04
+150 +0.31 -0.1 +0.07 0.00
3500 -150  -0.25 -0.1 0.00 +0.06
+150 +0.26 -0.2 +0.17 +0.08
0.3
3900 -150  -0.27 0.0 -0.01 +0.18
+150 +0.28 -0.1 +0.04 -0.05
4300 -150  -0.31 +0.1 -0.06 +0.06
+150 +0.36 0.0 +0.08 -0.06
3500 -150  -0.26 +0.1 -0.05 +0.06
+150 +0.26 -0.1 +0.06 +0.11
0.5
3900 -150  -0.27 +0.1 -0.04 +0.09
+150 +0.27 0.0 +0.06 -0.07
4300 -150  -0.32 +0.1 -0.07 +0.09
+150 +0.37 0.0 +0.08 -0.07
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Figure 3.10: Plots showing the trend of [Fe/H] and [Mg/Fe] uncertainties as a function of metallicity
for the case of different temperatures covered by our sample. Left panel shows the differences in SME
estimated metallicities vs actual metallicities due to uncertainties in T, of + 150K, corresponding
change in log g and &icro- Right panel shows the same for magnesium abundances. This was esti-
mated using synthetic spectra with metallicities in the range of —0.8, —0.5, —0.3, 0.0,0.3 and 0.5 dex
each with T,g of 3500, 3900 and 4300 K, that represent the stars in our sample.

Mg abundances for the coolest and most metal rich stars are uncertain by ~0.15 dex.

A grand total uncertainty is thus mainly due to systematic fitting errors (Section 3.3.5.1),
which leaves us with a total estimate of approximately 0.15 dex.

As a further note of caution, we would also like to point out that isochrones are poorly cal-
ibrated at super solar metallicity, i.e., they are mostly extrapolated from the sub-solar regime,
especially at old ages. Hence, constraining stellar parameters based on these isochrones can
suffer from systematics that cannot be properly quantified yet. In addition, a few tenths of a
dex lower gravities for super solar metallicity stars in our sample can lower their metallicities
by a few tenths of a dex.

3.4 Homogeneous Analysis of the North-South sample

The 44 giants in the Northern fields are analysed here for the first time. The 28 stars in
the Southern fields were first published in Ryde and Schultheis (2015); Ryde et al. (2016b),
but are reanalysed here in the same manner as the Northern-field giants, to allow for the
whole sample to be analysed as consistently as possible. This will minimize the relative
uncertainties and will allow for a comparison between properties of the stars in different
fields.

Specifically, the 9 stars in the Galactic center field were first published in Ryde and
Schultheis (2015), and the 9 stars at (/,b) = (0,-1°), and 10 stars at (/,b) = (0,-2°) were
published in Ryde et al. (2016b). The largest difference between the analyses in these publi-
cations and our analysis, is the method we use to determine the surface gravities of the stars.
Here, we force the stars to be consistent with isochrones, following the method outlined in
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Sections 3.3.3 and 3.3.4, instead of the more uncertain method of assuming the stars to be
at a certain distance (8 kpc) and dereddening the photometry. Differences as large as A log g
=(.6 can be found. As described in Schultheis et al. (2017) the latter method can give large
uncertainties, since the Galactic bulge shows an intrinsic depth (~ 1 -2 kpc) which can result
in large uncertainties in log g, especially for M giants. We refer here for a more detailed dis-
cussion to Schultheis et al. (2017). The new surface-gravity determinations can account for
most of the changes in the derived abundances. Furthermore, for a few of the stars a different
value of the macroturbulence is determined. Due to the way the y? minimization is done
in line masks, the derived abundances are quite sensitive to the broadening fit of the lines.
For yet another few stars, most notably GC25 and GC44, the abundance sensitive lines in the
spectra are affected by so much noise that the determination is quite uncertain. This was not
the case for most of our sample, however.

Thus, we are confident that we can make a comparative study of the stellar properties and
the metallicity distributions in the different location along the minor axes, i.e. metallicity
gradients, and the symmetries of the Northern fields compared to the Southern fields.

3.5 Results

The final reduced spectra and fitted synthetic spectra for one star in each field are shown in
Fig 3.11. The location of several Fe, Si and Mg lines used for our abundance estimation are
also shown in the plots. The necessity of requiring high resolution spectra for abundance
analysis can be evidently seen, as we are able to clearly separate the molecular CN lines
in our spectra. These features can lead to more blending in Fe and Si lines in lower reso-
lution spectra. The stellar parameters for all stars belonging to the Northern and Southern
fields along with their derived a-element abundances of [Si/Fe] and [Mg/Fe] are listed in
Tables 3.3 and 3.4. They are normalized to the solar abundances of Grevesse et al. (2007).

We plot the MDF of our entire sample in bins of 0.15 dex as shown in Figure 3.12 together
with the kernel density estimate (KDE) of the MDF with a bandwidth of 0.15 dex. We see
clearly a bimodal distribution, one at metallicity of ~+ 0.3 dex and the other at ~-0.5 dex.
An outlier with metallicity of -1.8 dex leads the KDE estimate to find a small peak at this
metallicity. Keeping this star aside, the metallicity of our entire inner bulge sample along the
bulge minor axis is in the range of —1.0 <[Fe/H] < 0.6 dex.

In Figure 3.13, we show the [Si/Fe] and [Mg/Fe] trends as a function of the metallicity
for the entire sample, with the typical uncertainty of 0.15dex. We find the expected trend
of supersolar a-abundances for metal-poor stars, while metal-rich stars show subsolar a-
abundances. Though the [Si/Fe] abundances follow this trend, they are systematically lower
than [Mg/Fe] values in the subsolar metallicity range. The [Si/Fe] abundances show a lower
dispersion than [Mg/Fe] abundances which is most likely due to the fact that we use several
Si lines for the Si-abundance while for Mg we use only one line feature. We see clearly that
for supersolar metallicities the Si and Mg abundances decrease with increasing metallicity.

In addition, we measured the approximate heliocentric radial velocity, V i of each star by
estimating the difference in the wavelength position of a strong line in their observed spectra
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Figure 3.11: Spectra of wavelength regions covering a few Fe lines used for the abundance deter-
mination. The latitudes and their stellar parameters of each star are indicated beside each spectrum.
Synthetic spectra are shown in red and the telluric lines, shown in green, indicate the areas where
they hit the spectrum. Also indicated are two Si lines used in the determination of Si abundance.
Rest of the features seen in the spectra are mostly CN molecular lines. This shows how well they are
separated from our lines of interest (Fe and Si) indicating the advantages of high resolution spectra
and the quality of molecular CN line-lists from Sneden et al. (2014).
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with that from the laboratory measurement (Mg line at 21061.095 nm). Based on spectral
resolution, one pixel in velocity space corresponds to ~3 kms~!, which can be considered to
be the typical uncertainty in Vi. We converted this to Galactocentric radial velocity, Vgc,
by adopting the local standard of rest velocity at the Sun to be 220 kms~! and a solar peculiar
velocity of 16.5kms~! in the direction (1,b) = (53°,5°) (Ness et al., 2013b).

Vae = Vi +20 [sin(l) cos(b)] + 16.5[sin(b) sin(25) + cos(b) cos(25) cos(l - 53)]  (3.2)

We show the Galactocentric radial velocity distribution for our entire sample in Fig-
ure 3.14. We find a mean value of —12 kms~! with a dispersion of 126 kms~!.

3.6 Discussion

Here, we will discuss and compare our results with other literature studies carried out in the
inner and outer Galactic bulge fields. We also investigate for the first time, the symmetry in
MDF and « abundance trends between the Northern and Southern fields of inner Galactic
bulge.

3.6.1 MDF

From Figure 3.12, we find that the inner bulge MDF shows a bimodal distribution or the pres-
ence of two components. On the other hand, Rich et al. (2007, 2012) did not find a bimodal
metallicity distribution based on their detailed abundance analysis of 61 M giants located at
(I,0)=(0°,-1°), (0°,-1°75), (0°,-2°75) and Baade’s window fields for the combined case as
well as for individual fields. They find a mean metallicity of around —0.2 dex with a typical
dispersion of 0.15 dex. A different targeting strategy could be the reason for their absence
of metal-rich stars. Babusiaux et al. (2014) also found no clear bimodality in the MDF of
red clump stars located at the Northern field, (/,0) = (0°,+1°). However their spectra were of
much lower spectral resolution (R ~ 6500), with low signal-to-noise ratio and the individual
[Fe/H] measurement errors were larger, of the order of at least 0.2 dex. In general, a larger
sample would be required to assert bimodality; moreover, one would expect correlation with
some additional physical parameter, such as radial velocity, proper motion, or composition.

The Baade Window field, one of the most observed Galactic bulge fields in terms of chem-
ical abundances and global metallicities, reveals two components in their MDF (Schultheis
etal. 2017; Hill et al. 2011) but these components are not established by other physical prop-
erties. Bimodality in the MDF is also seen in recent studies using much larger samples of
stars in the inner and outer bulge fields (Zoccali et al. 2017; Rojas-Arriagada et al. 2017).
Zoccali et al. (2017), using red clump stars in GIBS survey, also at a lower spectral resolu-
tion (R ~ 6500), using the Calcium II triplet (CaT) feature at ~ 9000 A, found a bimodality
in their MDF for fields similar to b=—1° and b=-2°, though we do not have enough number
statistics in each field to reproduce and compare it with. These authors also found a bimodal
MDFs for the outer bulge fields centered at (/,b) = (0°,-6°) and (0°,-8°) with the metal
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Figure 3.15: MDF of the Galactic center sample (red) in comparsion with that of the entire sample
(green). Galactic center stars in our sample are all metal rich. Overlaid KDEs,shown in respective
colors, use the same bandwidth as binsizes of the histograms.

rich fraction getting lower as we move away from the Galactic mid-plane. Similar results
were obtained by Rojas-Arriagada et al. (2017) using the derived metallicities of red clump
stars from the Gaia-ESO survey for the outer bulge fields. Both the above mentioned studies
assumed a Gaussian distribution for the bimodal components and used a Gaussian Mixture
Model (GMM) to characterize them. Since our sample size is small and the GMM method
requires a larger sample size, we prefer to use a simple KDE analysis for our MDF.

We show the entire MDF in Figure 3.15 along with the distribution in red showing the
MDF of the Galactic Center sample. We find that all GC stars do have super-solar metal-
licities with a mean metallicity of ~+0.3 dex and a tight dispersion of ~ 0.10 dex. Our peak
metallicity value at the GC is consistent with that from the GC field of APOGEE (Schultheis
et al., 2015). A large fraction of super-solar stars has been found by Feldmeier-Krause et al.
(2017) based on low-resolution spectra in the nuclear star cluster. We will discuss in a forth-
coming paper the chemical similarities as well as differences between the nuclear star cluster,
the Galactic Center field population and the inner Galactic bulge. Our high resolution study
does not confirm the large number of stars with [Fe/H]> +0.55 dex found by Do et al. (2015)
and Feldmeier-Krause et al. (2017). We suspect that many abundances derived at low reso-
lution using Bayesian code such as employed in this study will be too high at the metal rich
end, perhaps due to a lack of appropriate templates. For cool stars of high metallicity, there
is substantial risk of blends, especially with molecules, that can result in spuriously high
abundance estimates based on low resolution spectra.

Feldmeier-Krause et al. (2017) do also report stars at low metallicity —1.6 <[Fe/H]<
0.8 dex, whereas we do not find any subsolar metallicty star in our GC sample. However,
the APOGEE stars in Schultheis et al. (2015) are mainly located at |b| > 0°5 and do not
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cover the actual GC region. We also want to stress that our GC sample consists of only nine
stars. Clearly more observations are needed to confirm the absence of metal-poor stars in the
Galactic center.

We also find the median, over-all metallicity in each field to decrease as we move outward
from the Galactic mid-plane. Note, however, that the form of the distribution changes too.
This confirms the presence of a negative vertical over-all metallicity gradient in the inner
bulge fields as it has been found for the low extinction fields of the outer bulge (Zoccali et al.
2008a; Gonzalez et al. 2011; Ness et al. 2013a). There is one star in our b=+2° field that is
very metal poor ([Fe/H]= —1.8) compared to our bulge sample. Our uncertainties, even at this
low metallicity are definitely small. Our estimated radial velocity of —101 kms~! does not
unequivocally suggest that it is a halo star passing through the bulge. We note that Schultheis
etal. (2015) discovered, as mentioned above, a few stars with metallicities of this magnitude
range , suggesting the presence of a metal-poor population. Further, Do et al. (2015) report
several stars with [Fe/H] < —1 in the central cluster. Confirmation of the nature of these stars
will depend on proper motions and radial velocities.

