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Abstract

The Milky Way is the perfect laboratory to study galaxy evolution and formation due
to our unique position inside its disk. Recent surveys and instruments can provide an
extensive amount of data for our Galaxy that are the key to revealing its assembly history.
In this thesis, I first combine Gaia EDR3 and APOGEE data throughout Galactocen-
tric radii between 5.0 < R < 19.5 kpc and construct a dynamical model. Using the
spherically-aligned Jeans Anisotropic Method I model the stellar velocities and the veloc-
ity dispersions of the Galactic disk. This model can capture the main kinematic features
and give an accurate mass density of the Galaxy, making it a fundamental test for both
galaxy dynamics in general and the mass distribution of the Milky Way. Further, I focus
on Omega Centauri (w Cen), the most massive globular cluster in the Milky Way, which
has long been suspected to be the stripped nucleus of a dwarf galaxy that fell into the
Galaxy a long time ago. This merger event was the last significant merger the Galaxy
has experienced and is therefore an important event in its evolution. Firstly, I present a
MUSE spectroscopic dataset with more than 300,000 extracted stellar spectra, reaching
more than two magnitudes below the main sequence turn-off. This massive spectroscopic
dataset will enable future studies that will transform our understanding of w Cen. Sec-
ondly, I investigate the underlying metallicity distributions as well as the spatial variations
of the populations within the cluster for the red giant branch stars. For that, I combine
the new MUSE spectroscopy with new HST photometry and show that there appears to
be no gradient in metallicity, indicating that the cluster is well mixed and any merger
happened many years ago. Finally, I conclude with future studies that will investigate the
stellar populations, ages, abundances, kinematics, and dynamics of w Cen in great detail.
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Zusammenfassung

Die Milchstrafle ist das perfekte Testobjekt, um die Entwicklung und Entstehung von
Galaxien zu untersuchen, da wir uns innerhalb ihrer Scheibe befinden. Neue Messungen
und Instrumente liefern eine grole Menge an Daten fiir unsere Galaxie, die der Schliissel
zur Untersuchung ihrer Entstehungsgeschichte sind. In meiner Arbeit kombiniere ich
zunichst Gaia EDR3- und APOGEE-Daten tiber galaktozentrische Radien zwischen 5.0 <
R <19.5 kpc und konstruiere ein dynamisches Modell. Unter Verwendung der spharisch
ausgerichteten Jeans-Anisotropie-Methode modelliere ich die stellaren Geschwindigkeiten
und die Geschwindigkeitsdispersionen der Galaktischen Scheibe. Dieses Modell kann die
wichtigsten kinematischen Merkmale erfassen und die Massendichte der Galaxie genau zu
bestimmen, was es zu einem grundlegenden Test sowohl fiir Galaxiendynamik als auch
fiir die Massenverteilung der Milchstraffe macht. Auflerdem konzentriere ich mich auf
Omega Centauri (w Cen), den massereichsten Kugelsternhaufen in der Milchstrafie, von
dem seit langem vermutet wird, dass er der Kernsternhaufen einer Zwerggalaxie ist, die
vor langer Zeit in die Galaxie gefallen ist. Dieser Merger war die letzte grofie Interaktion
der Milchstrale mit einer anderen Galaxie und somit ein wichtiges Ereignis in ihrer En-
twicklung. Zunachst prasentiere ich einen MUSE-spektroskopischen Datensatz mit mehr
als 300.000 extrahierten Sternspektren, die mehr als zwei Groflenordnungen unterhalb
des Abknickpunkts der Hauptreihe liegen. Dieser umfangreiche spektroskopische Daten-
satz wird zukiinftige Studien ermdglichen, die unser Verstandnis von w Cen verdndern
werden. Danach untersuche ich die zugrundeliegenden Metallizitatsverteilungen sowie
die raumlichen Variationen der Populationen innerhalb des Haufens fiir die Sterne des
Roten Riesenastes. Dazu kombiniere ich die neue MUSE-Spektroskopie mit neuer HST'-
Photometrie und zeige, dass es keinen Gradienten in der Metallizitat zu geben scheint,
was darauf hindeutet, dass der Haufen gut durchmischt ist und ein Merger vor vielen
Jahren stattgefunden hat. Schlussendlich schliefle ich mit zukiinftigen Studien, die die
stellaren Populationen, das Alter und die Elementhaufigkeit der Sterne, die Kinematik
und die Dynamik von w Cen im Detail untersuchen werden.
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Chapter

FOREWORD

1.1 Motivation

Thanks to a vast amount of data and new instruments we are constantly breaking ob-
servational records and pushing the limits of our observations to unprecedented distances
into the Universe.

Especially thanks to the Hubble and the James Webb Space Telescope we are finding
progressively more distant objects, with the current record for a galaxy being observed
~ 400 million years (Robertson et al., 2023) and for a single star ~ 900 million years
after Bing Bang (Welch et al., 2022). The search for distant star clusters is also ongoing,
and thanks to gravitational lensing we find more and more distant globular clusters (e.g.,
Welch et al., 2022; Mowla et al., 2022; Lee et al., 2022; Mowla et al., 2024; Adamo et al.,
2024). These distant globular clusters allow us to better understand the early stages
of globular clusters and investigate the connection between their formation and galaxy
assembly.

However, our home galaxy, the Milky Way, remains a unique laboratory for under-
standing galaxy evolution and assembly. It remains the only galaxy that we can observe
in great detail and resolution. We can resolve individual stars, inside the Galaxy and in
its stellar clusters, and obtain spectroscopic information and three-dimensional positions
and velocities making it the best case study for the fundamental properties of galaxies.

One specific star cluster that seems to have played a key part in the build-up of the
Milky Way is w Centauri. It is suspected to be a remnant of the last significant merger
event our galaxy experienced and the stripped nucleus of a dwarf galaxy. In general,
w Centauri can provide crucial information for our understanding of nuclear star clusters,
globular clusters, dwarf galaxies, multiple stellar populations, and even intermediate-mass
black holes.

In this thesis, I test our understanding of galaxy dynamics on the Milky Way and
constrain its mass distribution. At the same time, I investigate w Centauri and its multiple
populations, which can provide insights into its interactions with the Galaxy and its
formation history.

1.2 Outline

I start the thesis with a summary of the main background knowledge in Chapter 2, which
includes our current understanding of the Milky Way, globular clusters, nuclear clusters,
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Section 1.2 Chapter 1 — Foreword

and w Centauri. I then continue in Chapter 3 presenting a dynamical model of the Milky
Way disk using data from Gaia and APOGEE. I describe in Chapter 4 the compilation
of a spectroscopic catalog for w Centauri using MUSE data for over 300,000 stars within
the half-light radius that will enable future investigations into the stellar populations,
ages, and kinematics in great detail. In Chapter 5 I combine the spectroscopic catalog
presented in Chapter 4 with multi-band photometry and I investigate the underlying
metallicity distributions as well as the spatial variations of the populations within the
cluster. Further, I include an outlook on future w Centauri studies. Specifically, I present
first insights into the kinematics of the cluster and a summary of follow-up studies that
are in preparation in Chapter 6. Finally, I summarize the results from the thesis and
conclude in Chapter 7.

To help readers quickly navigate through the content of the thesis, especially if they
are familiar with the topics, I include two types of boxes: The Summary box at the
beginning of each chapter

Summary/Abstract

A summary of the chapter that follows.

and a box with the key points at the end.

Take away points

The main results and the take away points from the above chapter.
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Chapter

INTRODUCTION

Understanding the Milky Way is crucial for our general understanding of galaxy
evolution, formation, and the Universe itself. It is the closest galaxy observable
to us, making it the best case study we can get. Many new surveys provide us
with huge amounts of data that allow us to study its current state but also infer
information about its formation and interactions with other smaller galaxies. Glob-
ular clusters can provide crucial information about interactions because they are
the oldest components of a galaxy and they can survey mergers. Further, some of
them might even hide their true nature, since they can be stripped nuclei of smaller
galaxies that have been completely disrupted. One of the long-suspected candidates
to be a stripped nucleus, due to its complex stellar populations, is w Centauri. A
detailed study of its stars will give us unique insights into nuclear star clusters,
galaxy formation, and the merger history of the Milky Way.

Chapter Contents:

2.1 Milky Way . . . . o o 21
2.1.1 Morphology . . . . . . . . 22
2.1.2  Accretion History . . . . . . . . . ... ... 25
2.2 Stripped Nuclei . . . . . . . . 27
2.2.1 Globular Clusters . . . . . . . . ... .. ... ... ... 27
2.2.2 Nuclear Star Clusters . . . . . . . . . . ... ... ... ....... 28
2.2.3  Formation of Stripped Nuclei . . . . . ... ... ... ... .... 29
2.2.4 Black Holesand NSCs . . . . . ... ... ... ... .. ...... 30
2.3 Omega Centauri . . . . . . . . . ... 31
Take away points . . . . . . . . .. 34

2.1 Milky Way

“No matter which part of it one targets with the telescope, one finds a huge number of
stars, several of which are quite large and very striking; yet, the number of small stars
is, however, absolutely unfathomable.”

- Galileo Galilei, 1610
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Section 2.1 Chapter 2 — Introduction

Stellar Halo

Thick Disk
| NGC 5139

Thin Disk

¥ -
\

% — Large &

Small Magellanic Cloud

Figure 2.1: Milky Way Image from the Gata FEarly Data Release 3. The figure shows the total
brightness and color of more than 1.8 billion stars observed with Gaia. The bright horizontal band is
the edge-on view of the disk, in the middle of the image inside the bulge lies the Galactic Center, the
Large and Small Magellanic Clouds can be seen in the lower right, and many other galaxies and globular
clusters are visible as dots above and below the disk. The dark patches are caused due to interstellar dust
and gas that absorb the light of the stars lying behind them.

Image Credit: ESA/Gaia/DPAC and Acknowledgement: A. Moitinho.

One of the most beautiful sights in the night sky is a continuous band of light that
appears to circle the Earth, the Milky Way. Galileo was the first to realize that this band
consists of a vast collection of individual stars and later Kant and Wright proposed that
it is a stellar disk and our Solar System is one component of it (Carroll and Ostlie, 2017).
Today, we know that indeed the Milky Way is our home galaxy and that it is a barred
spiral galaxy. Overall, if we compare the Milky Way with all the galaxies we know today
in the Universe, it is in many ways a very typical disk galaxy (see e.g., Bland-Hawthorn
and Gerhard, 2016, for a review), however, it remains a very special case to us because it
is our home galaxy.

Our position inside the Galaxy allows us to observe it in much greater detail and
resolution than we could do for any other galaxy. This makes it the only galaxy where
we can obtain detailed information about individual stars, like the 3-dimensional position
and velocity, elemental abundances, and ages (Rix and Bovy, 2013) and hence an ideal
test object for our understanding of the fundamental properties and behavior of galaxies.

2.1.1 Morphology

Our Galaxy has several visible components: a thin disk and a thick disk, a bulge and bar,
and a stellar halo (see Figure 2.1). Each of these components is physically distinct since
they differ in their spatial distributions, kinematics, ages, and chemical distributions, but
the exact boundaries between them can be difficult to find since the transitions are not
sharp. Thanks to several extensive surveys in the last years, like Gaia (Gaia Collaboration
et al., 2016), APOGEE (Allende Prieto et al., 2008) and Sloan Digital Sky Survey (SDSS,
York et al., 2000), significant progress in characterizing these structures has been made.
Studying them allows us to learn about the buildup of the Galaxy throughout its life and
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Chapter 2 — Introduction Section 2.1

how its future evolution will proceed.

Disk

The Disk is the dominant stellar component with three-quarters of the stars and it can
be further divided into two components, the thin disk and the thick disk.

The thin disk is the bright band of light we see in the night sky. It is a highly flattened
structure with an exponential radial scale length of ~ 2.6 kpc and scale height of ~ 0.3 kpc
(e.g., Lopez-Corredoira et al., 2002; Juri¢ et al., 2008; McMillan, 2011; Bland-Hawthorn
and Gerhard, 2016). It contains younger and more metal-rich stars since it is the sight
of ongoing star formation and they are on fairly circular orbits and with lower velocity
dispersions (Rix and Bovy, 2013). The thick disk contains older and metal-poor stars,
with the suggested age difference between the thin and thick disk being at least ~ 1.6 Gyr
(Kilic et al., 2017). The older stars make the structure thicker, more diffuse, and hotter
(Rix and Bovy, 2013). In the past, the disks were distinguished only spatially, however,
we now know that using stellar chemistry is more appropriate. Specifically the [« /Fe] vs.
[Fe/H] abundances reveal a bimodality with the “low-o” and the “high-o” components
separating the thin and thick disk respectively (e.g., Haywood et al., 2013; Bensby et al.,
2014).

Z (kpc)

054 - Figure 2.2: Warp and Flare of
N the Galactic Disk. The figure shows
the present-day distribution of simu-
lated stars in Galactocentric cylindri-
-2 cal coordinates. The top panel shows
the warp and the bottom panel the ver-
tical deviation from the warp, demon-
strating the flare of the disk. The stars
1 are color-coded with age and stars with
negative R have azimuthal angles within
90° of the morthern warp while stars
with positive R are within 90° of the
. ‘ southern warp.
-20 -15 -10 -5 0 5 10 15 20 Fz'gure Credit: Taken fmm Han et al.

R (kpo) (2023)

(1hD) 8By

Z =2, (kpc)

Thanks to a large amount of data the Gaia satellite mission provided we can study the
disk in great detail, confirming what was already seen before (e.g., Churchwell et al., 2009),
that there is a lot of substructure due to a complex assembly history (Gaia Collaboration
et al., 2018b; Antoja et al., 2018; Bland-Hawthorn et al., 2019, e.g.,). Further, even though
the exact number and location of the spiral arms are still uncertain, a lot of work has gone
into investigating them (Antoja et al., 2016; Rezaei Kh. et al., 2018; Gaia Collaboration
et al., 2023a). For the outer parts of the disk, the exact structure is complicated and
debated. We know though that the outer part slowly warps away from the Galactic plane

23



Section 2.1 Chapter 2 — Introduction

and that the disk flares (e.g., May et al., 1993; Carney and Seitzer, 1993; Derriere and
Robin, 2001; Carraro et al., 2015; Skowron et al., 2019; Han et al., 2023), see Figure 2.2
for a simulation of the warp and flaring.

Bulge and Bar

The classical bulge is expected to result from the hierarchical formation early in the
evolution of the Galaxy (Kormendy and Kennicutt, 2004), but its mass contribution has
been constrained to be small (< 8% of the mass of the disk Shen et al., 2010). Additionally,
it is now established that the bulge stars are in a boxy bulge (or “peanut-shaped” or b/p-
bulge, e.g., McWilliam and Zoccali, 2010; Nataf et al., 2010; Ness et al., 2012) representing
the inner, three-dimensional part of a bar structure. It shows cylindrical rotation and
consists of mostly old and metal-enriched stars (Ortolani et al., 1995).

A stable structure of a bar is a common feature of spiral galaxies and it can also be
found in the Milky Way (e.g., Binney et al., 1991; Weiland et al., 1994). Many other
studies have investigated the Galactic bar and we now know that it has a radius of about
~ 5 kpc (e.g., Wegg et al., 2015b; Bovy et al., 2019), an angle of about 28° — 33° (Wegg
et al., 2015b) and a pattern speed of €y, = 41 + 3 kms 'kpc™ (Bovy et al., 2019). The
projections of the Galactic bar and bulge can be seen in Figure 2.3.

Figure 2.3: Galactic Bulge and
Bar. The figure shows the projec-
tions of the Galactic bulge and bar using
near-infrared star counts. The top panel
shows the inner Galaxy as seen from the
Sun, and the middle is the projection
of a best-fitting model as seen from the
North Galactic Pole, with viewing di-
rections from the Sun indicated for lon-
gitudes |l| = 0°;20°;40°. The bottom
panel is the side-on view showing the
transition from the bulge to the long bar
and disk.

Figure Credit:  Taken from Bland-
Hawthorn and Gerhard (2016) kpc

24



Chapter 2 — Introduction Section 2.1

Galactic Center

In the very central part of the bulge, a nuclear star cluster (NSC) has been found (Becklin
and Neugebauer, 1968; Eckart et al., 1995), see Figure 2.4, and at the very center of
that cluster lies a supermassive black hole (SMBH), Sgr A*. It has a mass of Mgypy =
(4.28 £0.105¢at £0.144y5¢) Mg (Gillessen et al., 2017) and is at a distance of Rg, = (8,178+
13gtat. £ 224ys.) pe (Gravity Collaboration et al., 2019) from the Sun.

i Figure 2.4: Galactic
Center. The image is
taken with the Spitzer Space
Telescope’s infrared cameras
and the bright central spot
inside the white circle is the
Nuclear Star Cluster.

Image Credit: NASA, Cal-
tech, Susan Stolovy (SSC,
Caltech)

Stellar Halo

The last luminous component of the Galaxy is the stellar halo and it makes up only 1 %
of its total stellar mass (Bland-Hawthorn and Gerhard, 2016). The halo stars show large
random motions, little if any rotation, have a spheroidal to spherical spatial distribution,
and can belong to the oldest and the most metal-poor stars in the Galaxy. As a result
of large stellar surveys, we know that the stellar halo has a complex structure, with
multiple components, and unrelaxed substructures, and that it accretes smaller galaxies
(e.g., Ibata et al., 1997). Because of the long dynamical timescales in the halo, tidal tails,
shells, and other overdensities due to accretion events remain observable over Gyrs (see
Section 2.1.2). From cosmological simulations, we expect the Galaxy to have accreted
~ 100 satellite galaxies, but most of the halo was built ~ 10 Gyr ago from the disruption
of one or just a few massive satellites (Bland-Hawthorn and Gerhard, 2016).

Dark Matter Halo

The total mass of the luminous matter is around 5 x 10'°M, (Bland-Hawthorn and
Gerhard, 2016) but this mass is too small to explain the orbits of stars at distances greater
than Rg, hence another mass component is needed. Indeed the Galaxy is embedded in
a dark matter halo, where most of the mass of the system is located. Estimates for the
virial mass are ~ 1.3 x 10M,, (Posti and Helmi, 2019; Watkins et al., 2019) which is
two orders of magnitude higher than the stellar mass alone.

2.1.2 Accretion History

Galaxies tend to live in groups and clusters together, but when they come too close to
each other they start to interact and/or merge. These interactions drastically affect their
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morphology and their evolution, e.g., they can disrupt their disk, change star formation
rates, or even trigger nuclear activity. Major mergers are interactions between two galaxies
of a similar mass (mass ratio > 1/3) and minor mergers are between two galaxies of
different masses (mass ratio < 1/4). Major mergers are violent events that strongly shape
the evolution of galaxies, but they are rare events, while minor mergers occur more often
(Fakhouri and Ma, 2008), and are presumed to play an important role in the growth and
evolution of galaxies. Galaxies can be satellites of larger galaxies and under the constant
influence of their tidal fields, eventually sinking toward the center of the potential of
the dominant galaxy while getting tidally disrupted and losing its stellar component as
streams (e.g., Helmi and White, 2001; Mayer et al., 2002). In the end, the body of the
satellite is disrupted and accreted by the dominant galaxy.

Within the cold dark matter cosmological model, the Galaxy is built up over billions
of years through hierarchical accretion (see Helmi 2020 for a review). However, we know
that it has not experienced any major merger for the past 10 Gyr (Stewart et al., 2008).
In recent years many surveys like Gaia (Gaia Collaboration et al., 2016), APOGEE (Al-
lende Prieto et al., 2008), SDSS (York et al., 2000), and others have provided us with a
tremendous data set for our Galaxy. Especially thanks to Gaia billions of stars have been
measured and millions of stars have now 3D phase-space coordinates, which allows us to
identify and study the remnants of the accretion events in the formation history of the
Milky Way.

0.10

Q.15

0.20

Parallax {mas)

1 NGC 0288 3 NGC 1851 5 NGC 2298 7w Cen A MNGC 6203 11 NGC 6779 13 NGC 7099
2 NGC 0362 4 MGG 1904 6 NGC 4833 8 MGC 5286 10 NGC 8341 12 NGC 7089

Figure 2.5: Gaia-Enceladus Members. The Figure shows the sky distribution of members from a
Gaia subsample, color-coded by their distance from the Sun (dark red is near and light yellow is far). The
green stars are Gaia RR Lyrae stars and the numbers show globular clusters potentially associated with
Gaia-Enceladus.

Figure Credit: Taken from Helmi et al. (2018)

The most prominent merger event found today is the Gaia-Enceladus or Gaia-Sausage
(Helmi et al., 2018), see Figure 2.5. It was first seen in Belokurov et al. (2018) but it
could not be definitively assigned to a merger event, only with Gaia DR2 there was no
doubt that these stars were accreted. Its stellar mass has been estimated to be slightly
more massive than the Small Magellanic Cloud, making it a 4:1 mass-ratio merger (Helmi
et al., 2018). Further, it has a retrograde mean motion and a distinct chemical sequence.
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This merger would have caused dynamical heating of the progenitor of the Galactic thick
disk perturbing it, approximately 10 Gyr ago and causing significant star formation in
the thick disk.

Another significant merger event has been with a dwarf galaxy called Sequoia (Myeong
et al., 2019). The stars associated with it have a more retrograde motion and a lower
metallicity than Gaia-Enceladus. On the other hand, an ongoing example of accretion
is the Sagittarius dwarf galaxy, which is wrapped in a stream around the Milky Way
created through tidal stripping over the last several Gyr (Ibata et al., 1997; Laporte
et al., 2018). In addition, several smaller substructures have been identified in the nearby
halo probably associated with past accretion events. The Helmi streams (~ 10% Mg,
Koppelman et al., 2019¢), Sequoia (~ 107 Mg, Koppelman et al., 2019a), Thamnos (~
5 x 106 M, Koppelman et al., 2019a), Gaia-Enceladus (~ 10° Mg, Fattahi et al., 2019;
Mackereth et al., 2019), and Sagittarius (~ 5 x 10%® Mg, Dierickx and Loeb, 2017; Fardal
et al., 2019), are the largest building blocks of the halo, but it is still not yet clear how
and if they are related to each other (Helmi, 2020). Several large substructures have also
been known for a while thanks to wide-field photometric surveys, but the relation between
these and the so-far identified building blocks, if there are any, has not been understood.

2.2 Stripped Nuclei

In this section, I will focus on a specific product of mergers and interactions between
galaxies, the stripped nuclei. For that, we first need to understand what globular clusters
and nuclear star clusters are, before looking at the formation of stripped nuclei.

2.2.1 Globular Clusters

Figure 2.6: Globular Cluster NGC 6388.
This figure shows the globular cluster NGC 6388
of the Milky Way observed by the European South-
ern Observatory (ESO).

Image Credit: ESO, F. Ferraro (University of
Bologna)

Globular clusters (GCs) are bound star clusters with up to 10* to 10° stars. They
have on average masses between 10* Mg to 10° M, and half-light radii of 1pc to 10 pc.
In the Milky Way we have detected around 160 GCs (e.g., Harris, 1996, 2010) with ages
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2 6 Gyr (Kharchenko et al., 2013), see Figure 2.6 for one example of a Milky Way GC.
Two origin scenarios for GCs have been suggested, depending on the metallicity of the
cluster. The first one is in-situ formation in massive haloes for the more red (metal-rich)
GCs, and the second one is accretion from the disruption of a smaller galaxy for the blue
(metal-poor) GCs (e.g., Brodie and Strader, 2006; Marin-Franch et al., 2009; Forbes and
Bridges, 2010; Leaman et al., 2013).

For many years, GCs were thought to be perfect examples for simple stellar pop-
ulations, where all stars have the same age and same abundances. However, now we
know that almost all GCs host significant abundance spreads within them, but we do not
have a conclusive explanation for them (see Bastian and Lardo, 2018, for a review). In
GCs we call first-generation (1G) of stars, stars that have primordial composition, and
second-generation (2G) stars, stars that are enriched in light elements.

Since GCs are among the oldest objects in the Universe, they are the remaining evi-
dence of the formation and evolution history of their host galaxy.

2.2.2 Nuclear Star Clusters

Nuclear star clusters (NSCs) are massive (10° Mg to 108 M) and small (half-light radii
of 1 pc to 10 pc, Georgiev and Boker, 2014; Sanchez-Janssen et al., 2019; Neumayer et al.,
2020), compact stellar systems at the dynamical center of most galaxies (see Figure 2.7).
Due to their size and mass, they are the densest stellar systems in the Universe, >
106 Mg pe™? (Neumayer et al., 2020) and they can be found in a wide range of galaxies,
with an occupation fraction peaking at galaxy masses in the range of 108 Mg, to 10*° M
(e.g., Sanchez-Janssen et al., 2019; Hoyer et al., 2021). Further, they seem to host multiple
stellar populations with differences in metallicity and age of a few Gyr (e.g., Carson et al.,
2015; Kacharov et al., 2018).

Radius [pc] Radius [pc]

Figure 2.7: Nuclear Star Clusters. The figure shows the galaxy-wide images with zoom-ins into the
central regions for the late-type spiral NGC 300 (left) and the early-type galaxy NGC 205 (M110, right).
Image Credit: Taken from Neumayer et al. (2020)

There are two proposed mechanisms to explain NSC formation (see Neumayer et al.,
2020, for a review), accretion of GCs and in-situ formation (e.g., Milosavljevié, 2004).
These two formation paths might not be exclusive, and both can contribute to the NSC
formation and growth. The accretion scenario can explain the old, metal-poor population
in NSCs, and the in-situ scenario would explain the metal-rich population and extended
star formation histories, including young stars. Recent studies indicate that more mas-
sive NSCs formed predominantly via in situ while lower-mass NSCs have predominantly
formed by mergers with GCs (Fahrion et al., 2021, 2022).
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Even though GCs and NSCs have similar sizes, they have important differences. NSCs
are the most central and nearly always also the brightest cluster in the galaxy. Compared
to GCs they are denser, have longer relaxation times, have deeper potential wells, and
have well-documented multiage populations (e.g., Kacharov et al., 2018).

2.2.3 Formation of Stripped Nuclei

#»  Sagittarius dwarf galaxy

!

Milky Way

8 billion years ago 5.7 billion years ago 3 billion years ago
First Sagittarius passage

1.9 billion years ago 1 billion years ago Current situation
Second Sagittarius passage Third Sagittarius passage

Figure 2.8: Sagittarius Dwarf Merger with the Milky Way. Illustration of how the Sagittarius
dwarf galaxy fell into the Milky Way over 8 billion years ago and is still getting disrupted until today,
losing its stellar content as streams around the Galaxy. The nuclear star cluster however remains intact
and is known as the globular cluster M54.

Image Credit: European Space Agency (ESA)

In Section 2.1.2 I already mentioned the hierarchical growth of galaxies and that the
Milky Way shows a lot of substructures because of its merger history. We know that GCs
can survive the strong tidal effects, thus we expect that NSCs, the densest star clusters
we know, also survive. During the accretion of a smaller galaxy, the main stellar body of
the satellite gets disrupted, but its NSC will survive and end as a stripped nucleus (e.g.,
Pfeffer and Baumgardt, 2013), orbiting in the halo of the larger galaxy (see Figure 2.8
for an illustration of this process). NSCs, if they are stripped, will look like massive GCs,
and hence be able to hide amongst the hundreds of globular clusters in the galaxy. Recent
semi-analytic models predict 2-6 stripped nuclei in our halo (Pfeffer et al., 2014; Kruijssen
et al., 2019).

For the Sagittarius dwarf galaxy, its nucleus, the globular cluster Mb4, was discovered
long before the remainder of the galaxy was found. Detailed studies of M54 have revealed
that, unlike a typical GCs (but typical of NSCs), it has stellar populations with a wide
range of metallicities and ages (e.g., Siegel et al., 2007; Alfaro-Cuello et al., 2019). Based
on their chemodynamical properties several other GCs have been suggested to originate
as NSCs (e.g., Pfeffer et al., 2021).

