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Abstract

Stellar halos of galaxies retain crucial clues to their mass assembly history. It is in
these galactic components that the remains of cannibalised galactic building blocks are
deposited. For the case of the Milky Way, the opportunity to analyse the stellar halo’s
structure on a star-by-star basis in a multi-faceted approach provides a basis from which
to infer its past and assembly history in unrivalled detail. Moreover, the insights that
can be gained about the formation of the Galaxy not only help constrain the evolution
of our Milky Way, but may also help place constraints on the formation of other disc
galaxies in the Universe. This thesis aims to make progress toward answering the most
fundamental question in the field of Galactic archaeology: “How did the Milky Way
form?” Through the effort to answer this question, this thesis presents new insights
into aspects of the history of assembly and evolution of our Galaxy and measurements

of the structure of various of its Galactic components.

Providing further insight into the accretion history and mass assembly of the Milky Way,
I present a detailed analysis of the properties of Milky Way halo stars in the heart of
the Galaxy contained in both the APOGEE and Gaia data sets. I present evidence for
the discovery of a new halo substructure (whose progenitor we attribute the name of
" Heracles”) that, given its chemical composition and dynamical properties, is likely to
be the debris from a major building block of the Milky Way. I also compare its proper-
ties with expectations from the EAGLE numerical simulations to ascertain its nature,
and make a quantitative prediction of the stellar mass of the disrupted satellite galaxy

to comprise approximately one third of the estimated total stellar halo mass.

To ascertain the reality and nature of halo substructures, and to place further constraints
on the mass assembly history of the Galaxy, I perform a detailed qualitative and quan-

titative analysis of the chemical compositions of halo substructures in the Milky Way
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with APOGEE and Gaia data. The findings from this study revealed that many halo
substructures identified in recent years, conjectured to be the debris from individual
satellite accretions, likely belong to the Gaia-Enceladus/Sausage accretion event. They
also showed that the Heracles halo substructure is statistically different from in situ

populations given its chemical compositions, further confirming its accreted nature.

To understand how much mass dissolved and/or evaporated globular clusters (GC) con-
tribute to the total stellar halo mass budget, I perform a density modelling analysis of
stellar halo populations. By identifying GC escapees using a Gaussian mixture mod-
elling and chemical tagging procedure, I model their density distribution accounting for
the APOGEE selection function and assess their ratio to the halo field. The main find-
ing of this work showed that in the inner ~2-3 kpc from the Galactic centre, there is a
much higher incidence of dissolved/evaporated GC stars that is on the order of five to

six times larger than in the outer ~10 kpc region.

In order to decipher the origin of the Galactic GC system, I undertook a study aimed at
comparing the chemical composition of previously categorised GC subgroups classified
based on their orbits. More specifically, by determining a homogeneous sample of GC
star members in the APOGEE DRI16 survey, and comparing the mean [«/Fe] and [Fe/H]
abundances of GCs with field populations, I was able to place constraints on the origin
of GCs in the Milky Way, that in turn help place constraints on the accretion history of
the Galaxy.

The above results place constraints on our current understanding of the accretion and
mass assembly history of the Milky Way. In discovering new halo substructures, assessing
the reality of known ones, modelling the density of stars contributed from dissolved/e-
vaporated GCs, and deciphering the origin of the Galactic GC system, I have tackled
the question of “How did the Milky Way form?” from numerous different angles. All
the findings contained in this thesis help pave the way for future work towards the goal
of fully reconstructing the assembly history of our Galaxy and using that understanding

to formulate robust and general models for the formation of disc galaxies.

DANIEL HORTA DARRINGTON SEPTEMBER 1, 2022
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of stellar halo populations to assess the contribution of disrupted/evaporated globular
cluster stars to the total stellar halo mass budget of the Milky Way. This publica-
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D. Horta with pivotal scientific contributions from J.T. Mackereth. The manuscript
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Chapter 1

Introduction

“In all things of nature there is something of the marvelous”
— Aristotle

In our current cosmological framework, the Universe is thought to be comprised of
three types of substances: a mysterious dark energy (~68%), believed to be the driving
force of the accelerated expansion of the Universe; an elusive dark matter (~27%), a
particle that still remains undetected and whose gravitational influence strongly affects
how matter is spatially distributed in the Universe; and baryonic (or more commonly
referred to as "normal”) matter (~5%), visible thanks to its ability to emit, reflect,
and/or absorb/scatter electromagnetic radiation. The latter is the most well understood
type, and comprises all of the atoms in the Universe —which are the building blocks that
make up molecules, planets, stars, and galaxies—, including those of which all living

things are made of.

The baryonic matter that we observe in the Universe today, in addition to dark energy
and dark matter, are the direct result of the complex interplay between the forces of
nature (namely, gravity, the electromagnetic force, the strong nuclear force, and the weak
nuclear force). Therefore, understanding how matter and energy are formed and how
they are distributed in the Universe are profound questions that are deeply connected
to the very nature of our existence. Answering these questions is the main goal of

astrophysics and cosmology.

It is postulated that there are over two hundred billion galaxies in the Universe, all of
which range in properties such as shape, size, and colour. Despite this vast number,
there is only one galaxy for which I have the closest access to understand subtle aspects

of its formation and evolution. It is also likely the most important galaxy (from a
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Introduction 2

philosophical point of view), as it is the one in which we, the human species, reside in.

This galaxy is the Milky Way — i.e., ”the Galazy”.

”How did the Milky Way form?” is the foundational question of the field of Galactic
archaeology — the branch of astronomy dedicated to understanding how our Galaxy
came into existence by unearthing fossilised records imprinted in its constituent stars—.
The ability to examine the Galaxy on a star-by-star basis provides the opportunity to
fully characterise the structure and history of the Milky Way. Furthermore, under the
assumption that the Galaxy is typical for its characteristics (e.g., mass, size, shape), the
ability to examine it and test models of its formation and evolution in unrivalled detail
provides the means to generalise any insight of galaxy formation from the Milky Way
to the extra-Galactic realm. This enables the Milky Way to also serve as a test-bed for
current galaxy formation models, and to some degree even for our current cosmological
paradigm: A-Cold Dark Matter (ACDM). Thus, questions such as ” How the Milky Way
assembled its mass?” and ” how did the Milky Way evolve into its present day structure?”
are a double-edged sword that can help solve important puzzles both in the Galactic
and extra-Galactic realms. However, in order to use the Milky Way as a laboratory to
test general galaxy formation models, one must first answer a fundamental question: is

the Milky Way a typical galazy?

The answer to this question provides the means of properly gauging any extrapolation
for general galaxy formation models. If the Milky Way is typical, whose formation and
evolution is representative of the majority of galaxies with similar characteristics, then
it can be used as a robust test-bed on which to develop general galaxy formation models.
If, however, the Milky Way is somehow atypical, for example in its assembly history, dark
matter content, stellar population distribution, structure, or any other characteristic (or
combination thereof), then the processes responsible for the current state of the MW
cannot be assumed to have a general nature. Nevertheless, detailed insights into the
MW history must shed some light into galaxy formation models. Moreover, they are

obviously important to help understand our own place in the universe.

In order to answer all these vital questions, one must perform a detailed and robust
examination of the complexities of the Milky Way. In this thesis, I intend to make

progress towards such an understanding by:

e Developing a state-of-the-art picture of the present day spatial structure of the
Milky Way, and modelling observable data to infer general properties of the Galaxy

and its individual Galactic components.

e Making inferences on the mass assembly history and evolution of the Galaxy by

unearthing fossilised records imprinted in its constituent stellar populations using
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the latest Milky Way data, and comparing these to expectations from cosmological

numerical simulations in order to frame the Galaxy in a cosmological setting.

The remainder of this chapter is divided into two sub-sections. The first part, Section 1.1
presents a broad introduction on our understanding of the formation and present day
structure of the Milky Way. Section 1.2 provides an overview of the field of Galactic
archaeology, and discusses how this branch of astrophysics has done remarkably well at
shedding light into how our Galaxy has assembled its mass and is spatially distributed,
and how we can utilise this information to map galaxy formation in a more general

context. I then finalise the introduction chapter by presenting the outline for this thesis.

1.1 The Milky Way galaxy

First postulated by Immanuel Kant (1755) and later confirmed with ”star-gages” mea-
surements by William Herschel (1785, Timberlake, 2011), we reside in the disc compo-
nent of the Milky Way (with the latest measurements positioning the Sun in the Orion
spiral arm, approximately ~ 8.178 kpc from the Galactic centre (Gravity Collaboration,
2019) and ~ 0.02 kpc above the midplane (Bennett & Bovy, 2019)). The advent of
better telescopes, the efforts of many astronomers, and the findings of Edwin Hubble in
1926 then showed that our Galaxy is just one of the billions of galaxies in the Universe
(Hubble, 1926), and that (many of) the observed "nebulae”, previously conjectured to
be clouds of dust and gas belonging to the Milky Way, were in fact distant galaxies out-
side our Galactic home. We now know that the Milky Way can be loosely classified as a
" barred-spiral” galaxy (or more precisely, an Sbc galaxy Gerhard, 2002), and that it sits
in the so called ”green valley” in the colour-magnitude diagram of galaxies (in between
the old red galaxies and the young blue ones). It is a somewhat massive (~10'2Mg
Fragione & Loeb, 2017; Posti & Helmi, 2019; Watkins et al., 2019) and sizeable galaxy
(~25-30 kpc diameter for the Galaxy’s disc Bland-Hawthorn & Gerhard, 2016, and ~290
kpc for its dark matter halo Deason et al., 2020), that sits in the Local Group, part of
the Virgo supercluster of galaxies. These findings are a clear demonstration of the great
strides we have made as a community towards more properly characterising our observ-
able Universe and the Galaxy, and have enabled us to compare the Milky Way with
other galaxies we observe. However, much of this knowledge is currently being tested

with the advent of the latest —and more powerful- data.

Morphology, mass, stellar population content, and chemical compositions of its various
baryonic constituents are perhaps the most obvious characteristics one may focus on
when attempting to characterise the Milky Way and compare it to extra-Galactic coun-

terparts. However, equally as interesting is how the Milky Way resembles/differs from
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other galaxies with regards to its mass assembly history. With respect to its structure,
is well agreed upon that the Galaxy has an extended disc (comprised of several spiral
arms), a central region referred to as ”"the bulge”, a bar, a diffuse stellar halo, and an
all-encompassing dark matter halo. The precise details of these features are difficult to
establish for a number of reasons, namely: the inner spatial regions of the Galaxy are
obscured by dust extinction, specific stellar populations (e.g., stellar halo) are overshad-
owed by the more prominent Galactic disc, and that we are unable to directly detect dark
matter or understand its most fundamental properties. In terms of its assembly history,
it was first postulated that the Galaxy assembled via a monolithic collapse of gas from
a so-called ”protogalaxy” (Eggen et al., 1962). This hypothesis was later challenged by
Searle & Zinn (1978), who argued that the outer regions of the stellar halo continued to
collapse for time after the collapse of its central regions had been completed. It is now
conjectured that the Milky Way’s stellar halo is bimodal in nature (i.e., the ”dual halo”
e.g., Carollo et al., 2007, 2010; Nissen & Schuster, 2010), where the inner ~20-30 kpc
regions of the Galaxy’s stellar halo are predominantly formed by populations formed in
situ, while the outer regions are comprised of the debris of disrupted satellites accreted

by the Milky Way in its past (e.g., Font et al., 2011; McCarthy et al., 2012).

In the following, I provide an overview of our current understanding of the structure and
morphology of the Milky Way and its components (Section 1.1.1), as well as the models
proposed to explain the assembly history of the Galaxy (Section 1.1.2). T also discuss how
the field of Galactic archaeology attempts to discern structure and formation history of
the Galaxy (Section 1.2) by analysing the fossilised records imprinted in Milky Way stars,
such as their elemental abundances (Section 1.2.1) and stellar dynamics (Section 1.2.2).
Particular emphasis is placed on how the Galaxy’s stellar halo can be exploited to gain
in-depth insights into its mass assembly history, which is the subject of Section 1.2.3. In
addition, in Section 1.2.4 I discuss how star clusters prove useful for further unravelling
the assembly history of the Milky Way. The aim of this introduction is to provide context
of our knowledge of the Milky Way to later bring this understanding to bear on models

for the formation and mass assembly history of the Galaxy.

1.1.1 Present day structure: the Milky Way from the inside out

We view the Galaxy in a snapshot of time when globally averaged star formation rates
are declining, the motions of its constituent stellar populations can be considered to be
”static” due to long dynamical timescales, and nuclear activity is low. This yields a
"frozen” picture of the Milky Way, enabling one to carefully examine its structure in an
(almost) "unevolving” snapshot of time. The observed spatial structure can then subse-

quently be compared to sophisticated theoretical models, which provide the opportunity
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to travel forwards and backwards in time, allowing one to place expectations on the past

—and the future— of the evolution of the Galaxy.

The Milky Way is in key respects structurally typical of large galaxies today in low
density environments (Bland-Hawthorn & Gerhard, 2016). Its estimated stellar mass
is M,~5x10198M, (Bland-Hawthorn & Gerhard, 2016), implying a luminosity close to
the characteristic value L, of the galaxy luminosity function. It has a circular velocity
around the Solar neighbourhood of ~240 km/s (Gravity Collaboration, 2019), position-
ing it a little below (but still within 1o) of the Tully-Fisher relation (Tully & Fisher,
1977), making it a slightly subluminous galaxy. The Milky Way is comprised by sev-
eral visible components: a disc (subdivided into thin/thick components), a (possible)
bulge, a bar, and a stellar halo (see Fig 1.1). Stars from each of these components are
characterised by a specific spatial distribution, kinematic profile, and distributions in
chemical composition and age spaces. This implies that these Galactic components are

truly physically distinct, despite their inter-webbed origin.

In addition to all baryonic components of the Galaxy is the component referred to as
the ”dark matter halo”. Unobservable in nature due to the elusive material of which it
is comprised, it constitutes the majority of the mass of the Milky Way (~0.4x102M-
2x102M,,. e.g., Wilkinson & Evans, 1999; Smith et al., 2007; Li & White, 2008; Xue
et al., 2008; Watkins et al., 2010; McMillan, 2011; Deason et al., 2012; Kafle et al., 2012,
2014; Piffl et al., 2014; Posti & Helmi, 2019; Deason et al., 2021). Although the dark
matter halo is a pivotal and interesting component of the Galaxy, for the purpose of this
thesis we will not discuss it in detail, as the work that will be presented in the following
chapters pertains primarily to the stellar components of the Milky Way. Extensive
reviews of the Milky Way in the context of galaxy formation can be seen in Freeman &
Bland-Hawthorn (2002) and Bland-Hawthorn & Gerhard (2016).

In the following subsections, I summarise our current knowledge of the characteristics
of these different Galactic components, and attempt to frame the Milky Way in a cos-

mological context.

1.1.1.1 The Galactic bulge and bar

I begin this Section by discussing the Galactic bulge. I note that while historically this
Galactic component has been defined to be an individual feature of the Galaxy, the latest
data have revealed that it is instead comprised of the superposition of many different
stellar populations: the thin/thick discs, the bar, and the stellar halo (e.g., Zasowski
et al., 2016; Nataf, 2017; Schultheis et al., 2017; Schiavon et al., 2017a; Queiroz et al.,
2021).
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FIGURE 1.1: Artist illustration of the face-on projection (left) and edge-on projection
(right) of the Milky Way. Illustrated on these diagrams are the different Galactic
components that comprise the Milky Way galaxy, as well as the position of the Sun in the
Orion arm. Image credit: left: NASA /JPL-Caltech/R. Hurt; right: ESA/Gaia/DPAC

The Galactic Bulge was first identified as a distinct component of our Galaxy by Baade
(1946) (see also (Stebbins & Whitford, 1947)). Initially, it was conjectured as a struc-
ture resulting from the build up of mergers early in the formation of the Galaxy, now
commonly referred to as a ”classical bulge”. This stemmed from the fact that stellar
populations in this region were considered to be of type II (defined by Walter Baade
himself), and were determined, largely thanks to inferences from color-magnitude dia-
grams, to be old (Nassau & Blanco, 1958; Ortolani et al., 1995; Clarkson et al., 2008).
However, in later years Blitz & Spergel (1991) analysed the balloon observations by Mat-
sumoto et al. (1982) to determine whether a significant nonaxisymmetric component of
the emission existed within the data, and presented direct evidence for a bar at the
Galactic Center. In addition, the near-infrared photometry with the COBE satellite in
later years was the first to establish the ” boxy” nature of the bulge (Weiland et al., 1994;
Binney et al., 1997). This was later confirmed using the 2MASS star count map (Skrut-
skie et al., 2006). Following, more recent star count data unambiguously determined
that the bulk of the Galactic bulge in fact forms part of a so-called ” boz/peanut” struc-
ture (b/p-bulge for short), which represents the inner part of the Galactic bar (Wegg &
Gerhard, 2013), and is consistent with the observed cylindrical rotation (Kunder et al.,
2012; Ness et al., 2013b). This b/p-bulge structure also reveals an X-shape when per-
forming unsharp masking (McWilliam & Zoccali, 2010; Nataf et al., 2010; Portail et al.,
2015; Ness et al., 2016), similar to what is observed in the sample of galaxies obtained
by Bureau et al. (2006).

The culprit for the observed b/p-bulge distribution is conjectured to be the Galactic
bar. This component has its semi-major axis in the first Galactic quadrart (i.e., 0°
< [ < 90°). Measurements of the subjected angle between the bar’s major axis and

the Sun-Galactic centre line were first determined to be ¢pp~2742° (Wegg & Gerhard,
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2013). This is consistent with earlier estimates from an array of studies, suggesting
an angle between ¢p,~20-35° (Dwek et al., 1995; Binney et al., 1997; Stanek et al.,
1997; Rattenbury et al., 2007; Cao et al., 2013). The advent of the Gaia satellite
(Gaia Collaboration, 2018) helped further constrain this value to the current estimate
of ¢ppp~25° (Bovy et al., 2019). Moreover, the latest survey data show that the Milky
Way’s bar is approximately ~ 10 kpc in length (Bovy et al., 2019), that it is rotating at
approximately ~414+km/s kpc~! (Portail et al., 2017; Sanders et al., 2019; Bovy et al.,
2019), and that it is comprised of stars which are older, and have less evolved chemical
compositions, than stellar populations in the disc around the Solar neighbourhood (Bovy
et al., 2019; Queiroz et al., 2021).

The observed properties of the bulge and bar of the Milky Way corroborate the initial
hypothesis that the X-shaped bulge likely formed via the secular evolution and the
process of bending instability of a prominent bar in these centremost regions of the
Galaxy —albeit the existence of a classical bulge is still debated (Nataf, 2017; Barbuy
et al., 2018)—. When compared to expectations from numerical cosmological simulations,
the properties of the Milky Way’s central regions suggest that the Galaxy has undergone
no major accretions in the last ~8 Gyr (Fragkoudi et al., 2020). As will be discussed
in future chapters of this thesis, this hypothesis corroborates the most recent findings
in the literature (Belokurov et al., 2018; Helmi et al., 2018; Mackereth et al., 2019a;
Myeong et al., 2019; Naidu et al., 2020; Horta et al., 2021a). Finally, in addition to the
Galactic bar, it is also worth mentioning that it is in these innermost regions that the
peak in the density of the stellar halo is found (Iorio et al., 2018; Horta et al., 2021c),
and where the oldest stars born in the Milky Way are most likely to be found (Beers &
Christlieb, 2005; Yong et al., 2013; Nordlander et al., 2019; Arentsen et al., 2020c).

I finish this Section by providing direction for the reader to more extensive reviews of the
Galactic bulge, which can be found in Rich (2013); Gonzalez & Gadotti (2016); Nataf
(2017), and Barbuy et al. (2018).

1.1.1.2 The disc of the Galaxy and its spiral structure

The most massive baryonic component of the Milky Way is its disc, amounting to a My
~ 5x101° My, (McMillan, 2011). The Galactic disc has historically been understood as
being the result of the overlapping of two structures, commonly referred to as a ”thick”
and ”thin” disc (Yoshii, 1982; Gilmore & Reid, 1983; Juri¢ et al., 2008), making it similar
to observations of local disc galaxies (Burstein, 1979; Tsikoudi, 1979). Historically, the

”thick” disc has been characterised by older, kinematically hotter, and more a-enhanced
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stellar populations, whereas the ”thin” disc has been characterised by younger, kinemat-
ically cooler, and a-poor populations (Bensby et al., 2005; Nidever et al., 2014; Hayden
et al., 2015). However, counter-arguing work has advanced that the disk populations,
when analysed from the point of view of mono-abundance-populations, vary smoothly
and span this range of chemo-dynamical and structural properties (Norris, 1987; Nemec
& Nemec, 1991; Bovy et al., 2012, 2016; Mackereth et al., 2017).

I end this Section noting that the Milky Way disc appears structurally to be similar to
observed discs of external galaxies of similar mass, but appears chemically to be peculiar
at the ~5-0 level (Mackereth et al., 2018). I provide the interested reader with more
extensive reviews of the Galactic disc, found in Freeman & Bland-Hawthorn (2002), Rix
& Bovy (2013) and Bland-Hawthorn & Gerhard (2016).

1.1.1.3 The stellar halo

Albeit it only amounts to less than ~1% of the total stellar mass in the Milky Way (Bell
et al., 2008), the stellar halo is a relic Galactic component that preserves the clues of the
Galaxy’s past and assembly history. It is in this region of the Galaxy that the debris of
smaller satellite systems (such as dwarf galaxies and globular clusters) that have been
accreted and disrupted via the process of hierarchical mass assembly are deposited (e.g.,
Ibata et al., 1997; Belokurov et al., 2006). Thus, it is an important region that retains
vital clues for unravelling the past encounters that the Milky Way underwent, all of
which can help decipher how the Galaxy assembled its mass. Moreover, it is also the
Galactic component thought to contain the oldest stars in the Milky Way, which can
serve as the Rosetta Stone for understanding the intricate physics of star formation in

the early Universe.

Historically, early work focused on modelling the density of the Galactic stellar halo em-
ployed different stellar types as tracers, ranging from Main Sequence Turn Off (MSTO)
stars (Morrison et al., 2000; Juri¢ et al., 2008) or Blue Horizontal branch (BHB) stars
(Yanny et al., 2000), as the photometry is relatively easily calibrated to provide accu-
rate distances. Initially, the stellar halo was fitted with a single power-law model, of the

form:

p(r)=r"9, (1.1)

where « is the exponent, classically attributed a value of a~3. Using BHB stars from
the SDSS survey, Deason et al. (2011) showed a better fitting profile, one that included

a break radius at approximately ~ 27 kpc, and whose inner exponential slope is shallow
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(ain~2.3) and outer slope is steep (aout~4.6) (see also Watkins et al., 2010; Sesar et al.,
2011). Conversely, using the SDSS-SEGUE red giant stars, Xue et al. (2015) showed
an alternative well fitting profile, a single power law of steep exponent (a~4.2) and a
flattening parameter ¢ varying as a function of Galactocentric distance, which ranged
in value between ¢~0.5 and 0.8. The advent of the Gaia satellite mission then provided
an unprecedented view of our Galactic stellar halo thanks to its delivery of exquisite
astrometry for many hundreds of thousands of stars. These data enabled a more detailed
characterisation of the stellar halo density profile covering a range between ~3 kpc from
the Galactic Centre to approximately ~30 kpc. Using RR Lyrae stars from the second
data release of the Gaia survey, lorio et al. (2018) showed that a triaxial single power
law, that included a flattening parameter and a parameter that modelled the tilt and/or
offset of the halo with respect to the Galactic disc was the best fitting profile. Here, the
authors found an exponent value of a~2.96, with a flattening value between 0.57 < ¢
< 0.75, and a tilt on the order of ~70° between the axis connecting the Sun and the
Galactic Centre. These results are also in broad agreement with recent estimates using
red giant branch star data from the APOGEE survey (Mackereth & Bovy, 2020), who
also included a cut-off term to their profile, but find a steeper profile (on the order of
a~3.5).

In addition to its density profile, the structure of the Milky Way’s stellar halo is diverse
and rich in overdensities. Due to the difficulty in observing stars at very high distances,
we have sadly only been able to map a small fraction of the distant stellar halo. Despite
this, the efforts by many photometric, astrometric, and spectroscopic studies have helped
reveal a wealth of structures in this region. In the past several decades, there has been
a plethora of structures in the stellar halo discovered, ranging from stellar streams
(Belokurov et al., 2006) to infalling satellite galaxies (Ibata et al., 1994). Towards
the more inner ~20 kpc regions, recent measurements suggest that the stellar halo is
dominated by the debris of an accreted satellite galaxy referred to as Gaia-Enceladus
(Helmi et al., 2018) or Gaia-Sausage (Belokurov et al., 2018) (but see also Haywood et al.
(2018) and Mackereth et al. (2019a)), as well as smaller debris conjectured to arise from
smaller accreted systems (e.g., Helmi et al., 1999; Myeong et al., 2019; Koppelman et al.,
2020; Naidu et al., 2020). Due to the difficulty of observing the innermost (Rgc:S4 kpe)
regions of the stellar halo because of dust extinction and overcrowding by more metal-
rich stellar populations, the innermost halo has remained obscured. As we will see in
subsequent Chapters, one of the main objectives of this thesis has been to map the
innermost halo of the Galaxy. Thus, I will reserve discussing this region of the stellar

halo to the following Chapters.

For the interested reader who would like to learn more about the Milky Way stellar halo,
I recommend the following reviews: Freeman & Bland-Hawthorn (2002) ,Helmi (2008),
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Belokurov (2013), Bland-Hawthorn & Gerhard (2016), and Helmi (2020).

1.1.2 Mass assembly history

The current understanding of galaxy formation is based on a cold-dark-matter dom-
inated Universe (ACDM). In this scenario, structure is a consequence of hierarchical
merging and clustering of matter. Within this framework, baryonic matter (i.e., stars
and galaxies) settle in large potential wells of dark matter haloes (White & Rees, 1978),
and primarily grow via two overarching mechanisms: ) infall of gas from cosmic fila-
ments; i) hierarchical mass assembly of haloes. The ACDM theory has been successful
in explaining the large-scale structure of the Universe (e.g., Frenk & White, 2012), but
however struggles on the smaller (< 1 Mpc) scales (e.g., Navarro & Steinmetz, 2000;
Abadi et al., 2003), and thus our understanding of galaxy formation and evolution is

still incomplete (see the review by Bullock & Boylan-Kolchin 2017 on the topic).