3.6.2 [«o/Fe] vs [Fe/H]

As mentioned in Section 3.5, though we find the expected o-abundance trend, the [Si/Fe]
abundances are lower than [Mg/Fe] abundances in the subsolar metallicity regime. In Fig-
ure 3.16, we show the outer bulge (|b| > 2°) a-element trends seen for micro-lensed dwarf
sample in Bensby et al. (2013) and for red giant branch stars in Johnson et al. (2014). We plot
each star with their individual uncertainties estimated for [Si/Fe] ,[Mg/Fe] and [Fe/H], from
the corresponding tables in Bensby et al. (2013) and Johnson et al. (2014). The « abundance
trend with metallicity in Rich et al. (2012) cover only a narrow range in metallicity of ~-0.4
to 0 dex. Hence, it is not possible to make a full metallicity range comparison with our trend
though two of our sample fields coincide with theirs in the inner Galactic bulge.

We find that our [Si/Fe] trend is consistent with the outer bulge trend of Johnson et al.
(2014) over the full metallicity ranges, apart from a systematic shift of the order of 0.1 dex.
This shift is consistent within the 1-o uncertainty limits of both samples. Both trends seem
to continuously decrease with metallicity, even in the supersolar regime. The [Si/Fe] trend
of Bensby et al. (2013) in the subsolar metallicity regime, lies consitently in between our
and the Johnson et al. (2014) trend. One significant difference is, however, that the super-
solar [Si/Fe] trend of Bensby et al. (2013) saturates or levels off and continues at supersolar
[Si/Fe] values. Such a scenario is only possible if the rate of Type II supernovae explo-
sions, that produce the majority of o elements, increases sufficiently compared to the Type
Ia supernovae explosions or if there is a metallicity dependent yield that increases the Si
abundances dramatically, both of which are unexpected. Another possibility is that our stud-
ies are considering different stellar populations. Also, generally it should be noted that at
supersolar metallicities, there might be a problem with blending atomic or molecular lines,
which are not known to exist or whose strengths are unknown. The lines used in abundance
analyses are generally checked for blends, but if there are unknown blends which cannot be
taken into account, there is a tendency to overestimate the abundance of a spectra line, since
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Figure 3.16: [Si/Fe] vs [Fe/H] (left) and [Mg/Fe] vs [Fe/H] (right) trends of our sample (red filled
circles) in comparison with that of the micro-lensed dwarf sample in Bensby et al. (2013) (green
filled circles) and red giant sample in Johnson et al. (2014) (blue filled circles) in outer bulge fields.
We plot our sample with typical uncertainty of 0.15 dex, while the comparison samples are plotted
with individual uncertainties of each star estimated in Bensby et al. (2013) and Johnson et al. (2014).
Our trends in the subsolar metallicity regime are consistent within the 1-o uncertainty limit of both
samples. In the supersolar metallicity regime, we find subsolar alpha-abundances causing the trend
to go down, consistent with Johnson et al. (2014). Meanwhile the trend in Bensby et al. (2013) is
leveling off and continuing at the supersolar alpha values, with higher uncertainties.

the unknown blending line is ascribed to the element. Therefore, there is always a risk of
overestimating the derived abundances in cool, metal rich stars.

Our [Mg/Fe] trend is consistent with the trends of both Bensby et al. (2013) and Johnson
et al. (2014) in the subsolar metallicity regime. Our trend over the entire metallicity ranges
is especially consistent with that of Johnson et al. (2014). Still the dispersion in our [Mg/Fe]
measurements are higher than the comparison samples which may be due to the fact that
there is only one spectral feature that can be used for the abundance determination, namely
the group of lines at 21060 A. In the supersolar metallicity regime, our trend is consistent
with that found by Johnson et al. (2014), while the trend in Bensby et al. (2013) is again
leveling off and continuing at the supersolar [Mg/Fe] values.

3.6.3 Kinematics

The mean value of the Galactocentric radial velocity that we have estimated for our entire
sample within |b|<3° is consistent with the estimates from other studies using much larger
sample of stars in the inner and outer bulge fields (Howard et al., 2008; Kunder et al., 2012;
Ness et al., 2013b; Zoccali et al., 2014; Babusiaux et al., 2014). The mean values of V¢ es-
timated by BRAVA survey for fields at (1,b) ~ (0°,-2°), (0°,-4°), (0°,-5°), (0°,-6°) and (0°,+4°)
ranges from -8 to 14 kms~! (Howard et al., 2008; Kunder et al., 2012). Our mean estimate of
-12 kms~! is closer to the values of -9.7, -6.2 and -10.9 kms~! found by Ness et al. (2013b)
for their fields at (1,b) = (0°,-5°), (0°,-7°.5) and (0°,-10°) respectively. Babusiaux et al. (2014)
also finds a negative mean V¢ of -3 kms~! for their sample at (I,b) = (0°,+1°). At the same
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Figure 3.17: The Galactocentric radial velocity distribution for our entire sample divided into metal-
poor (MP; red) and metal-rich (MR; blue). Overlaid KDEs of respective colors have similar bandwidth
as their binsize. The mean velocity and dispersion for the two samples are listed in the figure.

time, the mean V¢ surface in the longitude-latitude plane as derived from the GIBS Survey
(Fig. 10 in Zoccali et al. 20143) clearly showed that the mean V¢ along the bulge minor
axis is in the range of -10 to 0 kms~!. Valenti et al. (2018) measured the mean Galactocentric
radial velocity and dispersion from the low resolution MUSE spectra for bulge stars in the
fields at (I,b) = (0°,+2°), (0°,-2°), (+1°,-1°) and (-1°,+2°). They find the mean Galactocentric
radial velocity for stars in their fields corresponding to our bp2 and bm?2 fields to be +9.8 and
+19.2, kms~! respectively.

In the case of the Galactocentric radial velocity dispersion, Babusiaux (2016) compiled
radial velocity dispersion values along the bulge minor axis (I=0°, |b|<12°) from different
literature studies. They showed that the V¢ dispersion follows a steep trend that goes down
as we move away from the Galactic mid-plane. So, we compare our dispersion estimate with
only those studies within |b|<2°. (Howard et al., 2008) estimated the velocity dispersion at
(Lb) ~ (0°,-2°) to be 126 kms~!, consistent with our estimate. A higher velocity dispersion
of 145kms~! was calculated by Babusiaux et al. (2014). Zoccali et al. (2014) also found a
peak dispersion value closer to 140 kms~! for the GIBS sample at (I,b) ~ (0°,-1°) and (0°,-2°).
Valenti et al. (2018) confirmed this result in their study including fields at positive latitudes
that were missing in GIBS, also finding a symmetric velocity dispersion about the Galactic
plane. Any slight variation of our estimate from the rest of the studies can be attributed to
our small sample size due to which we had to combine our entire sample.

Babusiaux (2016) has also shown (see their Fig. 4.) that the dispersion trends for the
metal-poor star (-1<[Fe/H] <-0.5) and the metal-rich star sample (0O<[Fe/H] <0.) are compa-
rable within |b|<2°. For higher latitudes (|b| > 4°) there is a strong decrease in velocity dis-
persion for metal-rich stars while it is flat for metal-poor stars. By dividing the GIBS sample

3Assuming symmetry in b
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into metal-poor (-0.8<[Fe/H] <-0.1) and metal-rich ([Fe/H] >0.1) populations, Zoccali et al.
(2017) also found a similar trend. We also separated our limited sample into metal-poor
(-1.0<[Fe/H] <£0.0) and metal-rich (0.0<[Fe/H] <0.6) populations and estimated their disper-
sions as shown in Figure 3.17. We find similar velocity dispersions for the two populations
which are close to the estimates from the above mentioned studies. However, we suffer from
a limited sample size and clearly more observations are needed.

3.6.4 North-South symmetry

The North-South symmetry in bulge kinematics, namely mean Galactocentric radial velocity
and dispersion, have already been shown for a range of longitudes by sampling outer bulge
fields (Ness et al., 2013b; Zoccali et al., 2014). The rotation and dispersion symmetry along
the major axis has been shown by Ness et al. (2013b) using three fields at latitudes of -
10° and +10°, and longitudes of -10°, -5° and +10°. Similar results have been obtained by
Zoccali et al. (2014) using the GIBS survey fields at b = +4°.5 and -4°.7 covering a range of
longitudes, |1|<8°.

Valenti et al. (2016) have shown, using the VVV PSF-fitting photometry, the increase
of the RC density distribution in the density profile of the inner bulge towards the Galactic
plane. They have also shown symmetries in their RC star counts in the Galactic mid-plane,
at1=0° b =+1° £2° +3° and +4°. This suggests a North-South symmetry in kinemat-
ics and stellar density for the outer bulge and inner bulge regions respectively. We extend
this investigation for the North-South symmetry to chemical abundances and the metallicity
distribution function.

Four of our fields along the bulge minor axis are located at symmetrically opposite lat-
itudes with respect to the Galactic mid-plane. In addition, we have carried out a consistent
analysis of the spectral analysis in both North and South fields. This is crucial in order to
explore the symmetry of the MDF between Northern and Southern fields along the bulge
minor axis. This is the first time such a study is being carried out, as previously most of the
studies in the inner bulge have been concentrated to the southern latitudes.

The Sun is located at a distance of 17+5 pc above the Galactic mid-plane and at a distance
of 8.2+0.1 kpc from the Galactic center (Karim and Mamajek, 2017). Based on this, we
estimated a very similar distance of ~145 and 298 pc, above the Galactic mid-plane along
the bulge minor axis, corresponding to the North-South latitudes, +1° and +2° respectively.
Thus we can safely assume that our stars at the North-South latitudes in our sample are located
symmetrically with respect to the Galactic mid-plane.

We group the stars in the b=+1°, b=+2° fields together as the North field and those in the
b=-1°, b=-2° fields as the South field, and plot their metallicity distributions in Figure 3.19.
The metal rich part of both the MDFs are very similar. The overlaid KDE estimate for the
North and South fields in the metal-rich regime are similar with approximate matching peaks.
Keeping in mind the low number of stars and the abundance uncertainties, the KDE peak
in the metal-poor regime for South field do, however, not seem to match with that for the
Northern field due to the absence of stars with metallicities in the range of —0.3 to —0.6 dex.
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Figure 3.18: [Si/Fe] vs [Fe/H] (left) and [Mg/Fe] vs [Fe/H] (right) trends of stars at b=+1°, +2°
(blue filled circles) and those at b=-1°, -2° (red filled circles). The error bars correspond to typical
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Figure 3.19: MDF of North (blue; b = +1°, +2°) and South (red; b = -1°, -2°) field stars to investi-
gate the North-South symmetry in MDFs. Overlaid KDEs,shown in respective colors, use the same
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The metallicity distribution for the Northern field in the metal-poor regime show a peak in
the KDE of around —0.5 dex. We want to stress that we are dealing here with low-number
statistics; there are only four stars in the Southern fields with metallicities falling into the
metal-poor group. Clearly a larger sample is needed. We can not reject the hypothesis of
symmetry based on the distribution of these few stars. It is too early to claim any difference.
Testing the full Northern and Southern MDF populations (only excluding the [Fe/H]=-1.8
star) with a Kolmogrov-smirnoff test, we arrive at a p-value of 0.90 suggesting that both
distributions, nevertheless, come from the same parent population. Thus, we cannot claim
any non-symmetry in the MDFs between Northern and Southern fields based on our data.
Most likely the inner bulge is symmetric along the minor axis in its metallicity distributions.

We then proceed to carry out a similar exercise for the [Si/Fe] vs [Fe/H] and [Mg/Fe] vs
[Fe/H] trends, as shown in Figure 3.18. As mentioned in the above paragraph, the absence
of Southern field stars in the range of —0.3 to —0.6 dex results in insignificant overlap be-
tween North-South samples in subsolar metallicity regime. Still, they follow a very similar
continuous trend. On the other hand, there is significant overlap and consistency between
the [Si/Fe] and [Mg/Fe] values in the supersolar metallicity regime. Thus we cannot reject
North-South symmetry in the a-abundance trends based on our data, but we need more data
to confirm it.