Because the masses and star formation histories of NSCs track the galaxies they live
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in (e.g., Kacharov et al., 2018; Sanchez-Janssen et al., 2019), stripped nuclei can tell us
about the mass of their original host and the time of merging, and are much longer lived
than stellar streams, making them a record of a galaxy’s accretion history.

Ultra-Compact Dwarf Galaxies

Further, ultra-compact dwarf galaxies (UCDs) might be stripped NSCs. They have masses
of 10 < M < 10% M, effective radii between 7 and 100 pc, and old ages > 10 Gyr
(e.g., Drinkwater et al., 2003; Evstigneeva et al., 2007; Mieske et al., 2013). UCDs are
comparable to GCs and NSCs, but can be more extended, and in the mass-size plane,
they occupy the region between star clusters and compact elliptical galaxies (e.g., Misgeld
and Hilker, 2011; Janz et al., 2016), see Figure 2.9.

There is evidence that UCDs are a mix of stellar systems from different formation
pathways (Brodie et al., 2011; Janz et al., 2016). Nonetheless, there are several UCDs
where the stripped NSC scenario is further supported due to the presence of an SMBH
(e.g., Seth et al., 2014; Afanasiev et al., 2018). High-mass UCDs typically were once
the nuclei of stripped massive galaxies with initial masses > 10° M, (e.g., Norris and
Kannappan, 2011; Seth et al., 2014; Afanasiev et al., 2018), but also the remnant nuclei
of stripped dwarf galaxies should be found among the low-mass UCDs (< 107 M) (Pfeffer
and Baumgardt, 2013).

2.2.4 Black Holes and NSCs

In galaxies with stellar masses above ~ 10'% M, one always finds SMBHs at their centers
(see reviews Kormendy and Ho, 2013; Neumayer et al., 2020). However, there are several
cases where nuclear star clusters and massive black holes are found to co-exist, like in the
Milky Way (e.g., Seth et al., 2008; Neumayer and Walcher, 2012; Nguyen et al., 2019). This
indicates that NSCs do not replace black holes as the central compact object. However, it
seems that the growing black hole contributes to the disappearance of the NSC (Antonini
et al., 2019). One explanation is that the change over from NSC to SMBH dominance
at the center, happens when the dynamical time is about equal to the Salpeter time
(Nayakshin et al., 2009), meaning that the central massive black hole in low-dispersion
galaxies with dynamical times shorter than the Salpeter cannot grow quickly enough to
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affect the gas infall, which can accumulate at the center and form an NSC.

The formation of SMBHs remains still a mystery, but several seeding channels have
been suggested. Massive seed black holes (~ 10* — 10° M) could have formed through
the direct collapse of gas clouds (e.g., Loeb and Rasio, 1994; Bromm and Loeb, 2003;
Begelman et al., 2006; Lodato and Natarajan, 2006), while less massive seed black holes
(~ 100 M) could form with the death of massive Pop-III stars (e.g., Fryer et al., 2001) or
intermediate-mass black holes (IMBHs) (black hole masses ~ 10% — 10* M) could form
by runaway collisions in the centers of star clusters (see review by Inayoshi et al., 2020).

The idea of an IMBHs within a dense stellar cluster has long existed (e.g., Begelman
and Rees, 1978; Portegies Zwart and McMillan, 2002; Freitag et al., 2006b,a). These
IMBHs within GCs can survive and migrate to a galaxy center, where through gas accre-
tion they can become a nuclear star cluster with a black hole, or the black hole may form
early and then grow along with the present-day NSC (see Greene et al., 2020). In addition,
UCDs are interesting to study for the growth of black holes, especially in understanding
the role of later-time accretion versus initial formation, since UCDs were stripped and
thus less late-time growth is expected.

In general, the black hole population in stripped nuclei can give us insight into black
hole growth and constrain the formation scenarios.

2.3 Omega Centauri

Figure 2.10: ESO Image of w Cen.

; This image is taken with the WFI camera
B /rom ESO’s La Silla Observatory.

Image Credit: ESO

Omega Centauri (w Cen, NGC 5139, see Figure 2.10) is the brightest, most massive
globular cluster in the Milky Way (~ 3.55 x 105 M, Baumgardt and Hilker, 2018) and it
is at a distance of 5.43 kpc (Baumgardt and Vasiliev, 2021). It was first identified as a
nonstellar object by E. Haley in 1677 (Halley, 1715) and recognized as a globular cluster
by J. Dunlop in 1826 (Dunlop, 1828).

Due to the complexity of its stellar populations and its retrograde orbit, it has long
been suspected to be the stripped former nucleus of a galaxy that merged with the Milky
Way a long time ago (e.g., Bekki and Freeman, 2003). Evidence for the multiple popu-
lations of stars in the cluster comes from the multiple sequences in its color-magnitude
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diagram (CMD, e.g., Anderson, 1997; Bedin et al., 2004; Bellini et al., 2010; Milone et al.,
2017a, see Figure 2.11), a large spread in metallicity (e.g., Freeman and Rodgers, 1975;
Johnson and Pilachowski, 2010), and possibly also in age (Hilker et al., 2004; Villanova
et al., 2014). How prolonged the star formation in w Cen was is still controversial, i.e.
investigations vary from 4 Gyr to 5 Gyr (Villanova et al., 2007) to 1 Gyr to 2 Gyr (Joo and
Lee, 2013). In addition, in the kinematic information of the cluster one finds the presence
of a central stellar disk and a bias toward tangential orbits in the outer parts (van de Ven

Fjorm

Fimbulthul

Leiptr e

Phlegethon

Indus

Jhelum

Galaxy Picture

Credit : ESA/Gaia/DPAC

Stellar Streams

Malhanetal. (2018), Ibataetal. (2019)

Figure 2.12: Fimbulthul Stream. The Image gives an overview of some of the tidal stellar streams
found in ESA/Gaia DR2 using the STREAMFINDER algorithm. Fimbulthul stream associated with
w Cen (inside the white box) is indicated with an arrow.

Image Credit: ESA/Gaia/DPAC, stellar stream (Malhan et al., 2018; Ibata et al., 2019).
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et al., 2006a), a counter rotation in the very central region (Pechetti et al., 2024) and
fast-moving stars in the inner 3 arcsec (Hédberle et al., 2024b) indicating the presence of
a black hole.

The recent revolution of Galactic archaeology using Gaia data has further strengthened
w Cen’s status as a stripped nuclear star cluster through the identification of stars that
may be associated with its progenitor galaxy (see Figure 2.12), as well as the fact that
w Cen has the highest binding energy among the star clusters associated to the Gaia-
Enceladus structure (e.g., Majewski et al., 2012; Ibata et al., 2019; Massari et al., 2019;
Limberg et al., 2022). Additionally, the predicted mass for the nucleus of Gaia-Enceladus
matches perfectly to w Cen, see Figure 2.13. However, its host galaxy has been largely
diffused since the time of infall and its initial orbit cannot be well constrained.

Neumayer et al.

(2020) Figure 2.13: Mnsc vs M,
ETGs Host Galaxy Mass. Orange
LTGs and purple diamonds are early-
Predicted and late-type galaxies (ETGs and

LTGs), the dark blue line is the
} fit to these data from Neumayer
Literature range ., ) (2020), the lighter blue area
covers the Gaia-Enceladus (GSE)
mass range with the blue star be-
ing the predicted mass and the
dashed lines indicate the masses
(Baumgardt and Hilker, 2018) of

GSE M,
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5 6 7 8 9 10 11 12 g‘?d)- Credits Taken from 11
ygure reat. aren jrom rm-
log(M ;g gatery M o) berg et al. (2022)

w Cen is, therefore, our closest NSC, even closer than our Galactic center, and not
heavily obscured by dust (Schlafly and Finkbeiner, 2011, E(B — V) = 0.12). Due to its
proximity, it can be observed and studied in great detail, making it the perfect laboratory
for studying NSCs, stripped nuclei, and multiple populations. It can also inform us about
the assembly history of our galaxy since its progenitor was most likely part of one of the
last most massive mergers of the Milky Way.
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Take away points

e The Milky Way as our home galaxy is an ideal test laboratory for studying
the evolution and formation of galaxies.

e A new plethora of data, specifically from the Gaia mission, allows us to study
the Galaxy in detail, disentangling its merger and assembly history.

e Stripped nuclei are remnants of mergers and can tell us a lot about their
original host galaxy and their interactions.

e w Cen is the closest nucleus to us and probably the stripped nucleus of the
Gaia-Enceladus merger.
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Chapter

DYNAMICAL MODEL OF THE MILKY
WAY

This chapter has been published in Nitschai et al. (2021), formatting and small text edits
have been made to match this thesis. The discussion and comparison with literature works
have been performed only with works available before the publication in 2021. I conducted
the scientific work and wrote all of the text with the support of the co-authors, except
for Section 3.5.2, which was written and implemented by co-author Prof. Dr. Michele
Cappellari. Suggestions and corrections from my co-authors and the referee of the paper

are included in the text.

We construct a dynamical model of the Milky Way disk from a data set, which
combines Gaia EDR3 and APOGEE data throughout Galactocentric radii between
5.0 < R < 19.5 kpc. We make use of the spherically-aligned Jeans Anisotropic
Method to model the stellar velocities and their velocity dispersions. Building
upon our previous work, our model now is fitted to kinematic maps that have been
extended to larger Galactocentric radii due to the expansion of our data set, probing
the outer regions of the Galactic disk. Our best-fitting dynamical model suggests
a logarithmic density slope of apy = —1.602 £ 0.079 for the dark matter
halo and a dark matter density of ppyn(Re) = (8.92 £ 0.564) X 1072 Mg pe™®
(0.339 £ 0.0224 GeV cm3). We estimate a circular velocity at the solar ra-
dius of vere = (234.7 £ 1.74) km s with a decline towards larger radii. The
total mass density is pyot(Re)=(0.0672 £ 0.00154s) Mo pc™® with a slope of
Qpot=—2.367 £ 0.0474, for 5 < R < 19.5 kpc and the total surface density is
Y(Ro, |2| < 1.1 kpe)=(55.5 + 1.74) Mg pc™2. While the statistical errors are
small, the error budget of the derived quantities is dominated by the 3 to 7 times
larger systematic uncertainties. These values are consistent with our previous de-
termination, but systematic uncertainties are reduced due to the extended data set
covering a larger spatial extent of the Milky Way disk. Furthermore, we test the
influence of nonaxisymmetric features on our resulting model and analyze how a
flaring disk model would change our findings.
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3.1 Introduction

Dynamical models are important for our understanding of galaxies. They describe the
distribution of stars over orbits in a gravitational potential (Binney and Tremaine, 2008).
Hence, we can describe a galaxy as stars orbiting in a smooth gravitational potential by
interpreting the combined stellar position and velocity information (e.g., Rix et al., 1997;
Syer and Tremaine, 1996; Binney and McMillan, 2011; Cappellari, 2008). This allows
us to infer the gravitational potential, the circular velocity curve, mass distribution, and
dark matter density of a galaxy (e.g., Rix and Bovy, 2013).

For most external galaxies dynamical models usually suffer from degeneracies due to
limited data. Since only line-of-sight observations are available, the data cannot provide
the three-dimensional information that is needed to fully constrain dynamical models.
There are only very few cases where the full velocity information is available and usually,
they have a limited quality of data (e.g., van de Ven et al., 2006b; Watkins et al., 2015a).
However, our own Galaxy can be observed in great detail with high-precision measure-
ments from various stellar surveys as already mentioned in Chapter 2. In the past years,
there has been a plethora of surveys for the Milky Way, such as APOGEE (Allende Prieto
et al., 2008; Majewski et al., 2017) and Gaia (Gaia Collaboration et al., 2016), providing
astrometric and spectroscopic information for a large sample of stars.

Many different dynamical models can be found in the literature (see Rix and Bovy,
2013), such as Jeans modeling (e.g., Cappellari, 2008; Bovy and Tremaine, 2012; Zhang
et al., 2013), action based models (e.g., Binney and McMillan, 2011; Binney, 2012; Bovy
and Rix, 2013), Schwarzschild models (e.g., Rix et al., 1997; van der Marel et al., 1998;
Gebhardt et al., 2000; Cappellari et al., 2006; van den Bosch et al., 2008) and made-to-
measure models (e.g., Syer and Tremaine, 1996; de Lorenzi et al., 2009; Dehnen, 2009;
Portail et al., 2017; Wegg et al., 2015a). In this work, we will use the Jeans modeling
approach. Jeans models are based on the Jeans equations (Jeans, 1915, 1922), which are
derived from the steady-state Boltzmann equation under the assumption of axisymmetry.
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The steady-state collisionless Boltzmann equation needs to be satisfied by the distribution
function of the system, which describes the position and velocity of the stars in equilibrium
and steady state under the gravitational influence of a smooth potential (Binney and
Tremaine, 2008). The solutions of the Jeans equations describe the moments of the
velocity distribution and the density of a collection of stars in a gravitational potential.
However, to obtain a unique solution one has to assume the shape and orientation of
the velocity ellipsoid. Cappellari (2008) reviews the possible natural choices for this
alignment, which are prolate spheroidal coordinates, spherical coordinates, and cylindrical
ones.

The known deviations from equilibrium and axisymmetry for the Milky Way (Widrow
et al., 2012; Antoja et al., 2018; Gaia Collaboration et al., 2018b) which conflict with our
model assumptions, are not uncommon for other galaxies too, but models are still able to
recover the average kinematic properties (Cappellari et al., 2013b), even from less precise
data. In the case of the Jeans Anisotropic modeling (JAM) method, it has been used to
model integral-field stellar kinematics of large numbers of external galaxies (Cappellari,
2016). It has been tested against N-body simulations (Lablanche et al.,; 2012; Li et al.,
2016) and in real galaxies against CO circular velocities (Leung et al., 2018), includ-
ing barred and non-perfectly-axisymmetric galaxies similar to the Milky Way. In both
cases, it recovers unbiased density profiles, even more accurately than the Schwarzschild
(Schwarzschild, 1979) approach (Leung et al., 2018), which was also confirmed (Jin et al.,
2019) by using Illustris cosmological N-body simulation (Vogelsberger et al., 2014). Hence,
we expect that JAM will be able to capture the main kinematic features of the Milky Way
and give accurate results for the total density and circular velocity.

In this work, we build upon Nitschai et al. (2020a) (my Master thesis topic), where we
used the Gaia data release 2 (DR2) kinematics to construct an axisymmetric dynamical
model of the Milky Way disk with full 6D phase-space coordinates. Making the Milky
Way the first galaxy for which all intrinsic phase space coordinates are available, and
with kinematics that are superior to the best integral-field kinematics of other galaxies
where JAM has been extensively used. This removes the long-standing dynamical degen-
eracies and it is highly overconstrained by kinematics, making our ability to fit the data a
fundamental test for both galaxy dynamics and the mass distribution in the Milky Way.

In Nitschai et al. (2020a) we used the spherically-aligned Jeans Anisotropic modeling
(JAMgpn, Cappellari, 2020) method since the Gaia data (Hagen et al., 2019; Everall
et al., 2019) showed that the velocity ellipsoid is closer to being spherically aligned than
cylindrically (JAM,y, Cappellari, 2008). But we also compared the results against JAM,y,
and found negligible differences.

The new work (Nitschai et al., 2021) presented in this thesis extends the maximal
Galactocentric radius of the data from ~ 12 kpc to ~ 20 kpc. This allows us to extend
our model to the outer parts of the Galactic disk and to better constrain the model
parameters. Furthermore, we improve our model by including the uncertainties of the
kinematic maps at each position. The extended data set also allows us to test our model
when using a flared outer disk, as suggested by e.g., Gyuk et al. (1999); Momany et al.
(2006); Lépez-Corredoira and Molgé (2014) and Li et al. (2019).

The outline of this chapter is as follows: We describe the data set and the derived
kinematic maps with their uncertainties in Section 3.2. In Section 3.3 we describe the
components of our mass model for the Galaxy and our modeling method. In the end,
we show our results for this extended data set and the investigation of the effect of the
nonaxisymmetries in Section 3.4, and we also show the results for a model with a flared
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disk. Finally, in Section 3.5 we summarize our results and we include some further tests
in the Appendix.

3.2 Data

In this work we combine two data sets, one are giant stars from Gaia early data release
3 (EDR3) with radial velocities (Gaia Collaboration et al., 2021), and one are the red
giant branch (RGB) stars from Hogg et al. (2019). This combined data set will allow us
to reach out to large Galactocentric radii.

3.2.1 Data Set

Gaia provides precise parallax information locally but further away from the Sun the
distance uncertainties dominate. In addition, it is known that there is a parallax offset in
the Gaia DR2 (Lindegren et al., 2018; Zinn et al., 2019; Schonrich et al., 2019) and also
in Gaia EDR3 a parallax bias has been discovered (Lindegren et al., 2021b). There has
been an attempt to map the dependencies of the parallax bias, but since the dependencies
are non-trivial it is not possible to have a definitive correction (Lindegren et al., 2021a).

In this work, we update the data from Nitschai et al. (2020a) using Gaia EDR3 (Gaia
Collaboration et al., 2021). The important update for our study is the higher precision
in the astrometry in EDR3, however, the radial velocities have not been updated and
have been adopted from DR2. In addition, EDR3 does not have extinction or reddening
values, hence we cross-matched EDR3 with DR2 using the given crossmatch catalog by
Torra et al. (2021) to get these values. For distances, we use the photogeometric distance
estimates by Bailer-Jones et al. (2021) for the Gaia EDR3 in order to avoid the parallax
bias and high uncertainties further away from the Sun.

The selection criteria we apply are the same as we already had in Nitschai et al.
(2020a). Since giant stars are the main contribution in Gaia at distances larger than
1 kpc from the Sun and can be measured out to large distances due to their brightness, we
select only them in this subsample. They are selected based on their absolute magnitude,
Mg =mg—5-logd+5— A < 3.9, given the extinction by Gaia DR2 and d being the
distance from Bailer-Jones et al. (2021), their intrinsic colour (Ggp — Grp)o > 0.95, with
the reddening taken from Gaia DR2 and parallaxes with relative uncertainty w/e, > 5.

These data are precise only around the Sun but not far beyond. In order to probe
larger Galactocentric distances Hogg et al. (2019) obtained precise spectrophotometric
distance estimates for 44,784 red giant stars with a data-driven model. They combined
spectroscopic data from APOGEE (Majewski et al., 2017) DR14 (Abolfathi et al., 2018)
with photometric information from Gaia (Gaia Collaboration et al., 2016) DR2 (Gaia
Collaboration et al., 2018a), the Two Micron All Sky Survey (2MASS, Skrutskie et al.,
2006) and the Wide-field Infrared Survey Explorer (WISE, Wright et al., 2010). These
data allow us to probe larger distances, out to Galactic radii of ~ 20 kpc, than with Gaia
data alone. These RGB stars were selected with a cut at logg < 2.2, in order to have
stars more luminous than the red clump. For more details on quality cuts for these stars
see Hogg et al. (2019).

To extend our data set to larger Galactocentric radii, we combine the data set based
on Gaia EDR3 with that from Hogg et al. (2019). For the combined data set we require
that the proper motion and line-of-sight velocities of all stars are finite and that they are
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in the area of —30° < ¢ < 30°. For sources that are in both data sets, we prefer the values
from Hogg et al. (2019) for our further calculations.

The remaining stars after our selections from the Hogg et al. (2019) data are 34,180
and 2,823,509 stars that are only in Gaia. In total, we have 2,857,689 stars that will be
used in the following analysis.

3.2.2 Kinematic Maps

In order to calculate the kinematic maps of the Milky Way, we transform the positions
and velocities of the stars in our combined data set, into a Galactocentric reference frame.
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Figure 3.1: Velocity Maps for the Combined Data from Gaia EDR3 with That from Hogg
et al. (2019). The color represents the mean velocity or dispersion of the Voronoi bins, as described

in Section 3.2.2. In the top panels are the velocities and in the bottom panels the velocity dispersions.

From left to right are the velocities and velocity dispersions in R, ¢ and z. All color maps are in km s~ *.

Inside the red bozes are the data that we will use for the JAM model and the black lines are the stellar
density (as described in Section 3.3.1.1) contours.

We assume as distance to the Galactic centre Ry = 8.178 kpc (Gravity Collaboration
et al., 2019), a vertical displacement of the Sun from the midplane of z5 = 0.02 kpc
(Joshi, 2007) and as solar velocities in cylindrical Galactic coordinates (Ug, Vi, Ws) =
(—11.1,247.4,7.2) km s7! (from Schonrich et al., 2010; Gravity Collaboration et al., 2019;
Reid et al., 2009, respectively). We require the data to have |z| < 7 kpc because we have
more stars towards positive z values, which do not cover the whole area and create gaps
in our data. Hence, to not have a data set that is highly asymmetric and not continuous,
we exclude from the beginning stars with too high z values. These stars that are excluded
would anyways not be considered in our further analysis, since they are halo stars and
lie outside of the disk region we want to model. We then divide our data in 200 pc x
200 pc cells and do Voronoi binning, using the VORBIN package' (Cappellari and Copin,
2003) on this cells, requiring a minimum of five stars for each Voronoi bin. We use the

"We use the Python version 3.1.4 of the VORBIN package available from https://pypi.org/project/
vorbin/
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Voronoi binning on our already divided into 200 pc x 200 pc data, to fully make use of
the data, especially towards larger radii and z where the stars are not as dense and we
would not get more than five stars in a cell. With this method, we can combine the data
from cells without enough stars in them but still keep as the smallest bin the 200 pc X
200 pc cell in the central region of our kinematic maps around the solar position, where we
have numerous stars. For each bin, we calculate the mean and standard deviation of the
velocities. The final number of bins is 2899 and covers a volume with extreme cylindrical
coordinates 0.18 kpc < R < 19.5 kpc and -5.02 kpc < z < 6.8 kpc.

The created velocity maps of the combined data set in cylindrical coordinates are
shown in Figure 3.1. As expected the stars around the solar position extend to larger
Galactocentric heights z than at larger or smaller radii. However, thanks to the Voronoi
binning we get a continuous covered area up to a radius of 19.5 kpc without any gaps in
the kinematics.

The selection function of Gaia DR2 (Boubert et al., 2020; Boubert and Everall, 2020)
and specifically of the radial velocity sample (Rybizki et al., 2021), since we only select
stars in EDR3 that have radial velocities in DR2 and for APOGEE (Bovy et al., 2014;
Mackereth and Bovy, 2020) will not affect our model significantly, since we study the
kinematics of the observed stars, at a given position. The stellar tracer density is assumed,
not fitted and the selection function at a given position does not depend strongly on the
velocities of the objects.
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Figure 3.2: Uncertainty Maps for the Combined Data. Similar to Figure 3.1, the colors represent
the uncertainty value for each Voronoti bin. In the top panels are again the velocities and in the bottom
panels the velocity dispersions. From left to right are the velocities and velocity dispersions in R, ¢ and
z. Inside the red bozes are the errors that we will use in calculating the x% of our JAM model and the
black lines are the stellar density (Section 3.53.1.1) contours.

To find the uncertainties for our kinematic maps, we choose to use the bootstrapping
method (e.g., Efron and Tibshirani, 1993). We selected this method and not error prop-
agation because it provides a more robust estimate of the uncertainties. The propagated
uncertainties from radial velocities and proper motion measurements tend to underesti-
mate the true uncertainties. In detail, we draw 100 random samples of stars with their
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velocities and redo the Voronoi binning, again calculating the mean velocity and veloc-
ity dispersion for each bin for each of the samples. Afterward, we find the uncertainties
of the bin by calculating the standard deviation of the 100 mean velocities and velocity
dispersions.

The uncertainty maps are shown in Figure 3.2. Errors around the Sun and the mid-
plane are much smaller (< 4 km s™') than at larger heliocentric distances, because there
are more stars detected and their measurements are more precise since they are closer to
us.

The uncertainties are also higher towards the Galactic Center. In this area, starting at
5 kpc, the bar dominates the kinematics (Wegg et al., 2015a; Bovy et al., 2019) and hence
would break the axisymmetry assumptions of our model. To avoid that, we exclude data
with R < 5 kpc. Additionally, we also exclude stars with |z| > 2.5 kpc, which is the same
range we had in Nitschai et al. (2020a), to exclude halo stars. Similar to Nitschai et al.
(2020a), we ignore the halo distribution since it is not well known, and in this regime, we
expect to mainly have disk stars. The red boxes in Figure 3.1 and 3.2 show the area we
will investigate and they have 1,404 bins, the data outside the boxes are excluded from
further analysis.

3.3 Methods

3.3.1 DMass Distribution of the Milky Way Model

To construct a dynamical model we need an estimate of the tracer distribution and the
mass density of the Galaxy. We will assume the same model for the Milky Way as in
Nitschai et al. (2020a), a detailed description and explanation can be found there and
we give a brief summary in this section. In addition to this model, we also investigate a
model with a flaring disk in Section 3.3.1.2.

3.3.1.1 Distribution with an Exponential Disk Model

Our main stellar model makes use of the Juri¢ et al. (2008) disk stellar distribution,
normalized to the local luminosity density from Flynn et al. (2006). However, we ignore
the stellar halo component because in the area we are probing with our data set, the
stellar mass distribution is dominated by the disk component.

The disk is decomposed into a sum of two exponential components, the thin and
the thick disk, with different scale lengths (Linin, Linick) = (2.6, 3.6) kpc and heights
(Hinin, Hiniar) = (0.3, 0.9) kpe (Juric¢ et al., 2008):

R—R z
po(R, 2 L H) = p(Ro, 0) exp (—TQ _ %) (3.1)

PD(R7 Z) = pD(R7 2, Lthin7 chin)
+f - po(R, 2, Linick, Hinicx) (3.2)
where f = 0.12 is the thick disk normalization relative to the thin disk (Juri¢ et al., 2008).
In addition, we combined that with an axisymmetric bulge (McMillan, 2017; Bissantz and

Gerhard, 2002). The luminosity density profile of this model is shown in the top panel of
Figure 3.3.
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We approximate this stellar model with a multi-Gaussian expansion (MGE, Emsellem
et al., 1994; Cappellari, 2002), using the MGE fitting method (Cappellari, 2002) and MG-
EFIT software package”, which is necessary in order to apply the JAM model (Cappellari,
2008, 2020).

For the mass density of the Galaxy, we need to include also the gas and dark matter
contribution. For the gas component, we add the Hy and H;; distribution from McMillan
(2017). For simplicity, we ignore the hole in the center of the density profile, since the
hole is outside of the range we are probing. In Nitschai et al. (2020a) we have shown that
this does not change the dynamical model significantly. As for the stellar model, we use
the MGEFIT package (Cappellari, 2002) to fit the created image of the gas density. This
MGE will be added to the potential density and be kept fixed during the model fit to the
quoted mass by (McMillan, 2017).

As a dark matter halo, we assume a generalized Navarro-Frenk-White profile (gNFW,
Wyithe et al., 2001):

myoom (1 1m S opM
— (= e I 3.3
pOM = P (rs) <2+27’s) ( )
where:
m2 = R2 + (Z/(]DM)z, (34)

r¢ the scale radius, apy the dark matter slope and gpy the axial ratio. If apy = -1, the
profile represents the classical Navaro-Frenk-White (NFW) dark matter profile (Navarro
et al., 1996).

The dark matter profile is a one-dimensional profile and we fit this with Gaussians
using the MGE_FIT_1D routine from the MGEFIT package. It can be made oblate or prolate,
for use with the model depending on the value of gpy.

The model assumptions cause systematic uncertainties that strongly depend on the
values we choose for the different parameters but also on the model itself. We have tested
the effects of the disk parameters in Nitschai et al. (2020a) for the circular velocity and
total density, in order to get an understanding of these uncertainties.