For the case of the Milky Way, the first modern scenario proposed to describe the
formation and assembly of the Galaxy was that by Eggen et al. (1962) (referred to as the
ELS model). Based on the eccentric orbits and distinct chemical compositions observed
for population type II stars when compared to the population type I stars, the ELS
model proposed that the Milky Way formed via a collapse of an initial spherical cloud of
gas (named a protogalaxy). This model postulated that initial gas was poor in metals,
and due to gravity it collapsed and formed the first stars (population type II). Such stars
kept the kinematic properties of the collapsing gas and obtained eccentric orbits around
the centre of the galaxy. As more gas collapsed, the rotational velocities of the collapsing
cloud would have increased to conserve angular momentum. These factors would lead
the gas to collapse and start spinning along its rotational axis, shaping the galaxy into a
flatter structure. As more stars formed and died through violent supernovae explosions,
the galactic disc would have become more enriched in metals (released by the violent
deaths of these stars) allowing for the formation of population type I stars; therefore
explaining the different formation mechanisms for the different stellar populations known

at the time.

Some time later, an alternative scenario was proposed by Searle & Zinn (1978). In
this pioneering work, the authors applied a new method of abundance determination
to a population of red giant stars in several GCs positioned at more than ~8 kpc from
the Galactic Centre. They chose to use these stars in faraway GCs as the distribution
over abundance appeared to be independent of Galactocentric distance and is almost
identical to that for halo subdwarfs in the solar neighbourhood. After performing their

analysis, their results skewed them away from the idea of a collapsing protogalaxy as



Introduction 11

proposed by the ELS model. Instead, their findings led them to postulate a new refined
model in which they describe the formation of the Galaxy in a more chaotic manner.
More specifically, they proposed that gas from which the clusters and stars of the outer
halo formed continued to fall into the Galaxy for time after the collapse of its central
regions had been completed. They suggested that the interactions of the infalling gas
dissipated much of its kinetic energy and gave rise to transient high-density regions
in which the halo stars and clusters formed. These regions then dispersed even while
they underwent chemical evolution. The stars and clusters that had formed within
these regions eventually fell into dynamical equilibrium with the Galaxy (constituting
its present outer halo) and the gas lost from these protogalactic star-forming regions

was eventually swept into the galactic disc!.

Since these early works, more detailed models for the assembly history of galaxies like the
Milky Way have been forwarded (e.g., Bullock & Johnston, 2005; Diemand et al., 2005;
Font et al., 2006; De Lucia & Helmi, 2008; Johnston et al., 2008; Cooper et al., 2010). All
of these have heavily relied on models which couple simple recipes for assigning stellar
mass to infalling satellites in dissipationaless cosmological simulations (also referred as
"hybrid” models). Overall, these models have been successful at reproducing the outer
regions of the observed Milky Way stellar halo (e.g., Carollo et al., 2007; de Jong et al.,
2010; Sesar et al., 2011), but run into problems when attempting to reproduce significant
metallicity gradients in stellar spheroids (e.g., Font et al., 2006; Helmi, 2008; Cooper
et al., 2010). Observational evidence suggests that the local stellar halo can be chemo-
dynamically divided into two components (i.e., the ”dual halo” e.g., Carollo et al., 2007,
2010; Nissen & Schuster, 2010) 2. This duality feature has proven difficult to reconcile
with purely dissipationless hybrid methods. However, this issue was largely mitigated
in Font et al. (2011) using the GIMIC suite of simulations, who showed that when
accounting for the change in the mass fraction of accreted and in situ populations at
different Galactocentric radii, which have different characteristic metallicity distribution
functions that overlap spatially, it is possible to reproduce the observed overall gradient
out to radii of ~30 kpc. Furthermore, McCarthy et al. (2012) also used these simulations
to further assess the dual nature of the observed stellar halo in the Milky Way, and found
that the in situ components of stellar halos contribute in copious amounts to the mass

within ~30 kpc, in line with the dual halo concept.

Theoretically, it is now widely agreed upon that the Galaxy (and its stellar halo) assem-

bled via a combination of in situ star formation and the accretion of lower mass building

Tt was due to the pioneering work by Searle & Zinn in the late 1970s that much of the following
work started focusing on studying GCs to answer questions on the formation and mass assembly of the
Milky Way.

2However, see counter-arguments by Schoénrich et al. (2011) and Schénrich et al. (2014), who refute
the dual halo hypothesis.
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blocks (e.g., Deason et al., 2013; Tissera et al., 2013; Cooper et al., 2015; Rodriguez-
Gomez et al., 2016; El-Badry et al., 2018; Monachesi et al., 2019; Fattahi et al., 2020;
Font et al., 2020; Fragkoudi et al., 2020). Conversely, some of the latest observational
findings argue in favour of either no in situ halo (e.g., Di Matteo et al., 2019; Naidu
et al., 2020), for a large contribution to the inner stellar halo from accreted populations
(e.g., Deason et al., 2019; Mackereth & Bovy, 2020), or for an in situ halo comprised
of disc populations heated by merger events (e.g., Bonaca et al., 2017; Belokurov et al.,

2020). Thus, a full picture is yet to be fully established.

1.2 Unveiling fossilised records of galaxy formation in the
Milky Way

Similar to archaeologists who study human history by unearthing remnants from past
civilisations, Galactic archaeologists trace the history and formation of the Milky Way
by unveiling fossilised records embedded in the properties of its constituent stars, gas,
and other structures observable from Earth. The opportunity to study the positions,
motions, chemical compositions, and ages of stars in our Galaxy provide the means to
unravel the structure and assembly history of the Milky Way. In the past few decades,
the advent of large-scale stellar surveys have revolutionised Galactic archaeology, and
mapped a significant region of the Galaxy, supplying a colossal archive of spectro-photo-
astrometric properties for over 21 million stars. In the following Sections, I present
a short review of what these data tell us about the properties of Milky Way stellar
populations in chemical (Section 1.2.1) and dynamical (Section 1.2.2) space. I also
provide a more in-depth view of the Galactic stellar halo (Section 1.2.3) and the Galactic
globular cluster system (Section 1.2.4), and discuss how these Galactic components
retain the pivotal clues for unveiling the mass assembly history of the Milky Way. The
content covered in this Section should provide the reader with an overview of this field

of astronomy, and set the scene for the following chapters.

1.2.1 The Milky Way in chemical space

Chemical abundances of stars encode properties of the environment in which they formed
and hold precious information on the formation of the Milky Way. The ability to ” chem-
ical tag” (Freeman & Bland-Hawthorn, 2002) stellar populations provides an avenue to
unravel the history and evolution of the Galaxy. Beginning with the pioneering studies
of the Sun and nearby stars (Payne, 1925; Russell, 1929), the pursuit of a complete

understanding of the genesis of all elements remains as a fundamental question, relevant
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to both astrophysics and nuclear physics (e.g., Fowler et al., 1955; Burbidge et al., 1957;
Wallerstein et al., 1997). Significant progress has been made over the last half-century,
and we can classify most elements into a small subset of primary groups, based on the
their dominant nucleosynthetic channels. Broadly speaking, elements can be organ-
ised into the light, «, odd-Z, iron-peak, and neutron capture groups, and into further
subgroups within each (see Johnson (2019) for further details). The analysis of these
different elemental classifications in different chemical planes can subsequently be used
to connect the relative conditions in which a stellar population is formed to the way the
Galaxy has formed and evolved over time. Of particular interest is the fact that stellar
populations formed in different environments should manifest different chemical abun-
dances. This has been predicted based on expectations from numerical and cosmological
simulations (Robertson et al., 2005; Font et al., 2006; Johnston et al., 2008), and con-
firmed with spectroscopic data collected for different regions of the Galaxy (Reddy et al.,
2003; Bensby et al., 2005, 2014; Hayden et al., 2015; ?) and dwarfs satellite galaxies
around the Milky Way (Shetrone et al., 2001, 2003; Tolstoy et al., 2009; Nidever et al.,
2020; Hasselquist et al., 2021).

Progress in our understanding of chemical element distributions in stars in the Milky
Way in the last two decades has been driven by ground-based large-scale spectroscopic
stellar surveys. These include APOGEE: Majewski et al. (2017), GALAH: Martell
et al. 2017, LAMOST: Zhao et al. (2012), RAVE: Steinmetz et al. (2020), SEGUE:
Yanny et al. (2009a), Gaia-ESO: Gilmore et al. (2012), amongst several others. The
data supplied by these surveys has cemented the notion of an observed bimodality in
the Milky Way disc manifested in the [a/Fe|-[Fe/H] plane (Fuhrmann, 1998; Prochaska
et al., 2000; Reddy et al., 2006; Adibekyan et al., 2012; Haywood et al., 2013; Anders
et al., 2014; Bensby et al., 2014; Nidever et al., 2014; Snaith et al., 2014; Hayden et al.,
2015; Mackereth et al., 2017). Here, the so-called high-a track contains stars that are
typically older, more [Fe/H]-poor, are positioned closer to the Galactic centre, and have
higher vertical heights above the midplane; conversely, the low-a disc contains stars
that are younger, span a wider range of metallicities (and are typically more [Fe/H]-
rich), have radially more extended orbits, and a more confined to the midplane (see
Fig 1.2). The high-« track displays a high-[a/Fe] ratio that is constant until [Fe/H]
~—0.5, at which point there is a ” knee” and the [a/Fe] ratio decreases at a constant rate
with increasing [Fe/H], eventually merging with the low-a sequence at roughly solar-
[a/Fe] at [Fe/H] ~0.2 dex. Conversely, the low-a track spans across 0.8 < [Fe/H] <
0.5 in metallicity, and shows no obvious knee feature. The observed knee in the high-«
sequence is likely caused by the interplay between type II supernovae (or core-collapse
supernovae: SNII) and type Ia supernovae (SNIa). Prior to formation of the knee, SNII

caused by the explosion of stars with solar masses M, 2 8Mg are the primary source



Introduction 14

of metals in the insterstellar medium (ISM), and primarily release o elements and Fe.
Approximately ~1x10% years leater, SNIa explosions begin to contribute metals to the
ISM, primarily releasing iron-peak elements and Fe. The a-knee feature results from
a declining star formation rate (as suggested by Tolstoy et al. (2009)), which leads to
a decrease in the number of SNII detonations that contribute a elements and iron. It
marks the metallicity after which SNIa dominate the chemical enrichment of a system
as the smaller number of SNII explosions become less efficient at enriching the gas (see
Mason et al., in prep for details). The origin of the a-bimodality is still uncertain,
and can be to some degree explained under different mechanisms seen in cosmological
simulations (e.g., Mackereth et al., 2018; Grand et al., 2018; Buck, 2019; Grand et al.,
2020; Agertz et al., 2020; Khoperskov et al., 2021). Recent theoretical work suggests
that it is perhaps an uncommon phenomenon (Mackereth et al., 2018), and suggests it
is linked to the assembly history of the Milky Way. However, some observational results

propose the contrary (Scott et al., 2021).

Furthermore, towards the more [Fe/H]-poor regime, the Milky Way is even more com-
plex. It is in this region that the oldest and chemically least evolved stellar populations
formed in situ inhabit this chemical plane (e.g., Carollo et al., 2007; Hayes et al., 2018;
Di Matteo et al., 2019). Similarly, it is also in this low-metallicity regime that stellar
populations formed in satellite galaxies accreted by the Milky Way appear (e.g., Nissen
& Schuster, 2010; Hayes et al., 2018; Haywood et al., 2018; Helmi et al., 2018; Mackereth
et al., 2019a). Albeit this region of the [a/Fe|-[Fe/H] plane is commonly attributed the
umbrella name of the halo, observational results have also revealed the presence of a
metal weak thick disc (MWTD, e.g., Norris et al., 1985; Morrison et al., 1990; Chiba &
Beers, 2000; Beers et al., 2002; Carollo et al., 2010; Kordopatis et al., 2013; Di Matteo
et al., 2019; Sestito et al., 2019; Fernandez-Alvar et al., 2021), that reaches metallicities
as low as [Fe/H]<-3. Similarly, there is also observational evidence for the presence
of stars with disc-like chemical compositions on kinematically hot orbits (termed the
”Splash” e.g., Bonaca et al., 2017; Belokurov et al., 2020), conjectured to be heated disc

populations caused by the accretion of satellite galaxies.

Allin all, the metal-poor Milky Way (i.e., [Fe/H]|<-0.7) is more complex than previously
thought, and the precise number of Galactic components overlapping in this chemical
regime still needs to be fully established (although see the results by Nikakhtar et al.
(2021)). The advent of large-scale stellar surveys is helping shed light on the properties
of the metal-poor Milky Way. However, its complexity has not permitted us to fully

characterise it, yet.

Aside from the [«/Fe] and [Fe/H] elemental ratios, other elements whose genesis does not

involve SNII and SNIa provide us the opportunity to study how other nucleosynthetic



Introduction 15

ki, { high-o disc) =

0.2F

0.1

[Mg/Fe]

0.0

—0.1 I i e - 'iﬁ low- disc | =

|
o
I
=]
I
Ln
I
=)
L[
ot
o
=
=
=
LN

FI1GURE 1.2: 2D density distribution of the Apache Point observatory Galactic Evolu-

tion Experiment data release 17 survey in the [o/Fe]-[Fe/H] (using Mg as our « tracer

element). Red lines are illustrated in this plane to guide the eye to the division of the
high-/low-« discs, as well as the “halo”, components of the Milky Way.

channels contribute to the interstellar medium (ISM) of the Galaxy. As I discuss in the
following chapters, the combination of elements formed in an array of nucleosynthetic
channels enables the chemical characterisation of different stellar populations in the
Galaxy, helping place constrains on the structure and mass assembly history of the
Milky Way.

1.2.2 The Milky Way in dynamical space

The advent of the Gaia satellite mission has revolutionised the way we see the Milky Way,
and has delivered an unprecedented view of the photo-spectro-astrometric properties
of millions of stars in our Galaxy. More specifically, the first data releases of Gaia
(Gaia Collaboration, 2018; Gaia Collaboration et al., 2020) provided a colossal archive
of precise measurements of the magnitudes, positions, proper motions, and parallaxes of
stars from all Galactic components. This information, when combined with the radial
velocities supplied by the Gaia/RVS spectrograph and complementary spectroscopic

surveys, supplies the 6-D phase space information necessary to fully characterise the
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orbits and motions of stars in an assumed Galactic potential. This proves extremely
useful for computing integrals of motion (IoM) (Binney, 2012), that are assumed to
remain constant within a non-adiabatic axisymmetric potential, and thus are very useful

for distinguishing stellar populations that appear different in orbital space.

Classically, the Milky Way can be dissected kinematically into a thin disc, thick disc, and
halo components based on the velocities of stars in the so-called Toomre diagram (e.g.,
Toomre, 1964; Nissen, 2004; Kaempf et al., 2005; Schuster et al., 2012; Bensby et al.,
2014; Jofré et al., 2015; Bonaca et al., 2017; Haywood et al., 2018; Helmi et al., 2018),
as shown in Fig 1.3. In this space, the thin disc is characterised by a ”cold” velocity
profile, where stars are distributed over a small range of velocities, due to their nearly
circular orbits near the Galactic plane. The thick disc spans a wider range in v, and

v2 + v2, reaching approximately a value in both directions of ~220 kms~!. Conversely,
the halo component is kinematically hot, and is comprised by stellar populations on more

radial and eccentric orbits, occupying a position in Fig 1.3 spanning v,~0 km/s and 0

< V/vZ+v2 <400 km/s. The Toomre diagram has served as a purposeful plane to

~

understand how different stellar populations orbit around the Milky Way.

However, velocities are variable quantities, so that diagnostic planes such as the Toomre
diagram are only useful to study stellar populations in a snapshot of time. Con-
versely, ToM are conserved quantities (under the assumption of an axysimmetric and
non-adiabatic potential) which makes them powerful tools to discriminate the evolu-
tionary origin of stellar populations. One IoM plane that has been extensively studied
is the orbital energy versus azimuthal angular momentum plane (also referred to as the
Lindblad diagram, e.g., Lindblad, 1927; Bensby et al., 2014; Jean-Baptiste et al., 2017a;
Helmi et al., 2018; Massari et al., 2019; Myeong et al., 2019; Koppelman et al., 2019c;
Naidu et al., 2020), shown in Figure 1.4. This is because energy and angular momentum
are parameters largely invariant to phase mixing and hence survive intact for many or-
bits (Helmi & de Zeeuw, 2000), and therefore substructures arising from the engulfment
of satellite galaxies should appear as ”clumps” in this orbital plane. This serves as a

useful map to find the blueprints of the make up of the Milky Way’s assembly history.

In summary, the motions and orbits of stars are important tracers of the formation and
evolution of the Galaxy, from which any insights on Galactic dynamics can help place
constraints on how other galaxies form in the Universe, and how dark matter interacts

with baryonic matter due to its gravitational influence.
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F1cUure 1.3: 2D density distribution of the Apache Point observatory Galactic Evolu-
tion Experiment data release 17 survey in the Toomre diagram. Red lines are illustrated
in this plane to guide the eye to the division of the thin/thick discs, whereas green is
illustrated to guide the division of the thick disc/halo components of the Milky Way.
This kinematic plane gives an intuition of what fraction of the magnitude of a star’s
velocity vector is in the vertical, radial, and rotational velocity directions.

1.2.3 The stellar halo: a mosaic of stellar debris

In a ACDM Universe, galaxies (and the Milky Way) assemble their mass via the ac-
cretion of smaller galaxies (Bullock & Johnston, 2005; Abadi et al., 2006; Font et al.,
2006; Johnston et al., 2008). As a natural consequence, cannibalised satellite galaxies
deposited their debris in the stellar halo of the Milky Way, leaving behind the fossilised
fingerprints of its accretion history and past encounters. As a result, the stellar halo
component of the Milky Way appears as a "mosaic” of stellar debris, that can be char-
acterised in order to deliver a better understanding of how our Galactic home assembled

over time.

Early work based the identification of recent or ongoing accretion events on the location
of substructure in real space, orbital phase, and/or phase space (Ibata et al., 1994; Helmi
et al., 1999; Vivas et al., 2001; Majewski et al., 2003; Belokurov et al., 2006). The poster
child example of this type of substructure is the Sagittarius dwarf spheroidal galaxy (Sgr
dSph Ibata et al., 1994), identified due to the prominence of its core below the Milky
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FIGURE 1.4: Same as Fig 1.3 but now in the Lindblad diagram: the orbital energy (E)

versus azimuthal angular momentum plane (L,). The red(green) line demarks, to first

order, the region occupied by the thin(thick) disc. Here, positive(negative) L, values

correspond to orbits rotating in a prograde(retrograde) fashion, and more negative E
values correspond to orbits more bound to the Milky Way pontential.

Way bulge and its long stellar streams wrapping around the Galaxy. However, phase
mixing makes the identification of early accretion activity that occurred during the first
few Gyr of the Milky Way’s life more difficult, requiring additional information, usually
in the form of detailed chemistry and/or ages (Nissen & Schuster, 2010; Hawkins et al.,
2015; Hayes et al., 2018; Mackereth et al., 2019a; Das et al., 2020; Buder et al., 2022).

The combination of astrometric data from the Gaia satellite and spectroscopy from
large-scale high-resolution spectroscopic surveys has enabled the identification of several
distinct satellite accretions by various groups in the past few years, including the Gaia-
Enceladus/Sausage system (GES Belokurov et al., 2018; Helmi et al., 2018; Haywood
et al., 2018; Mackereth et al., 2019a), Sequoia (Barba et al., 2019; Matsuno et al.,
2019; Myeong et al., 2019), Thamnos (Koppelman et al., 2019¢), Nyx (Necib et al.,
2020), LMS-1 (Yuan et al., 2020), Arjuna/Aleph/I'itoi (Naidu et al., 2020), and Cetus
(Newberg et al., 2009), and Pontus (Malhan et al., 2022).

It is evident that we have only scratched the surface in terms of characterising the

stellar halo of the Galaxy. However, what is also clearly evident is that this Galactic
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component is special as it retains vital clues required for an inference of the accretion and
mass assembly history of the Milky Way, both of which are pivotal for an understanding

of how the Galaxy, and maybe other disc galaxies in the Universe, form and evolve.

1.2.4 Globular clusters in the context of the Milky Way’s assembly
history

In addition to stellar debris, accreted satellite galaxies also deposit their surviving glob-
ular clusters (GC)? into the resulting larger mass host (Pefiarrubia et al., 2009). Thus,
GCs also serve as useful accretion tracers, and can be used to infer properties of the
mass assembly history of the Galaxy (e.g., Searle & Zinn, 1978; Fall & Rees, 1985; Ash-
man & Zepf, 1992; Pritzl et al., 2005; Brodie & Strader, 2006; Forbes & Bridges, 2010;
Myeong et al., 2018; Kruijssen et al., 2019b; Massari et al., 2019; Myeong et al., 2019;
Forbes, 2020; Callingham et al., 2022), as well as properties of its dark matter halo and
the Milky Way potential (Bahcall & Tremaine, 1981; Spitler & Forbes, 2009; Binney &
Wong, 2017; Posti & Helmi, 2019).

Classically, the age-metallicity relation (AMR) of Galactic GCs has been used to make
inferences about the Milky Way’s mass assembly history (e.g., Forbes & Bridges, 2010;
Kruijssen et al., 2019b). This is because the AMR of Galactic GCs has been shown
to bifurcate (Marin-Franch et al., 2009; Forbes & Bridges, 2010; Leaman et al., 2013),
where one branch is believed to trace the GCs formed in situ and is comprised of GCs
that are more [Fe/H]-rich -at fixed age- than those positioned in the other branch,
constituted by GCs thought to having been accreted via the process of hierarchical mass
assembly. However, the advent of Gaia (and its precise astrometric measurements) and
spectroscopic surveys (and their chemical abundance measurements) have also enabled
the characterisation of the Galactic GC system in orbital (e.g., Myeong et al., 2018;
Massari et al., 2019; Myeong et al., 2019) and chemical (Pritzl et al., 2005) space. While
the origin of the Galactic GC system is still a debated topic, all these data have helped

place constraints on the mass assembly history of the Galaxy.

In addition to the role of chemo-dynamic tracers, GCs also play an important role
in terms of mass contribution to the total stellar halo mass budget. Theoretical and
observational evidence suggest that GCs contribute relevantly to the stellar mass budget
of galaxies. The leading GC formation scenarios propose a framework in which GCs
formed in the turbulent discs of their host galaxies at z ~2-3, where, due to tidal shocks
(Gnedin, 2001) and the so called ”cruel cradle effect” (Kruijssen et al., 2012b), GCs

3 Albeit star clusters can be divided into multiple subgroups based on their age, size, mass and shape
(namely, young-massive clusters, intermediate-age clusters, and globular clusters), for this thesis I will
refer to all bound spherical systems of stars orbiting the Milky Way as globular clusters.
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formed in situ were largely destroyed (Elmegreen, 2010; Kruijssen et al., 2011; Kruijssen,
2014). As galaxies evolved, mergers redistributed GC systems of accreted satellites onto
the host galaxies, typically depositing them in the outer regions of the stellar halo,
where mass loss via evaporation takes place over a longer timescale. The search for
dissolved /evaporated GCs in the stellar halo of the Milky Way, and an assessment of
their mass contribution to the total stellar halo mass budget, has now been possible
thanks to ””weak chemical tagging”. That is the adaptation of the concept of chemical
tagging proposed originally by Freeman & Bland-Hawthorn (2002) to the purpose of
identifying field stars associated with destroyed/evaporated globular clusters (Martell
& Grebel, 2010; Lind et al., 2015; Schiavon et al., 2017a; Koch et al., 2019; Fernandez-
Trincado et al., 2019; Tang et al., 2020). This is because GCs have been shown to host
multiple populations (MP) (see Bastian & Lardo (2018) for a review). Here, the so-called
first population stars present chemical abundance properties that resemble the halo field;
however, the second population type manifest light-element abundance patterns that
distinguish them from both the field and the first population stars. Efforts attempting
to chemically tag these second population stars in the stellar halo have found that there
is a much higher contribution of disrupted/evaporated GC stars in the inner regions of
the Galaxy (Schiavon et al., 2017a) than in the outermost regions (Martell et al., 2016;
Koch et al., 2019). This difference is postulated to be due to the assembly history of
the Milky Way (Hughes et al., 2020; Kisku et al., 2021), however further evidence is
required to fully attest this hypothesis.

In a closing remark, I note that GCs hold vital clues in their observable properties that
can help decipher the mass assembly history of the Galaxy and the build up of its stellar
halo.

1.3 Summary and thesis outline

This thesis has so far consisted of an overview of the field of Galactic archaeology, re-
lating the main properties of the Milky Way (Section 1.1) and the avenues Galactic
archaeology attempts to use to place constraints on the formation and mass assembly
history (Section 1.2). More specifically, I have provided an overview of the Milky Way’s
structure (Section 1.1), the leading models proposed to explain its mass assembly his-
tory (Section 1.1.2), how it appears in chemical and kinematic space (Section 1.2.1 and
Section 1.2.2, respectively), and how we can use the Galactic stellar halo (Section 1.2.3)
and its globular cluster system (Section 1.2.4) to gain insights on the accretion and mass

assembly history of the Galaxy.
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In the following chapters, I describe my efforts towards advancing our understanding of
the history of the Milky Way on the basis of a combination of cutting edge observational

data and state-of-the-art cosmological numerical simulations. In detail:

e In Chapter 2, I present novel results on the discovery of a halo substructure posi-
tioned in the heart of the Galaxy who’s chemo-dynamical properties are consistent

with an accreted origin.

e Chapter 3 presents an in-depth analysis of the chemical properties of all phase-
mixed halo substructures identified so far in the Milky Way using the latest Milky
Way survey data.

e In Chapter 4, I present the findings of a study focused on deciphering the total
contribution to the stellar halo mass budget from dissolved and/or evaporated
globular clusters via an assessment of the stellar density profile of second popula-

tion globular cluster escapees, identified via a chemical tagging technique.

e Chapter 5 includes a study focused on discerning the origin of the Galactic globular
cluster system based on a chemical analysis of globular clusters in the [a/Fe]-[Fe/H]

plane.

I present the general conclusions of the thesis in Chapter 6, and outline future develop-
ments of my thesis work towards better constraining the formation and evolution, the

mass assembly history, and typicality of the Galaxy.