3.7 Summary and conclusions

We have carried out a consistent spectroscopic analysis of 72 M giant stars in the inner Galac-
tic bulge (|b|<3°) along the minor axis from the high resolution CRIRES spectra. Out of 72
stars, 9 stars are located in the Galactic center, 44 stars are at the Northern latitudes, while
28 at the Southern latitudes. This is the first work to carry out such a systematic analysis in
the inner bulge region, especially at symmetric fields along the bulge minor axis.

We find a bimodal MDF in the inner bulge, following that reported for outer bulge sam-
ples, but a larger sample will be required for confirmation. Our GC sample is completely
supersolar with a mean metallicity of 0.3 dex but with no subsolar metallicities which could
be due to our limited sample size. We find that the median overall metallicities in each
field to decrease as we move away from the Galactic mid-plane. This is in agreement with
the negative vertical metallicity gradient found in outer bulge fields. We find no stars with
[Fe/H]> +0.6 dex.

The a-element trends with metallicity show no gradient over the entire minor axis, from
far out through the GC and going North. Our [Si/Fe] and [Mg/Fe] trends with [Fe/H] are
consistent with outer bulge trends for red giants, showing a gradual decreasing trend with
increasing metallicity, as expected from chemical evolution models. We confirm that for the
supersolar regime, the [Si/Fe] and [Mg/Fe] abundances decrease as expected from chemical
evolution models.

The mean Galactocentric radial velocity and dispersion for our entire sample is consistent
within the errors with the study of Howard et al. (2008) and that of the GIBS survey. No
difference in the velocity dispersion has been found between the metal-rich and the metal-



94 Chapter 3. Chemical characterization of the inner Galactic bulge

poor sample.

Based on our investigation using b = +1°, +2° fields, we confirm the expected North-South
symmetry in the MDF as well as in the o abundances for the inner bulge region. These results
imply that there is chemical homogenity between the northern and the southern fields.

Although we report the largest and highest resolution abundance analysis of giants within
2 degrees of the Galactic center, the sample size remains relativley modest. Upcoming in-
struments and surveys such as CRIRES+ or MOONS will help to obtain a larger sample of
stars in the inner bulge and towards the Galactic Center region. This will allow us to trace
the vertical metallicity gradient as well as the full MDF in the GC together with their chem-
ical footprints. It will also be vital to add superior kinematic data. All of this can help in
deciphering the formation/evolution scenario of the inner bulge as well as the relation of the
inner bulge to the Galactic Center and its nuclear star cluster.



CHAPTER 4

SFR in the CMZ

Contents
4.1 Estimating SFR . . . . ... . it it ittt ittt e e 95
4.1.1 Using cm or mm continuum emission . . . . . . ... ... ... ... .. ... 96
4.1.2 Usinginfrared luminosity . . . . . .. ... ... ... L o 96
4.1.3 YSOcounting . . . ... .. i e 97
42 Identifying YSOS . . . . i i it ittt ittt ittt ettt et e e 98
43 SFRintheCMZ . . . ... . it ittt ittt neennes 100
) | 7 102
4.4.1 Sampleselection . . . .. ... .. e 103
442 ODbServations . . . . . ... . 103
443 Datareduction . . . . ... .. L L 104
45 Classification . . . . . . ... i i e e e e e e 105
4.5.1 Spectroscopic classification . . . .. ... ... oL oo 105
4.5.2 Classification using photometric criteria . . . . ... ... ... .. .. .. ... 109
4.6 Massestimation . ... ... ...ttt ittt e e e e 110
4.6.1 Robitaille SEDmodels . . ... ... ... ... ... . .. .. . 111
4.6.2 SEDits . . . . . o 112
4.6.3 Fitparameters and mass . . . . . . .. ..o 112
477 SFRestimate . . . .. .. i it ittt ittt ittt it enenenenenens 115
4.8 Summaryandconclusions . . .. ... ...ttt ittt e e 119

In this chapter, I describe briefly some of the methods commonly used to estimate the
present star formation rate, focusing mainly on the YSO counting method. We use this
method to estimate the SFR in the CMZ of the Milky Way based on the low resolution near
infrared spectroscopic observations of ~100 sources, that are most likely YSO candidates
selected based on photometric criteria.

4.1 Estimating SFR

The details about the star formation rate (SFR) and it’s importance in the chemical evolu-
tion models has been explained in the Section 1.2.4. There are different methods that are
used in order to determine the SFR in the Milky Way as well as in other external galaxies.
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These methods rely on detailed observations of the region of interest in different wavelength
regimes as explained below. I will briefly give an overview of three such methods that rely
on cm or mm wavelength observations, mid and far infrared observations and near infrared
observations, respectively.

4.1.1 Using cm or mm continuum emission

The young and massive O and B stars (>8—10 M) emit ionising UV radiation (hv > 13.6eV)
that ionises the surrounding natal molecular clouds as well as the interstellar medium, pro-
ducing H II regions. At cm or mm wavelengths, the free-free emission from the ionised gas
in H Il regions can be traced, enabling the determination of the rate at which ionising photons
are being produced, from the free-free luminosity (Murray and Rahman, 2010). Once the
ionsing photon rate, Q, is known, the SFR can be estimated using the equation (following
Mezger 1978 and McKee and Williams 1997):

<m,> 1
<g> <tg>
where < ¢ > is the ionising flux per star averaged over the initial mass function (IMF),
< m,> is the mean mass per star (in solar units) and < ¢o> represents the time at which the
ionising flux of a star falls to half its maximum value, averaged over the IMF.

M, =Q 4.1

4.1.2 Using infrared luminosity

Another method to estimate the SFR, especially in external galaxies or highly extincted re-
gions of our own Galaxy where individual stars cannot be resolved, is to use the infrared
luminosity maps. This method is based on the assumption that the short wavelength emis-
sion from the embedded stellar population (mostly young massive stars) is absorbed and
then re-emitted at longer infrared wavelengths (where the emission becomes optically thin)
by the surrounding dust. Thus, the total infrared luminosity can be considered to directly
correspond to the bolometric luminosity from the embedded stellar population. There are
many factors of uncertainties to be taken into account, ranging from the measurement uncer-
tainties to high energy photon leakage, dust heating by other sources etc, most of which are
difficult to determine with the present available observational technology.

This method makes use of emission maps from surveys like Spitzer-GLIMPSE (Church-
well et al., 2009a) and MIPSGAL (Carey et al., 2009), Herschel Hi-GAL (Molinari et al.,
2010), ATLASGAL (Schuller et al., 2009) etc. covering a range of wavelengths from 3.6 ;m
to 870 um. The emission maps have to be smoothed down to that of the lowest resolution
one and the integrated flux densities of the region at each wavelength have to be estimated
from the corresponding emission map after proper background subtraction. This range of
wavelengths cover emission from warm dust (3.6 yum — 70 ym) and from cold dust (70 pm
— 870 um). Hence to measure the bolometric luminosity (as well as dust temperature and
column density), the spectral energy distribution (SED) plotted using the integrated flux den-
sities must be fitted with a modified black body model or a two component modified Planck
function (Ward-Thompson and Robson, 1990; Battersby et al., 2011; Barnes et al., 2017):
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where S, is the flux density at frequency v, T is the temperature, h is the planck constant,
k the Boltzmann constant, m s is the mean particle mass with my representing the mass
of a hydrogen atom and y is 2.8 a.m.u. (atomic mass unit), N(Hs) is the column density
of molecular hydrogen and £, is the dust mass opacity. The total flux can be measured by
integrating the area under the fitted SED, that can be used along with the measurement of
the source distance to measure the bolometric luminosity. Following this, there are many
monochromatic as well bolometric luminosity - SFR relations that can be used to determine
the SFR. A list of various monochromatic as well bolometric SFR conversion factors used
in the CMZ region have been compiled in the Table 2 of Barnes et al. (2017), and there is a
maximum variation of 0.05 Moyr~—! between the estimated SFRs.

4.1.3 YSO counting

The two methods mentioned above makes use of the longer wavelength emission and do not
necessarily require very high spatial resolution. Hence they can be used to determine the
SFR over global scales in the Milky Way as well as in external galaxies. The YSO counting
method, as the name suggests, depends on counting the embedded young stellar population
to determine the SFR. This method cannot be used in external galaxies as it requires high
spatial resolution to resolve the individual high mass YSOs.

The YSO phase of a massive star is a relatively brief phase in the stellar evolution where
the star is surrounded by dense envelopes of gas and dust (Zinnecker and Yorke, 2007). These
objects are best identified by their point-source infrared radiation as well as excess flux val-
ues in the mid-infrared bands. Young stellar objects are classified in three classes or stages
depending on their spectral index (Lada, 1987) and SED (Robitaille et al., 2006). Adams
et al. (1987) identified Class I YSOs as protostars with infalling envelopes, Class II YSOs as
stars with disks, and Class III YSOs as those stars having the SEDs of stellar photospheres.
Analogous to this classification, Robitaille et al. (2006) defined three evolutionary stages
based on their derived SED model properties: Stage I objects are young protostars embed-
ded in an opaque infalling envelope, Stage II objects are stars surrounded by an opaque disk
and dispersed envelope, and Stage III objects are stars with an optically thin disk. Figure 4.1
shows a rough schematic diagram classifying YSOs based on the infrared excess emission
due to the surrounding envelopes of dust and gas as well as proto planetary discs.

In this method, masses of photometrically or spectroscopically confirmed YSOs in the
region of interest are estimated either from SED fits or, using the zero-age main sequence
(ZAMS) luminosity-mass relations. By assuming an appropriate IMF and extrapolating the
stellar IMF down to lower masses, the total embedded stellar population mass of the region
can then be estimated. Assuming an average age of 0.5 — 1 Myr for the YSOs, the SFR can
be determined by dividing the mass by the average age (see Section 4.7).
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Figure 4.1: Schematic diagram showing the way YSOs are classified based on the presence of sur-
rounding envelopes of dust and gas as well as proto planetary discs that results in infrared excess
emission. Image courtesy : http://astronomy.swin.edu.au/ smaddiso/teaching/yso.html

4.2 Identifying YSOs

One of the commonly used ways to identify YSOs involves the use of colour-colour and
colour-magnitude diagrams using infrared photometry. Theoretical models of protostellar
envelopes and protoplanetary discs were initially used to predict the typical mid-IR colours of
YSOs and thereby the zones in colour-colour diagrams wherein YSOs are concentrated(Whitney
et al., 2003; Allen et al., 2004), as shown in the left panel of the Figure 4.2. Until recently,
most studies of YSOs in the CMZ have also been based on infrared photometry (Felli et al.
2002; Schuller et al. 2006; Yusef-Zadeh et al. 2009). Felli et al. (2002) searched for YSO
candidates using the mid-infrared excess derived from Infrared Space Observatory (ISO)
photometry at 7 and 15 pm and used a criterion to find a strong concentration of YSO can-
didates in the inner Galaxy. Schuller et al. (2006) refined this ISO mid-infrared colour cri-
teria based on the 7 and 15 pum ISO colours and spatial extent at 15 pm, and argued that
slightly extended mid-infrared sources were more likely to be YSOs than point-like mid-
infrared sources. Yusef-Zadeh et al. (2009) (hereafter YHAQ9) identified YSO candidates
using Spitzer/IRAC and Spitzer/MIPS photometry at 3.6 — 24 ;sm as shown in the right panel
of the Figure 4.2 and their SED fitting techniques associated most of their YSO candidates
with Stage I objects.