3.3.1.2 Distribution with a Flared Disk Model

We know that the outer part of our Galaxy, beyond 15 kpc, is warped and flared, but
the details of its shape are still uncertain (Bland-Hawthorn and Gerhard, 2016). These
structures were first detected in the gas component of the disk (Kerr, 1957; Oort et al.,
1958; Grabelsky et al., 1987; May et al., 1997), but can also be detected in the three-
dimensional distribution of stars (e.g., Liu et al., 2017; Anders et al., 2019; Skowron
et al., 2019).

A flared disk means that the vertical scale height grows with increasing radius. The
stellar flare in the outer Galactic disk has been observed and the scale height modeled
as a function of the radius by many studies for the outer disk (e.g., Gyuk et al., 1999;
Alard, 2000; Lépez-Corredoira et al., 2002; Yusifov, 2004; Momany et al., 2006; Reylé
et al., 2009; Lépez-Corredoira and Molgd, 2014; Li et al., 2019).

Since we are probing a large range of Galactic radii up to ~ 20 kpc, our data extends
to the regime where the flare is visible. Hence, in addition to our main exponential model

2We use the Python version 5.0.12 of the MGEFIT package available from https://pypi.org/project/
mgefit/
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Figure 3.3: Luminosity Density Profile of the Milky Way without and with Flaring. The top
panel shows the stellar luminosity density for our main model described in Section 3.3.1.1. The bottom
panel shows the flared Milky Way model (see Section 3.3.1.2). The z-azis is the radial direction, R,
reaching up to + 35 kpc away from the Galactic Center at (0, 0) kpc, and the y-axis is the displacement
from the midplane, z, ranging up to + 15 kpc. The color map is the logarithmic luminosity density.

described in the previous subsection, we investigate how a flared disk would change our
results.

Even though, there are many studies of the flare there is no single parametrization for
it. We decided to base the flare we use on the work of Lopez-Corredoira and Molgé (2014)
because they give a parametrization for the scale height for the thin and thick disk. In
detail, we keep the density profile the same as for our main model and only modify the
scale heights, Hipnin, Hinick, for larger radii:

2
chin = chin(RQ) 1 + Z ki,thin (R - R@)l 7R > R@ (35)
i=1
2 .
Hypiok = Hunier(Ret) |14+ Kignie (R = Ri)'| , R > Ry (3.6)
=1

with &; tnin = (—0.037 kpe™*, 0.052 kpc™2), ki tniex = (0.021 kpe™*,0.006 kpe=2) and Ry, =
6.9 kpc (Lopez-Corredoira and Molgé, 2014).

Since the flare starts only at larger radii, we assume the scale height for the thin disk
to also be constant up to the solar position. For R < Rg, Hipin = Hinin(Re) and for
R < Ry, Hiniek = Hiniek(Rg). As values for the scale heights at the solar position, we use
the values from Jurié¢ et al. (2008), Hinin(Re) = 300 pc and Hpiek(Re) = 900 pe. See
Figure 3.3 bottom panel for the density profile with flare.
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3.3.2 MGE with Negative Gaussians but Nonnegative Density
Everywhere

An MGE with only positive Gaussians cannot describe a density distribution like the
one in Figure 3.3. A good fit can be obtained, for a restricted spatial extent, allowing
for negative Gaussians (keyword negative=True in MGE_FIT_SECTORS of the MGEFIT
package of Cappellari 2002). However, we verified that in this case the resulting MGE has
a strongly negative density at larger radii and produces clearly nonphysical results when
used with JAM. The inability to constrain the density to be positive, and the need to
test for the positivity of the total density, is a general problem when allowing for negative
Gaussian in MGE fits.

To obtain an acceptable MGE fit to the flared disk, while guaranteeing a positive total
density, we needed to make some modifications to the MGE_FIT_SECTORS procedure. For
this, in addition to the usual positive Gaussians basis functions in the MGE, we introduced
a set of new basis functions, which we produced by coadding four positive and negative
Gaussians with the same absolute peak value, in such a way that their sum is everywhere
positive, as follows:

G(R,2) = oo (Bt i) 1 2+5;)
e m(fri) e (Rn), (3.7)

Here, o and ¢ are two parameters that change for different MGE components (like the
corresponding parameters for the MGE Gaussians), while f = 0.9 is a constant f < 1,
which is the same for all basis functions. With this definition, the new MGE basis function
is G(R, z) = 0 along the R- or z-axis, and presents four bisymmetric maxima, as illustrated
in Figure 3.4.

Figure 3.4: New MGE Basis
Function. This basis function consists
of four positive/negative Gaussians cen-
tered on the origin. When combined
with the usual positive Gaussians, it al-
lows for extra flexibility in the MGE
fitting while still guaranteeing a mon-
negative density everywhere.

The new basis function G(R,z) has an asymptotic behavior at large radii G ~
exp(—r?) for r — oo, as the standard MGE, while along the axes, G ~ R? for R — 0 and
G ~ 22 for z — 0. This implies that, while it can describe decreasing profiles towards
the center, it cannot approximate drops of the central density profile steeper than p oc 2.
For this reason, it can only approximate the flared density of Figure 3.3 down to a certain
isophote.
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Apart from the introduction of the new basis function, the fit is obtained using the
same algorithm described in Cappellari (2002), while still enforcing positivity constraints
for all basis functions. Once the fit converges, all four Gaussian basis functions are split
into their four individual Gaussian components in output, producing an MGE that is
composed of both positive and negative Gaussians. In this way, no further changes are
required to use the produced MGE model with other software like JAM.

The new MGE has 49 Gaussians, but these come from 28 basis functions, some of
which are constructed from groups of four Gaussians, which are fitted as single basis
functions. This new implementation of the MGE fit is/will included in the new release of
the MGE package (footnote 2).

3.3.3 Modeling

As a dynamical model we use the JAMg,, approach® (Cappellari, 2020), which is based
on the solution of the axisymmetric Jeans equations and assumes a spherically aligned
velocity ellipsoid (Bacon et al., 1983; Bacon, 1985). The spherical alignment has proven to
describe the Gaia data in the outer halo (Wegg et al., 2019) and in the disk region (Hagen
et al., 2019; Everall et al., 2019). This was also confirmed by the results in Nitschai et al.
(2020a).

In Figure 3.1 we have drawn a red square around the data we will use for our model: we
only fit the axisymmetric in-plane kinematics (vg, 0., 04, 0.). Neither vertical motion, nor
tracer distribution are fit. Due to the steady state assumption of our model, vy and v, are
assumed to be zero and therefore they do not need to be fitted. The deviations from zero
in the data due to nonaxisymmetric signatures (Antoja et al., 2018; Gaia Collaboration
et al., 2018b) are small enough for the purpose of our model.

The features we do not include in our stellar distribution of the Galaxy are the bar
in the inner region and warp in the outer disk since both signatures are nonaxisymmetric
and we cannot model them with JAM. In particular, the bar dominates within 5 kpc from
the Galactic Centre (Wegg et al., 2015a; Bovy et al., 2019), but as previously mentioned
(see Section 3.2.2, cut at 5 kpc), we remove all the stars in the central area for our model.
For the outer disk, one would need to add a measurement of the warp, z,(R, ¢) (e.g., Li
et al., 2019), to the stellar distribution. However, since our model is axisymmetric, we
cannot add this to our model. In future works, one could investigate if a shift in the z
direction would be a possible parametrization of the warp for an axisymmetric model like
ours.

For our modeling, we keep the scale radius of the dark matter halo, r,, constant at
14.8 kpc (Eilers et al., 2019), since we know that it is not constrained well with our JAM
model (Nitschai et al., 2020a). In addition, 14.8 kpc agrees with literature values ranging
from (~ 10 to 20 kpc). Further, because our data are limited to the disk region, they
do not strongly constrain the dark matter axial ratio. Hence, we keep ¢py fixed to 1.3
(Posti and Helmi, 2019), which they derive using globular clusters. See Appendix 3.B for
a model with free ¢pu.

The standard model has 7 free parameters: (i) the inner logarithmic slope of the dark
matter halo (apm); (ii) the dark matter fraction within a sphere with radius Re (fpm);
(ili-vi) the velocity dispersion ratios or anisotropies (og/o, and o4/0,) for both the flattest

3We use the Python version 6.1.2 of the JAMPY package available from https://pypi.org/project/
jampy/
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(gmcE < 0.2) Gaussian components (subscript 1) of the MGE and the rest (subscript 2);
and (vii) the mass-to-light ratio of the stellar component in the V-band [(M./L)v].

The fit to the data is performed using the EMCEE python package of Foreman-Mackey
et al. (2013), which implements the affine invariant ensemble sampler for Markov chain
Monte Carlo (MCMC) proposed by Goodman and Weare (2010).

3.4 Results

3.4.1 Exponential Disk Model

Using the data and uncertainties described in Section 3.2 we perform MCMC fits, for the
Milky Way distribution without flaring as described in Section 3.3.1.1.
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Figure 3.5: Best Fit for the JAM,,. From left to right the columns show the data, the JAM model
with the Jurié et al. (2008) stellar density distribution and the JAM model with flaring. At the bottom
are the residuals (data-model) for the two JAM models. From top to bottom the rows show Vi, 0R,04,0;.
The black lines are the stellar density (as described in Section 3.3.1.1) contours, except for the flared
model which has the contours of the flared disk model described in Section 3.3.1.2.

The best fitting model gives a x? ~ 9.2 which is much larger than 1 that we want.
This is mainly because there are systematic uncertainties due to nonaxisymmetric fea-
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Table 3.1: Best-fitting Parameters

Parameters Model Free Anisotropies Flared Model
Qapum -1.602 £ 0.0154a £ 0.079gy -1.592 £ 0.029¢ £ 0.0794y -1.574 £ 0.0234¢
fom 0.811 £ 0.0064, + 0.0144  0.819 £ 0.0134a * 0.014g  0.663 = 0.007g4at

(og/0 )1 0.663 £ 0.0064a; £ 0.0214y - 0.610 £ 0.00034at
(ca/0r)2 0.577 £ 0.0114a £ 0.038y - 0.632 + 0.003g¢as
(0g/0: )1 0.711 £ 0.016g¢ * 0.0284y - 0.848 =+ 0.007ggas
(04/0r)2 1.001 £ 0.019as £ 0.054gys - 0.853 £+ 0.006
(M./L)y 0.413 £ 0.0124, + 0.031ys  0.396 £ 0.0284a + 0.031g  0.715 £ 0.015,¢
X30F 0.91 0.81 1.3
Veire(Ro) [ km s71] 2347 £ 0.3ga + 1L7gu 234.6 £ 0.dga + 17qu 234.6 £+ 0.24qu
Aeire| km 57! kpe ™ -1.78 £ 0.0540c £ 0.344y -1.69 £ 0.084a £ 0.344 -2.39 £+ 0.054a¢

The uncertainties are given in this table as statistical errors are derived from the posterior distributions and are the formal
errors. For the estimate of the systematic uncertainties we also used the values from Table 3.2 in Section 3.4.2 and we
estimate them to be half of the difference between minimum and maximum of all our models with an exponential disk
without flaring.

tures, spiral structure, the equilibrium assumption of JAM, and the choice of the tracer
distribution, which our model cannot take into account. This also explains why we get
very small statistical errors for our free parameters. The systematic errors would domi-
nate here and we can use this result to get an estimate of the systematic uncertainties,
which are otherwise impossible to determine.

To get more reasonable errors, we check the precision to which our model explains the
data. To do this we add quadratically a value in km s~! to our bootstrapped errors:

2 _ 2 2
EITOTS; = EITOTS} iy T CITOIS, ;. (3.8)

Where errors; ; such that we get a x* = 1 for each component i = (vg,0g,04,0,). The
added values for this model are (6.03, 5.01, 6.55, 3.32) km s~!, respectively. With these
higher errors for the data we do a new MCMC fit and the best-fitting values are listed in
the second column (‘Model’) of Table 3.1.

However, the statistical uncertainties from the posterior of our best-fitting parameters
are only formal errors, which are quite small also because of the large number of stars
that we use, and systematic uncertainties dominate. To estimate our systematics we
investigate the axisymmetry assumption of our model in Section 3.4.2 and we give the
systematic errors as half of the difference between the minimum and maximum of all our
models with an exponential disk without flaring.

The posterior distribution is shown in the Appendix 3.A Figure 3.9 and the JAM
model is shown in the second column of Figure 3.5.

The circular velocity is plotted in Figure 3.6 and has a value of (234.7 £ 0.3a¢ £ 1.75yst)
km s™! at the solar radius. The slope of the circular velocity curve between 6.2 kpc and
20.2 kpc, which is the region where it can be approximated by a straight line, is declining
at (—1.78 £ 0.054p; & 0.344y5) km s~ kpe™!. This is consistent with the results of Eilers
et al. (2019). A test to investigate the small offset between our and Eilers et al. (2019)
measurements of the circular velocity can be found in the Appendix 3.C. In Figure 3.6,
we also show the contribution of the different components to the total circular velocity
according to our best fit. However, one has to note that because of the covariance of the
mass-to-light ratio, the dark matter fraction, and the dark matter slope (see Figure 3.9),
which is expected, it is not the only possible decomposition. One could decrease the dark
matter contribution while increasing the stellar component and still get the same total
result, which is what we constrain. The smaller than NFW (apy = —1) dark matter slope
also increases the dark matter contribution towards smaller radii inside Rs. This makes
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the dark matter contribution more dominant for our circular velocity at small radii in
comparison to other works (e.g., Eilers et al., 2019, and what we see in Appendix 3.C
Figure 3.11) where usually an NFW profile is assumed. Hence, we only tightly constrain
the total circular velocity and not the different components of it, which depends on the
assumed stellar and dark matter density profiles.
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Figure 3.6: Circular Velocity for the JAM,, Model without Flaring. The blue solid line is our
total circular velocity from our best fit, the green squares are the measurements by Eilers et al. (2019) with
systematic uncertainties of 8 percent, the dark matter contribution is shown as a black solid line, and the
baryonic contribution as a red solid line. For each of these three lines, there are five fainter lines (close
around them), which are the best-fitting results from the four different sectors of the data (Section 3.4.2),
and the model with free anisotropies and they give as an estimate of the systematic uncertainty. Only for
the best-fitting solution of our main model without flaring we also have plotted the gas contribution as a
light blue line and the total stellar contribution as a light violate solid line, while this can be separated
further into the bulge (light violate dotted line), the thin (light violate dashed-dotted line) and thick disk
(light violate dashed line). The contribution of the different components plotted here depends on the
assumed stellar and dark matter density profiles, and with our model, we only constrain tightly the total
circular velocity.

One should also note that even though we use giant stars, we do not take the asym-
metric drift into account, since we use the full Jeans equations with JAM. The circular
velocity is a result of the gravitational potential that we get from our best fit to the
individual velocities.

Additionally, for the best fitting model the dark matter density at the solar radius
is ppm(Re) = (0.00892 + 0.00007gs £ 0.000564) Me pe™ and the total density
prot(Re) = (0.0672 £ 0.000640 £ 0.001555) Mg pe3. The total density logarithmic
slope in the range of 5 < R < 19.5 kpc is auor = —2.367 £ 0.007s5¢ £ 0.047gp. All
statistical errors are formal errors from the posterior distribution and do not include the
systematic uncertainties that would increase the errors.

Comparing these results to our previous work (Nitschai et al., 2020a), the JAM model
agrees with our previous results and all parameters agree within the respective errors.
Specifically, the total density, and in particular the total slope and dark matter fraction,
have smaller uncertainties and are more reliable because we have a longer radial baseline

48



Chapter 8 — Dynamical Model of the Milky Way Section 3.4

and more data. The discrepancy between the total logarithmic density slope of our best
fitting model and that from Nitschai et al. (2020a) can be explained due to the different
radial range probed (3.5 < R < 12.5 kpc) and the different 7, (20 kpc) assumed for the
dark matter halo. If we constrain our slope to a similar range as in Nitschai et al. (2020a),
our value would decrease to roughly —2.278 £ 0.007s,, £ 0.0474s and would get even
smaller for a scale radius of 20 kpc. So, in a similar range, our finding for the total density
slope is also consistent with that of Nitschai et al. (2020a).

In addition, we also have calculated the total surface density as a function of radius
by analytically integrating the MGE Gaussians. The integral of one Gaussian, between
the cylindrical radii R; and Ry and within the height range |z| < zyayx iS given by the
following expression

M = (27)*%pyqo® (ef? — e;%) erf( “max ) (3.9)
’ qov2) '

This integral was performed for all the MGE Gaussians for the stellar, gas, and dark
matter components for -1.1 kpc < z < 1.1 kpce for direct comparison with Bovy and
Rix (2013). The resulting surface density is shown in Figure 3.7. Our surface density
is a little bit lower for radii smaller than R, but agrees within the uncertainties at the
solar radius, ¥(Re,|z| < 1.1 kpc) = (55.5 & 0.5gar £ 1.7es) Mg pe 2. Moreover,
Piffl et al. (2014) give for the solar radius X(|z| < 0.9 kpc) = (69 + 15) Mg pc2
and our value of (R, |2] < 0.9 kpc) = (51.1 £ 0.4gar £ 1.7est) Mg pe? lies within
their 30 range. Since also our total surface density agrees within the uncertainties with
previous findings, it gives us another confirmation that our model constrains well the
total density, circular velocity, and potential, and only the exact decomposition into the
different components (dark matter, stellar, and gas), which is not the scope of this work,
is not tightly constrained.

Further, we also performed a fit allowing the 18 Gaussians in the MGE model of the
stellar component, to have a different anisotropy value, (0y/0,) and (o,/0,). This model
has a total of 39 free parameters and the ones that are not the anisotropies are listed in
column ‘Free anisotropies’ in Table 3.1. This model gives a better fit to the data, since
it has more parameters but all ‘interesting’ parameters agree within the 30 error range
with our main model.

3.4.2 Assessing Systematic Errors Due to Nonaxisymmetries

Our Galaxy contains nonaxisymmetric features due to the Galactic bar (e.g., Monari
et al., 2016; Khoperskov et al., 2019), spiral arms (e.g., Reid et al., 2019; Eilers et al.,
2020), the warp of the disk (e.g., Vazquez et al., 2008; Li et al., 2020), or interactions and
mergers with satellite galaxies (e.g., Helmi et al., 2018; Koppelman et al., 2019b). We
now investigate how the model assumption of axisymmetry affects our results by dividing
the data set into four sectors, depending on positive or negative z and ¢: [z > 0 kpc,
¢ > 0°, [z > 0kpe, ¢ <0°, [z <0kpe, > 0° and [z < 0 kpc, ¢ < 0°]. If the Milky
Way was perfectly axisymmetric, our axisymmetric model should give the same results
within the errors for each of the four sectors. Hence, we now fit each sector separately
and compare the different results, in order to estimate how much the nonaxisymmetric
features of our Galaxy influence our model and estimate the systematic uncertainties of
the free parameters.

For these fits we use the same errors as for the fit to all data points. The resulting
circular velocities are plotted in Figure 3.6 as fainter and thinner blue lines and all the
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Figure 3.7: Surface Density for
the JAM,,, Model without Flaring.
The total surface density is calculated be-
tween -1.1 kpec < z < 1.1 kpc for our
best-fitting model. The green dots are
the values from Bovy and Riz (2013) and
the five fainter black lines (close around
it) are calculated with the best-fitting re-
sults from the four different sectors of
the data (Section 3.4.2) and the model
with free anisotropies. The radial range
(5 kpc to 19.1 kpc) of the surface density
in this plot, is between the minimum and
mazximum tadius of the data which we
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fit parameters are listed in Table 3.2. The results show us that there are some differences
depending on which part of the Galaxy we model, however, most of the free parameters
are within the 30 range of each other and with the total model. Higher discrepancies
exist between apy;, which are outside the 30 range of the statistical errors.

Table 3.2: Best-fitting Parameters for the Four Sectors

Parameters z >0 kpe, ¢ > 0° z >0 kpe, ¢ < 0° z <0 kpc, ¢ > 0° z <0 kpc, ¢ < 0° Mean Syst. error
apm -1.623 £ 0.017gae -1.627 £ 0.018sa -1.469 £ 0.0195a -1.487 £ 0.0194, -1.552 £ 0.079 £ 0.079
fom 0.837 = 0.007ga; 0.830 £ 0.0084n; 0.816 = 0.007sa; 0.838 £ 0.0074.  0.830 £ 0.011 + 0.014
(o0/00 )1 0.653 = 0.0065  0.655 £ 0.008s¢ 0.666 = 0.008s.  0.709 £ 0.010s, 0.671 £ 0.021 + 0.021
(co/07)2 0.569 + 0.0114a 0.610 £ 0.0145. 0.601 £ 0.0134a¢ 0.568 £ 0.0144. 0.587 £ 0.038 £ 0.038
(04/00)1 0.695 &= 0.017ga  0.702 £ 0.017g, 0.702 £ 0.0184s  0.771 £ 0.019g, 0.718 £ 0.028 £ 0.028
(04/0r)2 0911 &+ 0.0214ac 0.983 £ 0.0245. 0940 £ 0.0234ac 0.894 £ 0.0244.. 0.932 £ 0.045 £ 0.054
(M./L)y 0.355 £ 0.015g  0.361 £ 0.0165 0.401 £ 0.0154,  0.352 & 0.0154, 0.367 £ 0.025 £ 0.031
Bor 0.98 0.97 1.03 1.05 - -
Veire(Re) [ km s71 233.7 & 0.3gat 2314 +  0.3gat 234.3 £ 0.3gtat 232.9 + 0.3t 233.1 £ 1.5 + 1.7
Gueire kM sV kpe™!] | 2171 £ 00640 -1.76 & 0.07ga 118 £ 00744  -111 £ 0064  -144 £ 0.33 + 0.34

The uncertainties given in this table as statistical errors are derived from the posterior distributions and are the formal
errors. For the estimate of the systematic uncertainties we used these values and the values from Table 3.1, in addition, we
give the mean value of the four sectors and its error, which is half of the difference of the minimum and maximum of the
individual sectors (error = (max - min) / 2).

We can use the discrepancies between the parameters for the different sectors to get an
estimate for the systematic uncertainty of our model because of nonaxisymmetric features
in the data. The mean values in Table 3.2 are the mean of the individual sectors and
the errors are half of the differences between the maximum and the minimum of the
individual sectors. The last column of the table is the total systematic errors = (max-
min)/2, including the best fitting values from Table 3.1 without flaring and the model
with free anisotropies. These systematic errors from the sectors and from all our models
without flaring might be the same if the minimum and maximum values are from the four
sectors.

Additionally, for the four sectors, the mean dark matter density at the solar ra-
dius is, ppm(Re) = (0.00935 =+ 0.000564s) Mg pc™® and the mean total density,
prot(Re) = (0.0654 £ 0.00154) Mg pe™®. The mean total density logarithmic slope,
ot = —2.322 £ 0.047gys for 5 < R < 19.5 kpc and the mean local surface density
Y(Re,|2] < 1.1 kpe) = (54.6 £+ 1.74s) Mg pc™2. All the errors given here are the same
systematic errors as in Section 3.4.1 using the four sectors, the best-fitting model, and
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the model with free anisotropies.

3.4.3 Flared Disk Model

In Section 3.3.1.2 we also explained how we can change our stellar distribution to account
for the flaring of the disk. Using this distribution, we test how that affects our model.

We use the same errors as before and the fit results are listed in Table 3.1 with their
formal errors. The model result is shown in the third column of Figure 3.5 and the
posterior distribution is shown in the Appendix 3.A Figure 3.10. From the posterior
distribution and the table, one can notice that the statistical uncertainty of (oy/0,); is an
order of magnitude smaller than for the rest of the velocity dispersion ratios, even though
the fit has converged properly. This confirms that the formal errors are not reliable since
they are too small and the systematic uncertainties of the model would dominate.

Further, the dark matter density at the solar radius ppy(Re) = (0.00715 £ 0.00007stat)
Mg pc® and the total density pioi(Re) = (0.08561 4+ 0.000734.:) Mg pc—>. The total
density logarithmic slope oy = —2.451 4+ 0.0104.¢ for 5 < R < 19.5 kpc and the local
surface density X(Ry, |2| < 1.1 kpe) = (64.1 & 0.64a5) Mo pc2 .

From the 2 value, one can see that the fit with flaring is not as good as without it,
which could be due to our choice of flare parameters. Also, if we compare the residuals of
the two models, one can notice that the residuals get higher away from the midplane for
the model with flaring. On the other hand, around the midplane, it seems to be similarly
good or only slightly higher than the model without the flaring. The differences between
the models with and without flaring can also be seen in Figure 3.8.
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We do not have systematic uncertainties because the investigation in the previous
section was with a different Milky Way model without flaring and the flared model does
not fit the data as well, thus, we cannot assume that they have the same systematics,
and further study would be needed. As mentioned above, the flared model might give
a slightly worse fit to our data only because of the flare parameters we selected, since
we just added a parametrization of the scale height, h(z), to our normal model without
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flaring. Additionally, to fully test if the flared model provides a better fit to the data,
one would need to do a detailed study of the flare and test which parametrization for the
scale heights is the best for the Milky Way disk. This is beyond the scope of this work,
and we just want to get a first idea of how our model changes if we include a flare.

3.5 Conclusion

In this work, we construct a dynamical Jeans model of the Milky Way disk using the
JAMg,n code (Cappellari, 2020). The data we use are based on Gaia EDR3, combined
with the Hogg et al. (2019) data set, which are combined APOGEE, Gaia DR2, 2MASS,
and WISE data with precise spectrophotometric distance estimates. The combined data
set enlarges the range of Galactocentric distances that we cover. We probe an area in the
range of 5.0 < R < 19.5 kpc and —2.5 < z < 2.5 kpec.

Our main results are consistent with Nitschai et al. (2020a) within the uncertainties,
but more are reliable because of the more extended radial range of our data. The best fit
value for the dark matter slope is apy = —1.602 £ 0.0154a; £ 0.079sys¢ which is smaller
than -1 (NFW) and the dark matter density at solar radius is (0.00892 4+ 0.00007ga¢ +
0.000564yst) Mg pc™. These values agree with our previous work (Nitschai et al., 2020a)
and are consistent with other works for the dark matter slope which indicate that a steeper
slope than NFW is needed for the disk region (Portail et al., 2017; Cole and Binney, 2017).
The dark matter density at solar position is slightly smaller than previous works (McKee
et al., 2015; McMillan, 2017; Nitschai et al., 2020a), which might be because we constrain
the total density and the decomposition is more uncertain, similar for what we explained
for the circular velocity. However, the values still agree in the 30 range of the uncertainties.
The circular velocity at the solar position is (234.7 £ 0.3ga £ 1.7qs) km s~ with a
mild decline towards larger radii of aeye = (—1.78 & 0.054a5 £ 0.345y5) km s kpe ™,
which is consistent with the results from Eilers et al. (2019). The total density at the
solar radius is piot(Re) = (0.0672 £ 0.00064; £ 0.00154s) Mo pe™ and total density
logarithmic slope is oot = —2.367 £ 0.007ga; £ 0.047gy for 5 < R < 19.5 kpc and
—2.278 £ 0.007ga; £ 0.0474 for 3.5 < R < 12.5 kpc. All these values are consistent
with our previous work (Nitschai et al., 2020a) within the errors. The total density slope
is also consistent with the slope inferred from early-type disk galaxies (Cappellari et al.,
2015) and the total solar density is again smaller compared to other works but agrees
within the 30 uncertainties of the work by McKee et al. (2015). Further, the local surface
density is (R, |2| < 1.1 kpe) = (55.5 £ 0.5gat = 1.7syst) Mo pe? which is slightly
lower than other findings (e.g., Bovy and Rix, 2013; Piffl et al., 2014) but still within the
uncertainties.