Chapter 2

Unearthing building blocks of the
Milky Way

2.1 Introduction

As already discussed in Chapter 1, the mass assembly of galaxies is largely determined
by the accretion of low mass structures. It follows naturally that the accretion history
of a galaxy plays a key role in defining how its various components are organized today.
Our own Galaxy is no exception. Much of the accretion activity of the Milky Way has
happened in the early stages of its formation, and the footprints are frozen in the chemo-
dynamical record of its halo stellar populations. Since the seminal papers by Eggen
et al. (1962) and Searle & Zinn (1978), many groups sought to characterise halo stellar
populations, associating them with in situ formation or an accretion origin. Detection
of substructure in phase space has worked very well for the identification of ongoing
and/or recent accretion events (e.g., Ibata et al., 1994; Helmi et al., 1999; Majewski
et al., 2003; Belokurov et al., 2006). However, phase mixing makes the identification of
early accretion activity that occurred during the first few Gyr of the Milky Way’s life
more difficult, requiring additional information, usually in the form of detailed chemistry
(e.g., Nissen & Schuster, 2010; Hayes et al., 2018; Mackereth et al., 2019a).

The combination of data from the Gaia satellite (Gaia Collaboration, 2018) and chem-
istry from massive high resolution spectroscopic surveys (e.g., Gilmore et al., 2012; Ma-
jewski et al., 2017; Martell et al., 2017) is transforming this field. In the past few years,
several distinct satellite accretions have been suggested by various groups, including the
Gaia-Enceladus/Sausage system (Haywood et al., 2018; Helmi et al., 2018; Belokurov
et al., 2018; Mackereth et al., 2019a), Sequoia (Myeong et al., 2019), the Kraken (Krui-
jssen et al., 2019a), and Thamnos 1 and 2 (Koppelman et al., 2019b). More recently,

22
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a number of additional structures were identified by Naidu et al. (2020) on the basis
of data collected as part of the H3 survey (Conroy et al., 2019). While the reality of
some of those events still needs to be fully established (e.g., Jean-Baptiste et al., 2017b;
Koppelman et al., 2020), it certainly is clear that we are just scratching the surface and

the field is ripe for exciting new findings in the near future.

The central few kpc of the Galactic halo are obviously extremely important when it
comes to retelling the early accretion history of the Milky Way and discerning the
contribution of in situ formation to the stellar halo mass. Assuming a single power law
density profile with exponent o = —2.96 (e.g., Iorio et al., 2018; Horta et al., 2021c¢)
with spherical symmetry, roughly 50% of the halo stellar mass (out to Rgc ~30 kpc) is
located within ~3 kpc of the Galactic centre. Moreover the inner few kpc of the Galaxy
is the region one would expect to host most of the early in situ halo star formation,
including the oldest stars in the Galaxy (e.g., Tumlinson, 2010; Savino et al., 2020),
as well as the remnants of early accretion events driven there by dynamical friction
(e.g., Tremaine et al., 1975; Pfeffer et al., 2020). Observational access to inner halo
populations is however quite difficult. They inhabit a region of the Milky Way that
by convention is referred to as the Galactic bulge, whose stellar population content
consists of a superposition of structures that are far more densely populated than the
halo itself, including the thick and thin disks, and the bar (e.g., Ness et al., 2013a; Rich,
2013; Nataf, 2017; Barbuy et al., 2018). Moreover, observations of the Galactic bulge
are further hampered by severe extinction towards the inner several degrees from the

Galactic centre.

Since the groundbreaking work by Rich (1988), a truly herculean effort has been invested
by several groups towards mapping the stellar population content of the Galactic bulge,
mostly based on optical spectroscopy (e.g., McWilliam & Rich, 1994; Ibata et al., 1994;
Zoccali et al., 2006; Fulbright et al., 2007; Howard et al., 2008; Gonzalez et al., 2011;
Rich et al., 2012; Garcia Pérez et al., 2013; Rojas-Arriagada et al., 2014; Ryde et al.,
2016; Rojas-Arriagada et al., 2017 ). However, until very recently, the detailed chem-
istry of the metal-poor population inhabiting the inner few kpc of the Galactic centre
has been poorly characterized, with most studies being based on small samples with
metallicities below [Fe/H] ~ —1. With the advent of the Apache Point Observatory
Galactic Evolution Experiment (Majewski et al., 2017), detailed chemistry (combined
with precision radial velocities) has recently been obtained for a statistically significant
sample of metal-poor stars within a few kpc of the Galactic centre. A number of stud-
ies resulted from that database. Nidever et al. (2012) identified cold velocity peaks in

the radial velocity distribution of stars within ~ 20° of the Galactic centre, which may

IThis is of course an incomplete list. For a more comprehensive account of previous observational
work see reviews by Rich (2013), Nataf (2017) and Barbuy et al. (2018).
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be associated with resonant bar orbits (Molloy et al., 2015). Garcia Pérez et al. (2013)
identified some of the most metal-poor stars known in the Galactic bulge; Zasowski et al.
(2016) showed that the kinematics of metal-poor bulge stellar populations is dynamically
hotter than that of their metal-rich counterparts; Schultheis et al. (2017) found evidence
for the presence of a young component among the bulge stellar populations, in agree-
ment with previous work; Schiavon et al. (2017b) discovered a large number of field stars
likely resulting from the destruction of an early population of globular clusters; Garcia
Pérez et al. (2018) studied the metallicity distribution function (MDF') of bulge popula-
tions, and its spatial variation; Zasowski et al. (2019) scrutinised the detailed chemistry
of bulge populations, showing that they seem to be consistent with a single evolution-
ary track, across a wide metallicity range; Rojas-Arriagada et al. (2019) suggests the
presence of a bimodal distribution of bulge stellar populations in the Mg-Fe plane, and
Rojas-Arriagada et al. (2020) argues for a bulge MDF that is characterised by only three
metallicity peaks; Hasselquist et al. (2020) presented the age distribution of several thou-
sand bulge stars, showing the presence of a sizeable population with moderately young
ages; last, but not least, Queiroz et al. (2020a) made a detailed characterization of bulge

stellar populations on the basis of their kinematics and chemistry.

In this chapter I report evidence based on APOGEE spectroscopy, distances based on
Gaia DR2, and EAGLE numerical simulations, for the presence of a metal-poor stellar
population within ~4 kpc of the Galactic centre, that is both chemically and dynamically
distinct from its co-spatial, more metal-rich counterparts. We argue that this population
is likely the remnant of a massive accretion event that probably occurred in the early
stages of the Milky Way formation. Due to its location at the heart of the Galaxy, I name
this system the Inner Galaxy Structure (IGS). In Section 2.2 I briefly describe the data
upon which this work is based, and the sample selection criteria. In Section 2.3 I discuss
the chemical criteria to distinguish accreted from in situ populations. In Section 2.4
I discuss the identification of substructure in integrals of motion (IoM) space, arguing
that the newly identified structure is dynamically detached from other components of
the inner Galaxy. Section 2.5 presents a discussion of the chemical properties of the
new structure, where I provide evidence that it is chemically detached from the other
populations inhabiting the inner Galaxy. In Section 2.6 T discuss the origins of the
metal-poor stellar populations providing an assessment of the contribution of accreted
and in situ populations to the stellar mass budget of the inner halo. I also estimate
physical properties of the putative satellite progenitor of the IGS, such as mass and star

formation history. The conclusions are summarised in Section 2.7.
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2.2 Data and sample

The results contained in this chapter are based on a combination of data from the
SDSS/APOGEE survey (Blanton et al., 2017; Majewski et al., 2017), data release 16
(DR16, Ahumada et al., 2019b), with 6D phase information and orbital parameters
inferred from Gaia DR2 distances and proper motions (Gaia Collaboration, 2018) and
APOGEE radial velocities (Nidever et al., 2015). I make use of the distances from
Leung & Bovy (2019a) for the APOGEE DRI16 data, generated using the astroNN
python package (for a full description see Leung & Bovy, 2019b). These distances are
determined using a previously trained astroNN neural-network, which predicts stellar
luminosity from spectra using a training set comprising of stars with APOGEE spectra
and Gaia DR2 parallax measurements (Gaia Collaboration, 2018). The model is able to
simultaneously predict distances and account for the parallax offset present in Gaia-DR2,
producing high precision, accurate distance estimates for APOGEE stars, which match
well with external catalogues and standard candles. Orbital parameters were calculated
using the publicly available code galpy 2 (Bovy, 2015; Mackereth & Bovy, 2018), and
employing a McMillan (2017) potential. I checked the quality of the Gaia astrometry for
the whole sample finding that, save for a very small number of outliers, the renormalized
unit weight error (RUWE) for the bulge sample is within the safe recommended region

(RUWE<1.44)3, which speaks for the reliability of the orbital parameters.

APOGEE data are based on observations collected with twin high resolution multi-fiber
spectrographs (Wilson et al., 2019) attached to the 2.5 m Sloan telescope at Apache
Point Observatory (Gunn et al., 2006) and the du Pont 2.5 m telescope at Las Cam-
panas Observatory (Bowen & Vaughan, 1973). Elemental abundances are derived from
automatic analysis of stellar spectra using the ASPCAP abundance pipeline (Garcia
Pérez et al., 2016). The spectra themselves were reduced by adoption of a customized
pipeline (Nidever et al., 2015). For a detailed description of the APOGEE data, see
Jonsson et al. (2020) for DR16 and Holtzman et al. (2015, 2018) and Jonsson et al.
(2018) for previous data releases. For details on targeting procedures, see Zasowski
et al. (2017).

The parent sample upon which the work is based is defined as follows. Stars were
selected from the DR16 catalog that match the following criteria: 4000 < T < 6000 K,
1 <logg < 3, [Fe/H]> —1.7, S/N>70, dery/d < 0.2 (where d and de, are distance
and its uncertainty). The S/N and stellar parameter criteria are designed to maximise
the quality of the elemental abundances, minimise systematic effects at low and high

Tet, minimise/eliminate contamination of the sample by AGB and nearby dwarf stars

https://github.com/jobovy/galpy
3See discussion in https://www.cosmos.esa.int/web/gaia/dr2-known-issues
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FIGURE 2.1: Parent and bulge sample displayed in the [Mg/Mn] vs. [Al/Fe] plane.

The 2D histogram shows the entire parent sample, and the red dots highlight stars

located at Rgc < 4 kpce. The black solid line defines the criterion to distinguish in situ

from accreted populations. The dotted line further splits the latter group between low-
and high-« stars. See details in Section 2.2.

at low and high log g, respectively, and remove stars with very low metallicity, for which
abundances of elements such as Mn and N are uncertain. I also remove stars for which
ASPCAP did not provide reliable abundances for Fe, Mg, Al, and Mn, and any stars
with STAR BAD flags set. Finally, 6,022 globular cluster stars, identified following the
procedure described by Horta et al. (2020), were also removed from consideration. The
resulting parent sample contains 144,490 stars with high quality elemental abundances
and phase space information, 6,350 of which are located within Rgc = 4 kpc of the

Galactic centre.

2.3 Chemical distinction between accreted and in situ pop-

ulations

The first step in this chapter is to distinguish stars within the parent sample that were
formed in situ from those that were likely accreted. For that purpose I display the parent
sample on the [Mg/Mn] vs. [Al/Fe] plane in Figure 2.1. Das et al. (2020) showed that
stars in the APOGEE DR14 sample occupied three major distinct loci on this plane (see
also Hawkins et al., 2015). Most of the stars occupy two large concentrations which, in
the DR16 data, are centered at ([Al/Fe],[Mg/Mn]) ~ (0,0) and (0.3,0.4), corresponding
to the low- and high-a disk populations, respectively (e.g., Bovy et al., 2012; Bensby
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et al., 2014; Nidever et al., 2014; Hayden et al., 2015; Mackereth et al., 2017; Queiroz
et al., 2020b). A third group of stars populates a more diffuse “blob” apparent in
Figure 2.1, which is centered roughly at ([Al/Fe],[Mg/Mn]) = (-0.2,0.5), which Das
et al. (2020) associate with an accreted origin. That association was originally proposed
by Hawkins et al. (2015), who identified accreted halo stars as those with low [a/Fe],
and whose radial velocities deviate strongly from those of the bulk of disk stars at the
same Galactic longitude. The solid line in Figure 2.1 defines the locus occupied by
accreted stars in that chemical plane (top left corner). According to Das et al. (2020),
stars to the right and below that line are thus deemed to have formed in situ. The
latter population is further divided into two sub-classes characterized by low and high
a-element abundances, as indicated by the dotted line in Figure 2.1. In total the in situ

and accreted samples contain 141,514 and 2,976 stars, respectively.

The red points on top of the 2D histogram in Figure 2.1 include only stars within 4 kpc
of the Galactic centre. A sizable sub-sample of these so-called bulge stars are located
in the accreted locus of chemical space, suggesting that the bulge may host an accreted
population. The sample contains 463 supposedly accreted stars within 4 kpc of the
Galactic centre, modulo a contamination by stars formed in situ, which I estimate by

different means in Sections 2.3.1 and 2.4.2.

2.3.1 Predictions from chemical evolution models

Before proceeding with the analysis, it is interesting to examine the association of abun-
dance patterns and stellar origin on the basis of standard Galactic chemical evolution
modelling. In this way I hope to ground the empirical definition of accreted vs. in situ

chemistry on a theoretical basis.

Figure 2.2 displays the bulge population on the same chemical plane as Figure 2.1, but
now overlaid by two chemical evolution models starting from the same initial chemical
composition, calculated using the flexCE package by Andrews et al. (2017). The red line
shows the “fiducial” model calculated by those authors, with parameters chosen to match
the properties of the stellar populations in the solar neighbourhood. I adopt it as a proxy
for the behaviour of an in situ population. The blue line represents a model calculated by
Hasselquist et al. (2021) to match the properties of the Gaia-Enceladus/Sausage system,
which I therefore choose to mimic the expected behaviour of accreted populations. The
parameters adopted for each model are listed in Table 2.1. While the fiducial model
adopts a standard exponentially decaying inflow law, for the accreted population gas
inflow follows a dependence of the te™* type. Both models adopt a Kroupa (2001) IMF
with stellar mass ranging from 0.1 to 100 My . In both models the distribution of time
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TABLE 2.1: Parameters adopted for chemical evolution models in Figure 2.2

Parameter In Situ Accreted
Initial gass mass 2 x 1019M, 3 x 109 Mg,
Inflow mass scale 3.5 x 101 M, 6 x 10'°°M,
Outflow mass loading factor 2.5 6

Star formation efficiency 1.5 x 107 %yr~! 1.0 x 107 10yr~!
Exponential inflow timescale 6.0 Gyr 2.5 Gyr

delays before the occurrence of SN Ia is an exponential with timescale 1.5 Gyr and a
minimum delay time of 150 Myr. Tests were performed to verify that the overall mass
scaling is not important for chemical evolution. The deciding factors in fact are the
ratio between initial and inflow masses, the outflow mass loading factor, and the star

formation efficiency.

The filled circles along the model lines indicate the positions at evolutionary time
t = 300 Myr, 1 Gyr, and 5 Gyr. The black cross on both curves indicates the point at
which the models reach [Fe/H|=-0.8. The models are far from a perfect match to the
data, but provide a reasonable qualitative description of the main trends, which suffices

for these purposes.

The first point to be taken from this model comparison is that the “Accreted” region
of chemical space in Figure 2.1 is inhabited by old metal-poor stars from both models,
suggesting that both in situ and accreted stars share that area of chemical space. In
fact, the accreted stars in halo samples are located in that particular locus of Figure 2.1
not due to an intrinsic evolutionary property of dwarf galaxies, but rather because their
star formation was quenched at the moment when they were disrupted while merging
into the Milky Way. As a result, all the stars ever formed by such accreted systems
inhabit the unevolved region of Figure 2.1. The natural implication of this conclusion is
that the “Accreted” region of the chemical plane in Figure 2.1 is likely to also contain

stars that were in fact formed in situ.

Secondly, one can try to exploit the different timescales and star formation rates of the
two models to attempt a zero-th order estimate of the expected contribution of in situ
and accreted populations to the sample within the “Accreted” region of chemical space.
It is clear that chemical enrichment proceeds at a much faster pace in the in situ model,
whose gas leaves the “Accreted” region of the chemical plane at t ~ 250 Myr. Conversely,
the gas in the low mass galaxy remains within the “Accreted” locus for about ~3 Gyr.
On the other hand, the star formation rate at the early stages of the evolution of the high
mass galaxy, according to the models, is of the order of ~ 20 My yr—!, whereas in the
case of the dwarf galaxy it is ~ 0.3 My yr—!. Therefore, considering the characteristic

star formation rates and timescales for the two types of systems, one would expect that
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Ficure 2.2: APOGEE sample for stars with Rgc < 4 kpc compared with chemical
evolution models. The red line shows a model for a Milky Way like galaxy and the
blue line the model for a dwarf satellite. Both models start from the same chemi-
cal composition, and initially occupy the region of parameter space usually ascribed
to “Accreted” stellar populations, but which also hosts in situ populations that are
chemically unevolved. The filled circles indicate the positions along the evolution after
t = 0.3, 1, and 5 Gyr after the beginning of chemical evolution. The black cross in both
curves indicates the point at which [Fe/H]=-0.8. Evolution of the massive galaxy is a
lot faster, but the star formation rate is much higher, so the two systems are expected
to produce similar total stellar mass within the “Accreted” area of the diagram.

the total stellar mass associated with in situ and accreted populations in the “Accreted”
region of Figure 2.1 to be of the same order of magnitude. In Section 2.6.1.1 I provide
a more accurate estimate of the contribution of in situ and accreted populations to the
stellar mass budget of the metal-poor bulge, based on their distributions in the £ — L,

plane.

I conclude that, on the basis of position on the [Mg/Mn] vs. [Al/Fe] plane, it is in
principle impossible to completely separate in situ from accreted stars. However, 1
argue that the clumpy nature of the distribution of stellar populations in Figure 2.1
speaks in favour of a different origin for at least part of the stellar populations in the
“Accreted” region of that plane, and those in the in situ region. In Section 2.4.2 I show
that by imposing selection criteria based on orbital parameters it is possible to keep the

contamination of the accreted sample by stars formed in situ to an acceptable level.
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FIGURE 2.3: Raw metallicity distribution functions of accreted and in situ populations

within Rgc < 4 kpc, selected as described in the text. The accreted population strad-

dles the metal-poor end of the bulge MDF, with [Fe/H|< —0.8. It overlaps strongly
with in situ populations, particularly in the high metallicity end.

2.4 Detection of Substructure in IoM Space

2.4.1 Raw MDFs and the definition of the metal-poor sample

In this section I examine the orbital properties of accreted and in situ stellar popu-
lations, as defined in the previous section. I begin this exercise by focusing on the
orbital properties of metal-poor populations, with an eye towards establishing whether
the chemically defined accreted and in situ groups also differ in their orbital properties.
For that purpose, I must first define where I draw the line between metal-poor and

metal-rich populations.

I begin by examining the metallicity distribution of the sub-populations defined in Fig-
ure 2.1 in order to determine the [Fe/H] threshold defining “metal-poor” stars for the
purposes of this exercise. The raw metallicity distribution functions of the accreted,
high- and low-a populations are displayed in Figure 2.3, together with that for the en-
tire Rgc < 4 kpc population. I stress that this raw MDF is not corrected for selection
effects, so it is presented here just as a rough guide to the relative metallicities covered
by the populations defined in Figure 2.1. The MDFs of the high- and low-a populations

cover the thin disk, bar, and thick disk structures identified in previous works (e.g., Ness
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et al., 2013a; Rojas-Arriagada et al., 2017; Garcia Pérez et al., 2018; Rojas-Arriagada
et al., 2020). The MDF of the accreted population peaks at [Fe/H]~-1.2, and overlaps
substantially with that of the high-a population, extending all the way to [Fe/H]~-0.8
with a tail towards higher metallicity. As a compromise between obtaining a good rep-
resentation of the accreted and high-a populations, without pushing too far into the
metal-rich regime, I adopt an [Fe/H|=-0.8 cutoff. Henceforth, when referring to the
"metal-poor” bulge, unless otherwise noticed, I mean stars with [Fe/H]<-0.8. In Sec-
tion 2.5.2 T go beyond a simple MDF approach in order to better explore the chemical
complexity of bulge stellar populations. Since the goal in this Section is simply to con-
trast orbital properties of accreted and in situ stars within the same metallicity regime,
a straight [Fe/H] cutoff should suffice.

2.4.2 Orbital properties of metal-poor stars

In Figure 2.4 metal-poor stars ([Fe/H]<-0.8) are displayed on the energy vs angular
momentum plane. In the top panel stars in the in situ locus of Figures 2.1 and 2.2
are displayed, whereas accreted stars are shown in the bottom panel. The [Fe/H]<-0.8
cutoff leaves us with a sub-sample of 2,688 accreted stars and 2,488 in situ stars. Of
the latter, only 179 belong to the low-a group, as expected given the MDF of the low-«
disk (e.g., Hayden et al., 2015). Arrows of different colours are placed on the positions
of the main in situ and accreted structures identifiable in the £ — L, plane, which stand
out in the top and bottom panels, respectively. The positioning of the arrows in both

panels are exactly the same, to guide the eye.

One can readily spot significant differences between the two panels, which at face value
validate the chemical distinction between accreted and in situ populations. Features
associated with well known n situ populations show much more prominently in the top
panel, and nearly vanish in the bottom panel. The main in situ structures identifiable are
the low-a/thin disk, indicated by the orange arrow, high-a /thick disk stars are indicated
by the black arrow. An extended prograde “branch” at about E/10° ~ —1.75 km?s~2,
which seems to be associated with the “Splash” population identified by Belokurov et al.
(2019), is indicated by the green arrow. Because of the focus on the metal-poor end of
the parent sample, these structures are relatively weak, but in the Appendix the loci of

these populations on the IoM plane are shown in better detail.

The clumpy distribution of accreted populations in IoM space is clear even under a
casual visual inspection of the bottom panel of Figure 2.4. By far the most prominent
substructure is the large “blob” centered around L, ~ 0 km s 'kpc and E/10° ~
—1.5km? s72 (blue arrow) which is associated with the Gaia-Enceladus/Sausage (GE/S)
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FIGURE 2.4: Distribution of metal-poor ([Fe/H]<-0.8) bulge stars in the energy-
angular momentum plane. The top panel shows in situ stars and their accreted counter-
parts are displayed in the bottom panel. Arrows indicate the positions of the main struc-
tures visible on this plane: thin disk (orange arrow), thick disk (black arrow), Splash
(green arrow), Gaia-Enceladus/Sausage (GE/S, blue arrow), and the inner Galaxy
Structure (IGS, red arrow). The low- and high-« disks and the Splash show promi-
nently in the in situ population (top) panel, whereas the GE/S and IGS can be clearly
distinguished in the accreted population (bottom panel).

system (Haywood et al., 2018; Belokurov et al., 2018; Helmi et al., 2018; Mackereth et al.,
2019a), and is largely absent in the top panel where in situ populations are displayed.
Additional substructures can be discerned in the bottom panel, which are absent in
the top panel of Figure 2.4. The focus of this paper is a low energy clump centred at
L,/103 ~0.1 km s~ 'kpc (red arrow) with energies in the interval -2.6 E/10° —2.0km?s 2,
whose position coincides with that of the low energy (L-E) family of globular clusters
identified by Massari et al. (2019). The bulk of the stars associated with this group
are located within ~4 kpc of the Galactic centre, so I refer to it as the Inner Galaxy
Structure (IGS).



Unearthing building blocks of the Milky Way 33

An energy gap is clearly visible in the bottom panel at about £/10° ~ —1.9 km?s~2,
which separates stars belonging to the GE/S and the Splash from stars belonging to the
IGS. In the top panel, that gap is filled by stars belonging to the thick disk and the Splash,
which present a predominantly smooth distribution, much as expected from numerical
simulations of Milky Way-like disks undergoing satellite accretion (e.g., Jean-Baptiste
et al., 2017b). This energy gap is not entirely empty in the accreted sample, which is
partly due to measurement errors and partly due to the fact that in situ structures, in
particular the high-a disk and the Splash make a small, but noticeable, contribution
to the data in the bottom panel. This is to be expected on the basis of the discus-
sion in Section 2.3, where I showed that standard chemical evolution models predict in
sttu contamination in the accreted sample. Under this interpretation of the data, the
distribution of the chemically-defined accreted sample in £ — L, space consists of two
overlapping populations: one of them consists of various clumps associated with accreted
structures, most prominently the GE/S and the IGS, and the other is comprised of a
predominantly smooth, metal-poor, residual contamination associated with high-a disk

stars, which include both the unperturbed disk and the Splash.

These results suggest that the IGS is dynamically detached from other metal-poor pop-
ulations in the halo and disk. This is an important result, so it is vital that the reality
of this energy gap is firmed up quantitatively. To do that I measure the ratio between
the number of stars with energies within the gap and those below it in both the ac-
creted and in situ samples. I consider stars within the gap to have energies given by
—2.00 < E/10° < —1.85 km? s72 and those below it have £/10° < —2.00 km? s~2. The
ratio in the in situ sample is 0.4040.04 and in the accreted sample 0.2740.04, configur-
ing a difference that is significant at the 20 level. I thus conclude that the gap is real,
and an indication of the presence of real substructure in the distribution of accreted

stars in the low energy locus of IoM space.

Finally, it is worth mentioning that a relatively small number of stars can be seen
scattered at high energy levels (E/10° — 1.6 km? s~2) among the in situ population (top
panel), on a wide range of angular momenta. These are predominantly low-a metal-poor

stars and are likely accreted contaminants in the in situ sample (c.f. Figure 2.2).

2.4.3 IGS definition and contamination by in situ stars

As pointed out in the previous section, the IGS corresponds to a low energy substructure
visually discernible in IoM space. In order to define the IGS sample in an easily repro-

ducible manner, I initially ran an algorithm to identify data clustering in multi-parameter
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space. The algorithm of choice was HDBSCAN (Campello et al., 2013) and the param-
eters adopted were energy, vertical and radial action (J; and J,), angular momentum
(L,), and eccentricity. I ran HDBSCAN on several combinations of these parameters,
varying the input parameters minimum cluster size and minimum samples in such a way
that the structures visible in action space could be detected. However, the specific sub-
samples associated by HDBSCAN to the various substructures are very sensitive to the
input parameters adopted. Therefore, I do not feel confident that HDBSCAN-selected
samples represent the distribution of the properties of the accreted systems in action

space in a statistically robust fashion.

I thus adopt simple, easily reproducible criteria to establish IGS membership. Stars
belonging to the IGS are those belonging to the “Accreted” region of chemical space in

Figure 2.1, which meet the following simple orbital energy and eccentricity criteria:

e —2.60 < Ejgs/10° < —2.00 km? 52

e cigs > 0.6

The energy criterion restricts the sample to the clump that is visually identified in
Figure 2.4. The eccentricity criterion is aimed at minimising contamination by stars

belonging to the inner high-« disk (see Figure A.2).