The CMZ, however, suffers from very large and spatially variable interstellar extinction
(Ay =20 — 40 mag; see e.g. Schultheis et al. 2009). The significant foreground extinc-
tion causes evolved stars with circumstellar envelopes, such as mass-losing asymptotic giant
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Figure 4.2: (left) [3.6]-[4.5] vs. [5.8]-[8.0] colour-colour diagram showing the IRAC colors for four
young cluster members : S140 (squares), Cep C (crosses), S171 (circles), and NGC 7129 (triangles)
from the IRAC Guaranteed Time Observer (GTO) embedded clusters survey (Megeath et al., 2004).
The light blue square indicates the zone of Class II YSOs based on Allen et al. (2004) models, while the
colored lines show the Class I models. The colours magenta, green, blue, and red represent envelope
models for a range of central luminosities : 0.1, 1, 10 and 100 Lo, respectively. Models are plotted for
two values of the centrifugal radius, R., 50 AU (solid line) and 300 AU (dashed line). Image courtesy
: Allen et al. (2004) (Right) [24] vs. [8.0]-[24] colour-magnitude diagram showing the distribution
of sources in the region b+10’and -1°4 < 1 < 0°. The dashed line is an empirical separator between
evolved AGB stars (to the left) and candidate YSOs to the right. Image courtesy : Yusef-Zadeh et al.
(2009)
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branch (AGB) stars, to have infrared colours similar to those of YSOs. Schultheis et al.
(2003) demonstrated that near-infrared spectra are a powerful tool to distinguish YSOs from
reddened AGB stars. These authors found that YSO samples in the CMZ selected by photo-
metric colour criteria are heavily contaminated by AGB stars, red giants, and even supergiants
(see the Figure 4.3). By contrast, they showed that moderate-resolution spectra in the H and
K bands delineate YSOs from evolved stars by the absence or presence (respectively) of CO
absorption at ~ 2.3 um. Detectable YSOs at the distance of the Galactic centre (~8 kpc) are
all massive, and thus never show 2.3 ym CO absorption; instead, they are featureless around
2.3 pum or show 2.3 um CO in emission (Geballe and Persson, 1987; Carr, 1989; Hanson
et al., 1997; Bik et al., 2006).

A recent improvement in YSO selection in the CMZ came from Spitzer/IRS spectra to
select YSOs. Anetal. (2011), hereafter An11, presented Spitzer/IRS 5-35 pum spectra of 107
YSO candidates selected from 3.6—8.0 um Spitzer photometry (Ramirez et al., 2008). The
authors of An11 identified massive YSOs in the CMZ by the presence of gas-phase absorption
from CoH, (13.7 pm), HCN (14.0 pm), and COs (15.0 pum) as well as strong and broad 15.2
pm COs ice absorption. They found that mid-infrared spectra confirm only 33% of YSO can-
didates selected by their photometric criteria, and confirm 57% of YSO candidates selected
photometrically by YHAO9. Immer et al. (2012) analysed 540 pm Spitzer/IRS spectra of 57
YSO candidates selected from 7 and 15 pm ISO colours and spatial extent at 15 gm (Schuller
et al., 2006). These authors identified 25% of their sources as YSOs and an additional 37%
as HII regions. There is disagreement in the YSO classification even among the common
sources in Anl1 and Immer et al. (2012) samples, suggesting uncertainties in spectroscopic
YSO classification schemes as well. Koepferl et al. (2015), using radiative transfer models
and realistic synthetic observations (with HYPERION (Robitaille, 2011) and the FluxCom-
pensator (Koepferl and Robitaille, 2017)), re-examined the YHA09 YSO sample and showed
that embedded main sequence stars contaminate the YHA(09 sample. These recent studies
demonstrate significant contamination of photometrically selected YSO candidate samples
by non-YSOs, which has important implications for CMZ star formation rates derived from
photometry (YHAOQ9).

4.3 SFR in the CMZ

As mentioned in Section 1.3, the CMZ is in an active region of star formation with higher gas
pressure, temperature and turbulence than in the disc. Thus it is essential to understand the
modes of star formation and star formation history in the unique environment of the CMZ,
both to gain insight into our own Milky Way and to provide a template for circumnuclear star
formation in the closest galactic nuclei.

Longmore et al. (2013a) carried out a detailed study of the variations in star formation
across the Galactic plane using observational tracers of dense gas (NHj3(1,1)) and star for-
mation activity (masers, HII regions). These authors showed that there is a deficiency in star
formation activity tracers in the CMZ given the large reservoir of dense gas available. On
the other hand, they found that various star formation models predict much higher values
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Figure 4.3: [15] vs. [7]-[15] colour-magnitude diagram showing the distribution of sources with mid-
IR excesses at 7 and 15 pum from the ISOGAL survey. YSOs are indicated by filled circles (featureless
spectra with no CO absorption lines), candidates of red giants by open circles, OH/IR stars (identified
by Wood et al. 1998) by filled triangles, Long Period variables (identified by Glass et al. 2001) by open
squares, red giant candidates, supergiant candidates by stars and AGB Variables by crosses (based on
the strong CO band absorption at ~ 2.3 um). The dotted line shows the region searched by Felli
et al. (2000) for YSO candidates and the long-dashed line indicates a more conservative criterion for
identifying YSOs (Felli et al., 2002). Both criteria are unable to effectively distinguish YSOs from
other stellar populations. Image courtesy : Schultheis et al. (2003)
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of SFR. Barnes et al. (2017) determined the average SFR across the CMZ using a variety
of extragalactic luminosity—SFR conversion and found it to be comparable to previous mea-
surements made from YSO counting and free-free emission. Thus, they ruled out systematic
uncertainties in the SFR measurements as the reason for low star formation in the CMZ. All
these studies point to the necessity of estimating an accurate value of the SFR, that can be
used in various star formation as well as chemical evolution models to understand physical
mechanism(s) that drive the star formation in the CMZ.

In this work, I present moderate-resolution 2.0-2.5 pm spectroscopic follow-up observa-
tions of a sample of 91 photometrically identified YSO candidates in the CMZ using K-band
Multi Object Spectrograph (KMOS; Sharples et al. 2013) at VLT-UT1 (Antu). My goal is
to distinguish YSOs from evolved late-type stars by their near-infrared spectra. I discuss and
show the contaminating evolved late-type stars in different colour-magnitude (CMD) and
colour-colour (CCD) diagrams and define a new colour-colour criterion to distinguish these
stars using our spectroscopically identified YSO sample. Finally, I estimate the SFR in the
CMZ based on the YSO counting method and on SED fitting techniques.

4.4 Data

In this section, the way we obtained the data for this work is described : starting from the
target selection, followed by the observations using KMOS and finally the spectral data re-
duction.
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Figure 4.4: Field distribution of our observations overlaid on the 3.6 um Spitzer image (Stolovy et al.,
2006). The white circles represent the 7/2 diameter fields that have been observed. The numbers are
assigned to identify the fields, details of which are given in Table 4.1. Shown in red are the locations
of prominent sources in the CMZ such as Sgr A*, Sgr B2, Sgr C, Quintuplet, and Arches clusters.
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4.4.1 Sample selection

We selected the sample for our observation from the photometric catalogue of SIRIUS (Nishiyama
etal., 2006) and point-source catalogue of Spitzer/IRAC survey of the Galactic centre (Ramirez

et al., 2008). The JHKg photometry from the SIRIUS catalogue has average 100 limiting
magnitudes of J=17.1, H=16.6 and Kg=15.6 mag, while the 3.6, 4.5, 5.8, and 8.0 xm bands
from the Spitzer/IRAC catalogue has confusion limits of 12.4, 12.1, 11.7, and 11.2 mag, re-
spectively. We divided our sample into three categories of high, medium, and low priorities;

the highest priority (priority 1) was given to those sources in our sample that are photomet-
rically identified YSO candidates in YHA09. We divided the rest of the sample into medium
(priority 2) and low (priority 3) priorities using the following criteria that select sources ex-
hibiting excess emission in mid-infrared regimes:

Medium priority Low priority
[3.6]-[4.5] > 0.5 [3.6]-[8.0] > 2
[4.5]-[5.8] > 0.5 Kg < 17
[5.8]-[8.0] > 1

Kg <17

The KMOS consists of 24 integral field units (IFU) that can be arranged in a 7/2 diam-
eter field per configuration, and it is crucial to prevent the 24 IFUs on the 24 pick-off arms
from blocking each other. We use the KMOS ARM Allocator (KARMA), which assigns the
maximum number of highest priority targets to the 24 pick-off arms, followed by medium
and low priority targets thereby leaving as few arms as possible unallocated.

4.4.2 Observations

Our spectroscopic observations were carried out with KMOS at VLT-UT1 (Antu) on June 23,
2016. Each of the 24 IFUs in KMOS has a field of view of 278x2/"’8. The spectral resolution
of KMOS is R~4300 with the wavelength range covering 1.925 pm - 2.500 pm. We prepared
22 fields with unique IFU configuration covering a significant part of the CMZ. But owing to
bad weather conditions, only eight fields could be observed with an integration time of 900s
for each field in the nod to sky mode. The observations were carried out under photometric
conditions with seeing ~0"’8. The observed field positions are shown in Figure 4.4 and the
field details with the number of different priority sources in each field are given in Table 4.1.

The fields are in regions with high stellar density as can be seen in the Figure 4.4. Hence,
it was not possible to observe sky in each IFU by dithering or nodding to a new position
within the respective field. So we observed a dark cloud G359.94+0.17 (v ~ 26622, § ~ -28°9;
Dutra and Bica 2001) in free dither mode with 2”8 dither in between two 900s exposures to
carry out a proper sky subtraction. The sky observation was carried out after every two field
observations. B and A type stars were observed for telluric corrections after every sky offset.



104 Chapter 4. SFR in the CMZ

Table 4.1: Details of the observed fields. The (I,b) of field centres and the number of high, medium,
and low priority sources, and the manually allocated sky and random sources for the free arms are
listed.

Field No. 1(°) b(°) Priority 1 Priority 2 Priority 3 Sky Random source

1 359.26 -0.08 13 3 3 3 2
4 359.58 -0.03 13 5 4 1 1
5 359.51 -0.09 9 3 11 1 0
6 359.80 -0.05 15 1 7 1 0
8 0.04 -0.05 0 5 18 1 0
14 0.67 -0.05 12 9 3 1 0
15 0.03 0.05 3 9 12 2 0
18 359.13 -0.01 12 1 5 4 2

4.4.3 Data reduction

We used the ESO KMOS Recipe Flexible Execution Workbench (Reflex; Freudling et al.
2013) for data reduction. It organises the science and associated sky and calibration data
together based on the calibration source type and their proximity in time to science obser-
vations. This is followed by dark level correction of frames, flat fielding, wavelength cali-
bration, spatial illumination correction, telluric correction, sky subtraction, and cube recon-
struction of the science data by dedicated pipeline recipes (or stages).

We made use of an IDL routine to remove the Br~y absorption line from each telluric
spectrum by fitting the Bry line with a Lorentz profile and subtracting it from the telluric
spectrum. This routine also removes the stellar continuum by dividing it by a blackbody
spectrum. We also removed cosmic rays from the final reconstructed object cube with a 3D
version of L.A.Cosmic (van Dokkum, 2001).

We extracted spectra from 173 data cubes using kmos_extract_spec recipe with the ESO
Recipe Execution Tool (EsoRex).The kmos_extract_spec recipe extracts a spectrum from a
data cube with the option of defining a mask manually or automatically by fitting a normalised
profile to the image of the data cube. We identified multiple sources in 53 data cubes and
extracted their spectra by defining the mask manually. Finally, we extracted nearly 250 spec-
tra and used IRAF median filtering with seven pixels as filter size to smoothen the spectra.
After discarding spectra with a signal-to-noise ratio (S/N) below 20 or having negative flux
values, there were 91 spectra left in our sample with good S/N. Among these spectra, there
are 15 from data cubes with multiple sources, and we selected the spectrum of the brightest
source in the data cube.
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4.5 Classification

In this section, we classify our targets as YSOs and late-type stars based on their spectra.
Using this classification, we evaluate different photometric YSO classification criteria and
suggest a new criterion to distinguish YSOs and late-type stars.