Additionally, we also test how nonaxisymmetries of the gravitational potential change
our result. We further investigate how a flared disk would change our results. It provides
a similarly good fit, but in the future, one could perform a more thorough analysis of the
parameter space to better constrain the flaring of the disk given its dynamical properties.

The regions that are not included in our model are the bar in the inner part and the
warp in the outer disk. These features are nonaxisymmetric and we cannot reproduce
them with our model. We avoid the bar influence by excluding the region inside 5 kpc,
but the warp is still affecting our model. Hence, one should note that the regions of our
data strongly influenced by this feature (the outer disk) are not well reproduced with our
model due to the axisymmetry assumption.
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The kinematics used in this paper and the MGE components can be found in the file
in the online version of the Paper (Nitschai et al., 2021).

Appendices

3.A Posterior Distribution

The posterior distribution of the best-fitting model without flaring (see Section 3.4.1) is
shown in Figure 3.9. Additionally, Figure 3.10 shows the posterior distribution for the
best-fitting model with a flared disk (see Section 3.4.3). We have also tested how the
result changes with JAM.,; (Cappellari, 2008) for the flared model and we see that the
results are almost the same. The only difference is that the small formal errors of (og/0,);
are getting off the same order as the other ratios and that x3qp is slightly smaller (x3op
= 1.07), which can be a coincidence since the flared model we use might be wrong, and
the cylindrical alignment may happen to compensate for that.
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Figure 3.9: Posterior Distribution for the Best-Fitting JAM,, with an Exponential Disk
Model. This is the corner plot for the fit without a flared disk (see Section 3.4.1). The panels show
posterior probability distributions marginalized over two dimensions (contours) and one dimension (his-
tograms). The thick contours represent the 1o, 20, and 30 confidence levels for one degree of freedom.
The numbers with errors on top of each plot are the median and 16th and 84th percentiles of the posterior
for each parameter (black dashed lines).
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Figure 3.10: Posterior Distribution for the Best-Fitting JAM,, with a Flared Disk Model.
This is the corner plot for the fit with a flared disk (see Section 3.4.3). The panels show posterior
probability distributions marginalized over two dimensions (contours) and one dimension (histograms).
The thick contours represent the 1o, 20, and 3o confidence levels for one degree of freedom. The numbers
with errors on top of each plot are the median and 16th and 84th percentiles of the posterior for each
parameter (black dashed lines).

Table 3.3: Best-fitting Parameters for the Model with qpyv Free

Parameters gpm free
apM -1.576 £ 0.0264.¢
fom 0.788 £ 0.009¢at

(oo/0v)1 0.664 + 0.007
(c9/0)2 0.572 £ 0.0104a¢
(0g/00 )1 0.707 £ 0.01644¢
(06/0s)2 1.004 + 0.0214.

(M,/L)y 0.480 £ 0.0264¢4a¢
Xhor 0.906
oM 1.473 & 0.068a¢

Veire(Ro) [ km 71 | 23521 4 0274
Qyeire] km 57 kpe™!] | -1.83 4 0.054a¢

All uncertainties given in this table are statistical errors de-
rived from the posterior distributions.
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3.B The Dark Matter Axial Ratio (¢py) as a Free
Parameter

For our main model, we have fixed gpy=1.3 (Posti and Helmi, 2019), here we show a
model if we allow ¢py to be free. The resulting free parameters with a free ¢py for a
model without flaring are listed in Table 3.3.

What we see also from the posterior distribution, is that ¢py tends to get high values
and has a correlation with the mass-to-light ratio [(M./L)y]. Since a too high gpy value
is nonphysical we keep it fixed for our models in the main text.

3.C Investigating the Offset of V.. between Our Re-
sult and Previous Work

Additionally, we have investigated the offset that we found between the circular velocity
from Eilers et al. (2019) and ours. We had already seen an offset in the previous calculation
with the best-fitting JAM model in Nitschai et al. (2020a).
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Figure 3.11: Circular Velocity Curve Same Assumptions as in Filers et al. (2019). The
green dots are the measurements from Filers et al. (2019) with 8 % systematic errors. Qur circular
velocity curve using the potential we get using JAM is shown in blue, the stellar component is shown as
a red solid line while the thin disk is a red dashed/dotted line, the thick disk is a dashed line, and the
bulge is dotted. The dark matter halo is shown as the black solid line. The inner part of the galaxy, i.e.
R < 5 kpc (indicated by the black dashed line), was excluded from the analysis by Filers et al. (2019) due
to the nonaxisymmetric influence of the Galactic bar.

To do that, we assume the same Milky Way model as in Eilers et al. (2019). We adopt
a spherical NFW profile (Navarro et al., 1996), for the thin and thick disk we assume
Miyamoto—Nagai profiles (Miyamoto and Nagai, 1975), and for the bulge, we assume a
spherical Plummer potential (Plummer, 1911), while adapting the parameter values of
Pouliasis et al. (2017, model I). Furthermore, we use only the Hogg et al. (2019) data
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that satisfy |z| < 0.5 kpc or tan(z/R) < 6° and and have more than 3 stars in each
200 pc x 200 pc bin. Finally, we assume Ry = 8.122 kpce (Gravity Collaboration et al.,
2018), zo = 0.025 kpe (Juri¢ et al., 2008) and as solar velocities in cylindrical Galactic
coordinates (Ug), Ve, W) = (—11.1,245.8,7.8) km s~! (Reid and Brunthaler, 2004).

Using the JAM,, (Cappellari, 2008) and the above assumptions we can reproduce
almost perfectly the velocity curve by Eilers et al. (2019), see Figure 3.11 which is plotted
as Fig. 3 in Eilers et al. (2019) for comparison.

This proves that the offset we have in our main model is not caused by the modeling
method but by the data set and the Galaxy model we assume. Small discrepancies are
towards the Center where we do not have data and towards higher radii. The last one
confirms our suspicion that the Pouliasis et al. (2017) model overestimates the mass in
the inner parts and therefore underestimates the stellar mass towards larger radii to
compensate for it, which causes a high dark matter mass at larger radii.

e We construct a dynamical Jeans model of the Milky Way disk using the
JAMg,, code (Cappellari, 2020).

e Data: Gaia EDR3 and Hogg et al. (2019) data set, covering an area in the
range of 5.0 < R < 19.5 kpc and —2.5 < z < 2.5 kpc.

e We test the effect of nonaxisymmetries of the gravitational potential and a
flared disk on our model.

e Our work demonstrates that we have an accurate knowledge of the mass
distribution in our Milky Way.

e We can describe the main average characteristics of the observed stellar kine-
matics, regardless of the known deviations from equilibrium and axisymmetry.
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Chapter

MUSE SPECTROSCOPY OF
w CENTAURI

This chapter has been published in Nitschai et al. (2023). Formatting and editing have
been adjusted to match this thesis. I conducted the scientific work with the help of the
co-authors and wrote all of the text, except for Section 4.4.5, which was written and
implemented by co-author Callie Clontz. Suggestions and corrections from my co-authors
and the referee of the paper are included in the text.

Omega Centauri (w Cen) is the most massive globular cluster of the Milky Way
and has been the focus of many studies that reveal the complexity of its stellar
populations and kinematics. However, most previous studies have used photometric
and spectroscopic datasets with limited spatial or magnitude coverage, while we aim
to investigate it having full spatial coverage out to its half-light radius and stars
ranging from the main sequence to the tip of the red giant branch. This chapter
has been published as the first paper in a new survey of w Cen that combines
uniform imaging and spectroscopic data out to its half-light radius to study its
stellar populations, kinematics, and formation history. In this chapter, we present
an unprecedented MUSE spectroscopic dataset combining 87 new MUSE pointings
with previous observations collected from guaranteed time observations. We extract
spectra of more than 300,000 stars reaching more than two magnitudes below the
main sequence turn-off. We use these spectra to derive metallicity and line-of-
sight velocity measurements and determine robust uncertainties on these quantities
using repeat measurements. Applying quality cuts, for the main sequence stars
(red giant branch stars) of magnitude 18 mag < magpeesw <22mag (10mag <
magrgsw <16mag) we achieve signal-to-noise ratios of 16.47 (73.51) and mean
metallicity errors of 0.174 (0.031) dex. We correct the metallicities for atomic
diffusion and identify foreground stars. This massive spectroscopic dataset will
enable future studies that will transform our understanding of w Cen, allowing us
to investigate the stellar populations, ages, and kinematics in great detail.
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4.1 Introduction . . . . . . . . . .. 58
4.2 Data . . . . .. e 60
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4.1 Introduction

Q2 Cen is an ideal case to study a stripped nucleus, multiple populations, and the merger
history of the Milky Way (see Section 2.3). With the oMEGACat project, we aim to
assemble unprecedented spectroscopic, photometric, and astrometric data sets out to
the cluster’s half-light radius to decode its formation history and interactions with the
Galaxy. Combining these data sets will give us the full 3D velocity vector and metallicity
information for hundreds of thousands of stars, which allows us to identify subpopulations
and make detailed chemo-dynamical modeling. Further, we can study the age-metallicity
relation, abundances, multiple subpopulations, fast-moving stars indicating the presence
of an intermediate-mass black hole (Héaberle et al., 2024b) at the center of the cluster,
and many more interesting science questions (see Chapter 6 for more details).

The astro-photometric catalog is based on archival and new Hubble Space Telescope
(HST) observations and contains proper-motion measurements and 6-band photometry
for 1,399,455 stars (Héaberle et al.; 2024a). In this chapter, I present the first publication
of the oMEGACat project, providing spectroscopy for 300,000 stars within the half-light
radius of the cluster.

To study the cluster in detail and specifically the multiple populations, spectroscopic
data are important for metallicity and abundance measurements. Due to the high crowd-
ing in the cluster many spectroscopic surveys, like Gaia (Gaia Collaboration et al., 2016,
2023b, , even in the Focused Product Release) and APOGEE (Mészaros et al., 2021),
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Figure 4.1: MUSE Image of w Cen. A three-color RGB image of w Cen created from MUSE WFEM
data using synthetic SDSS 4, r, and g filters. The image displays the coverage of all WFM data (both
GTO and GO). The red cross indicates the center of the cluster.

are limited to a few bright stars often only at the outskirts of dense clusters like w Cen.
Other studies like Johnson and Pilachowski (2010); Johnson et al. (2020) have spectro-
scopic data covering the central region but only for the brightest stars. The largest
spectroscopic survey for multiple Galactic globular clusters, including w Cen, has been
presented in Kamann et al. (2018). This survey covers the very center of the cluster
having thousands of spectra from the main sequence (MS) up to the red giant branch
(RGB). We aim to further extend that sample out to the half-light radius.

The Multi-Unit Spectroscopic Explorer (MUSE) is the perfect instrument to inves-
tigate individual stars in clusters, as has been shown in other studies, e.g.,Husser et al.
(2016); Kamann et al. (2018); Alfaro-Cuello et al. (2019, 2020) and Kacharov et al. (2022).
In this work, we present a large MUSE dataset, covering w Cen out to its half-light radius,
and the spectroscopic analysis of hundreds of thousands of individual stars, by far the
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largest spectroscopic dataset ever assembled for w Cen, or in any cluster.

The chapter is divided into the following sections: In Section 4.2 we present the obser-
vations and in Section 4.3 we describe the methods used to get the physical parameters
for our catalog. In addition, in Section 4.4 we explain the analysis performed on that
catalog to clean and test it. Further tests are also shown in the Appendix. Finally, in
Section 4.5 we summarize and give an outlook on further works in progress using this
catalog.

4.2 Data

4.2.1 Observations and Data Sets

The data presented in this work were acquired with MUSE (Bacon et al., 2010, 2014),
a second-generation Very Large Telescope (VLT) instrument located at the UT4 at the
Paranal Observatory in Chile. Two sets of data are combined in this work; the first are
existing data, part of the MUSE guaranteed time observations (hereafter “GTO data”),
with program IDs: 094.D-0142, 095.D-0629, 096.D-0175, 097.D-0295, 098.D-0148, 099.D-
0019, 0100.D-0161, 0101.D-0268, 0102.D-0270, 0103.D-0204, 0104.D-0257, 105.20CR, and
109.23DV. These GTO data consist of 10 pointings with multi-epoch data that have been
analyzed already in several papers (Kamann et al., 2018; Husser et al., 2020; Latour
et al., 2021) as well as six central pointings using the MUSE narrow field adaptive optics
mode (NFM), presented in Pechetti et al. (2024). The second dataset is from the General
Observer (GO) program 105.20CG.001 (PI: N. Neumayer); this includes 87 new MUSE
pointings taken between February 2021 and September 2022 — we refer to this dataset as
the “GO data” and describe this dataset in more detail below.

MUSE is an integral-field spectrograph, based on image-slicing with 24 identical inte-
gral field units (IFUs). The field of view in the wide field mode (WFM), which was used
for the GO data, is 59”.9 x 60".0 for each pointing with a spatial pixel scale of 0”.2 pix~!.
The instrument observes in the optical domain (480 nm- 930 nm) with a resolving power
increasing with wavelength from 1770 to 3590 and a spectral sampling of 0.125nm pix .
For the GTO NFM data, the field of view of each pointing is 7”.5 x 7”.5, they have a
sampling of 0”.025 pix~! and the resolving power is increasing with wavelength from 1740
to 3450. In both the GO and GTO data, some central pointings are also taken using the
VLT Adaptive Optics Facility (AOF) (Arsenault et al., 2010; Strobele et al., 2012). In
adaptive optics (AO) mode the NaD lines are blocked using a filter, causing a gap in the
spectra between 580 nm and 597 nm (Weilbacher et al., 2016).

In the GO data, each field has three exposures with a rotation of 90° between them (no
dithering), and the exposure time was 200s. The observations were requested in service
mode at an airmass less than 1.4 and a seeing better than 0”.8. These conditions were
almost always fulfilled, see Table 4.2 in the Appendix for more details on the observing
conditions. We note that one observing block (OB 1.3) was initially observed using AO
with the wrong offset, causing a small gap in our dataset. Therefore, it was repeated
without AO in September 2022 once more, to fill in the gap.

We show the spatial coverage of our combined dataset in Figure 4.1 and Figure 4.2.
The combined dataset includes a total of 97 WFM pointings as well as six central NFM
pointings, providing complete coverage out to the half-light radius of w Cen (4’.65 or
7.04 pc, Baumgardt and Hilker, 2018).

The reduction and analysis of the GTO data were already done, details on the GTO

60



Chapter 4 — MUSE Spectroscopy of w Centauri Section 4.2

WFM data are presented in Kamann et al. (2018), while the NFM data are presented
in Pechetti et al. (2024). For the GO data, we duplicated the GTO WFM reduction
procedure as closely as possible.

For the rest of the work, most of the data reduction and analysis steps refer to just
the GO data, except where clearly specified to also include the GTO data.

Footprint
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Figure 4.2: Image of w Cen and Footprint of the MUSE Pointings. On the left is a grayscale
tmage created from the combined GO and GTO MUSE WFM data. Overlaid blue colored squares indicate
the GO AO pointings, red squares the WFM GTO data, while the region without squares is where the
non-AO GO WFM pointings lie. On the right is the footprint of the individual pointings showing the
overlap of the data. At the center of the right-hand figure, the NFM data are within the yellow region at
the center of the image, indicated with a red cross. The x-axis is right ascension (RA) and the y-axis is
the declination (Dec).

4.2.2 Data Reduction

We use the MUSE pipeline, version 2.8.3 (Weilbacher et al., 2016, 2020), to reduce the
GO data. This pipeline uses CPL (Streicher, 2016) and the ESOREX (ESO CPL Develop-
ment Team, 2015) packages and contains all necessary procedures for the data reduction
process, including bias subtraction, flat fielding, illumination correction, and wavelength
calibration. Further, the pipeline flux calibrates the exposures using a standard star,
corrects for the barycentric motion of the Earth, and combines the three single exposures
into one for each field. We use the default settings for most parts of the pipeline, except
for sky subtraction, where we use a sky continuum file containing zeroes as the model, so
that only the emission lines are subtracted, but not the sky continuum. Removing the
sky continuum also removes starlight in a crowded region like ours since even the darkest
spaxels still contain starlight. This leaves sky continuum in our final data cubes, but since
we do a point spread function (PSF)-based extraction (see Section 4.3.1) these emissions
will not be in the spectra we extract but in the background components determined during
the extraction.

In addition, we are not doing any Raman correction since the field of view is too
crowded or the Telluric correction, since our spectral fitting routine can remove them
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better. Hence, the Telluric lines are included in our spectral fit and are removed then
from the spectra, see Section 4.3.3.

The total MUSE data coverage is shown in Figure 4.2, where the red squares indicate
where the WFM GTO pointings lie and the blue squares where the 12 new WFM-AO
pointings are, while all other pointings are WFM without AO, 75 in total. The GTO
NFM data are within the yellow region at the center of the right panel of Figure 4.2 (the
small yellow square where the red cross lies). The gaps in our GO pointings, visible in
Figure 4.3, in the center and upper part of the image are filled in with the GTO pointings
so that we have full coverage of the cluster without gaps when combining the two datasets.

4.3 Analysis Methods

After the reduction of the MUSE mosaic, the next step is to get spectroscopic information
for individual stars. Therefore, we need to extract the spectra of individual stars and
measure physical parameters from these spectra.

4.3.1 Spectral Extraction

Figure 4.3: All Extracted GO
Stars. The figure shows the positions
of all extracted GO stars using the An-
derson and van der Marel (2010) photo-
metric catalog. The red cross indicates
the center, while the holes at the top
and the center are later filled with the
GTO stars. Some edges are cut off be-
cause the HST footprint does not per-
fectly cover the MUSE footprint. The
overlap regions are denser since more
stars are observed because there are two
or more exposures. The variation in the
number of stars seen in different fields
is due to varying observing conditions 201.80 201.75 201.70 201.65 201.60 201.55

that impact our completeness. RA [deg]

To extract individual spectra for the stars in the MUSE fields we use PAMPELMUSE!
(Kamann et al., 2013) and the HST catalog from Anderson and van der Marel (2010).
PAMPELMUSE takes the photometry and position of the stars in the HST catalog as a
reference for the stars in the field of view of the MUSE data. It fits the PSF as a function
of wavelength. Forced PSF photometry performed at each wavelength for all the stars in
the catalog allows PAMPELMUSE to separate sources efficiently even in crowded regions.
The Anderson and van der Marel (2010) catalog includes F625W and F435W magnitudes
for 1.2 x 10% stars and covers a field of 10’ x 10’ with a pixel scale of 50 mas pix'. We
use a Moffat profile (Moffat, 1969) for the PSF as defined in Section 4.2 of Kamann et al.
(2013) and allow it to vary its ellipticity, positional angle, S-parameter, and full width
at half maximum (FWHM), while the initial value for the FWHM is set to be the mean

Thttps://PampelMuse.readthedocs.io/en/latest /about.html
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value of the seeing at the time of the observation. The extracted spectra also get a quality
flag assigned from PAMPELMUSE where 0 is the best flag a spectrum can get. While there
are 4 other criteria for the flags there can also be a combination of them, 1: more than
one source contributing, 2: signal-to-noise ratio (SNR) < 10, 4: the flux is negative, and
8: the centroid of the source is outside the field of view of the data cube.

We have performed an additional analysis on some OBs using a different extraction
setup and find that the final results for spectra with an SNR > 10 do not change signifi-
cantly, see Appendix 4.B.

In total we extract with PAMPELMUSE 355,682 stars from the GO MUSE dataset, see
Figure 4.3, where we show their positions.

4.3.2 Completeness

We investigate how complete our GO data are after the spectral extraction compared to
the HST catalog (Anderson and van der Marel, 2010).

For each MUSE pointing we mask the edges of the pointings by 5”, to not get edge
effects, and we divide our sample in 0.5-mag-wide bins and define the completeness in
each bin as the ratio between the number of stars in the HST catalog and the number of
stars for which we actually extract a spectrum from the MUSE data. We computed the

completeness excluding spectra with an SNR lower than specific thresholds, i.e., 1, 5, 10,
15, 20, 25, and 30.
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Figure 4.4: GO Completeness Plots. On the left is the overall GO completeness (the combined
completeness for all 87 GO pointings) for different SNR cuts, from left to right the SNR is decreasing.
The dashed line indicates 50 % completeness and the dotted line is 18.86 mag in F625W. The right panel
shows for an SNR > 10 the individual completeness for 8 pointings at different radii from the center (r).

We show the overall completeness curves as a function of magnitude for different SNR
cuts in the left panel of Figure 4.4. The completeness is almost 100 % for the brightest
stars and falls off towards fainter stars. In addition, it shows that the overall completeness
is above 50 % for stars brighter than ~18.86 mag (F625W Filter) for an SNR threshold of
10, while for higher SNR this is shifted to lower magnitudes. The right panel shows that
in the central regions, the completeness is lower for the fainter stars due to crowding.
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4.3.3 Spectral Fitting

After extracting the spectra, we use SPEXXY? (Husser et al., 2016) version 2.5 to measure
the physical parameters of the stars. The observed spectra are compared to synthetic
spectra from the Phoenix library (Husser et al., 2013) to derive each star’s effective tem-
perature Te, and metallicity [M/H] using a x* minimization. The range of the spectral
parameters are: —4 dex< [M/H| < 1 dex, 2300K < T < 15,000 K and 0 < log(g) < 6.
We also include a SPEXXY fit to the telluric absorption lines (which were not corrected
previously, see Section 4.2.2) for H,O and O,. We use all spectra we could extract in this
analysis part regardless of their quality at this point.

10
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Figure 4.5: CMD of GO 518
stars. CMD of the stars in the e
GO dataset. The black dots show €
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are the HB stars which are dis-
regarded in the current analysis.
The yellow points indicate the po- 24
sition of the isochrone used to in- -05 0.0 0.5 1.0 15 2.0 2.5 3.0
fer the log(g). MEa3sw — Mes2sw [Magl

The initial values for log(g) and Tes were determined as outlined in Husser et al. (2016)
and Kamann et al. (2018). In summary, the photometry from Anderson and van der Marel
(2010) was fitted with an isochrone from the PARSEC database (Marigo et al., 2017), and
each observed star was assigned the stellar parameter from the nearest isochrone point,
in the magnitude-color plane. For that, a two-dimensional polynomial is fitted to the
temperature and log(g) from the isochrone as a function of color and magnitude. This
isochrone has an age of 13.7 Gyr, a metallicity of -0.94 dex, extinction (A,) of 0.23 mag,
a distance of 5320 pc, and is shown as yellow dots in Figure 4.5. Since it is known that
w Cen has multiple populations, one isochrone is not ideal to describe all populations
but here we only want to get initial values and a reliable log(g) for our spectral fit. A
detailed population analysis will follow in upcoming work. The same is true for binary
stars or multiple stellar systems, which are also offset in the colour-magnitude diagram
(CMD). However, the binary fraction of w Cen is small, less than 5 % (Elson et al., 1995;
Mayor et al., 1996) and in recent work even lower at 2.70 % =+ 0.08 % (Bellini et al.,
2017b) and because of multiple populations, the binary sequence is also intertwined with
the main sequence track. Since log(g) does not strongly affect the [M/H] determination
(Husser et al., 2016; Kamann et al., 2016, see also Appendix 4.C.1) and we only require
reliable log(g) parameters, one isochrone is sufficient even if the cluster is much more
complex. We show the CMD in Figure 4.5. During the fit with SPEXXY, log(g) is fixed

Zhttps://github.com /thusser /spexxy
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to the value provided by the isochrone ranging from 0 to 6, the a-enhancement is kept
constant at [a/Fe]=0.3dex (similar to Latour et al., 2021), while Teg and [M/H] are
determined. SPEXXY also measures the line-of-sight (LOS) velocity, vios, for the observed
spectra. For that, we need initial values, which we get from a first cross-correlation with
templates before starting the run with SPEXXY. If the result of the cross-correlation is
not good enough, and we obtain 7. < 4 from the r-statistics (Tonry and Davis, 1979), we
set the initial value to 234kms™!, which is the mean LOS velocity of the whole cluster
(Baumgardt et al., 2019b).

For the spectral fit, we use the whole wavelength range of the MUSE spectra, excluding
only the NaD line or AO region (578 nm — 599 nm) and any other bad pixels identified.
Four example spectra are shown in Figure 4.6 together with their best-fitting template
spectrum in red. The light red shaded areas are the masked regions excluded from the
fit. In addition, the SNR is also determined by SPEXXY from the fit residuals providing
a good indicator of the quality of the data.

MS: SNR=13.0, [M/H]=-1.21 dex, viocs=254 km/s, Ter=5861 K, log(g)=4.66 dex BS: SNR=50.6, [M/H]=-1.87 dex, vios=241 km/s, Te=7103 K, log(g)=4.32 dex

Observation Model Mask —— Residuals Observation Model Mask —— Residuals
x103 x10*

N

=

w
I

Flux [erg s"'cm—2A~1]

Flux [erg s~*cm—2A-1]
N w

1

| MWW
B ™
s oo oo

5000 6000 7000 8000 9000 "~ 5000 6000 7000 8000 9000
Wavelength A[A] Wavelength A[A]
(a) Main sequence star (b) Blue straggler star
RGB: SNR=96.3, [M/H]=-1.54 dex, Vios=207 km/s, Ter=4741 K, log(g)=1.16 dex SGB: SNR=37.5, [M/H]=-173 dex, vis=228 km/s, Terr=5871 K, log(g)=3.87 dex
Observation Model Mask Residuals Observation Model Mask Residuals
x10° x104
M "'4\ mr 3.0
7 m’tﬁ"«““«”m\ l ’M‘ ﬂ)
o i f 25 A
s <
6 w ‘ 3 [ m
S I “‘ §20
' sﬁ | | ' (
o ’ o
3 315 !
x 4 x M
= 3
w 'S
3 1.0 ‘
x10° ‘ | 2><1l)3 I ‘
} ! | ‘ |
omww»ww e . WW
-5 } i ! ‘
L || 1 -2
5000 6000 7000 8000 9000 5000 6000 7000 8000 9000
Wavelength A[A] Wavelength A [A]
(¢) Red giant branch star (d) Subgiant branch star

Figure 4.6: Example Spectra. (a.)-(d.); Spectra of stars at different stages of evolution plotted in
black, with best-fitting SPEXXY models in red. The light red shaded areas are the excluded/masked regions
during the fit; note that the RGB star (d.) is observed with AO and the NaD line is blocked. The bottom
panels show the data-model residuals in blue. We note that the deep broad absorption features at 6800
and 7600 A are telluric features that are fit by SPEXXY along with the stellar properties. The best-fitting
parameters for SNR, [M/H], vios, Tes s, and the log(g) value are given on top of each spectrum.

In summary, with SPEXXY we derive values for [M/H]|, vios, Terr, SNR, telluric param-
eters and their statistical errors. However, the results for stars lying further away from
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the isochrone (e.g., blue stragglers sequence (BSS) or asymptotic giant branch (AGB))
that is used to provide the log(g) values have to be considered biased. Hence, for stars
not lying on the main isochrone, i.e. stars indicated with orange dots in Figure 4.5, we
rerun SPEXXY allowing the log(g) parameter to vary freely during the fit. These stars
are either not following the main CMD track (this might be nonmember stars or have
unreliable photometry measurements from HST') or belong to the BSS or AGB. For stars
that could be BSS/AGB or be part of the main CMD track, we keep both sets of values
with free and fixed log(g). These are the orange dots that lie on top of the black dots
in Figure 4.5. This increases the number to 356,065 measurements due to the duplicates
added from the overlap regions.

For further analysis, we do not include the horizontal branch (HB) stars, indicated
as purple dots in Figure 4.5. Stars hotter than ~11,000 K have chemically peculiar
atmospheres due to diffusion and require dedicated model atmospheres for proper analysis
(see Latour et al., 2023). The analysis of the HB stars included in our GO data will be
presented elsewhere.