As discussed in the previous section, examination of Figure 2.4 reveals a discernible
signature of in situ structures in the distribution of accreted stars in the bottom panel
of Figure 2.4, which overlap the IGS. Those are metal-poor in situ stars that inhabit
the “Accreted” locus of the chemical plane in Figure 2.1, as discussed in Section 2.3.1.
I can use those in situ features that are present in the distribution of accreted stars in

IoM as a means to estimate the contamination of in situ stars in the IGS sample.

To assess that contamination, I use sub-samples of the chemically defined ” Accreted” and
in situ samples, displayed in Figure 2.5, overlaid on the same data originally displayed
in Figure 2.4. I assume that the energy distribution of stars in the high-« disk is smooth
(as predicted by simulations, see, e.g., Jean-Baptiste et al., 2017b) and can be estimated
from the distribution of in situ stars in the F — L, plane (upper panel of Figure 2.5). 1
further assume that that energy distribution is the same as that of the contaminants in
the accreted sample (bottom panel of Figure 2.5). If those assumptions are correct, one
can calculate the ratio in the in situ sample between the numbers of low energy stars in
the IGS region, n(low E),s (red symbols in the top panel of Figure 2.5), and those in a
reference high energy locus that is free from accreted stars, n(high E)j,s (blue symbols

in the top panel of Figure 2.5). That ratio can then be used to convert the number of
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FIGURE 2.5: Subsamples used to estimate the contamination of the IGS sample by in
situ stars. In both panels, red symbols mark stars located within the locus in orbital
space defined by the IGS stars. Blue symbols indicate stars in a reference region of
orbital space occupied by high-a stars alone. The ratio between numbers of red and

blue stars in the in situ population (top panel) is used to infer

the number of in situ

contaminants among the IGS stars (red symbols in the bottom panel). We estimate
that somewhere between 22 and 40% of stars in the IGS sample are actually high-«

disk contaminants.

high energy disk stars in the accreted sample, n(high E) 4. (blue symbols in the bottom

panel of Figure 2.5), into the number of contaminating disk stars in the IGS sample,

Neont, as follows:

n(low E)

NCOH = T s 1 1T
‘ [n(hlgh E)

:| X Tl(hlgh E)Acc
InS

(2.1)

That number can then be compared to the actual number of stars meeting the above

defined criteria for the IGS in the accreted region (red symbols in the bottom panel of
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TABLE 2.2: Numbers for the assessment of the contamination of the IGS sample by in
sutu stars.

[Fe/H]cws n(low E)ps  n(high E) s n(low E)ace  n(high E)ace  %cont
-0.8 370 516 244 74 22%
-1.0 153 116 226 68 40%

Figure 2.5) to estimate the contamination fraction.

For that purpose I must select a region of the £ — L, space that provides a pure sample of
in situ stars belonging predominantly to the high-a disk. I choose such a locus by picking
stars with eccentricity < 0.4 and in the energy range —1.9 < E/10° < —1.4 km? s72.
Stars in this reference region and in the IGS locus defined above are displayed as blue

and red dots in Figure 2.5.

By proceeding in this fashion, I obtain the numbers listed in Table 2.2, which mean that
approximately 22% of the IGS sample actually consist of high-a disk stars. A funda-
mental systematic uncertainty in this procedure concerns the metallicity cut adopted for
the accreted and in situ samples. The calculation above was based on the [Fe/H]=-0.8
definition of metal-poor stars adopted throughout this paper. However, if a slightly
more conservative cut is adopted at, say, [Fe/H]=-1.0, the inferred contamination goes
up to 40%. This is due to how the numbers in the in situ population, particularly the
reference disk stars, depend on metallicity. The angular momentum distribution of disk
stars in the sample is strongly dependent on metallicity. At lower metallicity, the L,
distribution is shifted towards lower values, leading to a higher [n(lowE)/n(high)]n, situ,

and thus a higher number of estimated contaminants (Neopt)-

I therefore conclude that the contamination of the IGS sample by high-a disk stars
ranges between roughly 22 and 40%.

2.4.4 Orbital properties of bulge stars

The bulk of the stars belonging to the substructure identified in Section 2.4.2 are con-
tained within 4 kpc of the Galactic centre. Therefore, it is useful to inspect the orbital
behaviour of in situ and accreted stars within that central volume of the Galaxy, with
an eye towards determining whether the properties of the accreted population mimic
those of their in situ counterparts, or whether they are distinct and cannot be derived
from the latter. Figure 2.6 displays high- and low-« in situ stars of all metallicities with
Rcce < 4 kpe, as well as their accreted counterparts on various IoM spaces. Plotted
as a function of angular momentum (L,) are the vertical action (J,, top panels), radial

action (J;, middle panels), and total energy (E, bottom panels).
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FIGURE 2.6: Distribution of low-« (left panels), high-a (middle panels), and accreted

stars (right panels) in action space. Only stars within Rgc < 4 kpc are shown. Chem-

ically defined accreted populations in the bulge have on average lower angular momen-
tum, and higher radial and vertical actions.

The shift to a focus on the inner 4 kpc causes obvious changes in the distribution
of stellar populations. The clearest one is the near complete absence of stars with
L,/1031 kpc km s~! in the inner Galaxy, which is understandable on purely geometric
grounds. Interestingly, Splash populations are nearly absent at Rgc < 4 kpe. Of the
three main in situ structures apparent in Figure 2.4, one can only find a mix of the low
L, high-a populations and the extension of the low-a towards lower L,. The former also
manifests itself by the presence of stars with large J, in the top middle panel. From the
disk through the disk to the accreted population, there is a consistent trend towards
a larger fraction of the stars having larger vertical and radial actions, as well as lower

angular momentum. Accreted populations are dominated by hot, low kinematics.
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The distribution of stars in the accreted population on all planes differs markedly from
that of their in situ counterparts. To gain further confidence on the reality of this
critical result, we display in Figure 2.7 histograms comparing the distributions of action
variables of the accreted and in situ inner Galaxy populations. I limit the comparison
to the population only, since the differences between accreted and stars can be easily

recognised by eye on Figure 2.6.

Substantial differences can be seen in the distributions of all integrals of motion. This
is particulary obvious when comparing the 1D distributions of each integral of motion
separately, as shown in Figure 2.7. I perform Kolmogorov-Smirnoff (KS) tests comparing
the distributions of accreted and in situ populations in those variables, finding that the
two samples are not extracted from the same parent population in (p-value=1 x 1073%),
(6 x10715) (7x1077), and E (5 x 1075). This result persists, with decreased statistical
significance, when only metal-poor stars are considered, with p-value<0.01 in all cases.
To isolate stars that are only associated with the IGS, I repeat the KS tests for L,, J,,
and J;, by restricting the comparison only to stars with £ < —2 x 10° km? s72. The
results are unchanged except for the case of J;, for which the KS test cannot rule out

the null hypothesis.

I conclude that the distribution of accreted stars in the inner Galaxy differs from those
of major in situ components in action space. This result agrees with the findings by Ness
et al. (2013b) and Arentsen et al. (2020b), who show that metal-poor populations are
characterised by hot kinematics (see also Minniti, 1996), even though without detailed
chemical compositions they were unable to distinguish in situ from accreted populations.
In the most detailed investigation of the kinematics of bulge stellar populations to date,
Ness et al. (2013b) found that the metal-poor component of the bulge ([Fe/H] — 1) does
not partake in its cylindrical rotation, being characterised by slightly lower rotation and

higher velocity dispersion (see also Zasowski et al., 2016).

I point out that the differences between accreted and in situ populations are reduced
when only metal-poor ([Fe/H]<-0.8), low-energy stars (E/10° < —2 km?s~2) are con-
sidered. In that case, the only variable for which a residual statistically significant
difference is found is L, (p-value=0.004). This is an interesting result. Such similarity
in action space is partly due to the fact that the contamination of the accreted sample
by in situ stars is not negligible. Recall that in Section 2.4.3 I showed that the IGS
sample is contaminated at the 22-40% level. The in situ contamination for the accreted
sample displayed in Figure 2.7 is higher, since unlike the IGS sample, it includes stars
of all eccentricities. Nevertheless, taken at face value, this result suggests that, if indeed

the IGS is the remnant of an accretion event, it has had the time to mix well with its
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FIGURE 2.7: Comparison between the distributions of high-a in situ and accreted
inner Galaxy populations in action variables. Statistically significant differences can
be seen in L, and J,, whereby accreted stars are dynamically hotter, being distributed
towards smaller angular momentum (L,) and larger vertical action (J,). The energy
distributions differ substantially due to the presence of GE/S stars with E> —2 x
10°km?2s~2. Removal of that contamination does not change the results.

co-spatial in situ population, which suggests a very early accretion event. We discuss

this and other possible interpretations of the data in Section 2.6.1 .

In summary, I conclude that the chemically defined accreted populations in the bulge
are not dynamically associated with their in situ counterparts. They are dynamically
hotter than the in situ population typically possessing low angular momentum and
being distributed towards large values of vertical and radial action. I take these results
as suggestive of an accretion origin. In the next section I discuss the chemical properties
of the IGS.

2.5 Chemical Properties

In the previous section I investigated the orbital properties of the IGS, concluding that
they are distinct from those of co-spatial in situ populations, which supports an accretion
origin. In this section I examine the chemical compositions of the stars from the IGS
alongside those of their inner Galaxy counterparts. Our main objective is to check

whether detailed chemistry is consistent or not with an accretion scenario. In Figure 2.9
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FIGURE 2.8: Comparison between stars from the IGS (red dots) with their bulge

counterparts (gray dots). The IGS has an abundance pattern that is characteristic of

those of dwarf satellites of the Milky Way, yet they seem to form a single sequence

with the remainder of the bulge populations, even though they all are associated with
different Galactic components.

we display again the accreted stars shown in the bottom panel of Figure 2.4, this time
marking stars deemed to be members of the IGS and GE/S systems as red and blue
dots, respectively. The IGS sample is defined in Section 2.4.3. We consider members
of the GE/S system to be those stars with —0.4 < L,/10® < 0.3 kpc km s~! and
—1.75 < E/10° < —1.3 km? s72. According to these criteria, the samples contain 259
candidate members of the IGS and 1,026 associated with the GE/S system. These
definitions are henceforth adopted in the discussion of the chemical properties of the

IGS.

In Figure 2.8 I contrast the stars from the IGS with their in situ Roc < 4 kpc counter-
parts in chemical space. I limit the comparison to a few elements that sample a range
of nucleosynthetic pathways, with Mg being mostly contributed by SN II, C and N by
massive and AGB stars, and Ni by SN Ia (e.g., Chiappini et al., 2003; Nomoto et al.,
2013). The latter element is additionally interesting due to it being typically depressed
in dwarf satellites of the Milky Way (e.g., Shetrone et al., 2003). For more comprehen-

sive studies of the detailed abundance patterns of bulge stars, I refer the reader to the
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FIGURE 2.9: Same as bottom panel of Figure 2.4, identifying stars deemed to be
members of the GE/S system (blue dots) and the IGS (red dots).

excellent studies by Schultheis et al. (2017) and Zasowski et al. (2019) and the review
by Barbuy et al. (2018).

Two main results emerge from this comparison: (i) the stars belonging to the IGS have
an abundance pattern that is typical of dwarf galaxies, characterised by low abundances
of elements such as Al (by construction), C, N, and Ni (e.g., Hayes et al., 2018; Mackereth
et al., 2019a; Helmi, 2020; Das et al., 2020)); (i) the abundance pattern of the IGS
apparently behaves as a natural extension of the bulge field population towards [Fe/H] <
—1, a result that has also been noted by Schultheis et al. (2017) and Zasowski et al.
(2019). To be clear, this extension of the trends towards metal-poor populations concerns
only the locus occupied by stars in the various chemical planes, not the relative counts.
The latter are examined in Section 2.5.2. Similar behaviour is seen in the data presented
by Queiroz et al. (2020a)*, who examine the spatial variation of the stellar distribution
on the a-Fe plane across the Galactic disk and bulge. Naively, one would consider this

seeming continuity between the IGS and its in situ counterparts surprising, given the

4Note that Queiroz et al. (2020b) report the presence of an a-bimodality in the distribution of bulge
stars on the high metallicity end of the a-Fe plane, at variance with the results. I suspect this discrepancy
may result from the adoption of different distances by the two studies.
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alleged accreted nature of the IGS. In Section 2.5.1 I show that continuity between the
chemical compositions of the IGS and its more metal-rich bulge counterparts is actually

expected on the basis of numerical simulations.

Despite this apparent continuity, it is worth noting that slight deviations of this pattern
are apparent in elements such as Mg, Ni, and Si (not shown), for which the mean of the
abundances of IGS stars is lower than those of their in situ metal-poor counterparts. In
all cases this result does not have a high statistical significance, as the differences in mean
abundance ratios are slighlty smaller than the standard deviation of the distributions.
Considering the three elements in aggregate, I get ([(Mg + Si + Ni)/Fe])iqs = 0.54 £0.11
and ([(Mg + Si+ Ni)/Fel)i, situ, = 0.68 & 0.17 when only stars with —1.1 < [Fe/H] <
—0.9 and Rge < 4 kpc are considered. That a larger difference is not found may not
at all be surprising, given that the IGS sample is contaminated by in situ stars at the
22-40% level (c.f. Section 2.4.3).

It is also worth pointing out that IGS stars with [Fe/H]>-1.0 show a variety of different
behaviours. Some of them follow the same trend as the disk in Mg, Ni, and C+N,
whereas others display a behaviour more similar to those of dwarf satellites, with low
[Mg/Fe], [Ni/Fe], and [(C+N)/Fe]. By construction, all of them display low [Al/Fe]. I
hypothesise that these metal-rich IGS stars are a mixture of thick disk contaminants
(whose low [Al/Fe] ratios would be difficult to understand), thin disk contaminants, and

genuine IGS members.

In summary, the results presented in this Section and Sections 2.4.2 and 2.4.4 show that
a metal-poor stellar population located in the inner Galaxy shares chemical and IoM
properties with well known halo accreted systems. Figure 2.8 suggests on the other hand
that the abundance pattern of this same structure is consistent with sharing a common
chemical evolution path with its bulge counterparts potentially associated with other co-
spatial Galactic components. Yet the analysis in Sections 2.4.2 and 2.4.4 suggests that
the IGS is dynamically detached from the rest of the bulge (Figures 2.6 and 2.7). This
is a puzzling result. In the next subsections I look into the theoretical expectations for
the chemical evolution of Milky Way-like galaxies that underwent comparable accretion
events (Section 2.5.1) and inspect the data for the presence of a chemical connection

between the accreted and in situ populations in the inner Galaxy.

2.5.1 Predictions from Numerical Simulations

The discussion above naturally prompts us to enquire into the theoretical predictions for
the chemical evolution of Milky Way-like Galaxies with accretion histories similar to that

seemingly implied by the results. For that purpose I resort to the predictions from the
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F1GURE 2.10: Chemical compositions of stellar particles in Milky Way-like galaxies in
the EAGLE simulations. Shown are three examples of a sample of simulated galaxies
selected with masses similar to that of the Milky Way, which underwent a massive
accretion event at z > 2. Red countours indicate the distribution of stars belonging
to the accreted system, and black contours indicate the distribution of stars formed
in situ. Contouring starts at 10 stars per bin, increasing logarithmically in 0.5 dex
steps. In all systems, for all abundances tracked by EAGLE, the accreted stars possess
chemical compositions that are in good agreement with those of the in situ populations
of same metallicity.

suite of cosmological numerical simulations by the Evolution and Assembly of GalLaxies
and their Environments (EAGLE) project (Schaye et al., 2015; Crain et al., 2015). The
question guiding this analysis is the following: what are the chemical properties of Milky
Way like galaxies undergoing an important early accretion event? More specifically, do
I expect the chemical properties of the stars belonging to the accreted system to differ

substantially from those of the in situ population?

The EAGLE simulations provide excellent material for this enquiry. The large volumes
included in the various sets of simulations make possible robust statistical analyses of
the evolutionary outcomes for a broad gamut of final galaxy properties, and at a wide
enough range of resolutions to address the needs of different types of investigations. To
maximise resolution I choose to study the 252 Mpc?® L025N752-Recal simulation, whose
volume is large enough to yield a substantial number of galaxies with Milky Way-like
masses and accretion histories similar to that suggested by our results. The chemical
evolution prescriptions of the simulations track only elements relevant to the thermal

balance of the interstellar medium, yet this is sufficient for the purposes, as predictions
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for crucial elements Fe, C, N, and Mg are included. For more details on the simulations
I refer the reader to (Schaye et al., 2015) and (Crain et al., 2015).

The analysis was conducted as follows. I selected galaxies with Milky Way-like masses
within the interval 7 x 10" < Mg /Mg < 3% 10'2 and looked for those that underwent
an accretion of a satellite with stellar mass M, /Mg > 108 at 2 > 2 (see Section 2.6.2 for
an estimate of the mass of the IGS progenitor). I found a total of 15 accreted galaxies
with such a profile (34% of the host galaxy sample within that halo mass range). The
particles for the accreted galaxies were selected when they were at their peak stellar
mass. For three of those galaxies I display chemical composition data in Figure 2.10.
The data are displayed in the form of contour maps indicating the distribution of stars
on abundance planes, with in situ and accreted populations shown in gray and red,
respectively. In situ populations in this context are defined as stellar particles that were
bound to a halo in the main galaxy branch at the snapshot prior to star formation. The
abundance planes shown are Mg-Fe, C-Fe, and N-Fe, which track the contribution of SN

II, SN Ia, and AGB stars, sampling a range of chemical enrichment timescales.

The answer to the question posed above immediately strikes the eye upon inspection
of Figure 2.10. For all three galaxies, and all three elemental abundances, the abun-
dance ratios of the accreted populations are in good agreement with those of the in
situ populations at same metallicity. This is the case for all the 15 galaxies meeting
the selection criteria. It is also the case for all the other elemental abundances tracked
by EAGLE. This result is also fully consistent with the analytical model presented in
Figure 2.2, which shows that the early chemical evolution of a Milky Way-like galaxy
and its satellite are similar. I conclude therefore that the approximate continuity be-
tween the abundances of the accreted and in situ populations in Figure 2.8 is in fact
not surprising, but actually an expectation from theory, at least for the elements whose

chemical evolutions are modelled by EAGLE.

This is a very important result, the implications of which configure the proverbial double-
edged sword. On one hand the theoretical predictions for the locus of accreted popula-
tions in chemical space cannot rule out the accreted nature of the IGS. On the other, it
cannot ascertain it either, as the apparent continuity between the chemistry of the IGS
and its in situ populations could alternatively be a by-product of pure in situ chemical

evolution.

To find the way out of this conundrum I invoke relative number counts in chemical space.
In trying to understand the apparent chemical continuity between the accreted and in
sttu populations in Figure 2.8 I ask the following question: is the distribution of stellar
data on abundance planes consistent with the accreted population being an additional

structure, or do the number counts suggest that it is just the tail end of the distribution
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FIGURE 2.11: Left Panels: Distribution of stars with Rgc < 4 kpc in various chemical

planes; middle panels: Gaussian Mixture Modelling (GMM) of substructure of the

data distribution on the same chemical planes; right panels: residuals from GMM

fit. A satisfactory match to the density distribution of data points is obtained by

adopting five detached yet overlapping substructures. Each of those correspond to

peaks in the metallicity distribution function of bulge populations (Ness et al., 2013a),
after accounting for zero point differences in [Fe/H].

of the in situ populations? In the next section I address this question in a quantitative

fashion.

2.5.2 Substructure in Chemical Space

2.5.2.1 Matching the distribution with multiple components

In this Section I tackle the problem of understanding the apparent chemical continuity
between the IGS and its more metal-rich inner Galaxy counterparts (Figure 2.8) from a
purely observational perspective. I center the approach around the following question:
can the stellar density distribution in chemical space be described by a discrete number
of detached substructures? Ness et al. (2013a) showed that the bulge MDF can be well
modelled by a combination of five components, which they ascribe, in order of increasing
metallicity, to the inner halo, the metal-poor thick disk, the bulk of the thick disk itself,
the bar, and the thin disk. Some of these peaks can be identified in the raw MDF in
Figure 2.3, although a one-to-one mapping with the Ness et al. (2013a) MDF is quite

difficult due to differences in the two metallicity scales and in the relative strengths of
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the various peaks (recall that the MDF is not corrected for selection effects), and the
uncertainties associated with multiple gaussian fitting in 1D space. These difficulties are
particularly important towards low metallicity, where the statistics is not as robust and

the results of abundance analysis may be afflicted by important systematics.

The exceptional quality of the detailed chemical compositions comes in handy in this
juncture. By considering the distribution of our sample in higher dimensional space I
hope to gain additional leverage in distinguishing the different components making up
the stellar population mix of the inner Galaxy. The stellar distribution on some chemical
planes, such as [Mg/Mn]-[Al/Fe] and [Al/Fe]-[Fe/H], show a clumpy distribution which
suggests that the data may be amenable to such an approach. In other words, one
should be able to model the stellar density distribution in chemical space as a combi-
nation of overlapping structures, which are not necessarily connected to one another by
a coherent chemical evolution path. To test this hypothesis I check whether the stellar
density distribution in a few chemical planes can be reproduced by a Gaussian Mixture
Modelling (GMM) approach. Obviously a Gaussian distribution is only a zero-th order
approximation to the stellar density distributions in chemical space. A massive stellar
system such as, for instance, the Galactic disk, underwent star formation long enough
that the run of the number of stars with metallicity and abundance ratios is strongly
determined by the star formation history. Conversely, in a less massive system whose
star formation was quenched during an early accretion to a massive halo, the distribu-
tion of stellar metallicities should be narrower and thus the GMM approach may work

better.

I am particulary concerned with modelling the metal-poor end of the metallicity distri-
bution to check whether the IGS is detached from its more metal-rich peers in the inner
Galaxy. The key measure of chemical detachment of the IGS from its more metal-rich
counterparts in the inner Galaxy is provided by the ability of a GMM approach to ac-
count for the density distribution of the IGS, so that no important residual connection
between that and the other populations is left after model subtraction (although some
residual should be expected given the contamination by in situ populations discussed in

Section 2.3).

The sample for analysis is displayed in the left panels of Figure 2.11. It consists of all
stars within Rgc < 4 kpc, but removing outliers with [Al/Fe]>+0.5, as their abundances
are affected by the N-rich-star phenomenon (Schiavon et al., 2017b). I also removed
relatively metal-poor stars with low [Mg/Fe] ([Fe/H]<-0.5 and [Mg/Fe]<+0.15), which
have high orbital energy and are not associated with the IGS, but rather with the
GE/S system (see Section 2.6.1.1 and Figure 2.12). The stars thus selected are shown

in three chemical planes, where the 2D histograms are cast in terms of probability
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density. On the top row, stars are displayed in the [Mg/Mn]| vs [Al/Fe| plane, and on
the middle and bottom rows their distribution can be seen on the Mg-Fe and Al-Fe
planes, respectively. According to the definition (Figure 2.1), accreted stars occupy the
upper left quadrant of the [Mg/Mn]-[Al/Fe| plane (top left panel of Figure 2.11). On
the other planes, accreted stars are located in the low metallicity end of the distribution
([Fe/H]<-1). I fit a separate GMM to the distribution of these stars on each of the
three chemical planes. The ideal number of components was decided by calculating the
Bayesian Information Criterion (BIC) for each fit. I found that the best match is found
when either 4 or 5 components are adopted. I allow the mean and covariances of each
component to be entirely free with no informative or uninformative priors. The GMMs
for the 5 component case are overlaid on the data in the middle panels of Figure 2.11.
The standard deviation of the residuals around the fits are 0.23, 0.19, and 0.17 for the

top, middle, and bottom panels, respectively.

The residuals after subtraction of the best fit models and the data are displayed in the
right panels. The residuals are relatively small, and slightly larger towards higher metal-
licity, which reflects the much larger stellar density in that regime. When normalized
by the Poisson fluctuations per bin, the residuals are homogeneously distributed across
the planes, and are everywhere smaller than ~ 20 of the Poisson uncertainty in each
bin. These numbers suggest that the distribution of the stellar density in the locus of
accreted stars is well accounted for by the GMM approach, showing that they can be
matched by a simple combination of detached, yet overlapping structures. Interestingly,
the GMM fit to the stellar distribution in the Mg-Fe plane highlights the fact that the
lowest metallicity component has a slightly lower [Mg/Fe] than the next one in order of
increasing metallicity. This result supports the notion that the most metal-poor com-
ponent is dominated by an accreted stellar population, as one would expect [Mg/Fe] to
be constant in an in situ population within the metallicity interval involved. Also quite
importantly, even though the GMM match was performed independently to the data
on the three chemistry planes, the associations of stars to a given group were largely

consistent across the three models, which attests for the reality of these groups.

2.5.2.2 Breaking the MDF degeneracy with additional chemistry

The five-component match identifies peaks located at [Fe/H] ~ -1.3, 0.8, -0.5, and —0.2
and +0.3, which are very roughly consistent with the five MDF peaks identified by Ness
et al. (2013a), after allowing for a ~0.2-0.4 dex difference between the zero points of the
metallicity scales of the APOGEE and ARGOS surveys (see, for instance, the positions
of the peaks in the APOGEE bulge MDF determined by Garcia Pérez et al., 2018;
Rojas-Arriagada et al., 2020). The bulge MDF has been analysed exhaustively in recent
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work based, e.g., on the ARGOS (Ness et al., 2013a), Gaia-ESO (Rojas-Arriagada et al.,
2017), and APOGEE (Schultheis et al., 2017; Garcia Pérez et al., 2018; Rojas-Arriagada
et al., 2020) surveys. The number of peaks in the bulge MDF, which in turn constrains
the number of physically distinct components cohabiting the bulge, have been subject

to debate in the recent literature (see discussion by Fragkoudi et al., 2018).

I do not aim at a detailed analysis of the topic in this paper. However, I wish to highlight
the fact that the consideration of additional abundances helps untangling the two most
metal-poor populations in the sample. The task of disentangling these populations in
the MDF of Figure 2.3 is far from straightforward, as the distributions of these compo-
nents overlap strongly in one-dimensional metallicity space. However, consideration of
additional elemental abundances lifts the degeneracy between these components, bring-
ing them to sharp relief on elemental abundance planes such as those in the middle and

bottom rows in Figure 2.11.