4.5.1 Spectroscopic classification

We classified our spectra mainly based on the presence or absence of the 2CO (2,0)-band at
2.3 pm. CO absorptions bands are typically found in late-type G, K, M giants and AGB stars.
In addition, we also used Br, found in emission, absorption, or with a P-Cygni-type profile
in massive YSOs (Cooper et al., 2013). We carried out background subtraction during data
reduction to make sure that the Bry emission lines are intrinsic to the source. Still, we expect
contamination from the OB main sequence or post-main sequence Wolf Rayet stars, some
of whose spectra also show Br+ in emission attributed to their stellar wind (Mauerhan et al.,
2010a). CO band emission at 2.3 um is also considered to be an indication for the presence
of a dense circumstellar disk and hence a YSO signature (Bik et al., 2006). Some spectra
show a featureless continuum at 2.0-2.5 um; these could be either YSOs (Greene and Lada,
1996) or dusty late-type carbon-type (WC) Wolf—Rayet stars (Mauerhan et al., 2010a).
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Figure 4.5: Equivalent widths measured for the 12C0 (2,0) line and Br+ line for YSOs (blue stars)
and late-type stars (black dots). We separate the two populations approximately using the dashed line
at EW(CO

) =
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We measured the equivalent width (EW) of the 12CO (2,0) band at 2.3 um using the
same CO band and continuum points as in Ramirez et al. (2000a). In addition, we measured
the EW of Brv line at 2.16 yum. Figure 4.5 shows the EW(CO) vs EW(Brv) plot of our
91 sources. We find that there are two separate groups of stars with a very evident gap,
which we approximately denote by the dashed line at EW(CO) = 10 A. Positive values of
EW indicate that the line is in absorption while negative values indicate it is in emission.
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presence of 12CO (2,0) band absorption line.
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Thus we classify the stars to the right of the dashed line as cool, late-type stars and those
to the left as YSOs. All cool, late-type stars (represented by filled black circles) lie very
close to EW(Brvy) =0 A indicating the absence of this particular feature in their spectra.
The majority of stars we classify as YSOs also show no Br~ feature, while approximately
five stars show Br~ in emission (EW(Brv) < 1 A ) and only one star shows Br in absorption
(EW(Brv) > 1 A), which also shows CO in emission (EW(CO) =-10 A).

Based on the above-mentioned classification scheme, there are 23 spectroscopically iden-
tified YSOs in our sample. Figures 4.6 and 4.7 show the reduced normalised spectra of
YSOs and cool late-type stars, respectively. We searched for previously identified sources in
the SIMBAD database with a search radius of 2”70 from each of the 23 YSOs to check their
status in the literature. Table 4.2 lists all 23 sources with their SST (Spitzer Space Telescope)
Galactic centre (GC) number, equatorial coordinates in degrees, distance of the SIMBAD
match from the source, source type along with corresponding references, and JHKg magni-
tudes from SIRIUS catalogue. There are seven sources in common with Anl1, out of which
only one is confirmed to be YSO and one is considered to be a possible YSO by Anl1.
The remaining five sources have been classified as non-YSOs, with #517724 also classified
as an OB super giant star in Mauerhan et al. (2010b) based on absorption lines of Br+ at
2.1661 pum, NIII at 2.115 pm and He I at 2.058, 2.113, and 2.1647 pym. Two other sources
(#528828 and #599826) have been classified as possible long period variable stars in Mat-
sunaga et al. (2009) and Glass et al. (2001) based on periods estimated using near-infrared
observations, although no clear periodicity was found for them. Two sources (#531300 and
#584563) have been classified as blue super giant stars based on weak Br~y emission or ab-
sorption features, NIII and CIV contributions, and Hel absorption profiles at 2.058 ym in
addition to detected Paschen-a (Pav) excess (Mauerhan et al., 2010a). The counterpart to the
source #238110 has been classified as X-ray source in Muno et al. (2003). Three sources
(#358063, #395315, and #520760) are in common with the YHAQ9 sample, out of which
#520760 is classified also as a radio source in Dong et al. (2015). The remaining eight
sources do not have any counterparts in the SIMBAD database within 2”/0.

In Figure 4.5, we show the sources classified in the literature as X-ray sources, OB or
blue supergiants, and non-YSOs using separate symbols. Regarding the classification of
five sources as non-YSOs by Anl1, the large pixel sizes of Spitzer/IRS spectra can lead to
misidentification of sources in high stellar density regions such as in the CMZ. Also one
non-YSO (#405235) shows Br in absorption and CO in emission, indicating the presence
of a dense circumstellar disk and considered to be a massive YSO feature though rarely seen
(Bik et al. 2006; Cooper et al. 2013). Thus we stick with our classification scheme for this
source. Since no clear periodicity was found for the two sources classified as long period
variable stars, we assume that these are YSOs as well. Two blue supergiants (#584563 and
#531300) show Br+ in emission, while no clear emission is seen for #517724 classified as
OB supergiant. We made an approximate EW measurement of NIII at 2.115 pm and found
that all three sources mentioned above as well as the radio source #238110 show a clear
emission feature that is not seen in the rest of our YSOs. Thus we consider their classifcation
as supergiants to be acceptable. Based on these measurements we conclude that none of the
rest of our YSOs are O/B supergiants.
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Figure 4.8: (a) [3.6]-[4.5] vs. [5.8]-[8.0] diagram used to identify different classes of YSOs based
on the disk and envelope models of low mass YSOs as shown in the Figure 4.2. Class II YSOs are
expected to be concentrated in the small box, while Class I YSOs in the bigger box. (b) Same colour-
colour diagram as (a) with the region shown by black polygon where Stage I YSOs are expected to
lie (Robitaille et al., 2006). (c) [8.0]-[24] vs. [24] diagram showing the criteria used by YHAQ9 to
choose their sample of possible YSO candidates (region to the right of the dashed line). The black
arrows in (a) and (b) represent the extinction vector estimated for Ax = 2 mag (typical of the CMZ)
using the f—;{ relations from Nishiyama et al. (2009). In each diagram, the spectroscopically identified
YSOs are shown using blue star symbols and the cool late-type stars using black filled circles. Other
symbols and colours represent the classification of the SIMBAD matches to our sources by searching
within 270 (see Section 4.5.1)
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Table 4.2: Details of the search for previously identified sources within 270 of our spectroscopically identified YSOs
in the SIMBAD database. For each source represented by their SST GC number, their equatorial coordinates in
degrees, distance from the source, source type along with corresponding references, and JH Kg magnitudes from
SIRIUS catalogue are listed. For sources with no counterpart within 2”0 and no valid photometry in J or / bands,
we use ..." for the corresponding column.

SSTGCNo. RA(°) DEC(°) Distance (in"") Source type J (mag) H (mag) Ks (mag) Field
238110 26593  -29.67 0.64 X-ray source® 17.19 13.64 11.84 18
517724 266.40  -28.89 0.07 OB supergiant® non-YSO®  15.75 12.80 11.23 15
520760 266.41  -28.89 1.54 radio sourced YSO® 15.59 13.17 15
524419 266.41  -28.89 0.50 non-YSO° 15.86 14.02 15
525666 266.42  -28.89 0.04 non-YSO° 14.49 12.74 15
531300 26643  -28.88 0.17 Blue super giant® 14.70 11.67 10.11 15
535007 266.43  -28.87 0.05 non-YSO° 16.05 13.81 15
528828 26642  -28091 0.11 Long period variable star’ 13.69 8
541457 266.44  -28.91 14.28 12.53 8
553700 266.46  -28.91 15.11 13.09 12.27 8
563727 266.47  -28.98 14.75 12.97 8
567598 266.48  -28.94 14.71 12.92 8
609669 266.54  -28.92 16.24 14.17 8
610642 266.55 -28.93 0.05 Maybe YSO¢ 15.26 12.69 8
584563 266.51  -28.92 0.17 Blue super giant® 13.45 10.69 9.12 8
585974 266.51  -28.96 16.80 11.73 9.42 8
599826 266.53  -28.93 0.52 Long period variable star’ 13.87 8
373107 266.18  -29.34 16.48 13.59 11.94 4
388790 266.20  -29.39 0.40 non-YSO° 14.12 12.05 5
352034 266.14  -29.39 12.52 10.95 5
395315 266.21  -29.34 0.02 YSO*® 15.95 13.65 4
405235 266.23  -29.26 0.28 non-YSO° 14.77 12.97 4
358063 266.15  -29.31 0.14 YSO*® 15.59 13.42 11.79 4

4 Muno et al. 2003

5 Mauerhan et al. 2010a

¢ Anetal. 2011

4 Dong et al. 2015

¢ Yusef-Zadeh et al. 2009

' Matsunaga et al. 2009; Glass et al. 2001

4.5.2 Classification using photometric criteria

Several previous studies have made use of colour-colour diagrams (CCDs) to define crite-
ria to classify YSOs. We are trying with our spectroscopic sample of YSOs and non-YSOs
to establish new and more reliable photometric criteria to distinguish YSOs from non-YSOs.
Initially, we made use of some YSO classification criteria using CCDs implemented in the lit-
erature to check whether they are able to classify and separate our sample of spectroscopically
identified YSOs from late-type stars. For this, we obtained the photometry of point sources
at 3.6 ym, 4.5 ym, 5.8 pm, 8.0 um (Ramirez et al., 2008), and 24 ym from the MIPSGAL
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catalogue (Gutermuth and Heyer, 2015), and we merged these with our data by searching
within radii of 2”70. We find 87 sources with valid 3.6 to 8.0 um photometry and 28 sources
with valid 24 ym photometry in our sample.

Figure 4.8 shows two CCDs and a colour-magnitude diagram (CMD) with respective
criteria from the literature to classify YSOs. In Figure 4.8(a), we plot [5.8]-[8.0] vs. [3.6]-
[4.5] with a small and big box representing the regions belonging to Class II and Class I
YSOs, respectively. Those areas come from the disk and envelope models of low mass YSOs
as shown in Allen et al. (2004). Figure 4.8(b) shows the same plot, but with a polygon used
to define the region enclosing Stage I YSOs as defined in Robitaille et al. (2006). YHAOQ9
used the CMD ([8.0]-[24] vs. [24]) in Figure 4.8(c) to choose their sample of possible YSO
candidates in the CMZ by considering all sources lying to the right of the dashed line as
YSOs. We estimate and show the extinction vector (black arrow) for the two CCDs, assuming
an Ax of 2 mag (corresponding to Ay=30 mag; typical of the CMZ from Schultheis et al.
(2009)) using the j—; relations from Nishiyama et al. (2009). It is clear from each plot that,
even after taking the extinction into account, there is severe contamination from the late-type
stars in the regions defined to contain YSOs and that there is no clean colour-colour criterion
visible.

Hence, we tested various combinations of colours and magnitudes to clearly separate
YSOs from cool late-type stars in our sample. We see a clear linear trend followed by the
late-type stars only in the CCD H-Kg vs. H-[8.0], as shown in Figure 4.9, while the YSOs
exhibit redder H-[8.0] colours and are thus clearly separated. We defined a rough criterion to
separate YSOs from cool late-type stars, taking into account the H-Kg cut at 1.5 estimated to
remove foreground sources (assuming Ay =30 mag and using extinction laws of Nishiyama
et al. (2009)). A similar H-Kg cut was also suggested by Schodel et al. (2010) to remove
foreground sources based on their study towards the central parsec of the Galaxy. We estimate
the extinction vector again, as mentioned before, and show that it is almost parallel to the
line separating YSOs from late-type stars. Thus the extinction does not greatly affect our
criterion. We want to stress that our sample is small and this criterion needs to be confirmed
by a larger sample,

(H-[8.0]) =2.75 x (H - Kg) + 1.75; 1.5 < (H - Kg) <5. (4.4)

4.6 Mass estimation

In the above section, we spectroscopically identified 23 YSOs from among 91 sources in the
CMZ. In this section, we construct their near- and mid-infrared SEDs and fit these soruces
using synthetic SED models for YSOs to constrain their stellar parameters (e.g. stellar radius
R., effective temperature T.g, stellar mass M,, total stellar luminosity L,, and extinction in
V-band Ay).
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Figure 4.9: H-Kg vs H-[8.0] diagram. This plot shows a clear trend for cool late-type stars separating
the YSOs in our sample. The dashed line represents our proposed criterion to separate YSOs and late-
type stars. The black arrow represents the extinction vector estimated for Ax = 2 mag (typical of the
CMZ) using the 2—; relations from Nishiyama et al. (2009).

4.6.1 Robitaille SED models

Robitaille et al. (2006) presented a set of approximately 20,000 radiative transfer models
with corresponding SEDs assuming an accretion scenario with a central star surrounded
by an accretion disk, infalling envelope, and bipolar cavities, i.e. YSOs. Robitaille et al.
(2007) presented a tool to fit these YSO model SEDs to observations, providing a range in
the parameter (e.g. stellar mass, total luminosity, extinction in V-band, envelope accretion
rate, and age) space corresponding to a set of best fit models.

These models are largely in use to estimate approximate values of stellar parameters for
a photometrically or spectroscopically identified sample of YSOs. YHAQ09 and Anl1 used
these models to classify YSOs into various evolutionary stages based on the envelope infall
rate and disk accretion rate of each source. YHAQ9 in turn estimate the SFR in the CMZ
using masses they obtain from the SED fits.