4.4 Analysis

In Section 4.3 we explained how we get a spectroscopic catalog from our MUSE data. This
catalog needs to be further analyzed to remove contamination from foreground /background
stars and to obtain robust measurements. Our overall goal is to keep as many stars as
possible in the catalog and provide all parameters needed to perform the relevant quality
cuts depending on the science case.

For our final catalog, we combine both the GO and GTO datasets. The GTO catalog
contains 795,944 measurements belonging to 75,416 unique stars (see Section 4.4.3). As
described in the previous section, the GO analysis followed that of the GTO data with
three main differences: (1) the GTO data have multiple epochs of observations as opposed
to a single epoch for the GO data, (2) the GTO use two HST catalogs for source positions,
the catalog created by Anderson et al. (2008) for the Advanced Camera for Surveys (ACS)
survey of Galactic GCs (Sarajedini et al., 2007) and the Anderson and van der Marel
(2010) catalog, and (3) during SPEXXY fits the log(g) for the BSS in the GTO data set
was kept fixed to 4.2 dex, while we fit for log(g) for these stars.

4.4.1 Reliability Parameter

To have one overall parameter evaluating the quality of the derived LOS velocities, we
calculate a reliability parameter R, as explained in Section 3.2 of Giesers et al. (2019):

R = (QRSNR + 1ORCC + R + BRU + QREU

5 Ry per)/23. (4.1)

€vce

The different components can be either false (0) or true (1), allowing the range of R to be
from 0 to 1 with higher values being more reliable than lower ones. The first component,
Rgsnr, is an SNR cut, while the other parameters are different checks of the credibility
of the LOS velocity calculations. In detail, they check the quality of the cross-correlation
(Ree), if the cross-correlation and the full-spectrum fit uncertainty are plausible (R, . &

R.,) if the full-spectrum fit velocity is agreeing with the expected cluster or foreground
velocity and with the cross-correlation (R, & Ry—ycc)-
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First, we consider a minimum SNR of 5 to be reliable:
Rsnr = SNR > 5. (4.2)

That is, however, not our suggested SNR cut for the whole catalog, which should be
higher (Section 4.4.7), but only for the velocity calculation which does not need that high
SNR. In addition, we use the FWHM result from our cross-correlation and the r-statistics
(Tonry and Davis, 1979) to check the quality of the cross-correlation which gave the initial
LOS velocities for the fit with SPEXXY:

Ree =71 >4 & FWHM > 10 A. (4.3)

Further, a plausible velocity uncertainty of 0.1kms™! for the velocity from SPEXXY and
from the cross correlation is required:

1

R., =€, >0.1kms"

R. = é€pee>0.1kms™ (4.5)

€vce

Additionally, the velocity output from SPEXXY should be plausible. This means that
it should match the velocity of either the cluster or the Galactic field stars. Hence, the
values are checked to be within 3 o of the cluster velocity and the cluster dispersion, v, =
(232.7 4+ 0.2)kms™! and 04 = 17.6kms™! (Baumgardt and Hilker, 2018), or that they
agree with the foreground stars. For the cluster membership, we calculate:

v — vyl

Ry, = <3 (4.6)
\/612; + (Ucl + EUCI)Q + a?

With a being 30kms™! which is added to the broadening to account for the orbital
motions of binary stars, as their measured velocities would not necessarily be covered by
the cluster distribution. For the foreground stars:
v—0Fkm s™!

| | <3, (4.7)

R,, = >
* /2 + (50 km s71)2

with 50kms™! being the estimate for the foreground stars from the Besancon model
(Robin et al., 2003) used in Section 4.4.4. The total R, is true if at least one of the
R, , is true. Similarly, a maximum 3 o difference is allowed between the cross-correlation
results and the final SPEXXY results, while allowing a maximal velocity error of 40 km s™*
for the cross-correlation:

dv—veel g (4.8)
Ve + e,

We include the total R parameter for all stars in the catalog.

Rv:vcc =

4.4.2 Error Analysis

To get a better understanding and estimate of the errors on our fitted parameters, we use
stars with multiple observations (see Section 4.4.3), allowing us to compare the different
results we get for the same star, similar to Husser et al. (2016) and Kamann et al. (2018).
From that, we can compare the statistical uncertainty we get from the spectral fitting
routine with the scatter from the repeat measurements. This allows us to estimate how
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Table 4.1: Error Analysis

Dataset a b Maximum scaling Minimum scaling Maximum Minimal
Parameter Model/Data Model/Data fractional residual fractional residual
GO [M/H] | 0.887 0.007 1.644,/1.938 1.401/1.200 0.179 0.226

GO vies -0.143  0.062 2.819/2.943 1.229/1.351 0.243 0.186

GO Teg 1.791  -0.003 1.639/1.701 1.292/1.213 0.279 0.169

GTO [M/H] | 0.866 -0.002 1.359/1.402 1.293/1.246 0.071 0.051

GTO vies | -0.137  0.009 1.354/1.346 0.979/0.982 0.022 0.021

GTO Teg | 1.463 -0.014 1.521/1.596 0.976/1.137 0.209 0.125

The dataset and parameter used for the error analysis; column 2, and column 3, are the best fitting parameters for the
first order polynomial, g(x) = a + b-x, where x the SNR and y the 02(Ay). Columns 4 and 5 are the maximum/minimum
scaling we get from our best fit and what the actual data have; columns 6 and 7 are the Maximum and Minimum fractional
residuals, which are always under 30 %.

accurate the errors from the spectral fitting routine are, and any scaling factor needed to
correct them. We do this analysis for our main results from SPEXXY: the metallicity, line-
of-sight velocity, and effective temperature, using only the individual measurements used
to compute the mean parameters, as described in the following section (Section 4.4.3), for
the error analysis.

We calculate:

Yi — Yj i ]

[e2 4 2
€ + €

where y;, y; are the different results we get from SPEXXY (where y = [M/H], vios or Teg)
for the same star in two different observations, and ¢;, €; are their SPEXXY errors. Some
stars are in more than two observations (maximum in 4 for the GO data, 66 for the GTO
data) so we calculate Ay for each combination of different results, giving us 24,216 values
for the GO dataset and 2,016,633 for the GTO.

Afterward, we bin all Ay values in SNR bins depending on the mean SNR of the
two measurements, SNR; and SNR;. We defined the SNR bins so that for the GO and
GTO data, the statistics of no SNR bin can be dominated by just one star with multiple
measurements if placed in the same bin. In the bottom panel of Figure 4.7 we show the
maximum percentage of counts (f = max[counts one star|/total number counts, per bin)
one star has in each bin, whereas for the GO data it is always below 5 % and for the GTO
below 10 %. The distributions of Ay in each of the SNR bins, if the SPEXXY errors are
accurately estimated, should be a Gaussian with 0 = 1 and the mean at 0.

In Figure 4.8 we show an example of the cumulative distribution function (CDF) for
the metallicity errors before any correction (black solid line) in comparison to a normal
distribution (red line). We find that, as in this example for SNR > 10, the SPEXXY errors
typically are underestimated relative to the repeat measurements, which are a better
estimate of the true errors. We, therefore, multiply the SPEXXY errors by a scaling factor,
v/ 1+ g(SNR), to get more accurate errors for each star. After applying the scaling of
the errors (see next paragraph), the cumulative distribution of the repeat measurement
A[M/H] (black dashed line) follows the normal distribution.

If we plot the variance o2 (o calculated as half of the difference between the 15.86
percentile and 84.14 percentile) of this distribution as a function of SNR, we can see that
o2 is higher than 1 towards larger SNR, see Figure 4.7. We can describe this trend using a
simple function, y = 1 4+ g(x), with g(x) being a linear function, to get an estimate of the
error correction needed as a function of SNR. We exclude the SNR bins below 10 for the
fitting of the line. In Table 4.1 we list the best fitting parameters for the scaling relation
and the values for the maximum and minimum scaling for SNR > 10. To quantify how

Ay = (4.9)
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measurements in each bin, making sure the statistics in each bin are not the result of only one star.
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accurately the linear function captures the repeat measurement data, we also include the
maximum,/minimum fractional residual to this fit (e.g., the fractional error on the point
that lies farthest from the line in Figure 4.7).

The derived scaling functions are then applied to all data according to their SNR. The
mean scaled errors for 40 < SNR <60 are €,, , = 3.11km s~h €T, = 36K and €y =
0.057 dex. These new, scaled errors are more accurate estimates of the true errors and
hence we will always use them in the following analysis.
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4.4.3 Combining Multiple Measurements

The next step is to combine measurements for each observed star. Due to the multiple
epochs of observations in the GTO data, each star has been observed multiple times, and
the spectra were analyzed independently, such that the 795,944 measurements belong to
75,416 unique stars. For the GO data, only stars in the overlap regions of the different
pointings (green and yellow regions in Figure 4.2) have been observed more than once,
with 303,822 unique stars out of the 356,065 measurements. In addition, there are also
overlapping regions in the GTO and GO data where stars are in both datasets.

To combine multiple measurements of stars, we do a mean calculation for both datasets
together after scaling the errors. First, we require the measurements to have a successful
SPEXXY fit, meaning a fit to the templates could be performed without problems and
the final parameters are not close to their limits set for the fit. These cuts leave us with
744,344 GTO measurements and 335,834 GO measurements.

For stars with multiple measurements, we then calculate the mean values using a subset
of measurements selected in a procedure based on their reliability value (Section 4.4.1),
magnitude accuracy from the spectral extraction, the distance to the edge of the detector,
and an SNR cut. We use a threshold reliability value of 0.5, and magnitude accuracy
<0.6 (the relative accuracy of the magnitude from the extracted spectrum vs. the HST
catalog). We continue with measurements that meet these thresholds, or if there are none
for a single star, we keep all measurements for the next steps in the combination.

Next, to use comparable measurements in the mean calculation, we first find the
highest SNR, spectrum and check if it is at least 5pix (1”) away from the edge of the
pointing. If it is, we consider it the best measurement for the given star. If it is not, we
check the second-highest SNR spectrum and set that as the best measurement or, if it is
also too close to the edge, we return to the highest SNR spectrum as the best measurement.
Having found the best measurement, we require all remaining measurements to have at
least half the SNR of the best measurement or in general higher than 20, at least as good
of an extraction quality flag as the best, and if the best measurement was more than
5 pix away from the edge, the other measurements have to be, too. The measurements
that pass these tests are in general comparable to the best measurement and are used to
calculate the mean measurements for a given star. If there is only one measurement, then
that is used as a single entry for that star.

For the mean calculation of [M/H], vj,s and Teg we calculate the inverse-variance
weighted mean, using the scaled errors (see Section 4.4.2):

Eiyi/ fgz’
i1/ fgi

| 1
= = 4.11
€sj le/egz ( )

€sy 1s the error to the inverse-variance weighted mean, similarly, we calculate the com-
bined not scaled SPEXXY errors. The scaling factor and SNR are normal unweighted
mean values, while for the quality parameters: distance to the edge, magnitude accuracy,
extraction quality flag, and reliability parameter, we keep the minimum value (maximum
for the extraction quality flag) included in the combined value. For the log(g) parameter
we give the unweighted mean value, indicating if it was kept fixed or free during the fit,
if we used both free/fixed we give both means.

j = (4.10)

70



Chapter 4 — MUSE Spectroscopy of w Centauri Section 4.4

This leaves us with a combined catalog of 342,796 unique individual stars with physical
parameters. We describe recommended quality cuts for using this catalog further in
Section 4.4.7. We match this catalog with the HST catalog by Anderson and van der
Marel (2010), but note that 1432 stars in the GTO data which were extracted using the
Anderson et al. (2008) catalog could not be matched; these stars are included in the
catalog without Anderson and van der Marel (2010) magnitudes.

4.4.4 Membership

To decide which stars likely belong to w Cen, we assign the stars a membership probability
Py that we can use to exclude foreground or background stars belonging to the Milky
Way. We determine this probability using the python package cLUMPY® (Kimmig et al.,
2015) which is based on Walker et al. (2009). This code can use either radius (r) and
velocity only for the estimate or can include another parameter, like the metallicity, to get
the membership probability. As a foreground velocity distribution, we use the Besancon
model (Robin et al., 2003)* with 1° on each side centered on w Cen and the model
maximum absolute velocities are reaching up to 500 kms™.

71 100
6 98
5 96
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g 92 &
53] =
. &
90
2,
88 Figure 4.9: Membership Probabil-
1) ities Using Radius and Velocity
for a SNR>10. The stars’ radial dis-
86 tances to the cluster center (r) in ar-
0/ cminutes are plotted against their line-
: : : of-sight velocities. The points are color-
—200 0 _1200 coded according to their membership
Vioslkm s™*] probability, yellow being 1.

The package uses an iterative maximization technique to get the probability and the
systemic velocity and dispersion. Three separate memberships are going into the to-
tal membership probability including information about radius, velocity, and the fore-
ground model: i) the probability of being a member which assumes that the stars follow
a Gaussian velocity distribution centered on the mean velocity of the cluster, ii) the non-
membership probability including the Besangon model information assuming a velocity
dispersion of 20 km s™!, and iii) the probability depending on the radius assuming a radial
decrease in membership. After every iteration, the mean velocity, velocity dispersion, and

3https://github.com /bkimmig/clumpy
4https: //model.obs-besancon.fr/ws/
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probability are updated until they converge. We perform 50 iterations and the initial
values are 0.5 for the probabilities and 4kms~! for the central dispersion of the cluster.
The membership output for SNR > 10 is shown in Figure 4.9 when using only velocity
and radius from the center (RA, = 13:26:47.24 and Dec, = -47:28:46.45, Anderson and van
der Marel, 2010) as input. We clearly can see the separation between the foreground stars
and the members (over 95 % probability) in the velocity radius plane, with 98.8 % (338,531
stars) of stars being members and only 1.2 % (4266 stars) not. We choose to use the
membership that does not include metallicity information for the following analysis since
the [M/H] distribution of the cluster is too broad and hence not that easily distinguishable
from the foreground. We note that 117 stars have no membership probability since their
velocity exceeds the 500 km s~ from the foreground model, however, these stars have low

SNR (< 5).

4.4.5 Atomic Diffusion Correction

In the left panel of Figure 4.10 we show the CMD of our full MUSE catalog with each
point colored by its metallicity [M/H]. The stars near the main sequence turn-off (MSTO)
seem to be more metal-poor than stars falling directly above and below this region. A
similar offset in metallicity was seen by Husser et al. (2016) in NGC 6397, who find a
~0.3 dex variation in the mean metallicity along the MS, with the lowest metallicity at
the turn-off. Other analyses have also found a decrease in the observed metallicity (up to
0.25 dex, King et al., 1998) (in M92/NGC 6341) compared to stars of the same population
along the MS and subgiant branch (SGB).

This shift can be explained by several internal transport processes including atomic
diffusion (gravitational settling of heavier elements), thermal diffusion, radiative acceler-
ation, and turbulent mixing (VandenBerg et al., 2002). For stars evolving through the
MSTO, heavier elements begin to sink below the outer layers of the star causing them
to be undetectable via spectroscopy. The consequence is that the observed metallicity of
these stars is lower than the abundance they were originally born with. Once a star enters
the SGB, convection in the outer layers begins and heavier elements are then dredged up
to the surface where they are once again observable. Therefore, these stars no longer
exhibit the offset in metallicity attributed to atomic diffusion. It is also noted in Korn
et al. (2007) and Nordlander et al. (2012) that this phenomenon has a larger effect on
extremely metal-poor stars, which is where we also see the greatest offset. We note that
hereafter we refer to our correction for these effects as an “atomic diffusion correction”
(ADC).

To correct for this effect on our metallicity measurements, we use MIST isochrones
(Dotter, 2016; Choi et al., 2016), which take into account atomic diffusion. We use the
distance modulus for the isochrones and apply extinction and reddening corrections to our
photometry. Specifically, we assume A, = 0.372 mag (Harris, 1996; Bellini et al., 2017c)
and use the values for A, /Ay of 1.34148 and 0.85528 for F435W and F625W respectively®,
giving us Ay 435 = 0.499 mag and Aj g5 = 0.318 mag. We then subtract A, from the
relevant magnitudes to obtain our corrected photometry.

We use a series of isochrones with Age = 10 Gyr and —4.0 dex < ([Fe/H]) < 0.5 dex.
We increase the CMD coverage of the MIST isochrones (which are available in steps of
0.5 to 0.25 dex in metallicity) by interpolating between equivalent evolutionary points
to generate isochrones between the given models. We then iterate this process until we

5Obtained from http://stev.oapd.inaf.it /cgi-bin/cmd, Girardi et al. (2008).
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Figure 4.10: Atomic Diffusion Correction. Top left: CMD of all stars with HST photometry colored
by their metallicity. Top right: A grid of the median metallicity correction when considering isochrones
that model atomic diffusion. Bottom: CMD of all stars from the top left panel, now with the relevant
atomic diffusion correction applied. Stars with SNR < 10 and less reliable photometry are plotted with
transparency in each panel.

obtain good coverage across the CMD and a metallicity precision of 0.03 to 0.06 dex.
For each interpolated isochrone, we calculate the difference between its overall metallicity
and the surface metallicity at each point along it. We grid these differences in the CMD
using color bins of 0.05 mags and F625W bins of 0.12 mags, finding the median correction
in each bin. To derive the atomic diffusion (AD) correction for individual stars, we
interpolate within this 2D grid of corrections. The bottom panel of Figure 4.10 shows
that these corrections shift the metallicities the most in the MSTO region, while the right
panel shows that applying the AD correction narrows the spread in mono-metallic tracks
along the full CMD. We also plot the [M/H] distribution of the RGB stars vs. the MSTO
(see Figure 4.11). To aid more direct comparison, we also plot the [M/H] of the RGB
with "MSTO-like” errors (meaning for each RGB star we randomly sample a MSTO star
error then resample the given RGB metallicity from a Gaussian with a sigma equivalent
to the new error. Because RGB metallicities are more well-measured, this demonstrates
the overall spread in RGB metallicities if they had the same uncertainties as fainter
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MSTO stars). Before the correction, it is clear that the MSTO stars are shifted to lower
metallicities by ~ 0.2 dex while after the correction the distributions are significantly
more consistent, as expected.

Using atomic diffusion corrected metallicities allows us to group stars across the CMD
by their birth metallicity, not their observed atmospheric metallicity. This enables us to
more accurately group stars with similar abundances and better understand the processes
that enrich each population. We include both the raw and atomic diffusion corrected
values for the metallicities in our catalog and we use the corrected values in all analyses
forthcoming.

4.4.6 Perspective rotation

Figure 4.12:  Perspective Rota-
tion. The figure shows the position of
the data color coded with the perspec-
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w Cen takes up a large angle on the plane of the sky. Therefore, there is a non-
negligible apparent rotation caused by the different projection of the space motion at
different positions in the sky. This is known as perspective rotation (van de Ven et al.,
2006a). To correct for it we need to subtract from the line-of-sight velocity the perspective
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rotation term:

vy [km 871 = 1.3790 - 107% - D -
(—=ARA - cos(Dec) - ups + ADec - pi537,) (4.12)

with the distance to the center of the clusters ARA, ADec in units of arcmin (RA:
right ascension and Dec: declination), distance to the cluster D = (5.43 =+ 0.05) kpc
(Baumgardt and Vasiliev, 2021), proper motion in RAu7y = (3.25 & 0.022) mas yr~! and
proper motion in Dec ujye. = (—6.746 £+ 0.022) mas yr~! from Vasiliev and Baumgardt
(2021).

The resulting velocity calculated with Section 4.4.6 is shown in Figure 4.12, and the
maximum value for the perspective rotation in our dataset is 0.35kms™1.

4.4.7 Catalog

Having performed all the data reduction, stellar spectra extraction, and analysis steps
described in Section 4.2, 4.3 and 4.4, we have a final spectroscopic catalog with 342,797
stars (GTO: 58,143, GO: 272,633 and combined GO/GTO: 12,021). All the parameters
given in this catalog are described in Appendix 4.E and the SNR of the stars in the
CMD is shown in Figure 4.13. The catalog is published together with this work in a
machine-readable format.
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Figure 4.13: SNR in the Catalog.
241 . ‘ . ‘ 0 The CMD of the stars in the catalog
0 1 2 3 color coded with their SNR as calculated
Meassw — Mrs2sw [Mag] from SPEXXY.

Since 1432 GTO stars are not in the Anderson and van der Marel (2010) catalog, they
do not have magnitudes in the F625W and F435W filters, and therefore no ADC could
be performed. We will update the ADC for these stars in a subsequent paper using a new
HST catalog (Haberle et al., 2024a) that includes new data acquired under the program
GO-16777 (PI: A. Seth).

Our catalog has no quality cuts, as each science case can decide the best cuts for its
own purpose. However, the quality cuts we suggest are as follows:

e Membership probability: Py > 95 %

e Magnitude accuracy during extraction with PAMPELMUSE > 0.6
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e Reliability: R > 0.5
e Distance to MUSE IFU edge: > 5 pixel (1”)
e Signal-to-Noise ratio: SNR > 10 (see Appendix 4.B and Appendix 4.D).

The above cuts yield 156,871 stars and of these, only 143 GTO stars lack photometry in
the Anderson and van der Marel (2010) catalog. These 156,871 stars have a mean metal-
licity error of 0.15 dex, a median vy, error of 6.26 kms™! and a median T.g error of 102 K.
In more detail, the mean metallicity error for MS stars (18 mag < magpgesw <22 mag)
is 0.174 dex and for RGB stars (16 mag < magpgosw <10mag) 0.031 dex. We decided
on these cuts to have reliable results but still keep as many stars as possible, stricter
cuts will give smaller uncertainties. The SNR cut of 10 is consistent with all our tests in
Appendix 4.B, Appendix 4.C and Appendix 4.D, which show that below that value biases
because of different assumptions and setups can play a role. The distance to the edge is
chosen to verify that the stars are not outside or exactly at the edge of the IFU where
only part of the starlight can be extracted. The other parameters are reasonable cuts for
the extraction accuracy, reliability, and membership, but stricter cuts can be applied for
higher precision.

Additionally, the median systemic LOS velocity, corrected for the perspective rotation
and sign the above quality cuts, is vi,s = (232.99 £+ 0.06) km s~ with the error found
using bootstrapping and even without the reliability quality cut the result does not change.
This value is close to previous values, e.g., (232.7 + 0.2) km s~! Baumgardt and Hilker
(2018) using ESO/VLT, Keck spectra, and literature values, being just slightly out of the
lo range, while (234.28 + 0.24) km s™' Baumgardt et al. (2019b) where they used Gaia
DR2 data, which due to crowding do not have many stars in the central region where we
observe, being outside of the 3 ¢ range due to the small errors.

One should note that these are quality cuts based on our spectroscopic analysis, while
the photometry and astrometry are added from the HST catalogs (Sarajedini et al., 2007;
Anderson and van der Marel, 2010). We are preparing a new astrometric and photometric
catalog (Héberle et al., 2024a) that will provide updated values for the magnitudes and
positions.

4.4.8 Literature Comparison

In this subsection, we present a first comparison of our findings with previous works. For
the comparison, we use other previous studies that use spectroscopic data and not just
photometry.

To compare our [M/H] values from SPEXXY (without AD correction) to literature
values for [Fe/H] from RGB stars (e.g.,: Johnson and Pilachowski, 2010; Johnson et al.,
2020) we need to transform [M/H] to [Fe/H] values. We use the following formula (Salaris
et al., 1993):

[Fe/H] = [M/H| —log(0.638 - 10177l 1 0.362) (4.13)

with [a/Fe] set to 0.3 in SPEXXY. This transformation accounts for the contribution of
the assumed « enhancement to our assumed [M/H] values, while the literature values
derive separate abundances for several a elements (Johnson and Pilachowski, 2010).

We match the Johnson and Pilachowski (2010); Johnson et al. (2020) catalogs to ours
using only the brightest stars (F625W < 14 mag) by finding the closest star that is no
more than 1” away, to find real matches but not have too strict criteria and eliminate
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Figure 4.14: Comparison to Literature Values. On the left is the [Fe/H] distribution for the
Johnson and Pilachowski (2010); Johnson et al. (2020), the black solid line, and from the MUSE results,
the black dashed line, for all the matched stars in both catalogs. In red is the [M/H] distribution for the
matched stars of the Mészdros et al. (2021) data, solid line, and the MUSE data. On the right, we plot
the literature values against the difference between the two [Fe/H] or [M/H] values. The black dashed line
indicates where both values agree.

matches due to slight offsets in the coordinates. The [Fe/H] of the 524 matched stars
are shown in Figure 4.14. The measurements are strongly correlated with a mean offset
between them of 0.03 dex and a scatter of 0.17 dex, with the literature values being
slightly more metal-rich but still close to zero showing no strong systematic offset and
the scatter representing the statistical discrepancy. We note that our matching criteria
and differences in astrometry could result in some mismatched stars. Unfortunately, this
cannot easily be improved using photometry, as there are no common filters between the
catalogs. In addition, we do not find as low metallicity stars as in Johnson et al. (2020),
which seem to have the biggest deviation from our data.

Further, we also match our [M/H] values to the metallicity from Mészéros et al. (2021)
where they used APOGEE measurements. Since, most of the spectroscopic surveys, like
Gaia and APOGEE, have problems with crowding in the central cluster region where we
observe, there is almost no overlap. However, we could match 74 stars, and the results
are also shown in Figure 4.14. The measurements have a mean offset between them of
0.06 dex and a scatter of 0.28 dex.

4.5 Conclusion

In this work, we present an extensive catalog of stars obtained with 87 new MUSE point-
ings plus the already existing 10 WFM and 6 NFM GTO pointings for w Cen, covering
out to the half-light radius.

We describe the data and the analysis steps used to create the final catalog of stars.
First, we reduce the data and extract individual spectra of stars using PAMPELMUSE
(Kamann et al., 2013). Afterward, we use the spectral fitting routine SPEXXY to measure
the LOS velocities, effective temperatures, and metallicities of these stars. We perform
multiple tests including exploiting a large number of repeated measurements to verify our
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results. We provide several parameters to quantify the reliability of the results and also
include several necessary corrections to our measurements. We end up with 342,797 stars
after all of our analysis steps without any quality cuts. However, for most use cases we
suggest several quality cuts: SNR > 10, membership probability Py > 0.95 %, Magnitude
accuracy > 0.6 mag, distance to the IFU edge > 5 and Reliability R > 0.5. Thus, 156,871
stars meet all these criteria.

Finally, we do a first analysis of the metallicity distribution comparing it to previ-
ous works and find that they are consistent with our findings and calculate the median
systematic LOS to be vi,s = (232.99 £ 0.06) km s™'. A more detailed analysis of the
metallicities (see Chapter 5) as well as the LOS velocity information (see Section 6.1.1)
will be presented in the following chapters.

In the Appendix, we include further information and elaborate on checks we performed
on our data.

Appendices
4.A Data Conditions

Since our data were taken over an extended period of longer than a year, the atmospheric
conditions were also varying. In Table 4.2 we summarize the conditions and observing
date of the individual GO pointings used in this analysis. We requested an airmass less
than 1.4 and seeing below 0”.8, which were almost always fulfilled.