The analysis presented in Section 2.5.2 leads to a few important conclusions: (i) the
distribution of the numbers of stars over various chemical planes can be modelled by the
combination of overlapping yet detached sub-structures. This is particularly true in the
low metallicity end, where residuals are the lowest, adding further support to the notion
that the IGS has an accreted origin; (7i) the fit in the Mg-Fe suggests that the [Mg/Fe]
distribution of the lowest metallicity component is consistent with an accretion origin;
and (i) the GMM method consistently picks out the same substructures in various
chemical planes, involving the abundances of Fe, Mg, Al, and Mn. The metallicities
of these substructures are a reasonably good match to those of well known peaks in
the MDF of the Galactic bulge (Ness et al., 2013a). This latter result validates the
application of the GMM method to describe the distribution of stellar data in chemical

space.

2.6 Discussion

I start this section by briefly summarising the results before proceeding with a discussion
of their implications. In Sections 2.4 and 2.5 I discussed evidence for the presence of
a remnant of an accretion event in the inner Galaxy, on the basis of the existence
of substructure in orbital and chemical space. While the whole body of evidence for
accretion is strong, when considered in isolation, the interpretation of either dynamical

or chemical evidence may reasonably be called into question.

The evidence from the orbital side hinges on two main results: (i) the statistically signifi-

cant differences in orbital properties between the accreted stars and their more metal-rich
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in situ counterparts in the inner Galaxy (Figures 2.6 and 2.7); (i) the existence of an
energy gap separating the IGS from other metal-poor halo substructure. The presence
of this energy gap seems to be immune to selection effects, since it is absent in chem-
ically defined metal-poor in situ populations (Figure 2.4), whose spatial distribution,

uncorrected for selection effects, is the same as that of their accreted counterparts.

It is important to note, however, that when Rgc < 4 kpc stellar populations are consid-
ered in isolation, there is a smooth dependence of orbital properties on metallicity, which
could be accommodated by a fully in situ scenario. On the other hand such smooth be-
haviour would also be expected in the accreted case, given that the orbital and chemical
properties of substructures overlap strongly due to a combination of observational error

and cosmic variance.

On the chemistry side, evidence for accretion relies on (i) the similarity between the
chemical composition of the IGS and those of satellites of the Milky Way and other
accreted systems (Figure 2.13), and (7i) the presence of clumpiness of the stellar distri-
bution in various chemical spaces (Figures 2.1 and 2.11). Regarding (i), I showed that
the chemistry of unevolved in situ populations are also similar to that of their accreted
counterparts (Figure 2.2). Moreover, there is an apparent continuity between the chem-
ical compositions of the IGS and its bulge counterparts (Figure 2.8). However I also
showed that similarity between the chemical compositions of accreted and in situ popu-
lations is an actual expectation from cosmological numerical simulations (Figure 2.10).
Regarding (i) I showed that the data in chemical space can be well matched by the
combination of detached substructures (Figure 2.11). However, one cannot rule out
that such clumpiness is the result of a bursty history of star formation and chemical

enrichment.

Despite the above caveats, when considered in aggregate, chemical and orbital informa-
tion suggest the presence of a previously unidentified structure located in inner Galaxy,
the IGS. We hypothesise that this structure is the remnant of a galaxy accreted to the
Milky Way in its very early life. In the next Subsections we discuss the properties of the
hypothetical progenitor of the IGS. In Section 2.6.1 I discuss the origin of the metal-
poor populations in the Galactic bulge, in Section 2.6.2 I discuss the properties of the
putative progenitor of the IGS; and in Section 2.6.3 I present a speculative scenario for

the early evolution of the Milky Way halo.

2.6.1 The origin of metal-poor bulge stars

In this Section I estimate the contribution of accreted and in situ stars to the metal-poor

star content of the Galactic bulge, and contrast that estimate with predictions from fully
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FIGURE 2.12: Left panel: Data for metal-poor stars ([Fe/H] < —0.8) are displayed
on the chemistry plane used to distinguish accreted from in situ populations. The
dividing line is the same as shown in Figure 2.1. The 2D histogram shows metal-poor
stars at Rgc > 4 kpc, and the red (green) dots represent accreted (in situ) stars in the
inner Galaxy. A clear bimodal distribution in [Al/Fe| is visible in the data for both
the inner and outer Galaxy. Right panel: Same stars displayed on the energy-angular
momentum plane. The data for the outer Galaxy are dominated by the GE/S and
Splash systems. In the inner Galaxy, the accreted sample is dominated by the IGS,
but about 1/10 of the sample is consistent with an association with the GE/S system
(E > —1.85 x 10° km? s72). The in situ sample is dominated by thick disk stars,
although a small fraction seems to belong to the Splash. Note that the distributions of
accreted and in situ stars in IoM space are different at a statistically significant level
(see Section 2.4.2).

in situ chemical evolution models.

2.6.1.1 Contribution by accreted and in situ formation to the stellar mass
budget

I begin by assessing the relative contribution of accreted and in situ stars to the metal-
poor stellar mass budget of the inner Galaxy. The data shown in Figure 2.12 may
help shed light on this question. I display metal-poor stars ([Fe/H] < —0.8) on the
[Mg/Mn] vs. [Al/Fe] plane, which I used in Section 2.2 to distinguish accreted from
in situ populations (Figure 2.1). The underlying 2D histogram shows the metal-poor
populations located at Rqcc > 4 kpc. The dividing line defining the border between
accreted (upper left quadrant) and in situ populations is also shown. Inner Galaxy
stars in the accreted (in situ) region of the diagram are shown in red (green). A clear
bimodal distribution of [Al/Fe] data for the stars in the inner Galaxy can be seen. In
total, there are 430 stars in the accreted area of this chemical plane, and 602 stars in the
in situ region. Recall, moreover, that in Section 2.4.2 I estimated that the chemically-
defined sample of metal-poor accreted stars within the IGS region of F — Ly space was

contaminated by thick disk stars at the 22-40% level. Accounting for that additional
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factor, I estimate that approximately 25-33% of the stars with [Fe/H]<—0.8 in our inner

Galazxy sample have an accreted origin.

The right panel of Figure 2.12 shows the distribution of accreted and in situ stars on
the £ — L, plane. The accreted star sample is dominated by low energy stars, mostly
associated to the IGS. About 10% of the accreted stars are located at high energies and
are likely stars associated to the GE/S system (large gray blob) which are currently
crossing the inner Galaxy. Notably, very few in situ stars (green points) have such high
energies. They predominantly occupy the low energy region of the plane, with a number

of stars positioned along the Splash (to the right of GE/S, see green arrow in Figure 2.4).

Other studies have spotted duplexity in the properties of metal-poor bulge samples,
which may be attributed to the presence of a mix of accreted and in situ populations.
Pietrukowicz et al. (2015) identified two major sequences in the period-amplitude plane
for a large sample of fundamental-mode RR Lyr variable stars. The two populations
differ slightly in metallicity, with the more metal-poor population outnumbering their
metal-rich counterparts by approximately a factor of 4. Those authors suggest that this
duality is indicative of merging activity in the early history of the Milky Way bulge.
Kunder et al. (2020) obtained radial velocities for a few thousand RR Lyrae stars from
the Pietrukowicz et al. (2015) sample and determined the presence of two kinematically
distinct populations. One population follows bar-like orbits and the other one is more
centrally concentrated, being characterised by hotter kinematics. They suggest that the

latter may result from an accretion event that preceded the formation of the bar.

On the theory side, cosmological numerical simulations predict relatively intense accre-
tion activity in the first few Gyr of the lives of massive galaxies. They have reached a
degree of sophistication that enables a quantitative confrontation with the data. Early
numerical simulations by Kobayashi & Nakasato (2011) propose that the bulge was
fully formed by the merger of galaxies with M ~ 5 x 10° Mg at z >3. On the other
hand, the more recent EAGLE simulations provide more detailed information that can
be compared with the data. For instance, in the simulated galaxies whose abundances
are displayed in Figure 2.10, the fraction of accreted stars within 4 kpc of the centre
for [Fe/H] < —1 varies from 0.10 to 0.55. Along the same lines, the analysis of FIRE
simulations by El-Badry et al. (2018) finds that same fraction within 1 kpc of simulated
Milky Way-like galaxy centres to be around 0.5. More recently, Fragkoudi et al. (2020)
analysed high resolution data for Milky Way-like galaxies from the Auriga suite of cos-
mological numerical simulations. They found that the fraction of the stellar mass with
[Fe/H] < —1 within 4 kpc of the centre that has an accretion origin to vary between
0.13 and 0.8. Moreover, for the two simulated galaxies matching the properties of the

Milky Way best, that fraction was smaller than 0.4.
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Considering all the uncertainties on the observational and theoretical fronts, and tak-
ing into account the relative arbitrariness of the spatial and [Fe/H] limits adopted in
such comparisons, the results broadly confirm the predictions by numerical simulations
from various groups. Obviously, better statistics on both the observational and numer-
ical simulation fronts will be required for such data to provide stringent constraints on

models.

2.6.1.2 A Fully in situ bulge?

It is encouraging that the main tentative result presented in this paper does not fall into
a theoretical void, that it is in consonance with expectations from cosmological numer-
ical simulations. Recourse to theoretical predictions to validate an observational result
is nonetheless methodologically, and indeed philosophically, unsound. Thus, before dis-
cussing the properties of the putative progenitor of the IGS, it behooves us to mention
theoretical predictions by various groups which match data for bulge stellar populations

without resort to satellite accretion.

The history of modelling the chemo-kinematic properties of bulge stellar populations is
decades long, so that paying tribute to all the excellent work done in the past is beyond
the scope of this paper. For that I refer the reader to Section 4 of the review by Barbuy
et al. (2018). I restrict the discussion to recent work by Matteucci et al. (2019, 2020),
because to my knowledge it is the only instance of a detailed comparison betwen model
predictions and multiple chemical compositions for a large sample based on APOGEE
data. Their analytical model for the history of star formation and chemical enrichment
of the bulge stellar populations provides a good match to the MDF (Matteucci et al.,
2019) and the abundances of O, Mg, Si, Ca, Al, K, Mn, Cr, and Ni. While such models
resort to ad hoc assumptions about gas infall for different Galactic components, and
some non-negligible amount of yield adjustment, they match the observed data very
well. The implication is that the fraction of the stellar mass within the bulge that is due
to accretion is zero at all metallicities. In that scenario, the entirety of the bulge stellar
populations, including those deemed accreted by the criteria described in Figure 2.1,

were actually formed in situ.

In light of the discussion in Section 2.3, where I showed that in situ and accreted pop-
ulations share a similar path in chemical space (Figure 2.2), the results by Matteucci
et al. (2019, 2020) are not surprising. As pointed out in Section 2.6, orbital information
such as that discussed in Section 2.4 is indeed required for that distinction to be made.
Moreover, recall that according to the criteria there are 463 accreted stars out of a total

sample of 6,350 stars within 4 kpc of the Galactic centre. Assuming a contamination at
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the 22-40% level of the accreted sample by in situ thick disk stars, the total accreted
stellar mass amounts to only ~4-5% of the sample®. Therefore, as far as the chemical
evolution of the bulge is concerned, Matteucci’s work offers, at face value and without
consideration of the Milky Way’s insertion into the cosmological context, a viable in
situ formation scenario that can possibly explain the chemical compositions of the vast
majority of the stellar populations therein. Notwithstanding this remarkable success,
accounting for the considerable morphological and kinematic differences between the
overlapping components within a few kpc of the Galactic centre under a single unified

chemodynamical evolutionary picture remains a challenge.

While the IGS contributes a very small fraction of the stellar mass of the Galactic bulge,
it is a major contributor to the stellar mass budget of the stellar halo. Therefore, it is
important to give further consideration to the reality of its discrimination as a separate

system, which is the topic of the next sub-section.

2.6.1.3 Core of Gaia-Enceladus/Sausage?

Recent studies based on N-body simulations (e.g., Jean-Baptiste et al., 2017b; Koppel-
man et al., 2020) have shown that substructure in kinematic and orbital planes cannot
be ascribed to individual accretion events in a straightforward manner. In particular,
Jean-Baptiste et al. (2017b) simulated the evolution of orbital properties of accreted
and in situ populations in the event of accretion by single and multiple satellites with
varying merger mass ratio. The main conclusions from that work have consequences for

the interpretation of the results.

Firstly, Jean-Baptiste et al. (2017b) show that distributions on the F — L, plane that
resemble qualitatively those presented in Figures 2.4 and 2.9 can result from the accretion
of one single satellite with a 1:10 mass ratio. It can be seen from their Figure 2 that
several Gyr after the occurrence of the accretion event, satellite remnants are distributed
across a large range of energies and angular momenta, spanning the loci occupied by
both the IGS and GE/S in Figure 2.9. Most of the substructure in orbital space in
their simulations is associated to the accreted populations, including low energy clumps
resembling that characterising the IGS in Figure 2.4. By the same token, the distribution
of the in situ population is a lot smoother and strikingly similar to the distribution in
the upper panel of Figure 2.4 (minus the Splash), and in the bottom panel of Figure A.2
in the Appendix. Their simulations also show that accretion moves stars formed in situ
into high energy and low angular momentum orbits, where accreted stars are usually

found. In fact, in situ stars contribute to some of the substructure on the £ — L,

®Note however that our data are not corrected for selection effects, so this is an order of magnitude
estimate
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plane, although not at the same level as the accreted populations, which dominate the
substrucutre, particularly at low energy. Along the same lines, Koppelman et al. (2020)
analysed a set of N-body simulations that match the observed properties of the GE/S
debris today. According to those simulations, the core of the accreted satellite spirals in

and is dissolved, with some of the stars acquiring slightly prograde orbits.

On the basis of such simulations one might reasonably argue in favour of a scenario in
which the GE/S and the IGS are both part of the same progenitor. In that situation, one
could conceive that the core of GE/S, being more massive and denser than the outskirts,
could have sunk into the inner Galaxy under the effect of dynamical friction, leaving its
less bound stellar tenants behind to be observed in higher energy orbits today, where
GE/S stars are found (c.f. Figure 2.4).

It is not easy to reconcile such a scenario with the relative distribution of IGS and GE/S
data in chemical space in Figure 2.13. Stars belonging to the IGS on average present
higher mean [Mg/Fe| and lower mean [Fe/H] than their GE/S counterparts. As pointed
out in Section 2.6.2, the IGS lacks a substantial “knee-shin” component to its distribution
in the Mg-Fe plane, unlike the GE/S. Note that these differences exist despite the fact
that the chemical criteria defining both samples are identical. The IGS is clearly less
chemically evolved than the GE/S. Therefore, if the IGS was indeed the core of the GE/S,
that hypothetical progenitor system would be characterised by a positive metallicity
gradient in the early universe. Galaxies in the nearby and intermediate redshift universe
are predominantly characterised by negative metallicity gradients (e.g., Stott et al., 2014;
Goddard et al., 2017). That is also the behaviour of satellites of the Milky Way such as
the Magellanic Clouds (e.g., Cioni, 2009) and the Sagittarius Dwarf (e.g., Hayes et al.,
2020). This is understood as being due to the fact that star formation in galaxies takes
place in an inside-out manner, since their central regions evolve more quickly than their
outskirts, due to availability of larger amounts of gas for star formation. On the other
hand, higher redshift galaxies with positive metallicity gradient have been identified, an
occurrence that may be caused by strong winds associated with intense star formation
in the centres of dwarf galaxies at z ~ 2 (e.g., Wang et al., 2019). It is not clear however

how prevalent that phenomenon is.

Secondly, it is worth highlighting additional results presented by Jean-Baptiste et al.
(2017b) where simulated Milky Way-like galaxies undergo 1:10 mergers with more than
one satellite. Those lead to very thorough mixing of the stars from different satellites in
orbital space, particularly in the low energy region of the £ — L, plane, where the IGS was
identified. This suggests that our accreted sample should include stars from more than
one satellite in the low energy regime. Under that light the result above is surprising.

Even if the IGS and the GE/S were indeed separate systems, I would expect that some of
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the low energy accreted stars show an abundance pattern consistent with an association
with the GE/S. On the contrary, it is only the high energy stars (£/10° — 2 km?s~2) in
the bulge accreted sample (c.f. Figure 2.12) that possess abundances that are consistent

with an association with the GE/S.

I conclude that it is unlikely, though not impossible, that the IGS is the core of the
Gaia Enceladus/Sausage system. That would require that the progenitor of the Gaia
Enceladus/Sausage system have a slightly positive metallicity gradient and have a core

that is less chemically evolved than its outskirts, which is uncommon.

2.6.2 The Properties of the IGS Progenitor

In the previous Sections I showed that the inner ~4 kpc of the Milky Way hosts a stellar
population with the following properties: (i) it presents a chemical composition that
resembles those of accreted systems (e.g., Hayes et al., 2018; Mackereth et al., 2019a;
Helmi, 2020); (73) it is detected as substructure in IoM space; (7ii) on average it presents
slower rotation, higher vertical action, and slightly higher radial action than metal-rich
bulge populations; (iv) it is chemically detached from its metal-rich counterparts. In
aggregate these properties suggest the presence of an accreted stellar population within
4 kpc of the Galactic centre. In this Section I use the observed properties of the remnant
population to estimate the mass and history of the putative progenitor system. This is
achieved through comparison with data for a better known accreted system (GE/S) and

the predictions of the EAGLE simulations.

In Figure 2.13 I compare the chemical properties of the IGS with those of the GE/S
system (Haywood et al., 2018; Belokurov et al., 2018; Helmi et al., 2018; Mackereth
et al., 2019a), a massive satellite (M, ~ 108°Mg Mackereth & Bovy, 2020), that was
accreted to the Milky Way about 8-10 Gyr ago. For details on the selection of GE/S
stars, see Figure 2.9 and related discussion. I ignore, for the sake of simplicity, any
selection effects that may bias the relative distribution of chemical properties of the
observed stellar populations associated with the two galaxies. In other words, I assume
that the samples displayed in Figure 2.9 represent the bulk of the populations of the
two systems. Consequently the conclusions drawn from comparison of the IGS and
GE/S should be considered qualitative, and subject to revision should that assumption
be demonstrated to be incorrect. With that caveat in mind, Figure 2.13 displays stars
from the two systems on various abundance planes. The IGS is represented by red
symbols, the GE/S as blue symbols, and the parent sample, which is dominated by stars
from the high- and disks, is plotted as gray-scale 2D histograms. The data show that
stars belonging to the IGS have slightly higher average Mg, Ni, C, and N abundances
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than those of GE/S at [Fe/H] ~ —1. This result suggests that the progenitor galaxy
of the IGS was likely more massive than GE/S. I recall that Mackereth et al. (2019a)
used predictions from the EAGLE numerical simulations to estimate the stellar mass
of GE/S. In particular, they showed that the mean [Fe/H| and [Mg/Fe] of the stellar
particles associated with dwarf simulated galaxies were good indicators of stellar mass
(see Figure 11 of Mackereth et al., 2019a).

I resort to that predicted relation between mass and chemistry in order to estimate the
mass of the progenitor of the IGS. I used the scipy curve_fit optimisation routine to fit
the data for satellites of Milky Way-like galaxies in the LO025N075-RECAL simulation
(see Mackereth et al., 2019a, for details) with a bivariate M, ([Fe/H],[Mg/Fe]) relation.
Only galaxies with at least 20 star particles were included in the fit, excluding all galaxies
with M, < 1075Mg, or ([Fe/H]) < —2.0.

The equation that describes the trend is the following:

log M, = 10.28 + 2.18 ([Fe/H]) + 3.60 ([Mg/Fe])
—0.30 ([Fe/H]) x ([Mg/Fe]) (2.2)

Where the zero-th order term has been adjusted to match the mass inferred by Mack-
ereth & Bovy (2020) for GE/S, 3 x 108M,, and adopting the following mean values:
([Fe/H])gr/s = —1.20, <[Mg/Fe]>GE/S = +0.20. In this way, the theoretical relation is
used in a strictly relative way, to minimise uncertainties. From the IGS, I have mean
([Fe/H])1gs = —1.26, ([Mg/Fe])ias = +0.30, resulting in M, ~ 5 x 108M, for the pro-
genitor of the IGS, or about twice the mass of GE/S®. Consequently the progenitor of
the IGS is likely to have been an important contributor to the stellar mass budget of
the Milky Way halo.

The distribution of the data for the IGS in the Mg-Fe plane may be used to constrain the
history of star formation of the progenitor, and thus the time of accretion. One cannot
help but notice the fact that the data for the IGS and GE/S differ in one fundamental
aspect: the IGS sample has almost no stars with [Fe/H] > 1, and some of them are
likely thick disk contaminants (see Section 2.5). That is the regime where the GE/S
displays a strong decline in [Mg/Fe| for increasing [Fe/H], associated with the onset
of enrichment by SN Ia, which takes place on a timescale of ~ 103~ year (e.g., Maoz
et al., 2012; Nomoto et al., 2013). Assuming I am not being deceived by an unforeseen
selection effect, the absence of this more metal-rich population in the data for the IGS
may indicate an early quenching of star formation, likely associated with the accretion

to the Milky Way at a very early time.

SFor these estimates I lifted the original constraint on [Fe/H] > —1.7 (c.f. Section 2.2) to avoid
biasing the mean abundance values.
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FIGURE 2.13: Comparison between the IGS (red symbols) and Gaia-
Enceladus/Sausage (GE/S, blue symbols) in chemical space. The data for the parent
sample are also plotted (gray), to mark the positions of the low and high-a disks in
these diagrams. The IGS is characterized by higher average [Mg/Fe], [(C+N)/Fe], and
[Ni/Fe] than GE/S while having approximately the same mean [Fe/H]. This suggests
that the progenitor of the IGS was slightly more massive than GE/S. It is also note-
worthy from the top left panel that the locus occupied by the IGS lacks the declining

[Mg/Fe] sequence that is visible in the case of GE/S at [Fe/H]~-1.2 (the “shin” of the
a-Fe relation). This may indicate an early truncation of star formation.

This result confirms theoretical expectations from the E-MOSAICS simulations by Pf-
effer et al. (2020) and the EAGLE predictions for the chemical compositions of early
accreted satellites (Figure 2.10). Pfeffer et al. (2020) analysed the expected orbits of
globular clusters connected with accreted satellites in the E-MOSAICS simulations, con-
cluding that the orbits of surviving accreted clusters tend to have lower energies if their
host satellites were more massive and/or were accreted at higher redshifts. Furthermore,
this observed truncation at [Fe/H] ~ —1 is in agreement with results from a previous
study by the group (Horta et al., 2020), where the chemical compositions of Galactic
GCs in APOGEE were studied. In that paper I showed that the more metal-poor half
of the GCs associated with the L-E subgroup, whose position in IoM space coincides
with that of the IGS, have chemical compositions that are consistent with an accreted
origin. It is possible that the more metal-rich GCs in that group have an in situ origin,

associated with the thick disk (see Figure 3 from Horta et al., 2020).
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As pointed out in Section 2.4, the locus of the IGS in IoM space matches closely that
of the L-E family of globular clusters identified by Massari et al. (2019). Those authors
showed that the L-E clusters followed a tight age-metallicity relation, suggesting that
they might be associated with a massive satellite. Indeed, both the orbital properties
and time of accretion of the progenitor of the IGS agree with the predictions by Krui-
jssen et al. (2019a, 2020) for the Kraken accretion event. According to those authors,
the Kraken was a satellite of the Milky Way that was accreted within the first few Gyr
of the Galaxy’s existence (see also Forbes, 2020). The prediction is based on a detailed
comparison of the ages, metallicities, and orbital properties of the Milky Way globular
cluster system with predictions of the E-MOSAICS suite of cosmological numerical sim-
ulations (Pfeffer et al., 2018; Kruijssen et al., 2019b). Although the specific identities
of the globular clusters associated to the Kraken or the L-E group are not unique, their
median metallicities are roughly similar to that of the IGS ([Fe/H]~ —1.5 and —1.24,
respectively). The orbital properties of those globular clusters, with apocentric distances

between 3 and 5 kpc, are also consistent with an association with the IGS.

Finally, Kruijssen et al. (2020) estimate the stellar mass of the Kraken to be ~ 2x 108 M,
or approximately 70% of the mass of GE/S. the estimate from equation (1) is that the
progenitor of the IGS is more massive than the Kraken, with approximately twice the
mass of GE/S. Considering the uncertainties associated with the various methods, I do
not deem the absolute differences worrying. Further details on the physical properties
of the progenitor of the IGS, as well as a definitive association with the Kraken will have
to await a more careful examination of both upcoming new data and predictions from

improved numerical simulations.

2.6.3 A speculative scenario

With the above caveats in mind, I conclude by summarising the speculative views on the
most likely story implied by the data presented in this paper. While the vast majority of
the stars in the Milky Way were likely formed in situ (e.g., Bland-Hawthorn & Gerhard,
2016), it is generally agreed that, under a A-CDM framework, galaxies such as the Milky
Way experienced intense accretion activity in their early lives (e.g., Naab & Ostriker,
2017).

In Section 2.6.1.1 I found that somewhere between 1/4 and 1/3 of the metal-poor stars’
in the inner Galaxy were accreted, and the rest were formed in situ. the inability to

perfectly distinguish one group from the other leaves a key question in the air: is there

"Which themselves amount to only ~5% of the stellar mass budget of the Galactic bulge (see Ness
et al., 2013b)
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an evolutionary connection between the two or were they formed and evolved in entire

isolation before co-habiting the inner few kpc of the Galaxy?

A possible sequence of events, is one whereby the most metal-poor stars in the inner
Galaxy were formed in situ, followed by the early accretion of the progenitor of the IGS
which, under the effect of dynamical friction, took a quick dive towards the heart of
the young Milky Way. Assuming the IGS brought with it fresh gas®, it is likely that
dissipation brought it to the Galactic centre, triggering a burst of star formation which
would influence the later course of the chemical evolution in the inner Galaxy, explaining

the chemical continuity apparent in Figure 2.8°.

It will be interesting to see whether such speculative scenarios will survive scrutiny by
more detailed observations and sophisticated modeling and, if so, how it will jibe with
the understanding of the formation, evolution, and interaction between other structures

co-habiting the inner Galaxy.

2.7 Conclusions

I report evidence to the existence of an accreted structure located in the inner Galaxy
(the IGS). To reveal its existence I resorted to a search for clustering in multi-dimensional
parameter space, based on the best available data from APOGEE and Gaia, and astroNN
distances. This structure consists of a metal-poor population with detailed chemistry
resembling that of low mass satellites of the Milky Way with low abundances of Al,
C, N, and Ni. It is chemically and dynamically detached from the more metal-rich
populations with which it shares its location in the heart of the Galaxy, and from other
accreted populations across the Milky Way halo. I suggest that this population is the
remnant of a satellite that was accreted early in the history of the Milky Way. The
chemistry of this population is characterised by a plateau of relatively high [Mg/Fe| and
the absence of a “knee” towards higher [Fe/H] indicating an early quenching of star
formation activity, which is consistent with a very early accretion event. Comparison
with mean chemical composition predictions from numerical simulations, I infer a stellar
mass of M, ~ 5 x 108Mg, or approximately twice that of the Gaia-Enceladus/Sausage
system. If indeed its existence is confirmed by further investigation, one would be led
to conclude that its progenitor was a major building block of the Galactic halo, which

has until now remained elusive due to its location behind a curtain of extinction and

8This assumes ram pressure stripping was not important, which may be reasonable. Ram pressure
stripping is proportional to v? and since the IGS is located at the Galactic centre, the putative merger
must have occurred at a low velocity.