Recently, Robitaille (2017), hereafter R17, introduced an improved set of SED models
for YSOs that covers a much wider range of parameter space and excluding most of model-
dependent parameters in addition to several other improvements. Unlike previous models,
there are 18 different sets of models with increasing complexity that vary from a single central
star to a star in an ambient medium surrounded by accreting disk, infalling envelope, and
bipolar cavities as described in detail in R17. We used the latest R17 models to fit the SEDs
of sources in our sample to estimate stellar parameter such as stellar radius, luminosity, or
effective temperature. We used these parameters to determine the stellar masses of our YSO
sample.
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4.6.2 SED fits

We construct the SEDs for our sample using wavelengths ranging from 1.25 - 24 yum. As
mentioned in Section 4.5.2, we used the JH Kg photometry from the SIRIUS catalogue,
3.6 to 8.0 um photometry from Ramirez et al. (2008) and 24 ym MIPS photometry from
Gutermuth and Heyer (2015). In addition, we use the 15 ym photometry from the ISOGAL
point source catalogue (Omont et al. 2003a,b) so that we constrain the SEDs over a large
wavelength range. Searching within 2”70 of YSOs in our sample, we find seven sources in
the ISOGAL PSC out of which only two have valid 15 ym magnitudes. Within the same
search radius, we find six YSOs with a match in the 24 um catalogue, all of which have valid
photometry.

Thus, among 23 spectroscopically identified YSOs in our sample, in addition to 1.25 -
8.0 um magnitudes, six sources have only 24 ym magnitudes, two sources have only 15 um
magnitudes, and there are no sources with valid magnitude determined at both 15 ym as well
as 24 ym. We find that the SED fitting by the model requires data points at A>12 um to give
reliable results. For that reason, we carried out SED fits using the SED fitting tool only for
these eight sources using the above-mentioned set of photometry.

We assume the source distance to be in the range 7 kpc < R < 9 kpc from the Sun and
interstellar extinction along the line of sight to the Galactic centre to be in the range 20 mag
< Ay < 50 mag (Schultheis et al., 2009), ensuring that these sources belong to the CMZ.
These assumptions ensure that the conditions at the Galactic centre are considered while
fitting the model SEDs to our observed SEDs. We assume typical errors of 0.05 mag for
J H K photometry and 0.1 mag for 3.6 to 8.0 um photometry, while ISOGAL and MIPSGAL
catalogues provide typical errors of ~0.05 mag for 15 ym and 0.1 mag for 24 ym photometry,
respectively. To include reasonable fitting results, we selected all SEDs that satisfy x? - x7
< 5 per data points for each source in all 18 model sets. For each model set, x7__, represents
x?2 value of the best fit. Thus each source SED is fitted with 18 different model sets, each
of which gives a best fit SED with a X%)est value. For each source, we selected the model set
corresponding to the best fit SED with the lowest x7__, value as the one that best represents the
evolutionary stage of the source. Figure 4.10 shows typical examples of SED fitting results
for eight YSOs in our sample.

4.6.3 Fit parameters and mass

We chose the model set corresponding to the best fit SED with the lowest x7 ., value as
mentioned above and estimate mean values of Ay, T.g, and stellar radius, R, from all the fits
satisfying the x? cut in the chosen model set. We estimated approximate values for the stellar
luminosity, L., using the Stefan-Boltzmann law from T.¢ and R., assuming solar T.g to be
5772 K. To determine an approximate mass for each YSO, we used the pre-main sequence
(PMS) tracks for stars with metallicity of Z = 0.02 and mass range of 0.8 Mg, to 60 M, from
Bernasconi and Maeder (1996). The masses were sampled in a non-uniform manner with
stellar tracks provided for 0.8, 1.0, 1.5, 2.0, 3.0, 5.0, 9.0, 15.0, 25.0, and 60.0 M.

We calculated the separation of each source from the stellar track for each mass in the
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Figure 4.10: SED fits for 8 YSOs in our sample with available photometric data up to 24 pm, per-
formed by the SED fitter tool using different YSO SED models in R17. The best fit is shown using
solid black line and grey lines show all other fits that satisfy the criteria : x? - X12)est < 5 per data point.
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Figure 4.11: logio(L,) vs. logig(Teg) diagram showing the location of YSOs (blue stars) and the
pre-main sequence (PMS) stellar tracks from Bernasconi and Maeder (1996) for different masses in
black. The errors in Tog and L, are also shown.

Table 4.3: Details of the SED fit parameters. For each source represented by their SST GC No., average values of parameters
from the model set corresponding to the best fit SED with the lowest X2b ost value are chosen and listed. The errors or uncertainties
for parameters are roughly determined from the standard deviation in mass from all fits. The last column shows the Ay, values
from the extinction map of Schultheis et al. (2009) within 2’ of each source.

SSTGCNo. Model  Ngata Nypgs Xlz)est <Ay>(mag) <Logio(L.)> (Lg) <Teg>(K) <M.>Mg) Aymap (mag)
238110 spubhmi?® 8 2 96.7 20.5+ 0.4 44 +00 8329 + 936 20.0 £5.0 255+ 1.1
352034 sp—s-i° 7 329 1.1 228 +24 37+04 6668 + 2213 124 +3.8 450+ 11.3
358063 sp—s-i® 8 45 30.1 203 +0.3 3.7+0.1 9091 + 979 9415 323+5.38
373107 sp—h-i® 8 9 1045 248 +0.6 4.1+00 10524 + 499 15.0° 31.7 5.1
388790 spubsmi¢ 7 13 0.9 222 +1.2 37+02 6946 + 1255  12.7+2.9 43.0 £ 12.4
395315 spubsmi! 5 91 1.9 242 +3.5 32+02 9397 + 3981 7.8+2.0 343 +42
405235 spu-smi® 7 1 32.7 20.0 39 6671 15.0* 37.5+25
609669 spubsmi¢ 7 132 8.6 22.8 +2.7 33+02 9932 + 3436 82+1.7 26.7 £ 2.6

# A complex model in which the central star with a disk, a variable disk inner radius, and bipolar cavities are enclosed in a rotationally
flattened envelope structure surrounded by ambient interstellar medium.

® Disks around a central star with a non-variable inner radius. No surrounding envelope or ambient interstellar medium

¢ Same as b except that the disk inner radius is variable.

4 Same as a except that the disk inner radius is set to the dust sublimation radius.

¢ Same as d except that there are no bipolar cavities

* Only one closest stellar track to source position (see Figure 4.11) from all SED fits of the chosen model set

* Only one SED fit to the observed photometry by the chosen model set
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logio(L,) - logio(Tes) space, and assigned each source the mass corresponding to the track
at the least separation. This exercise was carried out for all fits that satisfy the x? cut in the
chosen model set and we estimated a mean mass from them. The standard deviation in mass
from all SED fits can be used to make a rough estimate of the error. A zero error for mass is
obtained when there is only one SED fit or when there is a single closest stellar track to source
positions from all SED fits of the chosen model set. We assume their mass uncertainties to
be limited by the mass sampling of PMS tracks. Figure 4.11 shows the log;o(L.) versus
log10(Teq) plot with the stellar tracks and location of 8 spectroscopically identified YSOs.
Mass estimates range from ~ 8 to 20 Mg, as expected for high mass YSOs.

We estimated the uncertainties for Teg, L., and Ay similarly from standard deviation in
their values from all SED fits of the chosen model set. Table 4.3 lists the main model fit
parameters and the estimated masses for the YSOs. The Ay values estimated by the SED
models are mostly close to the lower end of our constraints (20 mag < Ay < 50 mag), which is
not the expected case. So we used the extinction map of Schultheis et al. (2009) to estimate
the foreground visual extinction close to the location of our sample, by searching within
the radius corresponding to the pixel size of the extinction map (2'). The estimated Ay;,qp
values are listed in the last column of Table 4.3. We find significant difference in Ay from
models and Ay, from the extinction map (mean difference ~ 9.3 mag), suggesting that the
models need to be improved. A similar disagreement between Ay from Robitaille et al.
(2007) models and Ay from Schultheis et al. (2009) extinction map was estimated by Anl1
for their spectroscopically identified YSOs.

4.7 SFR estimate

As mentioned in Section 4.1.3, once the masses of YSOs are estimated, by extrapolating the
chosen stellar IMF down to lower masses, the total embedded stellar population mass of the
region can then be estimated which can in turn be used to estimate the SFR. Owing to the
low number of spectroscopically identified YSOs, it is not possible to apply this method to
our spectroscopic sample.

However it is possible to use our photometric selection criterion (see Section 4.5.2) based
on the H-Kg versus H-[8.0] diagram to obtain a much more complete sample of YSOs in
the CMZ. For this, we used the the photometric catalogue of SIRIUS towards the Galactic
centre from which we selected our observed sample. We combined this sample with 3.6
- 8.0 um photometry from Ramirez et al. (2008), 24 ym photometry from Gutermuth and
Heyer (2015), and 15 ym photometry from ISOGAL PSC. Within [I| < 125 and |b|<0°5 we
find 16,180 sources with valid photometric magnitudes in /7, Kg, and 8.0 um bands and in
either of the two bands: 15 um or 24 ym. We then applied our criterion (see Equation 4.4),
identifying 334 sources as YSOs. As seen in Section 4.5.2, foreground sources were removed
by default using this criterion. However, OB supergiants can still contaminate our YSO
sample.

Figure 4.12 shows the selected YSOs in H-Kg versus H-[8.0] diagram (left panel) and
spatial distribution of YSOs in the (1,b) plane colour coded with the number of YSOs in (I,b)
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bins of 0°05 each. The white patch close to ~0°0 latitude and longitude is an observational
artefact from the Gutermuth and Heyer (2015) and the ISOGAL PSC catalogues where data
are lacking. As a result, the YSO count is higher at the negative longitudes than in positive
longitudes, contrary to the fact that two-thirds of molecular gas is on positive longitudes
(Bania 1977; Bally et al. 1988; Morris and Serabyn 1996; Oka et al. 2005 etc.). We performed
the SED fitting using R17 models for these 334 sources and we determined approximate
masses for these sources as mentioned in section 4.6.3.
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Figure 4.12: Plots showing candidate YSOs in the CMZ selected using our criterion and their distri-
bution in the (1,b) plane. Left: H-Kg vs. H-[8.0] diagram is used to select YSOs from the source
sample constructed by combining NIR catalogue of Galactic centre using SIRIUS (Nagashima et al.
1999; Nagayama et al. 2003), 3.6 - 8.0 um photometry from Ramirez et al. (2008), 24 ym photome-
try from Gutermuth and Heyer (2015) and 15 pm photometry from ISOGAL PSC. The dashed line
represents our proposed criteria to separate YSOs and late-type stars. Right: Spatial distribution of
YSOs in the (1,b) plane colour coded with the number of YSOs in (1,b) bins of 0205 each. The white
patch close to (1,b) ~ (020,0°0) is the observational artefact from the Gutermuth and Heyer (2015) and
the ISOGAL PSC catalogues where data are lacking.

We chose ~ 190 sources with 7, <35 (chosen based on the average value of 7 _, among
the 8 spectroscopically confirmed YSOs) to plot the mass distribution, which ranges from
2.7Mg to 35 Mg. The distribution peaks at ~ 8 Mg, emphasizing that the majority of YSOs
are in the high mass range. Thus, we miss the low mass stars, and hence we adopted the
Kroupa IMF (described in Section 1.2.4) to fit it to the peak of our distribution, extrapolated
it to lower masses, and estimated the total embedded stellar population in the CMZ. The
Kroupa IMF for different mass ranges are defined in Equations 1.13, 1.14 and 1.15. We
follow the method described in Immer et al. (2012) and fit our mass distribution histogram
with a curve of the form as in Equation 1.13 by non-linear least squares fitting routine. The
fitting results in a value of A = 7339, which we used to obtain (M) at M = 0.5 M, assuming
a continuous IMF and thus estimate B = 14677 from Equation 1.14. We carried out the same
exercise to estimate C = 183464. Figure 4.13 shows the mass distribution histogram and the
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fit we performed on the distribution. Finally, we estimate the total mass of YSOs to be ~
35000 Mg, in the CMZ using
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Figure 4.13: Mass distribution histogram (filled blue bars) of YSOs. These YSOs were selected
using our new photometric colour-colour criteria from the SIRIUS catalogue within [1| < 1°5 and
|b|<0°5. Masses are determined approximately using the YSO parameters from SED fits and pre-
main sequence tracks of Bernasconi and Maeder (1996). The black curve represents the Kroupa IMF
(Kroupa, 2001) fitted to the peak of the distribution. We estimate the mass of the underlying YSO
population from the area under the curve from 0.01 Mg to 120 Mg

Assuming all YSOs that constitute our sample have an average age of 0.75 + 0.25 Myr,
we estimated the average SFR to be ~0.046 Mgyr—!. If we assume a different IMF (e.g.
Salpeter) and change the integration limits in the mass range in addition to including the
mass uncertainties from the individual SED fitting (see Table 4.3) and the uncertainty in the
assumed age, our estimated error in the derived SFR is of the order of + 0.026 Moyr—t. We
also changed our colour criterion by reducing the H-Kg cutto 1.0 instead of 1.5 to account for
the variability in extinction across CMZ and the estimated SFR is still within the uncertainty
limit of +0.026 Mgyyr—1.