Table 4.2: Observing Conditions

OB Date Average Airmass Average Seeing
1.1 17 February 2021 1.263 0.897
1.2 17 February 2021 1.246 0.777
1.3 17 February 2021 1.204 0.733
1.3 2 September 2022 2.144 0.577
2.1 16 March 2021 1.102 1.203
2.2 16 March 2021 1.092 1.133
2.3 16 March 2021 1.087 1.357
3.1 16 March 2021 1.088 1.097
3.2 16 March 2021 1.093 1.127
3.3 16 March 2021 1.103 1.360
4.1 8 April 2021 1.096 0.433
4.2 8 April 2021 1.089 0.500
4.3 8 April 2021 1.086 0.470
5.1 14 March 2021 1.088 1.140
5.2 14 March 2021 1.094 1.110
5.3 14 March 2021 1.103 1.133
5.4 14 March 2021 1.116 1.273
6.1 8 April 2021 1.088 0.503
6.2 8 April 2021 1.093 0.527
6.3 8 April 2021 1.101 0.497

S0B 1.3 was observed twice since it had a wrong offset causing a gap in our dataset.
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OB Date Average Airmass Average Seeing
6.4 8 April 2021 1.113 0.547
7.1 18 May 2021 1.209 0.567
7.2 18 May 2021 1.180 0.547
7.3 18 May 2021 1.155 0.553
7.4 18 May 2021 1.135 0.450
8.1 18 May 2021 1.089 0.59
8.2 18 May 2021 1.086 0.573
8.3 18 May 2021 1.087 0.687
9.1 30 June 2021 1.088 0.883
9.2 30 June - 1 July 2021 1.093 0.907
9.3 1 July 2021 1.101 1.147
94 1 July 2021 1.113 1.163
10.1 4 July 2021 1.106 0.937
10.2 4 July 2021 1.119 0.877
10.3 4 July 2021 1.119 0.843
10.4 4 July 2021 1.157 0.840
11.1 31 March 2022 1.295 0.62
11.2 31 March 2022 1.253 0.540
11.3 31 March 2022 1.217 0.50
114 31 March 2022 1.186 0.4340
12.1 9 February 2022 1.325 0.557
12.2 9 February 2022 1.279 0.677
12.3 9 February 2022 1.239 0.637
12.4 9 February 2022 1.206 0.700
13.1 9 February 2022 1.171 0.507
13.2 9 February 2022 1.148 0.703
13.3 9 February 2022 1.128 0.563
13.4 9 February 2022 1.113 0.693
14.1 9 February 2022 1.099 0.723
14.2 9 February 2022 1.091 1.020
14.3 9 February 2022 1.087 0.650
14.4 9 February 2022 1.085 0.780
15.1 10 February 2022 1.250 0.653
15.2 10 February 2022 1.215 0.727
15.3 10 February 2022 1.184 0.823
15.4 10 February 2022 1.159 0.597
16.1 10 February 2022 1.133 0.740
16.2 10 February 2022 1.117 0.600
16.3 10 February 2022 1.103 0.433
16.4 10 February 2022 1.094 0.897
17.1 27 February 2022 1.358 0.350
17.2 27 February 2022 1.308 0.307
17.3 27 February 2022 1.265 0.293
174 27 February 2022 1.228 0.250
18.1 27 February 2022 1.090 0.387
18.2 27 February 2022 1.086 0.413
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Continued
OB Date Average Airmass Average Seeing
18.3 27 February 2022 1.086 0.357
18.4 27 February 2022 1.089 0.520
19.1 27 February 2022 1.100 0.437
19.2 27 - 28 February 2022 1.147 0.463
19.3 28 February 2022 1.201 0.500
19.4 28 February 2022 1.173 0.627
20.1 28 February 2022 1.143 0.493
20.2 28 February 2022 1.125 0.397
20.3 28 February 2022 1.110 0.380
20.4 28 February 2022 1.100 0.380
21.1 28 February 2022 1.360 0.413
21.2 28 February 2022 1.087 0.453
21.3 28 February 2022 1.087 0.373
21.4 28 February 2022 1.091 0.307
22.1 2 March 2022 1.379 0.640
22.2 2 March 2022 1.326 0.517
22.3 2 March 2022 1.280 0.567
224 2 March 2022 1.241 0.877
23.1 2 March 2022 1.114 0.487
23.2 2 March 2022 1.102 0.493
23.3 2 March 2022 1.094 0.437
23.4 2 March 2022 1.089 0.463

The observing conditions for all GO observations used in our work. OB: the name/numbering
of the individual pointings, Date: the date of observation, average airmass: the mean airmass
at the start of each of the three rotated exposures, and average seeing: the mean seeing at the
start of the three rotated exposures for one OB. OB 1.3 was observed twice since the offset of
the pointing was not correct and created a gap in our continuous coverage.

4.B PampelMuse Tests

We verify that slightly changing the PAMPELMUSE setup, does not influence our results
for stars with SNR > 10. For these tests, we use two example pointings where a different
setting might have been more appropriate. First, we use a round PSF, fixing the ellipticity
to 0, for OB 15.3, since the free Moffat PSF we generally use, seems unnecessarily complex
as it is round anyway. For the second example, we use OB 21.2 and masked certain layers
in the wavelength range that appear to have something wrong with them, bad pixels
from the data reduction, since their values drop significantly compared to the rest of the
spectrum. The results show no significant difference in the SPEXXY output for an SNR >
10, even though the new setup should be better for these two cases. Therefore, we keep
the setup consistent for all OBs as described in Section 4.3.1.

4.C Surface Gravity log(g)

In this section, we investigate the bias we have due to the fixed log(g) parameter from
one single isochrone for most stars (see Section 4.3.3).
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Figure 4.15: Discrepancy between Spectral Parameters with Free and Fixzed log(g). (a.) The
one-to-one comparison between the [M/H] values, red line the 1 to 1 ratio, (b.)-(e.); The sigma deviations
for [M/H], vies, Togr and log(g). We divide the difference between the two results with the scale error in
our catalog, except for the log(g) where we take the SPEXXY error for the free log(g) run. The dashed red
line is at 0, the solid red lines at the 3 o limits, and the orange solid line is the median of all stars, while
the red shaded area is the SNR limit of 10.
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4.C.1 Free log(g)

First, we investigate how allowing log(g) to vary freely for all stars during the fit with
SPEXXY, would change our results. For that, we look at a subset of our data including
RGB and MS stars, which gives us a complete representation of the magnitude and SNR
range.

The deviations between the free and fixed log(g) fit are shown in Figure 4.15. Most of
the results are within the 3 o range for an SNR > 10. The deviations at high SNR are
because of the smaller errors at that level. We can see that all parameters tend to get
lower when the log(g) values are left free, but not as significant for [M/H] and v,s where
they almost all stay within the 3 o range. This also proves that the log(g) parameter does
not affect the metallicity calculation strongly.

4.C.2 Metal Rich Stars

0.2
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-0.2 . RSP SE
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o
((

New [M/H] [dex]

-0.8
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Figure 4.16: Metal Rich. On the left panel, the one-to-one comparison of the [M/H] is shown, with
the red solid line being the 1 to 1 ratio. On the right is the difference in log(g) between the two isochrones,
with the dashed line indicating no difference at all, the orange line the median difference of our data, and
the red shaded area the SNR limit of 10.

Since the cluster is known to have multiple populations, we know that one isochrone
for finding the log(g) is not ideal. To investigate the bias we have because of that, we test
one extreme population, the metal rich stars with [M/H]> —1 dex, and use a different
isochrone, more representative for them, and assign them new log(g) values.

In Figure 4.16 the [M/H] results are shown and the difference between the log(g).
In general, there seems to be just a small difference in log(g) even with a different
isochrone and a tight one-to-one correlation between the [M/H], reassuring us that the
exact isochrone used for the initial guesses and log(g) values is not that significant.

4.C.3 Literature log(g)

Using the matching between Johnson and Pilachowski (2010); Johnson et al. (2020) and
Mészaros et al. (2021) and our catalog, described in Section 4.4.8, we also compare our
surface gravity values with the literature. Almost all values are for a fixed log(g) from
the isochrone described in Section 4.3.3.
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The log(g) of the matched stars are shown in Figure 4.17. The measurements have a
mean offset between the Johnson and Pilachowski (2010); Johnson et al. (2020) of 0.18
dex and a scatter of 0.26 dex, with the literature values having slightly lower log(g) values.
With the Mészaros et al. (2021) values the mean offset is 0.04 dex and a scatter of 0.46
dex. This shows that even though our initial isochrone is not a perfect match for all
stars, because of multiple populations and binaries, it still gives reasonable log(g) values
since they are comparable to previous studies. In addition, the metallicity values also are
within the expected literature range (see Section 4.4.8) even though log(g) is fixed, hence
this is another indication that there is no strong effect, as already suggested in Husser
et al. (2016), and Kamann et al. (2016) and in Appendix 4.C.1, Appendix 4.C.2.
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4.D SNR Test

To make sure that we have no bias in our metallicity and velocity measurements for stars
with different SNR, we performed another test, adding different noise values to the spectra
and redoing the SPEXXY fit.

We selected randomly 147 spectra with SNR above 28 (being not on the HB) and
added Gaussian noise, creating 3999 spectra with SNR between 1 and the original SNR.
The difference between the original SPEXXY results and the new ones with more noise
increases as expected for lower SNR, and the output errors also increase. The o difference
as a function of the new SNR is shown in Figure 4.18. Almost all results are within the

3 o range for SNR > 10 and we do not see any bias towards higher or lower values for
lower SNR.

The o difference is calculated using the error directly from SPEXXY, if we also apply
the error correction as described in Section 4.4.2, the difference even decreases.

83



Section 4.F Chapter 4 — MUSE Spectroscopy of w Centauri

o([M/H])
o

0 50 100 150 0 50 100 150
SNR SNR

Figure 4.18: SNR Test. The left panel shows on the y-axis the o difference between the original result
and the different [M/H] results after adding noise to the spectra, and the z-axis is the new SNR with the
added noise. Similar for the right panel but for the vi.s values. The light red shaded areas indicate SNR
below 10, the red solid horizontal lines are the 3 o difference, the red dashed horizontal lines are at 0, and
the orange solid lines are the median values for our measurements as a function of SNR.

4.E. Catalog Columns

Table 4.3 lists all parameters given in the spectroscopic catalog described in this work.
The entries in the catalog are sorted by increasing radius from the center. The catalog
with all the data is publicly available as online material of the published paper Nitschai
et al. (2023).

e We present an extensive MUSE mosaic with 87 new fields for w Cen.

e We created a spectroscopic catalog with more than 300,00 stars out to the
half-light radius.

e We perform multiple tests of reliability and provide quality parameters to
quantify the reliability of the data.

e The mean metallicity error for bright RGB stars is 0.031 dex and for the
fainter MS 0.174 dex.

e The mean line-of-sight velocity of the cluster is (232.99 + 0.06) km s™'.

e This is the spectroscopic side of the huge data set (including photometry and
astrometry with HST') on which future studies for the cluster will be based.
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Chapter

SPATIALLY WELL-MIXED
POPULATIONS OF w CENTAURI

This chapter has been submitted as Nitschai et al. (2024) to Apd, formatting and small
text edits have been made to match this thesis. I conducted the scientific work with the
guidance of my supervisor and I wrote all of the text, with suggestions and corrections
from co-authors.

w Centauri, the most massive globular cluster in the Milky Way, has long been
suspected to be the stripped nucleus of a dwarf galaxy that fell into the Galaxy
a long time ago. There is considerable evidence for this scenario including a large
spread in metallicity and an unusually large number of distinct subpopulations
seen in photometric studies. In this work, we use new MUSE spectroscopic and
HS'T photometric catalogs to investigate the underlying metallicity distributions as
well as the spatial variations of the populations within the cluster up to its half-
light radius. Based on 12,850 member stars, the [M/H] distribution has a median
(—1.621 + 0.003) dex and a large spread of ~ 1.57 dex reaching from —0.66 dex to
—2.23 dex for 99.7 % of the stars. In addition, we show the chromosome map of the
cluster, which separates the red giant branch stars into different subpopulations,
and analyze the subpopulations of the metal-poorest component. Finally, we do
not find any metallicity gradient within the half-light radius, and the different
subpopulations are well mixed.
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5.1 Introduction . . . . . . . . . .. 88
5.2 Data . . . . . . e 89
5.2.1 Spectroscopic Data . . . . . . . ... oL 89
5.2.2 Photometric Data . . . . . . ... ... L 90
5.2.3 Quality Cuts . . . . . . ... 91

53 Results . . . . . . 92
5.3.1 Metallicity Distribution . . . . . . . ... ... 92
5.3.2 Chromosome Map . . . . . . . . .. . .. ... ... 95
5.3.2.1  Metallicity Dependency . . . . . . .. .. ... ... ... 96

5.3.2.2  The Metal-Poor Component and Its Multiple Populations 97

87



Section 5.1 Chapter 5 — Spatially well-mized populations of w Centauri

5.3.3 Spatial 2D Metallicity Distribution . . . . . . P ° <
5.3.4 Metallicity Gradients . . . . . . e . 100
5.3.4.1  Overall Cluster Gradlent C e . 100

5.3.4.2  Spatial Differences between Subpopulatlons e (0]

5.3.4.3 Differences in the Two Streams of [M/H| vs Aparsw rsiaw 102

54 Conclusion . . . . ... ... ... e C e e e oo 103
Appendices . . . . ... e . 104
5A Completness . . . . . .. . . ... ... .. .. ... .. 104
B [M/H] Bias . ... .. e 02
5C DetallsfortheChromosomeMap e P 015}
Take away points . . . . . . . ... ... e . 109

5.1 Introduction

The most promising candidate for a stripped nucleus in the Milky Way halo is w Centauri,
due to the complexity of its stellar populations (as mentioned in Chapter 2). It shows
multiple sequences in its color-magnitude diagram (e.g., Anderson, 1997; Bedin et al.,
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Figure 5.1: Footprint of Data Sets. In dark purple with the solid line is the footprint of the new HST
catalog (Haberle et al., 2024a) and in yellow with a dashed line is the MUSE spectroscopic catalog (Nitschai
et al., 2023) footprint. The light purple dotted contours show the area where we have a combined catalog
with 6 filter photometry from HST. The black circle is the half-light radius at 5 (Harris, 2010) and the
red x mark is the Anderson and van der Marel (2010) center. Background: Cut-out of a wide-field image
taken with the ESO/VST telescope (Image Credit: ESO/INAF-VST/OmegaCAM. Acknowledgement: A.
Grado, L. Limatola/INAF-Capodimonte Observatory, hitps://www.eso.org/ public/images/ eso1119b/ )
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2004; Bellini et al., 2010; Milone et al., 2017a) and has a large spread in metallicity (e.g.,
Freeman and Rodgers, 1975; Johnson and Pilachowski, 2010). In addition, the internal
kinematics of the cluster show the presence of a central stellar disk and a bias toward
tangential orbits in the outer parts (van de Ven et al., 2006a), counter rotation in the very
central region (Pechetti et al., 2024), and fast-moving stars in the inner 3 arcsec (Héberle
et al., 2024b) indicating the presence of an intermediate-mass black hole. Further, the
orbit of w Cen has been associated with the Gaia-Enceladus merger (Massari et al., 2019;
Pfeffer et al., 2021; Callingham et al., 2022; Limberg et al., 2022) ~ 10 Gyr ago (Helmi
et al., 2018). The star formation and assembly history of the cluster is still debated and
the claims for its populations age span vary from 2 — 3 Gyr (Hilker et al.,; 2004) up to
4 —5 Gyr (Villanova et al., 2007). Other studies have found models fully consistent with
a shorter star formation of 1 Gyr to 2Gyr (Joo and Lee, 2013). Finally, tidal material
associated with w Cen is directly seen (e.g., Majewski et al., 2012; Ibata et al., 2019, 2023)
which further strengthens the stripped nucleus scenario.

Almost all globular clusters host significant light-element abundance spreads within
them, following a basic pattern, a population with abundances akin to field stars, and one
or more anomalous populations, with varying enrichment in some elements (e.g., He, N,
Na) and depletion in others (e.g., C, O), but the specifics of each cluster are unique (see
the review by Bastian and Lardo, 2018). These abundance spreads are typical for old and
massive clusters and are known as multiple populations. However, abundance variations
in Fe and heavy elements are rare and only have been detected in more complex clusters
such as w Cen (Willman and Strader, 2012).

In our o MEGACat project, we study w Cen in great detail with the aim of exploring its
formation history and interactions with the Galaxy. To do that, we created a spectroscopic
catalog (see Chapter 4 and Nitschai et al., 2023) using MUSE, and a photometric and
astrometric catalog (Haberle et al., 2024a) using the HST up to the half-light radius of the
cluster (see Figure 5.1 for the coverage of each catalog). Here, we make use of these data
and investigate the metallicity information we have for the stars in w Cen. In Section 5.2
we summarize the observations used to create the catalogs and describe the quality cuts
used in this specific work. Then in Section 5.3, we present the full metallicity distribution,
the chromosome map, and we investigate any possible spatial variation of the metallicity.
Finally, in Section 5.4 we summarize and discuss our findings.

5.2 Data

5.2.1 Spectroscopic Data

A detailed description of the spectroscopic data used can be found in Nitschai et al. (2023).
In summary, the spectroscopic data were acquired with MUSE (Bacon et al., 2010, 2014),
a second-generation VLT instrument mounted on the UT4 at the Paranal Observatory in
Chile observing in the optical domain (480 nm— 930nm). The observations were carried
out between February 2021 and September 2022 in run 105.20CG.001 (PI: N. Neumayer)
and in addition, we also used the complementary MUSE guaranteed time observations
(hereafter “GTO data”). These data together have a full coverage out to the half-light
radius (4.65” or 7.04 pc, Baumgardt and Hilker, 2018) of the cluster.

For the analysis of the data we first extracted the spectra for the individual stars
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using PAMPELMUSE! (Kamann et al., 2013) and the HST catalog from Anderson and
van der Marel (2010). Afterward, we used SPEXXY? (Husser et al., 2016) to measure the
physical parameters of the stars such as effective temperature, metallicity, and line-of-
sight velocity. The observed spectra are compared to synthetic spectra from the Phoenix
library (Husser et al., 2013) with varying log(g), Teg, [M/H] while minimizing the x>
difference. During the fit with SPEXXY, log(g) is fixed to the value provided by the
isochrone from the PARSEC database (Marigo et al., 2017) used to estimate the initial
guesses, the a-enhancement is kept constant at [o/Fe|] = 0.3 dex, while T¢ss, [Fe/H] and
the line-of-sight velocity are determined.

In addition, we performed multiple tests to check for the robustness of our results,
which included an error analysis and membership determination, as well as necessary
corrections, like the atomic diffusion correction (ADC). For more details and the spectro-
scopic data themself, we refer to Nitschai et al. (2023) or Chapter 4.
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Figure 5.2: Color-Magnitude Diagrams. On the left is the full CMD of our combined data set
color-coded with the metallicity (with 145,565 stars). On the right side is a zoom-in on the red giant
branch. The black dashed line indicates the magnitude cut at mpgosw = 17 mag, stars above the line will
be used in this work. Note we use the new oMEGACat HST photometry (Hdaberle et al., 2024a) in the
plot.

5.2.2 Photometric Data

The detailed description of the photometric data is available in Haberle et al. (2024a)
(the data have the following DOI: http://dx.doi.org/10.17909/26¢j-g090) and here we
briefly summarize it. The astro-photometric part of the catalog is based on observations
with the HST spanning over 20 years and using the Advanced Camera for Wide Field
Channel (ACS/WFC), and the Wide Field Camera 3 UVIS Channel (WFC3/UVIS). The
data was obtained for various general observing and calibration programs, including a
new dedicated program (GO-16777, PI: A. Seth) aimed at providing complementary filter
coverage out to the half-light radius and additional epochs required for proper motion
measurements.

Thttps://pampelmuse.readthedocs.io/en /latest /about.html
Zhttps://github.com /thusser /spexxy
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The catalog contains both high-precision photometry spanning from the UV to the
near-infrared and proper motions for around 1.4 x 10° stars. The photometric mea-
surements were performed using techniques specifically designed to analyze crowded en-
vironments like the cores of GCs (see Bellini et al. 2017a for details). Six filters have
coverage over the full field (ACS/WFC: F435W, F625W, F658N; WFC3/UVIS: F275W,
F336W, F814W), in addition, the central region is also covered with multiple epochs of
the WFC3/UVIS F606W filter. The proper motions were determined using the tech-
nique established and improved in Bellini et al. (2014, 2018); Libralato et al. (2018) and
Libralato et al. (2022).

In Héberle et al. (2024a) an empirical correction for spatially dependent photometry
variations has been calculated for all seven filters, which is needed due to differential red-
dening and systematic zero-point variations caused by instrumental effects. When using
this HST photometry we add the correction for differential reddening and instrumental
effects to the magnitudes except where explicitly noted. The coverage for the combined
data catalog with 6-filter HST photometry is shown in Figure 5.1.

To combine the photometry from Héberle et al. (2024a) with the [M/H] values from
Nitschai et al. (2023), we perform an astrometric crossmatch between the two catalogs
using a matching radius of 40 mas (equivalent to approximately one WFC3/UVIS pixel).
In addition, we require a mag difference in the F625W and F435W filters of Amag<0.1
between the new photometry and the Anderson and van der Marel (2010) photometry
used for the extraction of the spectra. This leaves us with 307,112 matched stars out of
the total of 342,797 (or ~ 90 % of the stars) from the catalog published in Nitschai et al.
(2023).

5.2.3 Quality Cuts

As default, we assume the quality cuts for the spectroscopic catalog described in Nitschai
et al. (2023) (see Section 4.4.7), which are given as an extra flag in the catalog (‘Flag’).
In summary, we use stars with a minimum SNR of 10, >95 % membership probability,
and with a relative accuracy of recovered magnitude from spectrum extraction with PAM-
PELMUSE > 0.6. We also exclude stars near the edge of the field (< 5 pixel) and where
the cross-correlation for the velocity is not reliable. These cuts decrease the number of
stars from 342,797 to 156,871. The color-magnitude diagram (CMD) in the left panel
of Figure 5.2 shows 145,565 stars that fulfill these criteria and are matched to the HST
photometry as described in the previous section.

As discussed in Nitschai et al. (2023) the above cuts are a compromise that allow us
to keep a high number of stars with reliable measurements. Since we want to study the
metallicity distribution, chromosome map, and spatial variations of subpopulations we
want precise and unbiased [M/H] values over our whole field of view. Hence in addition
to the default cuts, we use only stars in the catalog of Anderson and van der Marel (2010)
with mpgasw < 17, a selection that restricts the sample of objects from the spectroscopic
catalogs to 12,850 red giant branch (RGB) stars (see the right panel in Figure 5.2). This
cut is an extra strict condition to avoid completeness issues of the spectroscopic data set
at fainter magnitudes (see Section 5.A), get higher precision on the [M/H] values with a
median SNR of ~ 54, and remove any [M/H] biases between the different original data sets
(GTO, GO, NFM, see Section 5.B) that can be caused due to different exposure times.
We use the original Anderson and van der Marel (2010) photometry for the magnitude
cut unless stated otherwise since it is used for the extraction and the calculation of our
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Table 5.1: Data Samples

Name Number of stars Description
MUSE QC 156,871 QC of MUSE catalog
MUSE QCM 12,850 QC and Mpeasw < 17
(Anderson and van der Marel, 2010)
HST matched 307,112 MUSE stars matched with
catalog presented in Héberle et al. (2024a)

HST QC 145,565 HST matched catalog with
QC of MUSE catalog
HST QCM 11,007 QC and mpgosw < 17
(Héberle et al., 2024a)

QC: quality cuts described in Nitschai et al. (2023) and beginning of Section 5.2.3.

completeness. Additionally, this removes any stars that do not have ADC estimates since
these were based on the Anderson and van der Marel (2010) photometry. Note that all
metallicities unless otherwise indicated include the ADC correction. The errors used here
are the scaled errors as described in Nitschai et al. (2023) or Section 4.4.2.

With these cuts, we get a mean [M/H] error of 0.043 dex. Further, by comparing our
MUSE data to the photometric catalog used for the extraction of the spectra (Anderson
and van der Marel, 2010) we find a completeness >80 % in all individual cubes, with a
median completeness at 17 mag of 97 %. We spatially bin the sample stars and find no
significant variation in the mean magnitude with radius or at any point within the field
of view. This suggests we can make spatial comparisons with minimal concern about
instrumental issues.

In the following section, we will investigate the metallicity information we have for
the cluster in detail using the above quality cuts. All the data samples described in this
section are summarized in Table 5.1, in Section 5.3 we will use either MUSE QCM or
HST QCM.

5.3 Results

5.3.1 Metallicity Distribution

First, we analyze the total metallicity distribution of the 156,871 stars (MUSE QC) pass-
ing the default criteria, see the left side of Figure 5.3. The additional magnitude-cutoff
(mpgasw <17 mag) leaves us with 12,850 stars (MUSE QCM) and decreases the more
extended tail to lower values (below ~ —2 dex) but also shifts the peak of the distribu-
tion to lower values since on average the metal-rich stars have a main-sequence turn-off at
fainter F625W magnitudes and hence more metal-rich stars are removed. The cut how-
ever ensures that both GTO and GO data sets have a similar distribution and no bias is
caused due to different data sets, see Section 5.B. We also used a kernel density estimator
(KDE) to estimate the probability density of the distribution, which we normalized to
one to plot it onto the same figure. In this distribution multiple peaks are visible and we
will identify them later in this section.

The mean [M/H] value is at (—1.558 £ 0.002) dex and the intrinsic standard deviation
is (0.260 £ 0.003) dex, which is close to the mean value of the distribution with no
magnitude cut (—1.53 dex). The median is (—1.621 =+ 0.003) dex with half of the
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Figure 5.3: Metallicity Distribution. The panel on the left shows the normalized distribution of
[M/H] values in the spectroscopic catalog (Nitschai et al., 2023) using the default quality cuts in the
black line (MUSE QC), using the extra condition of a minimum brightness of 17 mag in the gray shaded
histogram (MUSE QCM) and the purple line is the KDE estimator for that distribution. The small
horizontal lines on the left side show the bandwidth (purple short line), 0.035 dex, for the distributions,
which are close to the mean error of the [M/H] values (gray and black short line). On the right, we show
the same distribution (MUSE QCM) as probability density but fitted with a Gaussian mixture model,
shown as a black solid line, with each component (9 in total) shown as a blue dashed line. Note that one
component has a small amplitude and is not visible in this plot.

differences between the 16th and 84th percentile being (0.219 + 0.002) dex. The median
of the overall distribution without a magnitude cut is —1.54 dex, which is closer to the
mean value since more metal-rich stars are included. All the values and errors (68 %)
were calculated with bootstrapping.

The range in metallicity for stars brighter than 17 mag reaches from ~ —2 dex to
almost —0.5 dex. In detail, 68 % of the stars are between —1.78 dex and —1.34 dex
and 99.7 % between —2.23 dex and —0.66 dex. This huge metallicity spread is, as men-
tioned previously, an indication of multiple stellar populations, which indeed are visible
as distinct sequences in the color-magnitude diagram (CMD, see Figure 5.2).

All our results are comparable to the values in Husser et al. (2020) where in a smaller
sample of 1,247 stars they found a mean value of —1.50 dex, a median of —1.65 dex and a
range from —1.82 to —1.31 dex for the 1st and 3rd quartiles. However, since our sample
is 10 times larger we have even more accurate values with small uncertainties.

We also used a Gaussian Mixture Model to describe our distributions and the result
can be seen on the right side of Figure 5.3 and in Table 5.2. We find that the best number
of Gaussians to describe the distribution is nine using the Bayes Information Criterion
(BIC). However, one component is not visible in the Figure (index 9 in the Table) since
it has a very small amplitude compared to the rest and would not count as a separate
population but is needed to describe the distribution in the model. Similarly, component 8
is needed for the extended tail towards lower metallicities, but only a few stars contribute
to that in the magnitude range we are looking at. Components 1 and 2 are close to each
other and not distinguishable by eye in the highest peak of the distribution. Components
6, and 7 can be seen by eye as smaller peaks, and components 3, 4, and 5 are more difficult
to distinguish but are still visible.