9 Along similar lines, Whitten et al. (2019) proposed that the steep age gradient of stellar populations
in the inner halo (Racc < 14 kpc), inferred from BHB star mean color gradients, can be possibly
associated with occurrence of a few dissipative mergers in the early Milky Way history.
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foreground crowding. The orbital and chemical properties of the IGS, the implied time
of accretion, and the mass of its progenitor are in good qualitative agreement with those
predicted by Pfeffer et al. (2020) and Kruijssen et al. (2020). I summarise below the

main implications and questions raised by this finding:

e According to the favoured interpretation of the data, the IGS is a remnant of a
satellite galaxy accreted to the Milky Way a long time ago. That such an ac-
cretion event happened in the Milky Way’s very early history is an expectation
from cosmological numerical simulations that predict an intense accretion activity
in massive galaxies at z ~ 2 — 3 (e.g., El-Badry et al., 2018; Pfeffer et al., 2020;
Fragkoudi et al., 2020). The Milky Way itself may have been the subject of un-
usually strong accretion activity at those early times, which may explain observed
properties of its disk and halo populations (e.g., Mackereth et al., 2018; Schiavon
et al., 2020);

e I present evidence for an accretion event that took place before the main structures
inhabiting the region we understand today as the Galactic bulge were formed.
Thus, the IGS should be viewed as a major building block of the Galactic halo,
rather than a very minor component of the Milky Way bulge, to whose stellar mass
budget it contributes no more than a few percent. The vast majority of the stars
in the bulge today were most likely formed in situ (e.g., Kunder et al., 2012; Di
Matteo, 2016; Debattista et al., 2017; Fragkoudi et al., 2018).

e The abundance ratios of stars associated with the IGS are well aligned with the
sequence occupied by more metal-rich populations located within the inner ~4 kpc
of the Galactic centre. Naively, that would be a surprising result, as one may expect
that accreted and in situ populations might have undergone distinct early histories
of star formation and chemical enrichment. I show that numerical simulations
actually predict such seeming continuity between the loci occuppied by accreted

and in situ populations in all abundances tracked by the EAGLE simulations.

e As a logical path for further enquiry, one would like to explore at least three
possible avenues: (i) verify whether models can match the distribution of stellar
density in chemical space, which may be a key discriminator between accretion
and in situ formation scenarios; (ii) contrast accreted and in situ populations in
other abundance planes including elements that sample additional nucleosynthetic
pathways, such as those resulting from s- and r-process production. (%i) contrast
the age distributions of stars in the chemo-dynamically defined accreted and in
situ populations. All these lines of investigation will benefit from additional data

made available in forthcoming observational efforts.
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e The combined mass of the progenitor of the IGS and the GE/S adds up to 8 x
108 M. Considering mass estimates for other accreted systems (e.g., Koppelman
et al., 2019b; Forbes, 2020; Kruijssen et al., 2020) and dissolved globular clusters
(Horta et al., 2021c; Schiavon et al., 2017b), the total mass in accreted satellites
may be well in excess of ~ 1.6 x 10° M. Although all these mass estimates are
subject to considerable zero point uncertainties, this result is, at face value, in
mild tension with independent estimates of the total stellar mass of the Galactic
halo (e.g., Deason et al., 2019; Mackereth & Bovy, 2020).

e There seems to be an interesting connection between the finding reported in this
paper and the presence of a population of N-rich stars in the inner Galaxy (Schi-
avon et al., 2017b), which is generally interpreted as resulting from the destruction
of an early population of globular clusters (e.g., Martell & Grebel, 2010; Martell
et al., 2016; Koch et al., 2019; Savino & Posti, 2019; Hanke et al., 2020; Fernandez-
Trincado et al., 2020). The frequency of this population has been shown to be
larger by an order of magnitude within the inner few kpc of the halo than in
its outer regions (Horta et al., 2021c). Moreover, Kisku et al. (2021) show that
roughly 1/4 of the N-rich population within ~ 4 kpc of the Galactic centre has
elemental abundances consistent with an accretion origin, and orbital properties
that are similar to those of the IGS. In future work I intend to examine how these
finding jibe together vis a vis the current understanding of the accretion history
of the Milky Way and models for globular cluster formation and destruction in a

cosmological context.

This chapter presents an exploration of the chemical complexity of the metal-poor bulge
on the basis of a statistically significant sample. The window into the bulge metal-poor
bulge populations will be further widened by observational projects taking place in the
near future. The Pristine Inner Galaxy Survey (PIGS) is performing AAOmega+2dF
spectroscopy with the 3.9 m Anglo-Australian Telescope of ~8,000 targets selected on
the basis of CaHK photometry collected with MegaCam on the Canada-France-Hawaii
Telescope, (Arentsen et al., 2020a) amassed the largest sample to date of very metal-poor
stars (~1,300 stars with [Fe/H]< —2) in the inner Galaxy. Detailed abundance analysis
of such a sample will certainly shed light onto the nature of the early populations of the
bulge. Further into the near future, the MOONS!? surveys of the Milky Way (Gonzalez
et al., 2020) will likely increase the sample of bulge metal-poor stars with detailed

chemical compositions by an order of magnitude.

10MOONS is the European Southern Observatory Multi Object Optical and Near-infrared Spectro-
graph for the VLT (Cirasuolo & MOONS Consortium, 2016).
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For the remainder of this thesis, the progenitor of the IGS is given the name Heracles,
after the great hero of Greek mythology. Heracles was born of an illicit affair between
the god Zeus and the mortal woman, Alcmene, queen of Tyrinth. According to some
accounts of the myth, Zeus took the infant to nurse at the breast of his sleeping wife,
Hera, knowing that the goddess’s milk would give the infant immortality. Naturally,
however, she woke — and when she pushed the baby away, it is said that her milk
spilled across the sky, creating the Milky Way. Reminiscent of Heracles, a surprising
outsider who was gifted with immortality, the progenitor of the IGS also has an external

origin, and its presence likely precedes the formation of the Milky Way disc.



Chapter 3

The nature of halo substructures
in the Milky Way

3.1 Introduction

"How did the Milky Way form?” is likely the most fundamental question facing the
field of Galactic archaeology. As already discussed in Chapter 1 and Chapter 2, when
posed in a cosmological context, the A-CDM model predicts that the Galaxy formed in
great measure via the process of hierarchical mass assembly. In this scenario, nearby
satellite galaxies are consumed by the Milky Way due to them being attracted to its
deeper gravitational potential, and as a result merge with the Galaxy. In such cases,
these merger events shape the formation and evolution of the Milky Way. Therefore,
an understanding of the assembly history of the Milky Way in the context of A-CDM
depends critically on the determination of the properties of the systems accreted during
the Galaxy’s history, including their masses and chemical compositions. Moreover, the
merger history of the Galaxy has a direct impact on its resulting stellar populations at

present time, and plays a vital role in shaping its components.

Since the seminal work by Searle & Zinn (1978), many studies have aimed at charac-
terising the stellar populations of the Milky Way, linking them to either an ”in situ” or
accreted origin. Although detection of substructure in phase space has worked extremely
well for the identification of on-going and/or recent accretion events (e.g. Sagittarius
dSph, Ibata et al., 1994; Helmi stream, Helmi et al., 1999), the identification of accretion
events early in the life of the Milky Way has proven difficult due to phase-mixing. A
possible solution to this conundrum resides in the use of additional information, typically
in the form of detailed chemistry and/or ages (e.g., Nissen & Schuster, 2010; Hawkins
et al., 2015; Hayes et al., 2018; Haywood et al., 2018; Mackereth et al., 2019b; Das et al.,
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2020; Montalban et al., 2020; Horta et al., 2021a; Hasselquist et al., 2021; Buder et al.,
2022; Carrillo et al., 2022).

The advent of large spectroscopic surveys such as APOGEE (Majewski et al., 2017),
GALAH (De Silva et al., 2015), SEGUE (Yanny et al., 2009a), RAVE (Steinmetz et al.,
2020), LAMOST (Zhao et al., 2012), H3 (Conroy et al., 2019), amongst others, in
combination with the outstanding astrometric data supplied by the Gaia satellite (Gaia
Collaboration, 2018; Gaia Collaboration et al., 2020), revolutionised the field of Galactic
archaeology, shedding new light into the mass assembly history of the Galaxy.

The core of the Sagittarius dSph system and its still forming tidal stream (Ibata et al.,
1994) have long served as an archetype for dwarf galaxy mergers in the Milky Way.
Moreover, in the past few years, several phase-space substructures have been identified in
the field of the Galactic stellar halo that are believed to be the debris of satellite accretion
events, including the Gaia-Enceladus/Sausage (GE/S, Helmi et al., 2018; Belokurov
et al., 2018; Haywood et al., 2018; Mackereth et al., 2019b), Heracles (Horta et al.,
2021a), Sequoia (Barb4 et al., 2019; Matsuno et al., 2019; Myeong et al., 2019), Thamnos
1 and 2 (Koppelman et al., 2019a), Nyx (Necib et al., 2020), the substructures identified
using the H3 survey: namely Aleph, Arjuna, I’itoi (Naidu et al., 2020), LMS-1 (Yuan
et al., 2020)!, Icarus (Re Fiorentin et al., 2021), Cetus (Newberg et al., 2009), and Pontus
(Malhan et al., 2022). While the identification of these substructures is helping constrain
the understanding of the mass assembly history of the Milky Way, their association with
any particular accretion event still needs to be clarified. Along those lines, predictions
from numerical simulations suggest that a single accretion event can lead to multiple
substructures in phase space (e.g., Jean-Baptiste et al., 2017a; Koppelman et al., 2020).
Therefore, in order to ascertain the reality and/or distinction of these accretion events,
one must combine phase-space information with detailed chemical compositions for large

samples.

Recent work modelling the stellar halo suggests that accreted populations constitute over
two thirds of all of the halo stellar mass within ~25 kpc from the Galactic centre (e.g.,
Mackereth & Bovy, 2020), of which approximately 30%-50% (~3x108M®), is associated
with GE/S. This result is in agreement with recent work by Naidu et al. (2020), which
find that > 65% of stellar halo populations in the inner ~20 kpc have an accreted origin,
with the majority being from the GE/S progenitor. Other studies have estimated an
even higher stellar mass to this accretion event (namely, ~0.5-2 x 10°M®), suggesting
that most (if not all) of the mass of the inner ~20 kpc of the Galactic stellar halo is
comprised of a single accretion event (e.g., Helmi et al., 2018; Vincenzo et al., 2019; Das

et al., 2020). Another important source of halo stellar mass not accounted for in previous

1This structure also goes by the name of Wukong (Naidu et al., 2020).
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studies is Heracles, whose progenitor mass was estimated by Horta et al. (2021a) to be
of the order of ~5x103M®.

The combined estimated mass from accreted populations within ~20kpc, when added
to the estimated mass from dissolved and/or evaporated globular clusters (GCs, namely,
~1-2x108M® Schiavon et al., 2017a; Horta et al., 2021c), outweighs earlier estimates of
the mass of the Galactic stellar halo, namely ~4-7x108M® (see Bland-Hawthorn & Ger-
hard, 2016, and references therein). When compared to more recent estimates, the sum
of the mass arising from accreted populations and dissolved and/or evaporated globular
clusters yields a total mass that is approximately equivalent to the total estimated mass
of the stellar halo, namely ~1-1.3x10°M® (e.g., Deason et al., 2019; Mackereth & Bovy,
2020), therefore suggesting a very small contribution from in situ halo populations at
low [Fe/H].

Aside from assessing the mass contributed from accreted halo populations, understand-
ing the chemo-dynamical properties of each substructure enables the characterisation of
each accretion event. By comparing the chemo-dynamical properties of each substruc-
ture with in situ populations, it is possible to infer properties of the debris’ progenitor,
helping shed light into the Galaxy’s past life and environment. The properties of these
disrupted satellite galaxies also provide a window for near-field cosmology, and the study

of lower-mass galaxies in unrivalled detail.

In this work I set out to combine the latest data releases from the APOGEE and Gaia
surveys in order to dynamically determine and chemically characterise previously iden-
tified halo substructures in the Milky Way. I attempt, where possible, to define the halo
substructures using kinematic information only, so that the distributions of stellar pop-
ulations in various chemical planes can be studied in an unbiased fashion. This allows
us to understand in more detail the reality and nature of these identified halo substruc-
tures, as chemical abundances encode more pristine fossilised records of the formation

environment of stellar populations in the Galaxy.

The Chapter is organised as follows: Section 5.2 presents the selection of the parent
sample used in this work. Section 5.3 includes a detailed description of how I identified
the halo substructures. In Section 5.2, I discuss the resulting orbital distributions of the
identified structures in the orbital energy and angular momentum plane. Section 3.4
presents an in-depth chemical analysis of the identified halo substructures in different
chemical abundance planes, where I show the a elements in Section 3.4.1, the iron-peak
elements in Section 3.4.2, the odd-Z elements in Section 3.4.3, the carbon and nitrogen
abundances in Section 3.4.4, a neutron capture element (namely, Ce) in Section 3.4.5, and
other interesting chemical composition planes in Section 3.4.6. The chemical abundances

for each halo substructure are then quantitatively compared in Section 3.5. 1 then
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discuss the results in the context of previous work in Section 4.5, and finalise this work

by presenting the conclusions in Section 5.5.

3.2 Data and sample

In this chapter, I combine the latest data release (DR17, Abdurro’uf et al., 2021) of
the SDSS-III/IV (Eisenstein et al., 2011; Blanton et al., 2017) and APOGEE survey
(Majewski et al., 2017) with distances and astrometry determined from the early third
data release from the Gaia survey (EDR3, Gaia Collaboration et al., 2020). The celestial
coordinates and radial velocities supplied by APOGEE (Nidever et al., 2015, Holtzman
et al, in prep), when combined with the proper motions and inferred distances (Leung
& Bovy, 2019a) based on Gaia data, provide complete 6-D phase space information for
approximately ~730,000 stars in the Milky Way, for most of which exquisite abundances

for up to ~20 different elements have been determined.

All data supplied by APOGEE are based on observations collected by (almost) twin
high-resolution multi-fibre spectrographs (Wilson et al., 2019) attached to the 2.5m
Sloan telescope at Apache Point Observatory (Gunn et al., 2006) and the du Pont
2.5 m telescope at Las Campanas Observatory (Bowen & Vaughan, 1973). Elemental
abundances are derived from automatic analysis of stellar spectra using the ASPCAP
pipeline (Garcia Pérez et al., 2016) based on the FERRE? code (Allende Prieto et al.,
2006). The spectra themselves were reduced by a customized pipeline (Nidever et al.,
2015). For details on target selection criteria, see Zasowski et al. (2013) for APOGEE
and Zasowski et al. (2017) for APOGEE-2, and Beaton et al. (2021) for APOGEE north,
and Santana et al. (2021) for APOGEE south.

I make use of the distances for the APOGEE DR17 catalogue generated by Leung & Bovy
(2019a), using the astroNN python package (for a full description, see Leung & Bovy,
2019b). These distances are determined using a re-trained astroNN neural-network
software, which predicts stellar luminosity from spectra using a training set comprised of
stars with both APOGEE DR17 spectra and Gaia EDR3 parallax measurements (Gaia
Collaboration et al., 2020). The model is able to simultaneously predict distances and
account for the parallax offset present in Gaia-EDR3, producing high precision, accurate
distance estimates for APOGEE stars, which match well with external catalogues (Hogg
et al., 2019) and standard candles like red clump stars (Bovy et al., 2014). I note that
the systematic bias in distance measurements at large distances for APOGEE DR16
as described in Bovy et al. (2019) have been reduced drastically in APOGEE DRI17.

Therefore, I are confident that this bias will not lead to unforeseen issues during the

2github.com/callendeprieto/ferre
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calculation of the orbital parameters. the samples are contained within a distance range
of ~20 kpc and have a mean de;,/d ~0.13 (except for the Sagittarius dSph, which extends
up to ~30 kpc and has a mean dg,/d ~0.16).

I use the 6-D phase space information® and convert between astrometric parameters and
Galactocentric cylindrical coordinates, assuming a solar velocity combining the proper
motion from Sgr A* (Reid & Brunthaler, 2020) with the determination of the local
standard of rest of Schonrich et al. (2010). This adjustment leads to a 3D velocity of
the Sun equal to [Ugs, Vo, Wg] = [-11.1, 248.0, 8.5] km s~!. I assume the distance
between the Sun and the Galactic Centre to be Rg = 8.178 kpc (Gravity Collaboration,
2019), and the vertical height of the Sun above the midplane zy = 0.02 kpc (Bennett &
Bovy, 2019). Orbital parameters were then determined using the publicly available code
galpy* (Bovy, 2015; Mackereth & Bovy, 2018), adopting a McMillan (2017) potential
and using the Stéckel approximation of Binney (2012).

The parent sample employed in this work is comprised of stars that satisfy the following

selection criteria:

APOGEE-determined atmospheric parameters: 3500<T.5<5500 K and logg <
3.6,

APOGEE spectral S/N > 70,

e APOGEE STARFLAG = 0,

astroNN distance accuracy of dg err/de<0.2,

where dg and dgery are heliocentric distance and its uncertainty, respectively. The S/N
criterion was implemented to maximise the quality of the elemental abundances. The
Teg and log g criteria aimed to minimise systematic effects at high/low temperatures,
and to minimise contamination by dwarf stars. I also removed stars with STARFLAG flags
set, in order to not include any stars with issues in their stellar parameters. A further
7,750 globular cluster stars were also removed from consideration using the APOGEE
Value Added Catalogue of globular cluster candidate members from Schiavon et al.
(2022, in prep.), (building on the method from Horta et al., 2020, using primarily radial
velocity and proper motion information). Finally, stars belonging to the Large and Small
Magellanic clouds were also excluded using the sample from Hasselquist et al. (2021)
(removing 3,748 and 1,002 stars, respectively). The resulting parent sample contains
199,077 stars.

3The positions, proper motions, and distances are taken/derived from Gaia EDR3 data, whilst the
radial velocities are taken from APOGEE DR17.
“https:/docs.galpy.org/en/v1.6.0/.
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Ficure 3.1: Distribution of the identifed substructures in the spectroscopist
Hertzprung-Russell diagram. The parent sample is plotted as a 2D histogram, where
white/black signifies high/low density regions. The coloured markers illustrate the dif-
ferent halo substructures studied in this work. For the bottom right panel, green points
correspond to Pontus stars, whereas the purple point is associated with Icarus. Addi-
tionally, in the Aleph and Nyx panels, I also highlight with purple edges those stars
that overlap between the APOGEE DR17 sample and the samples determined in Naidu
et al. (2020) and Necib et al. (2020), respectively, for these halo substructures.

In the following subsection I describe the motivation behind the selection criteria em-
ployed to select each substructure in the stellar halo of the Milky Way. The criteria are
largely built on selections employed in previous works and are summarised in Table 3.1

and in Figure 3.1.

3.2.1 Identification of substructures in the stellar halo

I now describe the method employed for identifying known substructures in the stel-
lar halo of the Milky Way. I set out to select star members belonging to the various
halo substructures. I strive to identify substructures in the stellar halo by employing
solely orbital parameter and phase-space information where possible, with the aim of
obtaining star candidates for each substructure population that are unbiased by any
chemical composition selection. I take a handcrafted approach and select substructures
based on simple and reproducible selection criteria that are physically motivated by the
data and/or are used in previous works, instead of resorting to clustering software al-

gorithms, which I find cluster the n-dimensional space into too many fragments. In the
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following subsections I describe the selection procedure for identifying each substructure

independently.

I note that the samples for the various substructures are defined by a strict application
to the APOGEE survey data of the criteria defined by other groups, often on the basis of
different data sets. The latter were per force collected as part of a different observational
effort, based on specific target selection criteria. It is not immediately clear whether or
how differences between the APOGEE selection function and those of other catalogues
may imprint dissimilarities between the samples and those of the original studies. 1

nevertheless do not expect such effects to influence the conclusions in an important way.

3.2.1.1 Sagittarius

Since its discovery (Ibata et al., 1994), many studies have sought to characterise the
nature of the Sagittarius dwarf spheroidal (hereafter Sgr dSph; e.g., Ibata et al., 2001;
Majewski et al., 2003; Johnston et al., 2005; Belokurov et al., 2006; Yanny et al., 2009b;
Koposov et al., 2012; Carlin et al., 2018; Vasiliev & Belokurov, 2020), as well as interpret
its effect on the Galaxy using numerical simulations (e.g., Johnston et al., 1995; Ibata
et al., 1997; Law et al., 2005; Law & Majewski, 2010; Purcell et al., 2011; Gémez et al.,
2013). More recently, the Sgr dSph has been the subject of comprehensive studies on
the basis of APOGEE data. This has enabled a detailed examination of its chemical
compositions, both in the satellite’s core and in its tidal tails (e.g., Hasselquist et al.,
2017, 2019; Hayes et al., 2020). Moreover, in a more recent study, Hasselquist et al.
(2021) adopted chemical evolution models to infer the history of star formation and
chemical evolution of the Sgr dSph. Therefore, in this paper the Sgr dSph is considered
simply as a template massive satellite whose chemical properties can be contrasted to

those of the halo substructures that are the focus of the study.

While it is possible to select high confidence Sgr dSph star candidates using Galacto-
centric positions and velocities (Majewski et al., 2003), Hayes et al. (2020) showed it is
possible to make an even more careful selection by considering the motion of stars in
a well-defined Sgr orbital plane. I identify Sgr star members by following the method
from Hayes et al. (2020). Although the method is fully described in their work, I sum-
marise the key steps for clarity and completeness. I take the Galactocentric positions
and velocities of stars in the parent sample and rotate them into the Sgr orbital plane
according to the transformations described in Majewski et al. (2003). This yields a set
of position and velocity coordinates relative to the Sgr orbital plane, but still centered
on the Galactic Centre. As pointed out in Hayes et al. (2020), Sgr star members should

stand out with respect to other halo populations in different Sgr orbital planes. Using
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this orbital plane transformation, I select from the parent sample Sgr star members if

they satisfy the following selection criteria:

[Bac| <30 (%),

e 1.8 < L,ge < 14 (x10? kpc kms™),

~150 < V, ggr < 80 (kms™1),

Xggr > 0 (kpc),

Ysgr > -5 (kpe) or Yggr < 20 (kpe),

Zsgr > —10 (kpc),

pm, > —4 (mas),

d@ > 10 (kpC),

where Sqc is the angle subtended between the Galactic Centre and the Sgr dSph, Ly sgr
is the azimuthal component of the angular momentum in the Sgr plane, V,gg is the
vertical component of the velocity in the Sgr plane, (Xggr, Ysgr, Zsgr) are the cartesian
coordinates centred on the Sgr dSph plane, pm, is the right-ascension proper motion,
and d, is the heliocentric distance, which for Sgr has been shown to be ~ 23 kpc (Vasiliev
& Belokurov, 2020). the selection yields a sample of 266 Sgr star members, illustrated
in the L, s¢r vs V, sgr plane in Fig 3.2.

3.2.1.2 Heracles

Heracles is a recently discovered metal-poor substructure located in the heart of the
Galaxy (Horta et al., 2021a). It is characterised by stars on eccentric and low energy
orbits. Due to its position in the inner few kpc of the Galaxy, it is highly obscured by
dust extinction and vastly outnumbered by its more abundant metal-rich (in situ) co-
spatial counterpart populations. Only with the aid of chemical compositions has it been
possible to unveil this metal-poor substructure, which is discernible in the [Mg/Mn]-
[Al/Fe] plane. It is important at this stage that I mention a couple of recent studies
which, based chiefly on the properties of the Galactic globular cluster system, proposed
the occurrence of an early accretion event whose remnants should have similar properties
to those of Heracles (named Kraken and Koala, by Kruijssen et al., 2020; Forbes, 2020,
respectively). In the absence of a detailed comparison of the dynamical properties and
detailed chemical compositions of Heracles with these putative systems, a definitive

association is impossible at the current time.
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FIGURE 3.2: Parent sample used in this work in the L, gor vs V, gqr plane (see Sec-

tion 3.2.1.1 for details). Here, Sgr stars clearly depart from the parent sample, and

are easily distinguishable by applying the selection criteria from Hayes et al. (2020),
demarked in this illustration by the orange markers.

In this work I define Heracles candidate star members following the work by Horta et al.
(2021a), and select stars from the parent sample that satisfy the following selection
criteria:

e ¢ > (.6,

e 26 <E < -2(x10° km?s~?),

e [Al/Fe] < —0.07 & [Mg/Mn] > 0.25,

e [Al/Fe] > —0.07 & [Mg/Mn] > 4.25x[Al/Fe] 4+ 0.5475.
Moreover, I impose a [Fe/H] > —1.7 cut to select Heracles candidate star members

in order to select stars from the parent sample that have reliable Mn abundances in

APOGEE DR17. the selection yields a resulting sample of 281 Heracles star members.
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3.2.1.3 Gaia-Enceladus/Sausage

Recent studies have shown that there is an abundant population of stars in the nearby
stellar halo (namely, Rgc < 20-25 kpe) belonging to the remnant of an accretion event
dubbed the Gaia-Enceladus/Sausage (GES, e.g., Belokurov et al., 2018; Haywood et al.,
2018; Helmi et al., 2018; Mackereth et al., 2019b). This population is characterised
by stars on highly radial/eccentric orbits, which also appear to follow a lower distribu-
tion in the a-Fe plane, presenting lower [a/Fe] values for fixed metallicity than in situ

populations.

For this paper, I select GES candidate star members by employing a set of orbital infor-

mation cuts. Specifically, GES members were selected adopting the following criteria:

o |L.| < 0.5 (x10% kpc km™1),

e 1.6 <E < -1.1 (x10° km?s™2).