Our SFR estimate is lower than values from previous studies of YHA09, Anl1, and Immer
et al. (2012). YHAO9 and Immer et al. (2012) applied the YSO counting method of photo-
metrically identified YSOs to calculate SFR of ~0.14 Mgyr~! (YSO lifetime ~ 0.1 Myr) and
~0.08 Mgyr~! (YSO lifetime ~ 1 Myr), respectively. Anl1 carried out a spectroscopic identi-
fication of YSOs among sources in common with YHAO09 and derived a value of 0.07 Mgyr~!
based on the 50% contamination they found. Based on the re-examination of YHAQ9 sam-
ple using radiative transfer models and realistic synthetic observations, Koepferl et al. (2015)
estimated the SFR to be lower by a factor of three or more.
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In addition to the YSO counting method, there have been studies that have employed the
infrared luminosity-SFR relation, free-free emission from the ionised gas (i.e. bremsstrahlung
radiation) at cm wavelengths to estimate the mass of the underlying YSO population, column
density threshold, and volumetric star forming relations to estimate and predict, in turn, the
SFR in the CMZ (Longmore et al. 2013a; Barnes et al. 2017). Longmore et al. (2013a) esti-
mated the SFR in the [1|<120, |b|<0°5 to be ~0.015 Mgyr~! based on the free—free emission
contribution to the 33 GHz flux using Wilkinson Microwave Anisotropy Probe (WMAP)
data. But the predictions from the column density threshold and volumetric star formation
relations exceed the observed SFR with estimates of 0.78 Myyr~! and 0.41 Myyr~! , respec-
tively. Given that predictions from these star formation relations and models are largely
dependent on the mass of dense gas, it is important to make sure that different tracers of
the dense gas are reliable probes. For example, Mills and Battersby (2017) have shown that
HNCO might be a better cloud mass probe than HCN 1-0 in the Galactic centre environment.

Table 4.4: Details of the SFR estimated using different methods in the literature. The method used to estimate
the SFR, the region of the CMZ covered, estimated SFR, and corresponding references are listed.

Method Region covered SFR (Mgyr™1) Reference
YSO counting (photometric criterion) || < 123, |b| < 0217 0.14° YHAO09
YSO counting (spectroscopic criterion) 0.07% Anll
YSO counting (photometric criterion)  |I| < 125, |b| < 095 0.08° Immer et al. (2012)
rsecomminosm [ISTOUUS o0 s
Column density threshold |I] < 1°0, |b] < 0°5 0.78 Longmore et al. (2013a)
Volumetric SF relations |I] < 1°0, |b] < 055 0.41 Longmore et al. (2013a)
Infrared luminosity—SFR |I] < 1°0, |b] < 0°5 0.09+0.02 Barnes et al. (2017)
YSO counting [1] < 195, |b]<0°5  0.046 +0.026 This work

# Assumed age of YSOs ~ 0.1 Myr
b Assumed age of YSOs ~ 1 Myr

Barnes et al. (2017) found an average global SFR of ~ 0.09+0.02 Mgyr~! in the same 1,
b range from the luminosity-SFR relations using 24 yxm, 70 pm, and total infrared bolomet-
ric luminosity. Based on the observational evidence that the individual clouds and clusters
are connected along a coherent velocity structure in position-position-velocity (PPV) space
(Henshaw et al., 2016), Barnes et al. (2017) determined the SFR of individual clouds in the
CMZ using the dynamical orbit model of Kruijssen et al. (2015) assuming that star forma-
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tion within these clouds is tidally triggered at the pericentre of the orbit (Longmore et al.,
2013b). These authors find the total SFR within these clouds to be 0.03 to 0.071 Mgyr—.
Table 4.4 lists the details of the SFR estimated in the CMZ using various methods based on
past studies.

Thus, the SFR estimate in the CMZ from different methods (including our estimate) all
point to a lower value than expected given the large reservoir of dense gas available. There
are several physical explanations attributed to this dearth of star formation in the CMZ. Long-
more et al. (2013a) suggested that the additional turbulent energy in the gas, as indicated by
the larger internal cloud velocity dispersion, could be providing support against gravitational
collapse. The other explanations include episodic star formation in the CMZ due to spiral
instabilities, high turbulent pressure in the CMZ, and that the gas is not self-gravitating as
discussed in detail in Kruijssen et al. (2014).

4.8 Summary and conclusions

With the aim of estimating the SFR in the CMZ using spectroscopic identification of YSOs,
we prepared a detailed observation of 22 fields using KMOS. From the 8 fields we observed,
we extracted clean spectra for 91 sources. Based on the CO absorption found in cool, late-
type stars and Bry emission seen in YSOs, we were able to clearly separate YSOs from cool,
late-type stars in the EW(CO) versus EW(Brv) diagram. We plotted our spectroscopically
classified YSOs and late-type stars in the colour-colour and colour-magnitude diagrams used
in the literature to classify YSOs. We found that various criteria used to classify YSOs in
such diagrams were not able to remove contaminants. We suggest a new criterion in the
H-Kg versus H-[8.0] colour-colour diagram wherein we see a clear separation of YSOs and
late-type stars.

We used the new and improved version of SED models for YSOs in R17 to fit the observed
photometry in the wavelength range of 1.25-24 pum for 8 YSOs. From the radii and tempera-
tures we obtained from the SED fit, we estimated their masses to be greater than 8 M. Since
we needed a bigger sample to estimate the SFR in the CMZ, we searched for sources within
1] < 1°5 and |b| < 025 with valid photometry in H, Kg (IRSF catalogue), 8.0 um (Ramirez
et al., 2008) and 15um (ISOGAL PSC), or 24 ym (Gutermuth and Heyer, 2015) bands. We
identified 334 YSOs based on the criterion we defined in the /7-Kg versus H-[8.0] diagram.
We performed SED fits for these sources using R17 models resulting in 190 sources with a
good fit, and their estimated masses range from 2.7 to 35 Mg, peaking at ~ 8 M. The total
mass of YSOs in the CMZ was then estimated to be ~ 35000 M, by extrapolating to lower
masses using a Kroupa IMF between 0.01 and 120 M. Assuming an average age of 0.75 +
0.25 Myr for YSOs, we estimate the SFR to be ~0.046 + 0.026 Mgyr~!, that is slightly lower
than found in previous studies.

It is necessary to carry out follow-up spectroscopic infrared observations to obtain a sta-
tistically significant YSO sample to further constrain our colour-colour criterion to identify
YSOs. This will help us accurately determine the SFR, which is an important ingredient
in the chemical evolution models of the Galaxy, as well as to understand star formation of
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the Galactic centre and to serve as a template for circumnuclear star formation in the other
galactic nuclei.
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As mentioned in the chapter 1, the study on the structure, formation and evolution of the
Milky Way, i.e., Galactic archaeology, relies extensively on the data from large scale pho-
tometric as well as spectroscopic surveys. Such Galactic archaeology surveys make use of
dedicated telescopes, man power and computational facilities to carry out observations, de-
velop tools and pipelines for data reduction and analysis. In addition, there are small scale
observations carried out using public access observing facilities (e.g. ESO) based on sci-
ence proposals submitted by astronomers. Thus there have been great increase in terms of
the quality as well as quantity of the data from observations that have contributed to the ad-
vancements in this field. To understand and interpret these data, different types of models are
in use (see sections 1.2.3 and 1.2.4), that predict various structural, chemical, and dynam-
ical scenarios of how the Milky Way formed and evolved. Validation of such scenarios as
well as improvements in these models require backing of observations. The works presented
in this thesis made use of data from spectroscopic surveys as well as individual small scale
spectroscopic observations using ESO telescopes to obtain results that will give us headway
in the field of Galactic archaeology, especially in the dust enshrouded inner Milky Way.

At the end of each of the chapters 2, 3 and 4, I had summarised the results obtained in
each work and given their respective conclusions. Here I will mention the important results
and conclusions from each work, followed by my perspectives about the possible improve-
ments or works to be done in the future.

5.1 Selection function effects

While large scale spectroscopic surveys provide the fundamental stellar parameters and ele-
mental abundances for stars that numbers in the order of 10° — 106, it is important to under-
stand the effect of the selection function in their derived parameters when interpreting the
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results obtained using their data. It is also important to understand the measurement offsets
in the derived parameters for common stars observed by each survey due to the difference in
the observed wavelength range, spectral resolution as well as due to different stellar atmo-
sphere models, linelists and other tools used in the analysis pipelines. With the increase in
the number of these large scale surveys, it is thus important to compare and validate their
common results as well to check the possibility of combining the fields commonly observed
by them that will also improve the number statistics.

In the chapter 2, I addressed the above mentioned issues by using fundamental stellar
parameters from the fields of the surveys APOGEE, GES, RAVE and LAMOST that are ob-
served along the same lines of sight. I have shown that there are systematic offsets in the
metallicity measurements for common stars between surveys. To investigate the possibility
of combining common fields in order to improve the number statistics, I also studied the se-
lection function effects on MDF and metallicity gradients in the case of each survey. The lack
of common fields between all four surveys resulted in two cases for this study : APOGEE-
GES-RAVE (AGR) and APOGEE-LAMOST-RAVE (ALR), resulting in a localised sample
within 7<R<9 kpc and |Z| <2 kpc. For this, I used CMD as the main tool, wherein the colour
and magnitude target selection cuts in each field were used, and divided into smaller bins to
calculate the selection fraction by including the respective input photometric catalog used by
each survey. Further, I generated mock data along similar lines of sights from stellar popula-
tion synthesis models, Galaxia and TRILEGAL, and implemented these selection cuts on the
mock CMDs to create mock observed sample as well as underlying parent population. This
enabled to check the quality of these models and the assumptions used in them by comparing
the observed MDF and vertical metallicity gradients with that of the mock ones. Both mod-
els were unable to replicate the observed trends, especially in the case of vertical metallicity
gradients. I found negligible selection function effect on the MDF in the case of APOGEE,
RAVE and LAMOST using quartiles as a quantitative parameter, and putting constrain on
the quartile differences between the mock observed and mock parent sample MDFs. More
importantly, upon scaling the metallicity values in RAVE and LAMOST to that in APOGEE,
the estimated vertical metallicity gradient for each survey is consistent within 1-o indicat-
ing the negligible effect of selection function. This result also confirmed the idea that it is
indeed possible to combine the common fields of the surveys once they are put on the same
metallicity scale and if the selection effects are negligible.