We have compared our metallicity findings with previous studies already in Nitschai
et al. (2023) where we made a one-to-one comparison. Also, the overall distribution
agrees with previous studies (e.g., Johnson and Pilachowski, 2010; Mészaros et al., 2021;
Alvarez Garay et al., 2024), even though we find more peaks in our distribution. Johnson
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Table 5.2: Multi-Gaussian Components of the Metallicity Distribution

index | Mean Intrinsic standard deviation Fraction of stars

# [dex] [dex] %

1 -1.706 0.048 24.7
2 -1.791 0.050 21.0
3 -1.581 0.051 19.2
4 -1.453 0.055 14.5
5 -1.325 0.063 9.0
6 -1.101 0.086 6.2
7 -0.840 0.087 4.2
8 -1.938 0.106 1.1

9 -1.964 0.934 0.2

The index # is assigned from the highest to the lowest amplitude.

and Pilachowski (2010) find 5 peaks in the distribution at —1.75, —1.50, —1.15, —1.05 and
—0.75 dex, while Mészaros et al. (2021) and Alvarez Garay et al. (2024) find four peaks,
—1.65,—1.35,—1.05 and —0.7 dex, and —1.85, —1.55, —1.15, and —0.80 dex respectively.
All these peaks are in agreement with at least one of our peaks within the 3 ¢ range.
The difference in the number of peaks can be explained due to the difference in the data,
specifically the amount of data, since it can make it difficult to identify and separate
peaks in the distribution with a lower amount of stars. All the above-mentioned studies
have stars that reach larger radii than ours, but have fewer than 1,000 stars, while we
have more than 10 times their number which allows us to distinguish different metallicity
components more easily. However, even in our case, one could reduce the number of
components to four or five if one only looks at the distribution by eye, since peaks 1 and
2 can be taken as one, and components 3, 4 and 5 are not that clearly visible peaks in the
overall distribution and 8 and 9 are not at all visible. This demonstrates the advantage
of our huge data set that allows for much more detailed studies and analysis.

In Husser et al. (2020) they identify nine subpopulations and give their mean metal-
licity values. Our multi-Gaussian Mixture Model does not separate the stars in different
subpopulations, since also photometric analysis needs to be taken into account. However,
we can compare their position on the chromosome map in Section 5.3.2 and identify which
component belongs to which subpopulation (P) identified in Husser et al. (2020). P1, P2
and P3 (mean [Fe/H|= —1.83,—1.80, —1.74 dex) corresponds to our components 1 and
2, P5 (—1.24 dex) to component 5, P8(—1.50 dex), P6 (—1.47 dex) and P4 (—1.50 dex)
to components 4 and 3. Using the chromosome map we can identify component 7 as P7
(—0.18 dex) and component 6 as P9 (—0.72 dex). However, the metallicity values from P7
and P9 disagree the most with our findings, which might be caused by the lower number
of stars in these populations in their analysis compared to ours. With our data, they
can be much better studied and separated. In the following sections, we investigate a
bit further different subpopulations. We do not aim to precisely separate and identify all
subpopulations. This will be done in future work including stars of fainter magnitudes
(Clontz et al., in prep). Nevertheless, this analysis already shows how our huge data set
can improve subpopulation studies.

Lastly, in Johnson et al. (2020) they find two very metal-poor populations, below —2
and —2.25 dex. Our component 8 contains 144 stars at the very low end of the metallicity
distribution reaching as low as —2.225 dex being consistent with the —2 dex population
in Johnson et al. (2020). However, the even lower population below —2.25 dex is not
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found in our data, since our component 9 seems to be broader and contains all stars not
belonging to any other Gaussian, with the lowest and highest metallicity stars (reaching
almost —4 dex up to —0.1 dex). Also in Johnson et al. (2020) the actual number of
very low metallicity stars is low, only 11. These stars could be included in component
9 which has 25 stars in total and 15 stars between —3 dex and —2.25, corresponding to
the range of the Johnson et al. (2020) results. Five stars are above —0.6 dex and the 5
remaining stars are below —3 dex. Both components 8 and 9 are just a tiny fraction of
the whole sample and they do not cover the whole CMD range. Specifically, component
9 includes blue stragglers and the stars that most likely are a few remaining horizontal
branch stars (see Figure 5.2 at magnitude ~ 14 and color ~ 0) which did not get removed
in our initial catalog creation (see Chapter 4), which could explain the extremely low
metallicities. Component 8 on the other hand mostly lies on the fainter RGB close to
magnitude 17 mag. This indicates that they are not a separate population and are not the
same stars as in Johnson et al. (2020) where most of these stars lie on the brighter RGB.
They are individual stars with special [M/H] values either due to measurement problems,
like horizontal branch stars that need special treatment and do not have accurate [M/H]
values the way we calculate them, or they could be captured from the field of the parent
galaxy or the metal-rich ones from the Galaxy during a merger. Overall, we can conclude
that we do not find the most metal-poor population from Johnson et al. (2020) in our
sample, even though we have a few extremely low metallicity stars.

5.3.2 Chromosome Map

In this subsection, we again focus on RGB stars with mpgsw < 17mag, but using the
photometry for mpgosw from Héberle et al. (2024a). In addition, we require the stars
to have accurate photometric measurements in 5 different HST filters (F275W, F336W,
F435W, F625W, and F814W) in the photometric catalog of Héberle et al. (2024a). These
requirements leave us with a sample of 11,007 stars (HST QCM). We have excluded some
outliers and the blue stragglers in the CMD (see black crosses in Figure 5.17).

The chromosome map is a photometric diagram used to identify multiple stellar pop-
ulations in globular clusters. It uses multi-color photometric information that is sensitive
to element abundance variations to characterize the presence and diversity of multiple
populations (Milone et al., 2017b). Many studies have provided accurate investigations
of the subpopulations of w Cen (e.g., Tailo et al., 2016; Latour et al., 2021; Husser et al.,
2020). Here, we take advantage of an unprecedented dataset that comprises photometry
and spectroscopy of more than 11,000 RGB stars to better investigate them.

To construct the chromosome map, we follow the technique from Milone et al. (2017a)
and use the filters F814W, F336W, F275W, and F435W. In Milone et al. (2015a,b) it
has been shown that the combination of the pseudo-color Crazsw r3sew rassw (in our case
CF275W,F336W,F435W) (PlOttO et al., 2015) with the Mro7rsw — TNFE]14W color maximizes the
separation between stellar populations along the main sequence and the RGB. We note
that we use F435W in our Crorsw rasew rassw calculation and here we analyze only the
RGB populations, deferring a more comprehensive view of subpopulations and their exact
separation in the cluster to a later paper (Clontz et al., in prep).

The detailed steps to calculate the A values can be found in Section 5.C. In general,
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Figure 5.4: Chromosome Map of w Cen. The chromosome map of w Cen is color-coded with
metallicity. One can identify different subpopulations in the map but since we do mot aim to separate
them precisely in this work we also do mot draw the line separating first and second-generation stars as it
s usually done in globular clusters.

the following relations are used:

AF275VV7F814VV = WF275W,F814W :
X — XfiducialR

(5.1)
XfiducialR - Xfiducz'alB
and
AF275W,F336W,F435W = WF275W,F336W,F435W :
Y, iducial R — Y
! (5.2)

YfiducialR - YfiducialB

with fiducialR the redder fiducial line and fiducialB the bluer line in color space. Further,
X = mparsw—mrs1aw, ¥ = Crarsw razew,ragsw and the pseudo-color Crazsw razew rassw =
(mparsw — Meszew) — (Mr3zew — Mragsw). The final chromosome map is shown in Fig-
ure 5.4.

The x-axis of this chromosome map is mostly sensitive to stellar populations with
different helium content and metallicity, whereas the y-axis is mostly efficient in identifying
stellar groups of stars with different nitrogen abundance (see e.g., Marino et al., 2019, for
details, Figures 25 and 27). In a typical GC, what is known as first (1G) and second-
generation (2G) stars would lie around Apozsw rs1aw ~ 0, with 1G being centered at the
origin (0,0) and the 2G stars found above (Aparsw r3sew Fassw > 0). In w Cen the most
metal-poor stars follow this pattern, while higher metallicity stars have different tracks
at Aporsw rsiaw > 0. Further abundance studies will help us distinguish the different
subpopulations even better.

5.3.2.1 Metallicity Dependency

Since we have the metallicity information for all these stars we can investigate the rela-
tionship between the A-values and [M/H], see Figure 5.5. [M/H] vs Aporsw r3sew rassw
shows as expected a similar structure to the chromosome map since Aporsw ps1aw tracks
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Figure 5.5: A Values as a Function of [M/H]. The chromosome A values, left metallicity against
Arporsw rsiaw and right Aparsw rasew rassw plotted against metallicity in a density histogram. On the
left, the red line separates the two streams visible and the black line indicates the metal-rich stars that are
excluded from the analysis in Section 5.3.4.3.

the [M/H] variations. Interestingly, we notice two distinct sequences in the [M/H] vs
Arporsw ps1aw diagram, which correspond to stars with different light-element abundances.
Specifically, the upper stream is composed of the most extreme stars in chemical proper-
ties, enhanced in [Na/Fe], [Al/Fe] and depleted in [O/Fe| with respect to the lower stream
stars with the same metallicity (Marino et al., 2019). Further, Fe enrichment occurs in
both streams, the upper has a slightly higher peak (Marino et al., 2019), which we will
also show in Section 5.3.2.2 and Section 5.3.4.3.

5.3.2.2 The Metal-Poor Component and Its Multiple Populations

The most metal-poor stars ([M/H] < —1.64 dex) of the cluster follow a similar trend as
the stars of mono-metallic globular clusters that separate in the so-called 1G and 2G stars
along the Apazsw rasew ragsw axis due to light-element variations.

To identify these metal-poor stars in the chromosome map, we used the same method
as in Section 5.C, photometric selection and a high probability of belonging to the com-
ponent one or two from the Gaussian Mixture Model in Section 5.3.1.

If we only look at those stars, we can see that they also have a metallicity spread reach-
ing from —1.82 to —1.69 dex for 68 % of the stars, see Figure 5.6. With a simple Gaussian
Mixture Model fit we identify 3 peaks (using BIC) in the Aporsw rasew ragsw distribution,
separating them into three different populations. We see that the third peak (highest
Arporsw rasew Fassw values) has the highest metallicity (similar to the findings in Marino
et al., 2019) and that all have a significant width. We investigate that further by looking
at their metallicity distribution. The yellow peak has the highest mean metallicity at
—1.732 dex and an intrinsic standard deviation of o = 0.056 dex, the red is at —1.763 dex
and o = 0.056 dex and the black one is at —1.764 dex and o = 0.058 dex. They have
similar standard deviations [M/H] but the yellow peak is offset to higher [M/H]|, with a
p-value below 1 % for the Anderson-Darling and Kolmogorov-Smirnov tests. The red and
black distributions have higher p-values >25 % meaning that they are consistent to be
drawn from the same distribution. Overall, even in this one metallicity component, there
is a spread in [M/H] and it rises to higher [M/H] for higher Aporsw r3sew rassw values
as seen also in Marino et al. (2019). However, since the difference is small, even though
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Figure 5.6: Multiple Populations in the Metal-Poor Stars. On the left is the chromosome map
only for the metal-poor stars with the probability density histograms of the A values. There we can identify
3 peaks in the Aporsw r3sew, Fassw histogram and plot their metallicity distribution on the right. The
metallicity distributions for the populations indicated with the red and black lines are very close, while the
population plotted in yellow exhibits a higher metallicity. Stars on the very left side of the chromosome
map are lying at the edge of the blue fiducial line in the CMD.

it seems to be significant (see also Figure 5.9), we do not have pure iron abundance but
[M/H] which could be increased with enrichment in Na and Al which is expected for the
red and even stronger for the yellow peak.

Higher Aporsw rssew rassw also mean more enhanced Na and Al element abundances
and depleted in O and Mg, as explained in Section 5.3.2.1 and hence more He-rich stars
(Milone et al., 2015b; Milone et al., 2018; Marino et al., 2019). Therefore we will call stars
belonging to the black peak Na-poor metal-poor (Na-poor MP) population, the yellow
peak Na-rich metal-poor (Na-rich MP) population, and in the red peak are stars with
intermediate Na enrichment.

There have been studies identifying subpopulations in w Cen on the RGB (e.g Lee
et al.,; 1999; Pancino et al., 2000; Sollima et al., 2005; Husser et al., 2020) and the main
sequence (MS) (e.g., Bedin et al., 2004; Bellini et al., 2010; Milone et al., 2017a; Bellini
et al., 2017d). However, connecting the RGB and main-sequence stars into the same
subpopulations is a complex task that has not been done so far since the subpopulations
overlap and cross each other below the turnoff point in the CMD. This will be the focus
of future studies (Clontz et al., in prep).

5.3.3 Spatial 2D Metallicity Distribution

We analyze the 2D spatial distribution of the metallicity since 2D variations might average
each other out in radial bins.

We create smooth maps that still show details using the median of the 200 near-
est neighbors (see Figure 5.7) and for visualization only the locally weighted regression
(LOESS)? technique (with a regularization factor f=0.1, Cappellari et al., 2013a). We
choose 200 nearest neighbors since that gives a smooth map without patches also in the
velocity (similar to Pechetti et al., 2024). In Figure 5.7 we can see that indeed there is

3https://pypi.org/project /loess/
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Figure 5.7: Metallicity Maps. (a.) The LOESS smoothed metallicity map for visualization only, (b.)
the median map from the 200 nearest neighbors, and (c.) the 68 % dispersion map from the 200 nearest
neighbors. In (b.) the black dashed circle in the left corner shows the mean radius of the 200 neighbors.
The pointing structure from MUSE is shown with faint squares, the red elliptical annuli are the bin edges
used in Section 5.5.4, and the minor axis of the elliptical annuli corresponding to the rotation axis is
shown as a black dashed line. The z-axis and y-axis show the distance to the center of teh cluster for the
right ascension (ARa) and declination (ADec).

some structure, almost ring-like, consistently visible in both the LOESS and median map.
In addition, we also plot half the difference of 68 % of the 200 nearest neighbors as an
indication of the dispersion of the [M/H] values. Regions with lower median metallicity
in the outskirts of the field have a relatively narrow metallicity distribution, while some
of the structures with higher median metallicity also have a higher dispersion. However,
there are also regions with moderately high median [M/H] and a narrow [M/H] distribu-
tion. In general, the variation in the dispersion map does not perfectly match the ring-like
structure of the median metallicity map. Further, the pattern does not follow the MUSE
pointing structure, reassuring us that the structure is not caused by calibration differ-
ences. We also verified that the structure does not appear if we take the ratio between
the redmost RGB branch (metal-rich stars) and the blue RGB (metal-poor stars), which
suggests that the structure is not caused by biases in our observations or selection of the
sample in specific regions. However, this also indicates that the structure is not caused by
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the most metal-rich population but by some other intermediate [M/H] populations that
might have been accreted later in its evolution and not yet well mixed.

5.3.4 Metallicity Gradients
5.3.4.1 Overall Cluster Gradient

Since the cluster is elongated in the plane of the sky, we do not use circular radial bins
for further analysis but elliptical bins. We use 100° for the position angle (PA) (van de
Ven et al., 2006a; Kamann et al., 2018), 0.07 for the ellipticity (median value from Geyer
et al., 1983; Pancino et al., 2003; Calamida et al., 2020, inside 5’) and the equivalent radii
for the bins are (0.5, 1, 1.5, 2, 3, 4, 7) arcmin. These bin edges are overplotted in red in
Figure 5.7. In all the following analyses we calculate the median circular radius (r) to the
center in each of the elliptical bins and show that in the figures.

~1.40 - ‘
-0.64 - e Overall median ¥ otk SN Overall median
—————— Overall mean ¢ - Overall mean
—0.81 A%} Median with 3 o error —1.431 Z9'ecd }  Median with 3 o error
1.01 i . b Meanwith 3o error ¢ “¢i%% 4 Mean with 3 o error
- g ¥ & e
>< w ~1.50 ;
()]
o -1.21 5 R et g
—_ —_ P AR B P
z I 155 \ } X }
L 4] . L i LR 8
E 1.4 E 4 s e
1.6 - : k o }
- ~1.60 1 B ] Y e s
LS T 3 e ¢
-1.8 ; } Pt
o > .3 - - % }
-1.65 Ol N o :
-2.0 s’ p LYt Y
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
r [arcmin] r [arcmin]

Figure 5.8: Overall Metallicity Gradient. Black are all the stars used for this analysis red is the
median value for each bin and blue is the mean value. The dashed lines show the total median or mean
value for the whole sample. The left panel shows the whole [M/H] range while the right side is a zoom
into metallicities around the mean and median.

In Figure 5.8 we plot the mean and median metallicity value for each bin with the
99.7 % as 3 o error bars, derived with bootstrapping. We can conclude that there is
no significant gradient within the half-light radius of the cluster. However, there is an
indication of the ring we see in the 2D distribution (Section 5.3.3), in the bins between
2 - 4 arcmin, where the median [M/H] is almost 3 o (99.7 %) above the global median
[M/H] of the cluster. Also, the last bin lies 4.8 o below the overall median value. We see
these same trends in the mean metallicity profile. The trend is not as strong as in the
2D maps since it is not a perfect ring at some lower and higher [M/H] areas cancel each
other out when looking at the radial profile, but the signature is still visible.

Previous studies (e.g., Sollima et al., 2007; Bellini et al., 2009; Calamida et al., 2017,
2020) find spatial differences in subpopulations of the MS and the RGB. The bluer MS
(associated with the intermediate metallicity RGB by Piotto et al. 2005), which is thought
to be He-enriched (Bedin et al., 2004; Norris, 2004; Piotto et al., 2005) is more centrally
concentrated than the red MS (associated to the metal-poor RGB), but increasing towards
the outer parts, above 25 arcminutes. While for the RGB the rich and intermediate follow
the same distribution and are more centrally concentrated with a decline towards 8 to
10 arcminutes (Bellini et al., 2009). The last bin in our metallicity gradient and lower
metallicity towards the outer parts of the 2D map (see Section 5.3.3) indicate a similar
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Figure 5.10: Spatial Distribution of the Subgroups. The left side shows the cumulative distribution
of the four subgroups, the labels show the median [M/H] value. On the right is their metallicity versus
radius.

trend with the more metal-rich or intermediate populations declining at the edge of the
half-light radius. In Calamida et al. (2017, 2020) they show that the more metal-poor stars
follow the cluster elongation and are more numerous in the northern half, while the more
metal-rich are elongated in the northeast-southwest direction and are more numerous in
the eastern half. This trend is not visible in our data in the 2D distributions.

In general, for all these previous studies the spatial differences are prominent at the
edge or after the half-light radius which is outside of our data range. From our analysis,
inside the half-light radius, the subpopulations seem to be well mixed in radial bins.

5.3.4.2 Spatial Differences between Subpopulations

Further, we want to investigate if there is a difference in the spatial distribution of different
subpopulations. We use the four different subgroups already identified (see Section 5.C
and Section 5.3.2.2), Na-rich but metal-poor (Na-rich MP), Na-poor and metal-poor (Na-
poor MP), intermediate metallicity (Int) and the metal-rich population (MR). See Fig-
ure 5.9 for their location on the chromosome map.
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The cumulative radial distribution and metallicity gradient of each subpopulation is
shown in Figure 5.10. The Anderson-Darling test gives a p-value higher than 23 %, so the
null hypothesis is not rejected and the subpopulations could have the same underlying
distribution. The populations do not show any significant metallicity gradient, see Fig-
ure 5.10 right panel. The right panel also confirms our finding in Section 5.3.2.2 that the
metallicity difference between Na-rich and Na-poor metal-poor populations is significant
(outside the 3 o range) for all radii. The subpopulations, depending on metallicity or
Na-enrichment, we selected are all well-mixed.

5.3.4.3 Differences in the Two Streams of [M/H] vs Aporsw psiaw

In the previous section, we chose four subpopulations with different metallicities and Na-
enhancement and found no significant spatial difference. To further check the difference
between subpopulations with different enhancement in light elements, we use the two
streams seen in [M/H] vs Apozsw rs1aw (see Section 5.3.2.1 and Figure 5.11). We exclude
the metal-rich stars (black line in Section 5.3.2.1) since they lie in between the sequences.
The cumulative distribution is shown in the left panel of Figure 5.12 and they do not
differ significantly, Kolmogorov-Smirnov and Anderson-Darling tests show 10 % and 8 %
p-values confirming that the null hypothesis is not rejected for their spatial distribution.
However, the p-values are lower than for the subpopulations indicating that there might
be differences that could get stronger towards larger radii (similar to the difference of the
blue and red MS Sollima et al. 2007 and Bellini et al. 2009).
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Figure 5.12: Spatial Distribution of the Two Streams in [M/H] vs bf Aparsw psiaw. The left
side shows the cumulative distribution of the two sequences. On the right is their metallicity versus radius.

Their metallicity however is different with the lower sequence having a median metallic-
ity higher than the upper sequence. That is not unexpected since most of the metal-richer
stars lie on the upper stream and slightly higher iron values are expected in that stream as
discussed in Section 5.3.2.1. However, again no significant metallicity gradient is visible
(see right panel Figure 5.12).

5.4 Conclusion

We present a detailed study of the metallicity distribution of 12,850 RGB stars in w Cen
with a mean error of 0.043 dex and a median SNR ~ 54. We find a mean value of
—1.577 dex and a median value of —1.621 dex spanning from —0.66 dex to —2.23 dex for
99.7 % of the stars with mpgsw < 17 mag. Further, we identify multiple peaks in the
metallicity distribution indicating different metallicity subgroups.

Additionally, we investigate the chromosome map and its dependencies with metallic-
ity. We looked in detail at the most metal-poor group and identified three populations
that show a similar spread in [M/H] ~ 0.1 dex while the [M/H] increases for higher
Ar275W,F336W,F435W -

We also studied the 2D spatial distribution of the [M/H]| values and created metallicity
maps showing a ring-like structure with higher values, while inside and outside the [M/H]
values drop. Finally, we check for metallicity gradients and spatial differences in radial
bins for different subgroups of stars. There we find no gradient in [M/H] over our field of
view.

Overall, the different populations seem to be well mixed and no strong gradient is
visible in their radial profiles. However, more information on the abundance might help
better separate them and further investigate their differences. In addition, the different
subpopulations may be well mixed spatially, but their kinematics may be used to separate
them, as it takes longer to erase the stars’ memory of their original orbits.

We plan to determine elemental abundances (Di Stefano et al., in prep, Wang et al.,
in prep), and identify subpopulations (Clontz et al., in prep.) and ages (Clontz et al.,
in prep), see Chapter 6. This will bring us closer to uncovering the formation history of
w Cen, the nearest nuclear star cluster.
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Appendices

5.A Completness

In Nitschai et al. (2023) we provided the completeness compared to the Anderson and
van der Marel (2010) catalog and found that at a magnitude of 18.86 mag in the F625W
filter, we have 50 % completeness. For our study, we require higher completeness to avoid
biases that could cause gradients or spatial variation in metallicity to vary. A magnitude
cut of 17 mag gives us over 80 % completeness for all fields and even reaches 90 % for the
majority, see Figure 5.13 left panel.

To further ensure that we do not bias our sample we check the radial dependency
of the magnitude, which should be uniform. Indeed Figure 5.13 (right) shows that the
mean and median values remain constant over our whole field of view, not showing any
crowding effects, for the RGB stars.
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Figure 5.13: Completness and Magnitude. Left panel: Fach line shows the completeness fraction
of one pointing compared to the HST catalog from Anderson and van der Marel (2010) and the thick black
line shows the median completeness fraction. The vertical solid line is at 17 mag and the dotted one at
18.86 mag (for GO 50 % completeness on average). The dashed horizontal lines are at 80 % and 90 %.
Right panel: the magnitude of the stars above 17 mag versus radius, which shows that for our quality
cuts, there is no bias or gradient for specific magnitudes.

5.B [M/H] Bias

We noticed a metallicity bias in the different data sets, GO, GTO, NFM, when using
all available magnitudes. In Figure 5.14 we can see that the [M/H| has always a trend
to go to higher metallicities for lower SNR, but it differs between data sets. In general,
the GTO stars with fainter magnitudes have higher [M/H] and lower SNR than the GO,
which is likely caused by differences in the observing runs (e.g., different exposure times
and number of exposures). However, the trend that stars with higher [M/H] have lower
SNR is true for all stars and could be because they are redder, on average fainter (in
general lower SNR), and have more absorption lines that make them look noisier to our
spectral fitting routine compared to more metal-poor stars. When excluding stars fainter
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than 17 mag in the F625W magnitude we remove most of the stars with SNR < 20 where
the bias is visible, making our sample consistent between GTO and GO observations.
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Figure 5.14: Metallicity Bias. We plot the metallicity versus the SNR for the different data sets
underlying our spectroscopic catalog. Red dots are the mean values for each bin and the black solid line
is the mean value between 30 and 40 SNR (indicated with blue dashed lines).

Additionally, we check if the distribution of the stars in GO and GTO are different,
see Figure 5.15. When using all magnitudes the GO distribution is broader reaching lower
metallicities which would cause the GTO fields always to be on average more metal-rich.
However, when applying the magnitude cut the distributions agree well not having any
systematic difference.

5.C Details for the Chromosome Map

Since w Cen is more complex than typical globular clusters, a more elaborate analysis is
needed to create a useful chromosome map. Our method is adapted from the procedure
described in Milone et al. (2017a).

In summary, one needs more than just two, red and blue, fiducial lines since there
are multiple different populations in w Cen. Hence, one identifies three subsamples, the
metal-poor population that also on its own would look like a chromosome map for typical
clusters, an intermediate population, and a metal-rich population (a. Figure 5.16). The
process is iterative and we start by identifying the subsamples in [M/H] first. Metal-poor
stars are those belonging to peaks 1 and 2 of the Gaussian Mixture model in Section 5.3.1,
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metal-rich stars belong to peak 7, and the intermediate population are stars in the fourth
and fifth components. We then use slightly adapted fiducial lines from (Milone et al.,
2017a) to get an initial chromosome map. Next, we identify the subsamples using the
different components identified for the [M/H] distribution and also the photometry as in
Milone et al. (2017a). Including the photometry information for the subsamples narrows
CMD tracks and we calculate new fiducial lines.

The red and blue fiducial lines correspond to the 96th and 4th percentiles in the
CMD and pseudo-CMD. In the mporsw — mpgiaw CMD (b. Figure 5.16) the red and blue
fiducial lines correspond to the metal-poor population. For the intermediate and rich
population, one needs to find the median fiducial line. In the CMD with the pseudo-color,
Crarsw Fasew Fassw, (. Figure 5.16) the populations are more mixed and the intermediate
and poor populations can use the same red and blue fiducial lines, while the metal-rich
have different 96th and 4th percentiles indicated with the black and cyan lines. For all
fiducial lines, we smoothed and corrected by hand for bright magnitudes.