This selection is employed in order to select the clump that becomes apparent in the E-
L, plane at higher orbital energies and roughly L, ~ 0 (see Fig 3.4), and to minimise the
contamination from high-a disc stars on eccentric orbits (namely, the ”Splash” Bonaca
et al., 2017; Belokurov et al., 2020), which sit approximately at E~~1.8x10% km?s~2 (see
Kisku et al, in prep). The angular momentum restriction ensures I are not including
stars on more prograde/retrograde orbits. I find that by selecting the GES substructure
in this manner, I obtain a sample of stars with highly radial (Jg ~1x103 kpc kms™!)
and therefore highly eccentric (e~0.9) orbits, in agreement with selections employed in
previous studies to identify this halo substructure (e.g., Mackereth & Bovy, 2020; Naidu
et al., 2020; Feuillet et al., 2021; Buder et al., 2022). The final GES sample is comprised
of 2,353 stars.

I note that in a recent paper, Hasselquist et al. (2021) undertook a thorough investi-
gation into the chemical properties of this halo substructure and compared it to other
massive satellites of the Milky Way (namely, the Magellanic Clouds, Sagittarius dSph,
and Fornax). Although their selection criteria differs slightly from the one employed in
this study, I find that their sample is largely similar to the one employed here, as both
studies employed APOGEE DR17 data.

3.2.1.4 Retrograde halo: Sequoia, Thamnos, Arjuna, and I’Itoi

A number of substructures have been identified in the retrograde halo. The first to

be discovered was Sequoia (Barbda et al., 2019; Matsuno et al., 2019; Myeong et al.,
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2019), which was suggested to be the remnant of an accreted dwarf galaxy. The Sequoia
was identified given the retrograde nature of the orbits of its stars, which appear to
form an arch in the retrograde wing of the Toomre diagram. Separately, an interesting
study by Koppelman et al. (2019a) showed that the retrograde halo can be further
divided into two components, separated by their orbital energy values in the E-L, plane.
They suggest that the high energy component corresponds to Sequoia, whilst the lower
energy population would be linked to a separate accretion event, dubbed Thamnos. In
addition, Naidu et al. (2020) proposed the existence of additional retrograde substructure
overlapping with Sequoia, characterised by different metallicities, which they named

Arjuna and I'Itoi.

As the aim of this paper is to perform a comprehensive study of the chemical abundances
of substructures identified in the halo, I utilise all the selection methods used in prior
work and select the same postulated substructures in multiple ways, in order to compare
their abundances later. Specifically, I build on previous works (e.g., Myeong et al.,
2019; Koppelman et al., 2019a; Naidu et al., 2020) that have aimed to characterise the

retrograde halo and select the substructures following a similar selection criteria.

For reference, throughout this work I will refer to the different selection criteria of sub-
structures in the retrograde halo as the ” GC”, ” field”, and ” H3” selections, in reference
to the method/survey employed to determine the Sequoia substructure in Myeong et al.
(2019), Koppelman et al. (2019¢), and Naidu et al. (2020), respectively. I will now go
through the details of each selection method independently.

The GC method (used in Myeong et al. 2019) selects Sequoia star candidates by iden-
tifying stars that satisfy the following conditions:

e E > 1.5 (x10% km?s72),

° J¢/Jt0t < -0.5,

° J(JZ_JR)/Jtot <0.1.
Here, Jg, Jg, and J, are the azimuthal, radial, and vertical actions, and Jio is the

quadrature sum of those components. This selection yields a total of 116 Sequoia star

candidates.

The field method (used in Koppelman et al. 2019c) identifies Sequoia star members

based on the following selection criteria:

e 0.4 < n < 0.65,
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e —1.35 < E < -1 (x10° km?s72),

e L, <0 (kpc kms™1),

where 7 is the circularity and is defined as n = v/1 — e? (Wetzel, 2011). These selection

criteria yield a total of 95 Sequoia stars.

Lastly, I select the Sequoia based on the H3 selection criteria (used in Naidu et al. 2020)

as follows:

e 1> 0.15,
e E> 1.6 (x10° km?s72),

e L, < -0.7 (10° kpc kms™1).

This selection produces a preliminary sample comprised of 236 Sequoia stars. However,
I note that Naidu et al. (2020) use this selection to define not only Sequoia, but all
the substructures in the high-energy retrograde halo (including the Arjuna and I'itoi
substructures). In order to distinguish Sequoia, I'itoi, and Arjuna, Naidu et al. (2020)
suggest performing a metallicity cut, motivated by the observed peaks in the metallicity
distribution function (MDF) of their retrograde sample. Thus, I follow this procedure
and further refine the Sequoia, Arjuna and I'itoi samples by requiring [Fe/H] > —1.6 cut
for Arjuna, 2 < [Fe/H] < -1.6 for Sequoia, and [Fe/H] < -2 for I'itoi, based on the
distribution of the initial sample in the MDF (see Fig 3.3). This further division yields
an H3 Sequoia sample comprised of 65 stars, an Arjuna sample constituted by 143 stars,

and an I’itoi sample comprised of 22 stars.

Following the selection of substructures in the high-energy retrograde halo, I set out
to identify stars belonging to the intermediate-energy and retrograde Thamnos 1 and
2 substructures. Koppelman et al. (2019¢) state that Thamnos 1 and 2 are separate
debris from the same progenitor galaxies. For this work I consider Thamnos as one
overall structure, given the similarity noted by Koppelman et al. (2019¢) between the
two smaller individual populations in chemistry and kinematic planes. Stars from the
parent sample were considered as Thamnos candidate members if they satisfied the

following selection criteria:

e 1.8 <E < 1.6 (x10° km?s?),
e L, <0 (kpc kms™1),

e ¢ < 0.7,
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FicUrE 3.3: Metallicity distribution function of the high-energy retrograde sample
determined using the selection criteria from Naidu et al. (2020). The dashed black
vertical lines define the division of this sample used by Naidu et al. (2020) to divide
the three high-energy retrograde substructures: Arjuna, Sequoia, and I’itoi. This MDF
dissection is based both on the values used in Naidu et al. (2020), and the distinguishable
peaks in this plane (I do not use a replica value of the [Fe/H] used in Naidu et al. (2020)
in order to account for any possible metallicity offsets between the APOGEE and H3
surveys).

These selection cuts are performed in order to select stars in the parent sample with
intermediate orbital energies and retrograde orbits (see Fig 3.4 for the position of Tham-
nos in the E-L,), motivated by the distribution of the Thamnos substructure in the E-L,
plane illustrated by Koppelman et al. (2019¢). This selection yields a Thamnos sample

comprised of 121 stars.

3.2.1.5 Helmi stream

The Helmi stream was initially identified as a substructure in orbital space due to its
high V, velocities (Helmi et al., 1999). More recent work by Koppelman et al. (2019b)
characterised the Helmi stream in Gaia DR2, and found that this stellar population is

best defined by adopting a combination of cuts in different angular momentum planes.
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Specifically, by picking stellar halo stars based on the azimuthal component of the an-
gular momentum (L), and its respective perpendicular value (L, = /L2 +L2), the
authors were able to select a better defined sample of Helmi stream star candidates.
I build on the selection criteria from Koppelman et al. (2019b) and define the Helmi
stream sample by including stars from the parent population that satisfy the following

selection criterias:

e 0.75 < L, < 1.7 (x10? kpc kms™1),

e 1.6 <L, < 3.2 (x10% kpc kms™!),

Our final sample is comprised of 85 Helmi stream stars members.

3.2.1.6 Aleph

Aleph is a newly discovered substructure presented in a detailed study of the Galactic
stellar halo by Naidu et al. (2020) on the basis of the H3 survey (Conroy et al., 2019).
It was initially identified as a sequence below the high a-disc in the [«a/Fe|-[Fe/H] plane.
It is comprised by stars on very circular prograde orbits. For this paper, I follow the
method described in Naidu et al. (2020) and define Aleph star candidates as any star in

the parent sample which satisfies the following selection criteria:

e 175 < V4 < 300 (kms™1),
e |Vg| < 75 (kms™1),
e [Fe/H] > 0.8,

e [Mg/Fe] < 0.27,

where V, and Vg are the azimuthal and radial components of the velocity vector (in
Galactocentric cylindrical coordinates), and I use Mg as the « tracer element. The
selection criteria yield a sample comprised of 128,578 stars. I find that the initial selection
criteria determine a preliminary Aleph sample that is dominated by in situ disc stars,
likely obtained due to the prograde nature of the velocity cuts employed as well as the
chemical cuts. Thus, in order to remove disc contamination and select true Aleph star
members, I employ two further cuts in vertical height above the plane (namely, |z| >
3 kpc) and in vertical action (i.e., 170 < J, < 210 kpc kms™!), which are motivated
by the distribution of Aleph in these coordinates (see Section 3.2.2 from Naidu et al.
2020). I also note that the vertical height cut was employed in order to mimic the H3
survey selection function. After including these two further cuts, I obtain a final sample

of Aleph stars comprised of 28 star members.
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3.2.1.7 LMS-1

LMS-1 is a newly identified substructure discovered by Yuan et al. (2020). It is char-
acterised by metal poor stars that form an overdensity at the foot of the omnipresent
GES in the E-L, plane. This substructure was later also studied by Naidu et al. (2020),
who referred to it as Wukong. I identify stars belonging to this substructure adopting a
similar selection as Naidu et al. (2020), however adopting different orbital energy criteria
to adjust for the fact that I adopt the McMillan (2017) Galactic potential (see Fig 23
from Appendix B in that study). Stars from the parent sample were deemed LMS-1

members if they satisfied the following selection criteria:

0.2 <L, <1 (x10? kpc kms™1),

1.7 < E < 1.2 (x10° km~2s72),

[Fe/H] < —1.45,

04 <e<0.7,

|z| > 3 (kpc).

I note that the e and z cuts were added to the selection criteria listed by Naidu et al.
(2020). This is because I conjectured that instead of eliminating GES star members
from the selection (as Naidu et al. (2020) do), it is more natural in principle to find
additional criteria that distinguishes these two overlapping substructures. Thus, I select
stars on less eccentric orbits than those belonging to GES, but still more eccentric than
most of the Galactic disc (i.e., 0.4 < e < 0.7). Furthermore, in order to ensure I are
observing stars at the same distances above the Galactic plane as in Naidu et al. (2020)
(defined by the selection function of the H3 survey), I add a vertical height cut of |z| >
3 (kpc). the selection identifies 31 stars belonging to the LMS-1 substructure.

3.2.1.8 Nyx

Nyx has recently been put forward by Necib et al. (2020), who identified a stellar stream
in the solar neighbourhood, that they suggest to be the remnant of an accreted dwarf
galaxy (Necib et al., 2020). Similar to Aleph, it is characterised by stars on very pro-
grade orbits, at relatively small mid-plane distances (|Z| < 2 kpc) and close to the solar
neighbourhood (i.e., |Y| < 2 kpc and |X]| < 3 kpc). The Nyx structure is also particu-
larly metal-rich (i.e., [Fe/H] ~ —0.5). Based on the selection criteria used in Necib et al.

(2020), I select Nyx star candidates employing the following selection criteria:
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e 110 < Vg < 205 (kms™1),
e 90 < V, < 195 (kms™'),

e |X| < 3 (kpe), |Y| < 2 (kpe), |Z] < 2 (kpc).

The above selection criteria yield a sample comprising of 589 Nyx stars.

3.2.1.9 Icarus

Icarus is a substructure identified in the solar vicinity, comprised by stars that are
significantly metal-poor ([Fe/H] ~ —1.45) with circular (disc-like) orbits (Re Fiorentin
et al., 2021). In this work, I select Icarus star members using the mean values reported
by those authors and adopting a two sigma uncertainty cut around the mean. The

selection used is listed as follows:

e [Fe/H] < 1.45,

[Mg/Fe|] < 0.2,

1.54 < L, < 2.21 (x10? kpc kms™1),

L, < 450 (kpc kms™1),

o e < 0.2

Zmax < 1.5 (kpc).

These selection criteria yield an Icarus sample comprised of 1 star. As I have only been
able to identify 1 star associated with this substructure, I remove it from the main body
of this work and focus on discerning why the selection method only identifies 1 star in
Appendix B.1. Furthermore, I combine the 1 Icarus star found in APOGEE DR17 with
41 stars found by Re Fiorentin et al. (2021) in APOGEE DR16, in order to study the

nature of this substructure in further detail. the results are discussed in Appendix B.1.

3.2.1.10 Pontus

Pontus is a halo substructure recently proposed by Malhan et al. (2022), on the basis
of an analysis of Gaia EDR3 data for a large sample of Galactic globular clusters and
stellar streams. These authors identified a large number of groupings in action space,
associated with known substructures. Malhan et al. (2022) propose the existence of a

previously unknown susbtructure they call Pontus, characterised by retrograde orbits
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and intermediate orbital energy. Pontus is located just below Gaia-Enceladus/Sausage
in the E-Lz plane, but displays less radial orbits (Pontus has an average radial ac-
tion of Jrp~500 kpc kms™!, whereas Gaia-Enceladus/Sausage displays a mean value of
Jr~1,250 kpc kms™1). In this work, I utilise the values listed in Section 4.6 from Malhan
et al. (2022) to identify Pontus candidate members in the sample. I note that because
both that study and ours use the McMillan (2017) potential to compute the IoM, the
orbital energy values will be on the same scale. the selection criteria for Pontus are the

following;:

e 1.72 < E < -1.56 (x10° km~2s72),
o 470 < L, < 5 (x10% kpc kms™1),
e 245 < Jp < 725 (kpc kms™1),

e 115 < J, < 545 (kpc kms™),

e 390 < L, < 865 (kpc kms™1),

0.5 < e < 0.8,

1< Rperi <3 (kpc),

8 < Rapo < 13 (kpe),

[Fe/H] < 1.3,

where Rperi and R,p, are the perigalacticon and apogalacticon radii, respectively. Using
these selection criteria, I identify two Pontus candidate members in the parent sample.
As two stars comprise a sample too small to perform any statistical comparison, I refrain
from comparing the Pontus stars in the main body of this work. Instead, I display and

discuss the chemistry of these two Pontus stars in Appendix B.2, for completeness.

3.2.1.11 Cetus

As a closing remark, I note that I attempted to identify candidate members belonging
to the Cetus (Newberg et al., 2009) stream. Using the selection criteria defined in Table
3 from Malhan et al. (2022), I found no stars associated with this halo substructure that
satisfied the selection criteria of the parent sample. This is likely due to a combination of
two factors: (i) Cetus is a diffuse stream orbiting at large heliocentric distances (ds2>30
kpc, Newberg et al., 2009), which APOGEE does not cover well; (ii) it occupies a region
of the sky around the southern polar cap, where APOGEE does not have many field
pointings, at approximately [~143° and b~-70° (Newberg et al., 2009).



Name ‘ Selection criteria Nstars

Heracles e > 0.6; 2.6 < E < -2 (x10° km?s~2); [Al/Fe] < —0.07 & [Mg/Mn] > 0.25; [Al/Fe] > -0.07; | 281
[Mg/Mn] > 4.25x[Al/Fe] + 0.5475; [Fe/H] > —1.7

Gaia- IL.| < 0.5 (x10% kpc kms71) ; -1.6 < E < ~1.1 (x10° km?s~?) 2353

Enceladus/Sausage

Sagittarius 1Bac] < 30 (°); 1.8 < Lyger < 14 (x10% kpe kms™1); 150 < V, gor < 80 (kms™1); Xggr > 0 | 266
(kpc); Yggr > 5 (kpc) or Yggr < —20 (kpc); Zggr > —10 (kpc); pmg > —4 (mas); de > 10 (kpe)

Helmi stream 0.75 < L, < 1.7 (x10% kpc kms™'); 1.6 < L < 3.2 (x10? kpc kms™1) 85

(GC) Sequoia E > 1.5 (x10° km?s™2); Jo/Jiot<-0.5; J(5__y)/Tt0t<0.1 116

(field) Sequoia 0.4<n<0.65; —1.35<E<-1 (x10° km?s~2); L, <0 (kpc kms™1) 95

(H3) Sequoia n>0.15; E>-1.6 (x10° km?s~?); L,<-0.7 (x10° kpc kms™!); -2 < [Fe/H] < —1.6 65

Thamnos 1.8 < E < -1.6 (x10° km?s7?); L, < 0 (kpc kms™1); e < 0.7 121

Aleph 175 < Vg < 300 (kms™1); [Vg| < 75 (kms™1); Fe/H > —0.8; Mg/Fe < 0.27; |z| > 3 (kpc); 170 | 28
< J, < 210 (kpc kms™!)

LMS-1 02 <L, <1 (x10% kpc kms™!); 1.7 < E < ~1.2 (x10° km2s72); [Fe/H] < ~1.45; 0.4 < e < | 31
0.7; |z| > 3 (kpc)

Arjuna n > 0.15; E > -1.6 (x10° km?s~?); L, < —0.7 (x103 kpc kms™1); [Fe/H] > —1.6 143

Titoi n > 0.15; E > —1.6 (x10° km?s~?); L, < —0.7 (x103 kpc kms™1); [Fe/H] < -2 22

Nyx 110 < Vg < 205 (kms™1); 90 V, < 195 (kms™1); [X] < 3 (kpe), |Y]| < 2 (kpc), |Z] < 2 (kpc) 589

Icarus [Fe/H] < —1.45; [Mg/Fe] < 0.2; 1.54 < L, < 2.21 (x10% kpc kms™'); L, < 450 (kpc kms™!); e | 1
< 0.25 zmax < 1.5

Pontus ~1.72 < E < —-1.56 (x10° km~2s72); -470 < L, < 5 (x10° kpc kms™1); 245 < Jg < 725 (kpc | 2

kms~1); 115 < J, < 545 (kpc kms™1); 390 < L < 865 (kpc kms™1); 0.5 < e < 0.8; 1 < Rperi
< 3 (kpc); 8 < Rapo < 13 (kpc); [Fe/H] < -1.3

adopting a McMillan (2017) potential.

TABLE 3.1: Summary of the selection criteria employed to identify the halo substructures, and the number of stars obtained for each sample. For
a more thorough description of the selection criteria used in this work, see Section 5.3. I note that all the orbital energy values used are obtained
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FIGURE 3.4: Distribution of the identified halo substructures in the orbital energy (E)

versus angular momentum w.r.t. the Galactic disc (L,) plane. The parent sample is

plotted as a 2D histogram, where white/black signifies high/low density regions. The

coloured markers illustrate the different structures studied in this work, as denoted by

the arrows (I do not display Pontus(Icarus) as I only identify 2(1) stars, respectively.
The figure is split into two panels for clarity.

3.3 Kinematic properties

In this Section, I present the resulting distributions of the identified halo substructures
in the orbital energy (E) versus the azimuthal component of the angular momentum
(L,) plane in Fig 3.4. The parent sample is illustrated as a density distribution and
the halo substructures are shown using the same colour markers as in Fig 3.1. By
construction, each substructure occupies a different locus in this plane. However, I do
notice some small overlap between some of the substructures (for example, between GES
and Sequoia, or GES and LMS-1), given their similar selection criteria. More specifically,
I find that Heracles dominates the low energy region (E < ~2x10° km~2s72), whereas
all the other substructures are characterised by higher energies. As shown before (e.g.,
Koppelman et al., 2019¢; Horta et al., 2021a), I find that GES occupies a locus at
low L, and relatively high E, which corresponds to very radial/eccentric orbits. I find
the retrograde region (i.e., L, < 0 x10% kpc kms™!) to be dominated by Thamnos at
intermediate energies (E ~ ~1.7x10° km~2s72), and by Sequoia, Arjuna and I'itoi at
higher energies (E > —1.4x10° km~2s~2); on the other hand, in the prograde region (L, >
0 x10% kpc kms™!), I find the LMS-1 and Helmi stream structures, which occupy a locus
at approximately E ~ —1.5x10% km™2s~2 and L, ~ 500 kpc kms™!, and E ~ ~1.4x10°
km~?s~2 and L, ~ 1,000 kpc kms ™!, respectively. Furthemore, the loci occupied by the
Aleph and Nyx substructures closely mimic the region defined by disc orbits. Lastly,
sitting above all other structures I find the Sagittarius dSph, which occupies a position
at high energies and spans a range of angular momentum between 0 < L, < 2,000 kpc

kms~1.
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3.4 Chemical Compositions

In this Section I turn the attention to the main focus of this work: a chemical abundance
study of substructures in the stellar halo of the Milky Way. In this Section, I seek to first
characterise these substructures qualitatively in multiple chemical abundance planes that
probe different nucleosynthetic pathways. In Section 3.5 I then compare mean chemical
compositions across various substructures in a quantitative fashion. the aim is to utilise
the chemistry to further unravel the nature and properties of these halo substructures,
and in turn place constraints on their star formation and chemical enrichment histories.
I also aim to compare their chemical properties with those from in situ populations (see
Fig 3.5 for how I determine in situ populations). By studying the halo substructures
using different elemental species I aim to develop an understanding of their chemical
evolution contributed by different nucleostynthetic pathways, contributed either by core-
collapse supernovae (SNII), supernovae type Ia (SNIa), and/or Asymptotic Giant Stars
(AGBs). Furthermore, as the method for identifying these substructures relies mainly on
phase space and orbital information, the analysis is not affected by chemical composition
biases (except for the case of particular elements in the Heracles, Aleph, LMS-1, Arjuna,

litoi, and (H3) Sequoia sample).

Our results are presented as follows. In Section 3.4.1 I present the distribution of the halo
substructures in the [a/Fe]-[Fe/H] plane, using Mg as the « element tracer. In Section
3.4.2, T show the distribution of these substructures in the [Ni/Fe]-[Fe/H] abundance
plane, which provides insight into the chemical evolution of the iron-peak elements.
Section 3.4.3 displays the distribution of the halo substructures in an odd-Z-Fe plane,
where I use Al as the tracer element. Furthermore, I also show the C and N abundance
distributions in Section 3.4.4, the Ce abundances (namely, an s-process neutron capture
element) in Section 3.4.5, and the distribution of the halo substructures in the [Mg/Mn]-
[Al/Fe] plane in Section 3.4.6 5. This last chemical composition plane is interesting to
study as it has recently been shown to help distinguish stellar populations from ”in situ”
and accreted origins (e.g., Hawkins et al., 2015; Das et al., 2020; Horta et al., 2021a).
Upon studying the distribution of the substructures in different chemical composition
planes, I finalise the chemical composition study in Section 3.5 by performing a quan-
titative comparison between the substructures studied in this work for all the (reliable)

elemental abundances available in APOGEE.

5For each chemical plane, I impose a further set of cuts of X_FE_FLAG=0 and [X/Fe]error<0.15 to
ensure there are no unforeseen issues when determining the abundances for these halo substructures in
ASPCAP.
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FIGURE 3.5: Parent sample in the [Mg/Fe]-[Fe/H] plane. The solid red lines indicate
cut employed to select the high- and low-a disc samples that I use in the y? analysis,
where the diagonal dividing line is defined as [Mg/Fe] > —0.167[Fe/H] + 0.15.

As mentioned in Section 5.2, I exclude the Pontus and Icarus substructures from the
quantitative chemical comparisons as the number of candidate members of these sub-
structures in the APOGEE catalogue is too small. The properties of Icarus and Pontus

are briefly discussed in Appendices B.1 and B.2, respectively.

3.4.1 «-elements

I first turn the attention to the distribution of the substructures in the a-Fe plane. This
is possibly the most interesting chemical composition plane to study, as it can provide
great insight into the star formation history and chemical enrichment processes of each
subtructure (e.g., Matteucci & Greggio, 1986; Wheeler et al., 1989; McWilliam, 1997;
Tolstoy et al., 2009; Nissen & Schuster, 2010; Bensby et al., 2014). Specifically, I seek
to identify the presence of the a-Fe knee. For this work, I resort to magnesium as the
primary « element, as this has been shown to be the most reliable a element in previous
APOGEE data releases (e.g., DR16; Jonsson et al., 2020). For the distributions of the
remaining « elements determined by ASPCAP (namely, O, Si, Ca, S, and Ti), I refer
the reader to Fig B.4-Fig. B.8 in Appendix B.4.
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FIGURE 3.6: The resulting parent sample and identified structures from Fig 3.4 in

the [Mg/Fe]-[Fe/H] plane. The mean uncertainties in the abundance measurements for

halo substructures (colour) and the parent sample (black) are shown in the bottom left

corner. Colour coding and marker styles are the same as Fig 3.4. For the Aleph and

Nyx substructures, I also highlight with purple edges stars from the APOGEE DR17

data that are also contained in the Aleph and Nyx samples from the Naidu et al. (2020)
and Necib et al. (2020) samples, respectively.

Figure 3.6 shows the distribution of each substructure in the Mg-Fe plane (coloured
markers) compared to the parent sample (2D density histogram). I find that all the
substructures —except for Aleph and Nyx— occupy a locus in this plane which is typical of
low mass satellite galaxies and accreted populations of the Milky Way (e.g., Tolstoy et al.,
2009; Hayes et al., 2018; Mackereth et al., 2019b), characterised by low metallicity and
lower [Mg/Fe| at fixed [Fe/H] than in situ populations. Moreover, I find that different
substructures display distinct [Mg/Fe] values, implying certain differences despite their
overlap in [Fe/H]. However, I also note that at the lowest metallicities ([Fe/H] < —1.8),

the overlap between different halo substructures increases.

Next I discuss the distribution on the Mg-Fe plane of stars in the sample belonging to

each halo substructure.

e Sagittarius: As shown in Hasselquist et al. (2017), Hasselquist et al. (2019) and
Hayes et al. (2020), the stellar populations of the Sgr dSph galaxy are characterised
by substantially lower [Mg/Fe| than even the low-a disc at the same [Fe/H] and
traces a tail towards higher [Mg/Fe] with decreasing [Fe/H]. Conversely, at the
higher [Fe/H] end, I find that Sgr stops decreasing in [Mg/Fe] and shows an upside-

down " knee”, likely caused by a burst in SF at late times that may be due to its
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interaction with the Milky Way (e.g., Hasselquist et al., 2017, 2021). Such a burst
of star formation intensifies the incidence of SNe II, with a consequent boost in
the ISM enrichment in its nucleosynthetic by-products, such as Mg, over a short
timescale (~ 107 yr). Because Fe is produced predominantly by SN Ia over a
considerably longer timescale (~ 108 —10% yr), Fe enrichment lags behind, causing

a sudden increase in [Mg/Fe].

e Heracles: The [Mg/Fe] abundances of the Heracles structure occupy a higher locus
than that of other halo substructures of similar metallicity, with the exception of
Thamnos. As discussed in Horta et al. (2021a), the distribution of Heracles in
the a-Fe plane is peculiar, differing from that of GES and other systems by the
absence of the above-mentioned a-knee. As conjectured in Horta et al. (2021a),
I suggest that this distribution results from an early quenching of star formation,
taking place before SN Ia could contribute substantially to the enrichment of the

interstellar medium (ISM).

e Gaia-Enceladus/Sausage: Taking into account the small yet clear contamination
from the high-a disc at higher [Fe/H] (see Fig 3.7 for details), the distribution
of GES dominates the metal-poor and a-poor populations of the Mg-Fe plane
(as pointed out in previous studies e.g., Helmi et al., 2018; Hayes et al., 2018;
Mackereth et al., 2019b), making it easily distinguishable from the high-/low-«
discs. I find that GES reaches almost solar metallicities, displaying the standard
distribution in the Mg-Fe plane with a change of slope —the so-called “a-knee”—
occurring at approximately [Fe/H]~-1.2 (Mackereth et al., 2019b). The metallicity
of the “knee” has long been thought to be an indicator of the mass of the system
(e.g., Tolstoy et al., 2009), and indeed it occurs at [Fe/H]>-1 for both the high- and
low-« discs. As a result, GES stars in the shin part of the a-knee are characterised
by lower [Mg/Fe] at constant metallicity than disc stars. Interestingly, even at the
plateau ([Fe/H]<-1.2), GES seems to present lower [Mg/Fe] than the high-« disc,
although this needs to be better quantified. Furthermore, I note the presence of
a minor population of [Mg/Fe] < 0 stars at —1.8 < [Fe/H] < —1.2, which could be
contamination from a separate halo substructure, possibly even a satellite of the

GES progenitor (see Fig 3.7 for details).