5.1.1 Future works

Using the common fields of three surveys limited the sample size of our study. In the future,
I plan to carry out a similar study using common fields of two surveys, that will improve
the sample size. There are also new data releases for each survey, wherein new observed
fields are added in some surveys and analysis pipelines are improved to correct the errors
in the previous data releases. Also in this work, I have not been able to include the radial
metallicity gradient due to the concentration of the field center distributions in the vertical
direction. With the use of only two surveys, it should be possible to include the radial metal-
licity gradient. This will also enable to use many other derived elements (alpha elements,
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iron peak elements etc.) in these surveys to study the selection function effect on their trends
and distributions. In Section 1.2.4, I have mentioned the significance of the [a/Fe] vs[Fe/H]
trends and location of the knee in the interpretation of the SFR as well as IMF. Thus the com-
parison of [a/Fe] vs[Fe/H] trends using stars from the common fields of these surveys after
proper scaling corrections will enable in understanding the consistency of the knee position
in different surveys. In addition, I also plan to add new surveys like GALAH, the second data
release of which have been released in April 2018, in this study. There are many upcoming
surveys like WEAVE, 4MOST (see Section 1.2.2) that will improve the number statistics for
the selection function effect study, also enabling to extend the study to regions outside the so-
lar neighbourhood. This will also help in separating the individual Milky Way components,
which was not possible in the work presented in this thesis. Improvement in distance estima-
tion for nearby stars is already possible with the Gaia DR2 astrometric information. Gaia
DR3 will provide the BP/RP spectra and/or RVS spectra along with the stellar parameters
derived using them. This will open up more opportunities to exercise our study by including
Gaia fields and compare their derived stellar parameters with those from other spectroscopic
surveys.

My study also revealed that both Galaxia and Trilegal were unable to reproduce the ob-
served metallicity distribution as well as vertical metallicity gradients. This is a major con-
cern, considering that stellar population synthesis models are commonly used to understand
the expected biases from selection functions while designing a spectroscopic survey. Thus
stellar population synthesis models need to be updated to account for the observed trends in
the chemical abundances and structure of different Milky Way components.

5.2 Galactic archaeology in the Inner Milky Way

The high dust extinction combined with the ~8 kpc distance from the Sun makes the inner
Milky Way a very difficult region to observe and get good quality data. This also limits ac-
curate predictions from population synthesis and chemical evolution models that decipher
the structure, formation and evolution of this region. In the chapters 3 and 4, I used spectro-
scopic data from observations in this region to shed some light on the chemical abundance
trends of late types stars in the inner Galactic bulge and star formation rate in the central
molecular zone, respectively.

5.2.1 Inner Galactic Bulge

Using surveys like GIBS and BRAVA, the chemical abundances and kinematics for stars
in the outer bulge (|b| > 4°) are being investigated, producing mean metallicity and veloc-
ity maps of the outer bulge. Meanwhile, as mentioned in the Chapter 3, there have been
limited number of observations and studies in the inner bulge region, especially at positive
latitudes. The check for consistency/inconsistency in the chemical and kinematic trends in
the inner bulge compared to that in the outer bulge is needed to understand the formation and
evolution of the whole bulge. Another issue is the symmetry about the Galactic mid plane
that have been assumed while constructing the velocity maps as well as in the models of the
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bulge. The symmetry in mean velocity was validated for stars in the inner bulge fields along
the bulge minor axis (Valenti et al., 2018). I carried out this work with the aim of investi-
gating any North-South symmetries/asymmetries in the metallicity distribution function and
composition, and comparing them to the outer bulge fields.

I carried out the data reduction and chemical abundance analysis of 71 M giant stars that
are located along the bulge minor axis at1 =0°,b = +0°, £1°, +2° and +3°. [ was able to detect
a bimodal MDF with a metal-rich peak at ~ +0.3 dex and a metal-poor peak at ~ —0.5 dex,
and only one star was found to have a metallicity exceeding 0.5 dex. The Galactic center field
stars were found to be mainly metal-rich population with a mean metallicity of +0.3 dex. I
also find symmetry in the MDF along the +1°, £2° fields. From the derived o abundances (Si
and Mg), I found the [a/Fe] vs [Fe/H] trends to be consistent with that seen in the outer bulge
fields. The decreasing trend in [a/Fe] for the supersolar metallicity stars are as expected from
chemical evolution models. Thus with the caveat of a relatively small sample, I did not find
significant differences in the chemical abundances between the Northern and the Southern
fields, thus confirming the symmetry in chemistry between North and South of the inner
Galactic bulge.

5.2.1.1 Future works

The results of bimodal MDF and chemical abundance trends are consistent with that found
in outer bulge fields. The next step is to explore various formation and evolution scenarios
of the bulge that leads to the observed MDF bimodality and o abundance trends. The debate
on the bulge formation from the two proposed scenarios : secular evolution of disc or dissi-
pational collapse, relies on such results to come to an agreement. N-body simulations can be
used to predict the chemo-morphological characteristics of this region, as had already been
implemented by Fragkoudi et al. (2018) for the Milky Way bulge. The o abundance trend
that I obtained can also be used to constrain the star formation rate and IMF by making use
of chemical evolution models (e.g. Grieco et al. 2015). In this work, I have compared the
[a/Fe] vs [Fe/H] trends in the inner bulge to that in the outer bulge. Since there is a debate
on the contribution of thin and thick discs to the bulge formation and evolution, comparison
with the trends of stars in thick and thin discs will help reveal their contribution. For this, I
will have to obtain similar high resolution spectra (using same instrument) of stars in both
both bulge as well as thin and thick discs. More importantly, I will have to carry out the
analysis in a consistent manner for all stars, as I did in this work for North and South field
stars, to ensure that there is negligible measurement offset.

More high resolution spectroscopic observations need to be carried out in the inner bulge
regions, especially at positive latitudes and covering a range of longitudes, to have a large
enough sample size to confirm the results. With the current and upcoming Gaia data re-
leases providing accurate astrometric information, it will be possible to efficiently get rid
of foreground stars while selecting targets for our observations. The absence of sub solar
metallicity stars in the Galactic center field also needs to be investigated as there were only 9
observed stars in this field. I also collaborate with groups that have carried out observations
in the Galactic center and nuclear cluster using the Gemini/IGRINS and Keck II/NIRSPEC,
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which can help improve the sample size as well as the K band wavelength coverage when
combined with the CRIRES spectra. The CRIRES update project, CRIRES+ (Dorn et al.,
2014), extends the wavelength coverage of CRIRES by a factor of ten, including the Y, J,
H, L and M bands in addition to the already existing K band. The extension in wavelength
coverage will provide the opportunity to extract the abundances for more elements. The C
and N abundances extracted from CO and CN molecular lines can be used to estimate ages
for red giant stars by relying on the mass - [C/N] relation (Martig et al., 2016). This relation
is based on the first dredge-up process, as the star arrives on the giant branch following the
CNO cycle (converting H to He), that brings up stellar materials from the core tho the sur-
face. I also plan to derive the abundances of other tracers of age like the s-process neutron
capture element, yttrium, that has been shown to have a tight relation with age (da Silva et al.,
2012; Nissen, 2015).

The deep K band photometry of the VVV survey is shedding light on the structural de-
tails of the region in addition to being used as input photometric catalog for spectroscopic
observations. In addition, the MOONS survey (mentioned in Section 1.2.2) will be able to
provide accurate radial velocities, metallicities and chemical abundances for bulge stars in
highly extincted regions, thus enabling to shed light on the chemo-dynamical characteristics
of the bulge.

The Japan Astrometry Satellite Mission for Infrared Exploration (JASMINE) is a space
based astrometric survey developed by the National Astronomical Observatory of Japan, that
makes use of a series of three spacecrafts with telescopes of increasing size and capability,
i.e., Nano-JASMINE : 5cm (2019-2021), small-JASMINE : 30 cm (2022-2024), JASMINE
: 80cm (late 2020’s). Among these, small-JASMINE will operate in determine Hw-band
(1.1 ~ 1.7 pm) to determine positions and parallaxes accurate to 10~50 parcseconds for stars
(brighter than Hw = 11.5 mag) in a 3°x3°region around the Galactic center. JASMINE will
be an extended version of small-JASMINE observing in Kw-band (1.5 ~ 2.5 ym) towards
the Galactic bulge (20°x 10°) region around the Galactic center and determine the positions
and parallaxes to an accuracy of up to 10 parcseconds (for stars brighter than Kw = 11 mag).
The main science goal will be to understand the formation of the Galactic bulge, star for-
mation histories around the Galactic center, and the evolution of the super massive black
hole (Gouda, 2012). Thus in the future, this survey will provide distances and tangential
velocities of stars in the Galactic bulge, complementing the radial velocity and chemical
abundance measurements from spectroscopic surveys (APOGEE, BRAVA, GIBS, MOONS
etc.) and individual observations.

5.2.2 SFR in the CMZ

The low star formation rate in the central molecular zone, estimated by observational means,
is a matter of concern as it is not expected from the presence of a large reservoir of dense
molecular gas. Various star formation models that takes into account the mass of dense
gas predict an order of magnitude higher rate of star formation in the CMZ. Most of the
star formation rate (SFR) estimates towards the CMZ comes from studies of young stellar
objects (YSOs) using infrared photometry. But their status as a YSO has to be confirmed by
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spectroscopic observations, which makes the current observed SFR estimates in the CMZ a
matter of debate.

I have carried out near-IR spectroscopic observations of photometrically selected YSOs
in the CMZ using the mid-resolution K-band Multi Object Spectrograph (KMOS). I sepa-
rated the evolved stars from YSOs based mainly on the absence or presence (respectively) of
the CO absorption band at ~2.3 um as well as the Br-v line. In addition, I have found a new
photometric criterion to separate YSOs and evolved stars in the color-color diagram using
a combination of H, K and 8 ym photometric magnitudes. I used this criteria on the CMZ
sources with high resolution near infrared photometry from Nishiyama et al. (2009) to iden-
tify possible YSO candidates in the CMZ. By modelling the spectral energy distributions for
these YSOs using the latest Robitaille (2017) SED models, I calculated their approximate
masses from the model fit parameters. Assuming the Kroupa IMF to our mass distribution
and extrapolating to lower masses, I estimated the SFR in CMZ to be ~ 0.046 + 0.026 Mgyyr—!
Mo/Yr. This is slightly lower than the previous SFR estimates in the literature (0.07-0.14
M®/Yr) and an order of magnitude lower than the rates predicted by different star formation
prescriptions.

5.2.2.1 Future works

Only 8 fields out of 22 fields in the observing proposal could be observed due to bad weather,
reducing the sample size as well as the observed area drastically. The proposed criterion to
separate YSOs from late type stars needs to be validated by observing and obtaining K band
spectra of more stars in the region. I will submit an updated proposal in this term to observe
more stars using KMOS. Another concern is regarding the mass estimation that depends on
the fitting of photometric SED using Robitaille (2017) models. There are degeneracies in
these models that can bias the derived parameters like bolometric luminosities and 7.g that
are used in combination with the isochrone tracks of Bernasconi and Maeder (1996) to es-
timate the masses of identified YSOs. I still need to find better methods to encounter these
issues. I would like to make use of cm wavelength high spatial resolution observations of
VLA to confirm the YSOs in the CMZ identified by our new proposed criterion. Another fu-
ture project involves the measuring of the SFR in the CMZ using different methods involving
cm, mm as well as mid IR wavelength observations (see Section 4.1) and comparing these
different SFR estimates. This will help us understand the bias, if any, in the SFR estimates
from different tracers of star formation. The ultimate goal will be to trace the SFR and in
turn the SFH in the Galactic center region, which is yet to be determined accurately.

I also plan to use the KMOS spectra of late type stars to determine their 7, from the
T -CO equivalent width relation of Schultheis et al. (2015), their metallicities and radial
velocities. Feldmeier-Krause et al. (2017) have used a spectral fitting method to estimate
metallicities of late type stars from the low resolution KMOS spectra. This technique can be
used to estimate metallicties of the late type stars from the observed spectra, especially using
those in the three fields close to the Galactic center. This will also help in obtaining an upper
limit of metallicity in the Galactic center, where I had high resolution spectra of only 9 stars.

The Enhanced Resolution Imager and Spectrograph (ERIS; Amico et al. 2012), a planned
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instrument (first light in 2020) onboard the UT4 (VLT), will provide IR imaging using near
to mid IR camera and J-K band spectroscopy using an integral field spectrograph with a
powerful adaptive optics (AO) system. The spectral resolution of 8000 (higher than KMOS)
will enable in obtaining deep spectra for YSOs and late type stars towards the star forming
regions in the Galactic center. ERIS would be the ideal instrument to get deep and complete
near infrared spectra as well as photometry of stars which will enable us to derive the SFH
in the inner Milky Way.

Finally, considering that YSO counting is a commonly used method to estimate SFR in
the CMZ as well as other individual star forming regions of the Milky Way, a dedicated
imaging + spectroscopic survey (preferably in near to mid IR range) to detect YSOs in star
forming regions will benefit the community focusing on young pre-main sequence stars and
SFR estimation.
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