We repeated this process twice refining our subsample selection and fiducial lines. Our
final fiducial lines are shown in Figure 5.17 together with the verticalization of the colors

for all bright stars.
To get the chromosome map values we calculate the following weights:

Weorsw psiaw, = X fiduciatred(15.5 mag) — X fidquciaiBiue (15.5 mag) (5.3)
WF275W,F814W2 - XfiducialOrange(15-5 mag) - Xfiducz'alRed(]-5~5 mag) (54)
WF275W,F814W3 = XfiducialGreen(15-5 mag) - XfiducialOrange(15-5 ma’g) (55)

where e.g., Xfiquciairea(15.5 mag) is the color of the fiducial line interpolated at 15.5
magnitude in F814W. Then we can find the respective Aparsw ps1aw, values:

X — XfiducialRed (5 6)

AF275W,F814V\71 = WF275W,F814W1X X
fiducial Red — <M fiducial Blue

X — X fiducialOrange (5.7)

AF275W,F814W2 = WF275W,F814W2 + WF275W,F814W2X X
fiducialOrange — <} fiducial Red

AF275W,F814V\/3 = WF275W,F814W2 + WF275W,F814W3+
X — XfiducialGreen
(5.8)

Wrorsw Fs14ws X X
fiducialGreen — <X fiducialOrange
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Figure 5.16: The Three Subsamples Used to Calculate the Chromosome Map. (a.) The
chromosome map of w Cen, color-coded with [M/H] only for the stars in the three subsamples. (b.) The
CMD of the subsamples with the fiducial lines for each. Blue and red are the 96th and jth percentile
for the poor population (blue crosses), green is the median line for the intermediate (green crosses), and
yellow is the median line for the rich population (red crosses). (c.) The pseudo-CMD of the subsamples
with blue crosses being the poor and intermediate population and red the rich population. Blue and red
lines are the 96 % and 4 % enclosing lines for the blue crosses and black and cyan for the red crosses.

Which of these three Apazsw rs14w, is used for each star depends on its relative position
to the different fiducial lines, see Table 5.3 for details.
For the Apazsw rasew ragsw value we calculate:

Weorsw F3sew Fassw, = Y fiducialred(15.5 mag) — Yriduciaipiue(15.5 mag) (5.9)
Wrorsw k336w F435Ws = Y fiducialred(15.5 mag) — Yriquciaicyan (15.5 mag) (5.10)
Wrorsw 1336w, F435Ws = Y fiducialCyan (15.5 mag) — YyiauciaiBlack (15.5 mag) (5.11)

and then

Aporsw F336W Fa35W; = WF275W F336W F435W, v
fidu

Yiiduciaigea — Y

(5.12)
ctalRed — YfiducialBlue

AFo75W,F336W,F435Ws = WE275W, F336 W, F435W, T

Wrorsw,F336 W, F435Ws v
fidu

YfiducialC’yan -Y

. (5.13)
cialCyan — Y fiducial Black
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Figure 5.17: Final Fiducial Lines. Left is the CMD and on the right is the pseudo-CMD both color-
coded with [M/H] and showing the fiducial lines for stars brighter than 16.8 mag. The black dashed line
indicates the 15.5 mag. On the right of each subfigure is the verticalized CMD proving that the subsamples
do follow these straight lines.

Depending on each metallicity each star gets assigned either Aporsw p3sew rassw, Or
Arorsw F33ew Fa3sw,- Lhe condition is described in Table 5.3.

Finally, we color-coded the final chromosome map with all the components of the
Gaussian Mixture model of the [M/H]| distribution (Section 5.3.1) in Figure 5.18. All the
components are at specific locations on the map depending on their [M/H], separating
different subpopulations and showing the complexity of the clusters.

Table 5.3: Final Chromosome Map Values

Final chromosome A value A; value Condition
Arparsw F814w, if Aparsw,psiaw, <0,
right of the red fiducial line
Aporsw, rsiuw = Apo75w F814W, if Aparsw rsiaw, > 0 & Aparsw psiaw, < Wrarsw,Fs14ws,

between red and orange fiducial line

Aparsw F14ws if Argrsw rsiaws > Wrarsw rsiaw,,
right of the orange fiducial line

Apo75W F336W,F435W = Aparsw r3sew, Fassw,  if star does not belong to the most metal-rich peak (# index 7)
Aporsw Fasew,Fassw,  if star belongs to metal-rich peak (= index 7)
The metal-rich peak (index 7) is taken from the Gaussian Mixture model Table 5.2 in Section 5.3.1.

108



Chapter 5 — Spatially well-mized populations of w Centauri Section 5.C

0.4+

* Index=1
Index=2
Index=3
Index=4
Index=5

) ) . Index=6

—0.2 : , . ) + Index=7

: « Index=8
o 1. Index=9
0.0 0.5 1.0 1.5 2.0
Ap275w, F81aw

AF275W, F336W, F435W

Figure 5.18: Chromosome Map Color-Coded with the Subgroups Identified in the Metallicity
Distribution. We use the components of the Multi Gaussian Mixture Model used in Section 5.3.1 and
color-coded the stars in the chromosome map with the component (index) they most likely belong to.

e We analyze the metallicity distribution of 12,850 RGB stars in w Cen.

e For stars with mpgsw < 17 mag the mean and meadian metallicities are
—1.577 dex and —1.621 dex respectively.

e The spread in metallicity is large, reaching from —0.66 dex to —2.23 dex for
99.7 % of these bright stars.

e We identify multiple peaks in the metallicity distribution indicating different
metallicity subgroups.

e We investigate the chromosome map and its dependencies with metallicity.

e The 2D spatial distribution of the [M/H] values shows a ring-like structure of
more metal-rich stars.

e We find no gradient in [M/H] over our field of view in radial bins.

e The different populations seem to be well mixed and no strong gradient is
visible in their radial profiles.
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Chapter

OUTLOOK

This chapter includes preliminary work I carried out for the line-of-sight kinematics of
w Cen in Section 6.1, as well as summaries of follow-up work led by close collabora-
tors using the oMEGACat dat. This chapter showcases the science made possible by the
oMEGACat data set. It is not meant to present exact methodologies nor final results.

The new spectroscopic and astro-photometric catalogs for w Cen provide us with
a large amount of data allowing us to investigate various aspects of its formation
history as well as its interaction with the Milky Way. We can study the kinematics
of the cluster by investigating the overall rotation and individual substructures,
down to revealing an IMBH. Further, ages and abundance are helping us to identify
subpopulations and analyze their host environment and enrichment histories. In the
future, dynamical models will further help us understand the mass distribution of
w Cen, the IMBH, and its formation history.

Chapter Contents:

6.1 Line-of-Sight Kinematics . . . . . . . . . . . .. ... L. 111
6.1.1 Velocity Maps . . . . . . . . .. 113
6.1.2 Kinematic Analysis . . . . . . . ... 113

6.2 Follow up Projects . . . . . . . .. 114
6.2.1 Intermediate Mass Black Holeinw Cen . . . . . . . ... .. .. .. 114
6.2.2 Ages and Subpopulation Identification . . . . ... ... ... ... 116
6.2.3 Abundance Differences between the Subpopulations . . . . . . . .. 117
6.2.4 Elemental Abundance Catalog for w Cen . . . . . . . . . .. .. .. 118

6.3 Future Projects . . . . . . . . . . 119

6.4 Conclusion . . . . . . . .. 119
Take away points . . . . . . . . .o 120

6.1 Line-of-Sight Kinematics

In Chapter 4 I presented the creation of a spectroscopic catalog for w Cen and in Chapter 5
I combined that with the photometry from the new HST astrometric and photometric
catalog (Héberle et al., 2024a). The combination of these catalogs allows us to have 3D
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Figure 6.1: Line-of-Sight Velocity Maps. (a.)-(b.) The 300 nearest neighbors maps for the line-
of-sight velocity and dispersion, the left panels show the whole field, and the right zoom into the central
20 arcsec where the counterrotation becomes visible (Pechetli et al., 2024). Overplotted are the contours
of the individual pointings. (c.) The LOESS vies map. The z-azxis and y-azxis show the distance to the
center of the cluster for the right ascension (ARa) and declination (ADec)
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velocities for hundreds of thousands of stars in the cluster and kinematic and dynamical
studies using them will follow, see Section 6.3.

However, using only the line of sight velocities already gives us a lot of insights (e.g.,
Kamann et al., 2018; Pechetti et al., 2024). Using the new spectroscopic data set (see
Chapter 4 and Nitschai et al. 2023) I have performed an initial analysis of the line-of-sight
kinematics. Everything I present in this section are first tests and analyses and by no
means the final results, but they showcase the amazing data we have and what can be
done with them.

6.1.1 Velocity Maps

First, we can study the rotation of the cluster by creating velocity maps. To visually
smooth the maps but keep enough details I followed a similar approach as in Pechetti et al.
(2024) where the counter-rotation at the center was found. For that, I used 300 neighbors
to calculate the mean (biweight_location) and standard deviation (biweight_scale) for the
line of sight velocity (Beers et al., 1990, function implemented in ASTROPY), see Figure 6.1
panel (a.) and (b.). Since we use the same data at the very center as Pechetti et al. (2024),
we can also see the counterrotation and a slightly offset dispersion peak, in the right panels
of the Figure. The rotation and dispersion in the entire MUSE mosaic can be seen on the
left, which as expected shows clear rotation with a slightly tilted axis and the dispersion
decreasing towards the outer parts of the cluster.

In addition, I also used the locally weighted regression (LOESS) technique (Cappellari
et al., 2013b), which determines the mean values in case of noisy data, see Figure 6.1 panel
(c.). In that case, fewer substructures are visible and the rotation axis can be followed
even better.

6.1.2 Kinematic Analysis

Using the data we also create rotation and dispersion profiles. I radially binned the stars
in our data, with each bin consisting of a minimum of 100 stars, and covering a radial
range of log(r/1”) > 0.15. I then followed the method used in Kamann et al. (2018) and
Pechetti et al. (2024), where a maximum likelihood approach (Pryor and Meylan, 1993)
is used in combination with the Markov chain Monte Carlo (MCMC) algorithm emcee
(Foreman-Mackey et al., 2013). T used 100 walkers with 500 steps each to derive the
profiles shown in Figure 6.2. The rotation increases towards larger radii and the center
has high uncertainties. In contrast, the dispersion increases toward the center (it might
have a dip at radii of ~ 20 - 40 arcsec, but that disappears when one uses only the bright
stars and can be caused by small discrepancies between the GTO and GO data sets) and
it agrees within the scatter with the values from the globular cluster database in yellow
(Holger Baumgardt et al., March 2023 !, data from Watkins et al. 2015b; Baumgardt
2017; Baumgardt and Hilker 2018; Kamann et al. 2018; Vasiliev and Baumgardt 2021).
The position angle (PA) of the rotation shows the counter-rotation at the more central
region while it is fixed for the outer parts, slightly tilting away from the north axis towards
the east. Further, I used the LOESS results for the analysis with the python version of
KINEMETRY? (Krajnovi¢ et al., 2006). KINEMETRY performs a harmonic expansion of
2-D kinematic moments along a set of best-fitting ellipses on the map. The result can

Thttps://people.smp.uq.edu.au/HolgerBaumgardt /globular/
https://www.aip.de/en /members/davor-krajnovic/kinemetry/
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Figure 6.2: Kinematic Profiles. The top left panel shows the rotation of the cluster at each radial
bin, with the systematic velocity removed. The bottom left panel shows the dispersion profile in black
with the MUSE data and in yellow from the GC database (Holger Baumgardt et al., March 2023, hitps:
// people.smp.uq.edu.au/ HolgerBaumgardt/ globular/, data from Watkins et al. 2015b; Baumgardt 2017;
Baumgardt and Hilker 2018; Kamann et al. 2018; Vasiliev and Baumgardt 2021) as a comparison. The
right panel shows the PA of the rotation for each bin, where the counter-rotation becomes visible in the
innermost bin.

be seen in Figure 6.3, we get a median positional angle of PA = 103.18° and a median
systemic velocity of 233.25 km s

As mentioned before, these are the first investigations into the kinematics and further
analysis is needed to verify and interpret the results. However, the clear rotation and
a PA at ~ 100° is consistent with other studies (e.g van de Ven et al., 2006b; Kamann
et al., 2018; Pechetti et al., 2024) and thanks to, the now bigger data set can be studied
in greater detail.

6.2 Follow up Projects

The combined spectroscopic (Nitschai et al., 2023) and astro-photomertric (Haberle et al.,
2024a) catalog created for the o MEGACat project are already enabling a broad range of
interesting science. Here I will mention a few of these projects that are in preparation.

6.2.1 Intermediate Mass Black Hole in w Cen

The work summarized in the following paragraph is led by Mazimilian Hdberle (Hdberle
et al., 2024b).

As a massive star cluster and a stripped nucleus, w Cen has long been suspected
to host an intermediate-mass black hole (IMBH). Previous claims of a detection of an
IMBH (Noyola et al., 2008, 2010; Baumgardt, 2017) have all been disputed due to their
modeling methods and assumptions (Anderson and van der Marel, 2010; van der Marel
and Anderson, 2010; Zocchi et al., 2019; Baumgardt et al., 2019a).

Using the oMEGACat proper motion catalog (Héberle et al., 2024a) we find new,
strong evidence for an IMBH. We discovered 7 fast-moving stars in the inner 3 arcseconds
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(b) KINEMETRY results

Figure 6.3: Kinemetry Results. (a) Shows the pure rotation velocity (vel-veys), from the data, the

model, and their residuals from left to right.

(b) The results from the KINEMETRY model, from top

to bottom and left to right show the position angle (PA), axial ratio (Q), the coefficient of harmonic
expansion k1 (describes the amplitude of bulk motions), and the ratio between the coefficients k5/k1 (k51,
with k5 describing the higher-order deviations from simple rotation and points to complex structures on

the maps), and systemic velocity.
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that have velocities well above the escape velocity of w Cen, which can only be explained
by IMBH with a minimum mass of ~8,200 M. N-body models provide us with an upper
limit of ~50,000 M. This black hole is the nearest massive black hole and only the second
one where we can observe the orbits of bound stars around it, similar to the S-stars in
the Milky Way center (Gillessen et al., 2017).
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Figure 6.4: Fast Moving Stars in w Cen. The left panel shows all stars detected in our new proper
motion catalog within a 40" x 40" region around the Anderson and van der Marel (2010) center, with
stars with velocities higher than the cluster escape velocity (62 kms~') marked in pink. Filled markers
are for stars that are at least 3 o over the escape velocity. The right panel shows the stacked image of the
innermost region of w Cen in the WFC3/UVIS F606W filter. Stars in the new HST catalog are marked
with a light blue dot and the fast-moving stars are shown in pink, together with their proper motion vector
(arrows present the predicted stellar motion over 100 years).

Figure Credit: Maximilian Haberle

6.2.2 Ages and Subpopulation Identification

The project to combine the spectroscopic and photometric catalogs to measure accurate
ages of indwidual stars and separate the multiple subpopulations, is led by Callie Clontz
(Clontz et al., in prep.).

This project includes the generation of a new set of isochrones specifically tuned to
the C+N+O vs. [Fe/H] relation seen in w Cen. This allows for precise age estimates for
individual stars. This study will clarify the age spread, star formation history, and age
metallicity relation in the cluster, allowing us to better understand its formation, and
assembly history and trace its interaction process with the Milky Way. In Figure 6.5 we
show the age spread in different metallicity bins, which seems to increase with metallicity,
reaching 1 Gyr in the highest metallicity bin.

Age information (as well as abundances) can be additionally combined with photom-
etry and metallicities to help us parse subpopulations along the full CMD. In previous
studies, this has only been possible above and below the MSTO. Our unprecedented data
set allows us to parse subpopulations along the full CMD for the first time, giving us the
ability to fit isochrones to the MSTO and SGB region. By doing this we hope to constrain
the Helium and alpha abundances of each subpopulation. In Figure 6.6 preliminary sub-
populations are shown in a CMD, with the mean metallicity value for each subpopulation

116



Chapter 6 — Outlook Section 6.2

indicated. This result will further constrain the formation and evolution of the cluster
and its progenitor host galaxy.
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6.2.3 Abundance Differences between the Subpopulations

The first work on abundances in the cluster is led by Simona Di Stefano (Master thesis
project and Di Stefano et al., in prep).

Investigating different elemental abundances of the individual subpopulations is im-
portant to characterize the differences in enrichment histories between the populations
and will eventually help to understand their formation scenarios.

This study is a qualitative analysis of the abundances of predefined subpopulations
(in Section 6.2.2 see Figure 6.6). For this, the MUSE spectra of the same subpopulations
and in the same magnitude range are stacked together, creating a higher SNR spectrum
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for each metallicity and magnitude subgroup. The high-SNR stacked spectra have clearer
absorption features than those in individual stellar spectra. Therefore, they are helpful
for direct measurements of chemical abundances and the study of their variations between
different subpopulations.

Figure 6.7 shows the stacked spectra of the brightest stars for all populations in the
wavelength range of the magnesium triplet lines. The different colors represent the dif-
ferent metallicity subpopulations as shown in Figure 6.6 and the general trend is that
the populations with higher metallicities exhibit deeper metal lines. This trend does not
change in fainter magnitude subgroups of the same populations, confirming that there is
no magnitude dependency in the line strength but a [M/H] dependency.
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Figure 6.7: Stacked Spectra for Each Subpopulation. The figure shows the combined spectra of
the brightest stars (14.5 mag < mpg1aw < 15.5 mag) for the different subpopulations (see Section 6.2.2)
around the Mg Triplet lines.

Figure Credit: Simona Di Stefano.

6.2.4 Elemental Abundance Catalog for w Cen

Further work on providing abundances for w Cen is led by Zixian Wang (Wang et al., in
prep. ).

Other than the abundance measurements on stacked spectra in Section 6.2.3, we will
also measure abundances from individual stellar spectra. This is not only helpful in vali-
dating the subpopulation identification (Section 6.2.2) and stacked spectrum abundances
(Section 6.2.3), but also in providing additional information to improve the above results.
To create such an abundance catalog for w Cen, the idea is to employ the machine learning
model Data-Driven Payne (DD-Payne) and perform full-spectrum fitting for measuring
stellar abundances. Detailed development of DD-Payne and its application on MUSE
spectra is described in detail in Ting et al. (2017a); Xiang et al. (2019) and Wang et al.
(2022). In short, DD-Payne is a neural network model that derives ~ 20 stellar labels
from 6 million LAMOST spectra. Some of the [X/Fe| abundances are for C, N, O, Na,
Mg, Al, Si, Ca, Ti, Cr, Mn, Fe, Co, Ni and it was trained using spectra from LAMOST
DR5 and stellar labels from GALAH DR2 (Buder et al., 2018) and APOGEE-Payne (Ting
et al., 2017b).

As for fitting MUSE spectra of w Cen, we first investigated the reliability of chemical
abundances measured by DD-Payne. Figure 6.8 is an example, where it demonstrates the
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[Na/Fe]-[O/Fe] relation that was also identified from previous studies on other globular
clusters. After abundance offsets correction between different datasets, this figure indi-
cates that [Na/Fe| and [O/Fe] can be reasonably recovered by DD-Payne and the trend
is consistent with that from Johnson and Pilachowski (2010).

6.3 Future Projects

The goals of future projects include combining new data sets and creating dynamical
models for the cluster, constraining for example the overall mass distributions, mass-
to-light ratio, and the overall kinematic properties. Since we can infer information for
individual stars in w Cen, we aim to make a detailed dynamical model, including the age,
chemical composition, and subpopulations of the stars in the cluster. In addition, we will
examine the dynamics and kinematics of individual subpopulations to check if we can
find differences that might hint at different formation scenarios. These models will give
us more insights into the formation history as well as further constrain the properties of
the central IMBH and the amount of stellar mass black holes in the cluster.

For the verification of the existence of an IMBH we will acquire James Webb Space
Telescope spectroscopic data and have proposed to also obtain even deeper MUSE NFM
data for the fast-moving stars at the center found in Héaberle et al. (2024b) (see Sec-
tion 6.2.1). These observations will give us reliable line-of-sight velocities since these
stars are too faint, unreliable, or do not exist in our current MUSE data. That will give
us three-dimensional velocities for these stars that allow us to constrain even better the
motion of the stars, and the mass of the black hole, and do precise dynamical models for
them.

Detailed chemistry and kinematics can further tighten the connection of w Cen with
known stellar streams or merger events. Ideally, we would want to identify stars that
belonged to its progenitor galaxy to constrain its formation and distribution history.
Further projects in preparation include the investigation of the HB stars in w Cen, finding
binary stars, detecting microlensing effects, and even trying to find a radiation signal from
the IMBH using instruments such as the Atacama Large Millimeter /Submillimeter Array.

6.4 Conclusion

In summary, the data set created for the oMEGACat project provides a vast amount of
information for stars within the half-light radius of w Cen. The ages and abundances of
individual stars will allow us to identify and separate the multiple subpopulations and
constrain their formation history. Studying the kinematics can provide further insight
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into the formation scenarios and help constrain the mass of the IMBH at the very center
of the cluster. Dynamical models are another key part of verifying the presence of an
IMBH and they allow us to measure the mass-to-light ratio and mass distribution of the
cluster. Dynamical differences in the subpopulations can also hint at different formation
scenarios. All of these studies help further disentangle the role of w Cen and its progenitor
galaxy in the assembly history of the Milky Way.

Take away points

e We have an extensive amount of information in the spectroscopic and astro-
metric/photometric catalogs.

e Detailed kinematics of individual stars have given us evidence for an IMBH.

e Many more studies based on this data set are in preparation: subpopulations,
ages, and abundances.

e The next big project will be dynamical models for the cluster.

e We aim to disentangle the formation history of the cluster and the merger
with the Milky Way.
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CONCLUSION

In this thesis, I have presented my work on the Galactic disk dynamics and spectroscopic
analysis of w Centauri. Thanks to Gaia and other surveys of the Milky Way we can study
the Galaxy in great detail and work on disentangling its formation history.

In Chapter 3 I presented a dynamical Jeans model of the Milky Way disk described
in Nitschai et al. (2021). The underlying data were based on Gaia EDR3, combined with
the Hogg et al. (2019) data set, which were combined APOGEE, Gaia DR2, 2MASS
and WISE data with precise spectrophotometric distance estimates and I made use of
the JAMg,, code (Cappellari, 2020). This allowed me to probe an area in the range of
5.0 < R <19.5 kpc and —2.5 < z < 2.5 kpc.

The best fit value for the dark matter slope is apy = —1.602 &= 0.0154,¢ 3= 0.0794y
indicating that a steeper slope than NFW is needed, a circular velocity of v = (234.7 £
0.3stat £ 1.75yst) km s~! with a mild decline towards larger radii and total density at the
solar radius is peot(Re) = (0.0672 % 0.00064a: £ 0.00154) Mg pe>. All of these values
are consistent within the uncertainties with previous works (e.g., McKee et al.; 2015;
Portail et al., 2017; Cole and Binney, 2017; Eilers et al., 2019; Nitschai et al., 2020a). To
test how nonaxisymmetries of the gravitational potential — such as spiral arms, the warp,
the Galactic bar, or mergers — change the result, I divided the data into four sectors
and remodeled each of them, the results provided systematic uncertainties due to the
axisymmetry assumption of the model. Finally, I investigated how a flared disk affects
our model and found that it provides a similarly good match to the data. However, a
more thorough analysis in the future is needed to better constrain the flaring of the disk
given its dynamical properties.

This showed that even a model with many incomplete assumptions can describe the
main kinematics of the Galaxy and constrain the mass distribution. Confirming that our
understanding of galaxy dynamics and the frameworks we have are correct, even in the
case of the Milky Way where we have incredible and detailed amounts of data.

In Chapter 4 I presented an extensive new spectroscopic catalog of stars obtained with
87 new MUSE pointings plus the already existing 10 WFM and 6 NFM GTO pointings
for the globular cluster w Cen, covering out to the half-light radius published in Nitschai
et al. (2023). w Cen has long been suspected to be the stripped nucleus of a dwarf galaxy
that fell into the Milky Way a long time ago. Specifically in the last years, it has been
associated with the Gaia-Enceladus merger (e.g., Majewski et al., 2012; Ibata et al., 2019;
Massari et al., 2019; Limberg et al., 2022) which is the last significant merger the Milky
Way experienced. This catalog is the largest spectroscopic catalog for the cluster so far
and is part of the oMEGACat project, which also provides astrometry and photometry
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for millions of stars within the half-light radius.

I described the data and the analysis steps used to create the catalog in detail. First, I
reduced the data and extracted individual spectra of stars using PAMPELMUSE (Kamann
et al., 2013). Then, I used the spectral fitting routine SPEXXY to measure the LOS
velocities, effective temperatures, and metallicities of these stars. I performed multiple
tests exploiting a large number of repeated measurements to verify the results. Several
parameters to quantify the reliability of the results are provided and I included several
necessary corrections to the measurements. In the end, I was left with 342,797 stars after
all of the analysis steps without any quality cuts. However, for most use cases I suggested
several quality cuts: SNR > 10, membership probability Py > 95 %, magnitude accuracy
> 0.6 mag, distance to the IFU edge > 5 and Reliability R > 0.5. Thus, 156,871 stars meet
all these criteria. Finally, I did a first analysis of the metallicity distribution comparing
it to previous works and found that they are consistent with our findings and calculated
the median systematic LOS to be vios = (232.99 4 0.06) km s~ 1.

In addition, the new HST catalog with proper motions and photometry for millions
of stars covering most of the MUSE data was created (Héberle et al., 2024a). T used the
combined photometric and spectroscopic catalog in Chapter 5 to present a detailed study
of the metallicity distribution of 12,850 RGB stars in w Cen (submitted as Nitschai et al.,
2024). I found a mean metallicity of —1.577 dex (median of —1.621 dex) reaching from
—0.66 dex to —2.23 dex for 99.7 % of the bright stars. Further, I identified multiple peaks
in the metallicity distribution indicating different metallicity subgroups.

Moreover, I investigated the chromosome map and its dependencies with metallicity. I
looked in detail at the most metal-poor group and identified three populations that show a
similar spread in [M/H] ~ 0.1 dex while the [M/H] increases for higher Aparsw r3sew Fazsw
which corresponds to enrichment in Na and Al. I also studied the 2D spatial distribution
of the [M/H] values and created metallicity maps showing a ring-like structure with higher
values, while inside and outside the [M/H] values decrease, possibly revealing an accreted
population that has not been well mixed. Finally, I checked for metallicity gradients
and spatial differences in radial bins for different subgroups of stars. There I found no
gradient in [M/H] over our field of view. Overall, the different [M/H] populations seem
to be well mixed and no strong gradient is visible in their radial profiles. However, more
information on the abundance might help better separate them and further investigate
their differences. In addition, the different sub-populations may be well mixed spatially,
but their kinematics may be used to separate them, as it takes longer to erase the stars’
memory of their original orbits.

Finally in Chapter 6 I showed preliminary results of ongoing projects that showcase
the strength of our combined dataset. Combining both the astrometric and spectroscopic
catalogs for w Cen allows us to measure the ages of the stars and identify the subpopu-
lations over the whole magnitude range of the cluster using photometry and metallicity
information (Clontz et al., in prep.). Moreover, using the spectroscopic data we can also
measure individual abundances by combining spectra of the same population and directly
measuring the absorption lines of different elements (Di Stefano et al., in prep.) or use a
machine learning model to determine abundances for individual spectra (Wang et al., in
prep), which will further constrain the multiple populations and their formation scenario.
Combining the information on the stellar populations and kinematics of a large number
of stars in w Cen will provide a clear picture of its formation history.

In summary, the data set created in the o MEGACat project provides us with a massive
amount of information for the cluster. Ages and abundances for individual stars will allow
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the identification of subpopulations and put constraints on the formation history of the
cluster. Studying the kinematics is the first step before doing a dynamical model which
will help constrain the IMBH at the center of the cluster, the mass-to-light ratio, and the
dynamical differences in the subpopulations caused by different formation scenarios. All
of these studies help further tighten w Cen’s place as a stripped nucleus and part of the
last big merger event of the Milky Way.

To summarize in this thesis, I used a very large data set to test our understanding of
the galaxy dynamics and constrain the mass distribution and circular velocity of the Milky
Way. In addition, I investigated w Centauri, the stripped nucleus of the last significant
big merger the Galaxy experienced, and provided an extensive spectroscopic catalog for
stars within its half-light radius. Based on that and a new photometric catalog I further
analyzed the subpopulations on the RGB and the broad metallicity distribution. Finally,
I showed preliminary results in our endeavor to understand the cluster’s formation history
and tie it to the assembly history of the Milky Way.
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