Based purely on the distribution of its stellar populations on the Mg-Fe plane,
one would expect the progenitor of GES to be a relatively massive system (see
Mackereth et al., 2019b, for details). The fact that the distribution of its stellar
populations in the Mg-Fe plane covers a wide range in metallicity, bracketing
the knee and extending from [Fe/H]<-2 all the way to [Fe/H]~-0.5 suggests a

substantially prolonged history of star formation.
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FIGURE 3.7: Gaia-Enceladus/Sausage (GES) sample in the [Mg/Fe]-[Fe/H] plane,
colour coded by the [Al/Fe] abundance values. The low [Al/Fe] stars are true GES
star candidates, which display the expected low [Al/Fe] abundances observed in ac-
creted populations (see Section 3.4.3 for details). Conversely, the high [Al/Fe] stars are
clear contamination from the high-a disc, likely associated with disc stars on very ec-
centric and high energy orbits (Bonaca et al., 2017; Belokurov et al., 2020). A striking
feature becomes apparent in this plane: at —1.8 < [Fe/H] < —0.8, there is a population
of very [Mg/Fe]-poor stars (i.e., [Mg/Fe| below ~0), that could possibly be contamina-
tion from a separate halo substructure (although these could also be due to unforeseen
problems in their abundance determination).

e Sequoia: The distribution of the GC, field, and H3 selected samples (selected
on the criteria described in Myeong et al. (2019), Koppelman et al. (2019¢), and
Naidu et al. (2020), respectively) occupy similar [Mg/Fe] values ([Mg/Fe|~0.1) at
lower metallicities ([Fe/H] <-1). More specifically, I find that all three Sequoia
samples occupy a similar position in the [Mg/Fe]-[Fe/H] plane, one that overlaps
with that of GES and other substructures at similar [Fe/H] values. Along those
lines, I find that the field and GC Sequoia samples seem to connect with the H3
Sequoia sample, where the H3 sample comprises the lower metallicity component
of the field/ GC samples. I examine in more detail the distribution of the Sequoia

stars in the a-Fe plane in Section 3.6.1.3.

e Helmi stream: Despite the low number of members associated to this substruc-

ture, its chemical composition in the [Mg/Fe]-[Fe/H] plane appears to follow a
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single sequence, and is confined to low metallicities ([Fe/H]<-1.2) and intermedi-
ate magnesium values ([Mg/Fe]~0.2). However, I do note that the stars identified
for this substructure appear to be scattered across a wide range of [Fe/H] val-
ues. Specifically, the Helmi stream occupies a locus that overlaps with the GES
for fixed [Fe/H]. In Fig 3.19 I show that the best-fitting piece-wise linear model
prefers a knee that is ”inverted” similar to, although less extreme than, the case

of Sgr dSph. I discuss this in more detail in Section 3.6.1.4.

e Thamnos: The magnesium abundances of Thamnos suggest that this structure is
clearly different from other substructures in the retrograde halo (namely, Sequoia,
Arjuna, and D'itoi). It presents a much higher mean [Mg/Fe] for fixed metallicity
than the other retrograde substructures, and appears to follow the Mg-Fe relation
of the high-a disc. I find that Thamnos presents no a-knee feature, and occupies
a similar locus in the [Mg/Fe|-[Fe/H] plane to that of Heracles. The distribution
of this substructure in this plane with the absence of an a-Fe "knee” suggests that

this substructure likely quenched star formation before the onset of SN Ia.

e Aleph: By construction, Aleph occupies a locus in the [Mg/Fe]-[Fe/H] plane that
overlaps with the metal-poor component of the low-a disc. Given the distribution
of this substructure in this chemical composition plane, and its very disc-like orbits,
I suggest it is possible that Aleph is constituted by warped/flared disc populations.
Because the data upon which the work and that by Naidu et al. (2020) are based
come from different surveys, it is important however to ascertain that selection
function differences between APOGEE and H3 are not responsible for the samples
to have very different properties, even though they are selected adopting the same
kinematic criteria. In an attempt to rule out that hypothesis I cross-matched the
Naidu et al. (2020) catalogue with that of APOGEE DRI17 to look for Aleph stars
in common to the two surveys. I find only two such stars®, which I highlight in
Fig 3.6 with purple edges. While this is a very small number, the two stars seem
to be representative of the chemical composition of the APOGEE sample of Aleph

stars, which is encouraging.

e LMS — 1: the results from Fig 3.6 show that the LMS-1 occupies a locus in the
[Mg/Fe]-[Fe/H] plane which appears to form a single sequence with the GES at
the lower metallicity end. Based on its Mg and Fe abundances, and the overlap
in kinematic planes of LMS-1 and GES, I suggest it is possible that these two
substructures could be linked, where LMS-1 constitutes the more metal-poor com-

ponent of the GES. I investigate this possible association further in Section 3.5.

51 find that these two stars have a STARFLAG set with PERSIST_LOW and BRIGHT_NEIGHBOUR, and thus
do not survive the initial parent selection criteria. However, these warnings are not critical, and should
not have an effect on their abundance determinations.
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e Arjuna: This substructure occupies a distribution in the [Mg/Fe]-[Fe/H] plane
that follows that of the GES. Despite the sample being lower in numbers than
that for GES, I still find that across —1.5 < [Fe/H] < —0.8 this halo substructure
overlaps in the [Mg/Fe|-[Fe/H] plane with that of the GES substructure. Given
the strong overlap between these two systems, as well as their proximity in the
E-L, plane (see Fig 3.4), I suggest it is possible that Arjuna could be part of the

GES substructure, and further investigate this possible association in Section 3.5.

e ['itoi: Despite the small sample size, I find I'itoi presents high [Mg/Fe| and low
[Fe/H] values (the latter by construction), and occupies a locus in the [Mg/Fel-
[Fe/H] plane that appears to follow a single sequence with the Sequoia (all three
samples) and the GES sample.

e Nyzx: The position of this substructure in the [Mg/Fe]-[Fe/H] strongly overlaps
with that of the high-a disc. Given this result, and the disc-like orbits of stars
comprising this substructure, I conjecture that Nyx is constituted by high-« disc
populations, and further investigate this association in Section 3.5. Furthermore,
in a similar fashion as done for the Aleph substructure, I highlight in Fig 3.6 with
purple edges those stars in APOGEE DRI17 that are also contained in the Nyx
sample from Necib et al. (2020), in order to ensure that the results are not biased
by the APOGEE selection function. I find that the overlapping stars occupy a
locus in this plane that overlaps with the Nyx sample determined in this study,

and the high-« disc.

3.4.2 Iron-peak elements

Following the analysis of the various substructures in the [Mg/Fel]-[Fe/H] plane, I now
focus on studying their distributions in chemical abundance planes that probe nucle-
osynthetic pathways contributed importantly by Type Ia supernovae. I focus on nickel
(Ni), which is the Fe-peak element that is determined the most reliably by ASPCAP,
besides Fe itself. For the distribution of the structures in other iron-peak element planes
traced by ASPCAP (e.g., Mn, Co, and Cr), I refer the reader to Fig. B.10- Fig. B.12 in
Appendix B.6.

The distributions of the halo substructures in the [Ni/Fe]-[Fe/H] plane are shown in
Fig. 3.8. 1 find that the distributions of GES, Sgr dSph, the Helmi stream, Arjuna,
LMS-1, and the three Sequoia samples occupy a locus in this plane that is characteristic
of low mass satellite galaxies and/or accreted populations of the Milky Way, displaying
lower [Ni/Fe| abundances than the low- and high-« disc populations (e.g., Shetrone et al.,
2003; Mackereth et al., 2019b; Horta et al., 2021a, Shetrone et al. 2022, in prep.). In
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FIGURE 3.8: The same illustration as in Fig 3.6 in the [Ni/Fe]-[Fe/H] space. I note
that the grid limit of appears clearly in this plane at the lowest [Fe/H] values.

contrast, the data for Heracles and Thamnos display a slight correlation between [Ni/Fe]
and [Fe/H], connecting with the high-a disc at [Fe/H] ~ —1 (despite the differences of
these substructures in the other chemical composition planes with in situ populations).
Conversely, I find that the Aleph and Nyx structures clearly overlap with in situ disc
populations at higher [Fe/H] values, agreeing with the result for these substructures on
the [Mg/Fe]-[Fe/H] plane. The distribution of I'itoi shows a spread in [Ni/Fe| for a small

range in [Fe/H], that is likely due to observational error at such low metallicities.

Interpretation of these results depends crucially on an understanding of the sources of
nickel enrichment. Like other Fe-peak elements, nickel is contributed by a combination
of SNIa and SNe II (e.g., Weinberg et al., 2019; Kobayashi et al., 2020). The disc
populations display a bimodal distribution in Figure 3.8, which is far less pronounced
than in the case of Mg. This result suggests that the contribution by SNe II to nickel
enrichment may be more important than previously thought (but see below). It is thus
possible that the relatively low [Ni/Fe| observed in MW satellites and halo substructures
has the same physical reason as their low [« /Fe] ratio, namely, a low star formation rate
(e.g., Hasselquist et al., 2021). This hypothesis can be checked by examining the locus
occupied by halo substructures in a chemical plane involving an Fe-peak element with
a smaller contribution by SNe II, such as manganese (e.g., Kobayashi et al., 2020). If
indeed the [Ni/Fe] depression is caused by a decreased contribution by SNe II, one would
expect [Mn/Fe] to display a different behaviour. Figure B.10 confirms that expectation,

with substructures falling on the same locus as disc populations on the Mn-Fe plane.



The nature of halo substructures in the Milky Way 90

Another possible interpretation of the reduced [Ni/Fe| towards the low metallicity char-
acteristic of halo substructures is a metallicity dependence of nickel yields (Weinberg
et al., 2021). T may need to entertain this hypothesis since, in contrast to the results
presented in Figure 3.8, no [Ni/Fe] bimodality is present in the solar neighbourhood disc
sample studied by Bensby et al. (2014), which may call into question the conclusion that
SNe II contribute relevantly to nickel enrichment. It is not clear whether the apparent
discrepancy between the data for nickel in Bensby et al. (2014) and this work is due to

lower precision in the former, sample differences, or systematics in the APOGEE data.

Given the distribution of the substructures in the Ni-Fe plane, the results suggest that:
i) Sgr dSph, GES, Sequoia (all three samples), and the Helmi stream substructures show
a slightly lower mean [Ni/Fe| than in situ populations at fixed [Fe/H], as expected for
accreted populations in the Milky Way on the basis of previous work (e.g., Nissen &
Schuster, 1997; Shetrone et al., 2003); i) Heracles and Thamnos fall on the same locus
on the Ni-Fe plane, presenting a slight correlation between [Ni/Fe| and [Fe/H]; iii) as
in the case of the Mg-Fe plane, Arjuna and LMS-1 occupy a similar locus in the Ni-Fe
plane to that of GE/S, further supporting the suggestion that these substructures may be
associated; iv) Aleph/Nyx mimic the behaviour of in situ low-/high-« disc populations,

respectively.

3.4.3 0Odd-Z elements

Aside from « and iron-peak elements, other chemical abundances provided by ASP-
CAP/APOGEE that are interesting to study are the odd-Z elements. These elements
have been shown in recent work to be depleted in satellite galaxies of the MW and
accreted systems relative to populations formed in situ (e.g., Hawkins et al., 2015; Das
et al., 2020; Horta et al., 2021a; Hasselquist et al., 2021). For this paper, I primarily focus
on the most reliable odd-Z element delivered by ASPCAP: aluminium. For the distri-
bution of the structures in other odd-Z chemical abundance planes yielded by APOGEE
(namely, Na, and K), I refer the reader to Fig. B.13 and Fig. B.14 in Appendix B.7.

Fig. 3.9 displays the distribution of the substructures and parent sample in the [Al/Fe]-
[Fe/H] plane, using the same symbol convention as adopted in Fig. 3.6. I note that the
parent sample shows a high density region at higher metallicities, displaying a bimodality
at approximately [Fe/H] ~—0.5, where the high-/low-[Al/Fe] sequences correspond to the
high-/low-« discs, respectively. In addition, there is a sizeable population of aluminium-
poor stars with —0.5[Al/Fe|0 ranging from the most metal-poor stars in the sample

all the way to [Fe/H] ~ —0.57. This is the locus occupied by MW satellites and most

"The clump located at [Al/Fe] ~ —0.1 and [Fe/H] > 0 is not real, but rather an artifact due to
systematics in the abundance analysis which does not affect the bulk of the data.
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FIGURE 3.9: The same illustration as in Fig 3.6 in [Al/Fe]-[Fe/H] space. I note that
the grid limit appears clearly in this plane at the lowest [Fe/H] values.

accreted substructures, with the exception of Aleph and Nyx. Note also that the upper
limit of the distribution of the Heracles population on this plane is determined by the

definition of the sample (see Horta et al., 2021a, for details).

The majority of the substructures studied occupy a similar locus in this plane, which
agrees qualitatively with the region where the populations from MW satellites are usually
found (e.g., Hasselquist et al., 2021). There is strong overlap between stars associated
with the GES, the Helmi stream, Arjuna, Sequoia (all three samples), and LMS-1 sub-
structures. More specifically, I find that GES dominates the parent population sample
at [Fe/H] < —1, being located at approximately [Al/Fe] ~ —0.3. At a slightly higher
value of [Al/Fe] ~ —0.15 and similar metallicities, I find Heracles and Thamnos. In con-
trast, Sgr dSph is characterised by an overall lower [Al/Fe] ~ —0.5 value, which extends
below the parent disc population towards higher [Fe/H], reaching almost solar metallic-
ity. Within the —2[Fe/H] — 1 interval, Heracles, GES, Helmi streams, Thamnos, Nyx,
and, to a lesser extent, Sequoia, show some degree of correlation between [Al/Fe] and
[Fe/H]. Towards the metal-poor end, I find the LMS-1 located at [Al/Fe]~—-0.3, which is
consistent with the value found for I’itoi, although the sample of aluminium abundances
for this latter structure is very small and close to the detection limit. As in the case
of magnesium and nickel, all three Sequoia samples occupy the same locus in the Al-Fe
plane as Arjuna, which strongly overlap with GES. Again in the case of the Al-Fe plane,
I find that the case for Nyx and Aleph follow closely the trend established by in situ

disc populations.
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FIGURE 3.10: The same illustration as Fig. 3.6 in the [C/Fe]-[Fe/H] plane. For this
chemical plane I restrict the sample to a surface gravity range of 1 < logg < 2 in order
to minimise the effect of internal mixing

in red giant stars.
3.4.4 Carbon and Nitrogen

In this subsection, I examine the distribution of stars belonging to various substructures
in the C-Fe and N-Fe abundance planes, shown in Figures 3.10 and 3.11, respectively. 1
note that in these chemical planes, I impose an additional surface gravity constraint of

1 < logg < 2 in order to minimise the effect of internal mixing along the giant branch.

In the C-Fe plane, most substructures are characterised by sub-solar [C/Fe], displaying
a clear correlation between that abundance ratio and metallicity. The exceptions, as in
all previous cases, are Aleph and Nyx, which again follow the same trends as in situ
populations. Interestingly, the Sgr dSph presents the lowest values of [C/Fe] at fixed
[Fe/H], tracing a tight sequence at approximately [C/Fe|~—0.5, spanning from —1.4 <
[Fe/H] < —0.2, approximately ~0.5 dex below that of the Galactic disc. In the case of

T’itoi, due to the low numbers of stars in this sample I am unable to draw any conclusions.

The distribution of substructures in the N-Fe plane follows a different behaviour than
seen in all other chemical planes. Again, except for Aleph and Nyx, all systems display
a trend of increasing [N/Fe| towards lower metallicities, starting at [Fe/H] — 1. This
trend cannot be ascribed to systematics in the ASPCAP abundances or evolutionary
effects, as the abundances are corrected for variations with log g. Nitrogen abundances

are notoriously uncertain, particularly in the low metallicity regime. The compilation
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FIGURE 3.11: The same illustration as Fig. 3.6 in the [N/Fe]-[Fe/H] plane. As done

in Fig 3.10, for this chemical plane I restrict the sample to a surface gravity range of 1

< logg < 2 in order to minimise the effect of internal mixing in red giant stars. I note
that the grid limit appears clearly in this plane at the lowest [Fe/H] values.

by Kobayashi et al. (2020) shows that the [N/Fe] trend at low metallicity is strongly
dependent on the analysis methods. Discerning the source of systematics in the ASPCAP
abundances at [Fe/H] — 1 is beyond the scope of this paper, which focuses on a strictly
differential analysis of the data, within a metallicity regime where ASPCAP elemental

abundances attain exceedingly high precision (Section 3.5).

For completeness, data covering the whole range of log g for all substructures are dis-
played in the [(C+N)/Fe]-[Fe/H] plane in Fig B.9 in Appendix B.5. By combining
carbon and nitrogen abundances, I minimise the effect of CNO mixing along the giant
branch. In this plane, MW satellites and accreted populations typically display a lower
[(C4+N)/Fe] chemical composition than their in situ counterparts (e.g., Horta et al.,
2021a; Hasselquist et al., 2021). This is in fact what I observe for all the structures
identified, again with the exception of Aleph and Nyx, whose locus overlaps with that

of in situ disc populations.

3.4.5 Cerium

Cerium is a neutron capture element of the s-process family, with a large enrichment
contribution from AGB stars (Sneden et al., 2008; Jonsson et al., 2020; Kobayashi et al.,
2020). In Fig. 3.12, the disc sample at [Fe/H|>-1 has a roughly horizontal locus at
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FIGURE 3.12: The same illustration as Fig. 3.6 in the [Ce/Fe]-[Fe/H] plane. I note
that the grid limit appears clearly in this plane at the lowest [Fe/H] values.

~ —0.1 dominated by stars in the high-o population and an upward-pointing triangular
locus dominated by stars in the low-o sequence, reaching [C/Fe]~ +0.4 at [Fe/H]~ —0.2.
The scatter within each of these components is large and may be partly observational.
The presence of substantial Ce in high-a stars suggests that massive stars with short
lifetimes make a significant, prompt contribution. The rising-then-falling trend in the
low-a population is expected from the metallicity-dependent yield of intermediate mass
AGB nucleosynthesis: at low [Fe/H] the number of seeds available for neutron capture
increases with increasing metallicity, but at high [Fe/H] the number of neutrons per
seed becomes to low to produce the heavier s-process elements (Gallino et al., 1998).
See Weinberg et al. (2021) for plots of [Ce/Mg] vs. [Mg/H] and further discussion of the

disc trends.

In this chemical composition plane, I find that all the identified substructures, with the
exception of Aleph and Nyx, present [Ce/Fe] abundances that follow the mean trend
with [Fe/H] of the parent population until [Fe/H] ~ —1. Aleph and Nyx have higher
[Fe/H] stars that generally lie within the broad disc locus. Interestingly, the Sgr stars
with [Fe/H] >-1 show a rising [Ce/Fe] trend that tracks the behaviour of the low-«
disc population. This trend is not obvious in the other substructures, though with the
exception of Aleph and Nyx they have few stars at [Fe/H] >—1. I interpret this upturn in
both Sgr and the low-« disc as the signature of an AGB contribution with a metallicity
dependent yield.
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At [Fe/H] <—1, the parent halo population and most substructure stars exhibit mildly
sub-solar [Ce/Fe] with substantial scatter, which may have a significant observational
component. The [Ce/Fe] is similar to that of typical high-a disc stars at [Fe/H] >—
1. However, these stars have lower [a/Fe] than the high-a disc, the signature of Fe
enrichment from Type Ia SNe, so if the Ce in these populations is a prompt contribution
from massive stars one might have naively expected them to have depressed [Ce/Fe].
It is difficult to disentangle the effects of metallicity-dependent Ce yields, differences in
the relative contributions of high-mass and intermediate-mass stars, and the impact of
Type Ia SN enrichment on the Fe abundance; further observational investigation and
theoretical modeling will be needed to do so. The [Ce/Fe| locus of substructure stars at
-2 < [Fe/H] < -1 is similar to that in the dwarf satellites studied by Hasselquist et al.
(2021).

3.4.6 The [Al/Fe] vs [Mg/Mn] plane

Having studied the distribution of the identified structures in chemical abundance planes
that aimed to give us an insight into the different nucleosynthetic pathways, contributed
either by core-collapse, type Ia supernovae, and AGB stars, I now focus the attention
on analysing the distribution of substructures in the stellar halo in an abundance plane
that lends insights into the accreted or in situ nature of Galactic stellar populations:
namely, the [Mg/Mn]-[Al/Fe] plane.

Fig. 3.13 shows the resulting distribution of the various structures in the [Mg/Mn]-
[Al/Fe] plane. This chemical plane has been proposed by Das et al. (2020) as a means
to distinguishing accreted populations from those formed in situ. Horta et al. (2021a)
showed that in situ stellar populations with a small degree of chemical evolution occupy
the same locus in that plane as accreted populations. By construction, the Heracles
substructure falls in the accreted locus of the diagram (see Fig 1 in Horta et al. (2021a)
for reference). However, the results show that all the other structures, except for Aleph
and Nyx, also occupy the accreted locus of this plane. Interestingly, I find that although
the GES, Sgr dSph, the Helmi stream, Sequoia (all three samples), Thamnos, LMS-1,
Arjuna, and I'itoi substructures occupy the same locus, they appear to show some small
differences. Specifically, I find that Sgr dSph occupies a locus in this plane positioned
at lower mean [Mg/Mn] than the other structures. This is likely due to Sgr being more
recently accreted by the Milky Way, and thus had more time to develop stellar popu-
lations with enriched Mn abundances that have been contributed on a longer timescale
by type la supernovae. This feature is also seen to a lesser extent for I'itoi. Conversely,
at higher [Mg/Mn]| values (but still low [Al/Fe]) I find GES, Heracles (by construction),



The nature of halo substructures in the Milky Way 96

Heracles GE! Sagittarius Helmi Streams
TS T 0T \'\\\\‘\\\ \l\\J' \\‘\\\ \\‘\\\\' \\\‘\\\

TITTTTTTT
\]HH‘H\
TITTTTTTT
\]HH‘H\

>
L

4 =4
Fa
| |

P B

=Ll
s
n
Fa
*

[
0 0.5

Gl
o

Ll ‘ L1
0.0 0.5 K
Thamnos
Tt T

ak
[=)

Sequoia
RSB

(=
L
C‘HH‘
=1
=]
e
= .
5
|

0 ST
|

[ Y

S-1
T U

1 |
.- e
= RV

[Mg/Mn]

L

n
'bIHH‘\H [T
=)

B R
s ENEE N

|

=l
=

£ R E
10 05 00 05 10 ~10
[Al/Fe]

FIGURE 3.13: The same illustration as Fig. 3.6 in the [Mg/Mn]-[Al/Fe] plane.

Thamnos, LMS-1, the Helmi stream, Sequoia (all three samples), and Arjuna. The dis-
tribution of these substructures in this chemical plane reinforces the hypothesis of these

halo substructures arising from an accreted origin.

In a similar fashion to the other chemical composition planes, I find that Aleph and Nyx
overlap with in situ (disc) populations at higher [Al/Fe], suggestive that Aleph and Nyx

are likely substructures comprised of in situ disc populations.

3.5 A quantitative comparison between halo substructure

abundances

After qualitatively examining the chemical compositions of the previously identified
halo substructures in a range of chemical abundance planes, I now focus on comparing
the abundances in a quantitative fashion using a y? method. To do so, I compare
the mean value of thirteen different elemental abundances, manufactured in different
nucleosynthetic channels, for each substructure at a fixed metallicity that is well covered
by the data. The set of elemental abundances chosen to run this quantitative test was
determined based on the distribution of the parent sample in the respective chemical
composition plane, where I only chose those elements that did not display a large scatter
towards low metallicity due to increased abundance uncertainties (on the order of o

~0.15 dex). Out of the initial 20 elemental abundances available in ASPCAP (excluding



The nature of halo substructures in the Milky Way 97

Fe), I utilise the following thirteen elements: C, N, O, Mg, Al, Si, S, K, Ca, Ti, Mn, Ni,
and Ce. I note that Na, P, V, Cr, and Co were removed due to the large scatter at low
metallicity, whereas Cu and Nd were not considered due to ASPCAP not being able to

determine abundances for these elements in APOGEE DRI17.
For the quantitative comparison, I proceeded as follows:

i) I select a high- and low-« disc population based on Fig 3.5 for reference, and utilise
these samples as representative disc samples for any comparison between in situ popu-
lations and halo substructures. In order to account for any distance selection function
effects, I restrict the high-/low-a samples to stars within d < 2 kpc, and also determine
an ”inner high-a disc” sample (restricted to Rgo < 4 kpce which I will use to compare to
Heracles (which has a spatial distribution that is largely contained within ~4 kpc from

the Galactic Centre).

ii) Before performing any chemical composition comparisons, I correct the abundances
for systematic trends with surface gravity. Systematic abundance variations trends with
log g can be caused, one one hand, by real physical chemical composition variations as
a function of evolutionary stage and/or, on the other, by systematic errors in elemental
abundances as a function of stellar parameters. The former chiefly impact elements such
as C, N, and O, whose atmospheric abundances are altered by mixing during evolution
along the giant branch. The latter impact various elements in distinct, though more
subtle, ways (see discussion in Weinberg et al., 2021). Surface gravity distributions
of various substructures differ in important ways (Figure 3.1), so that such systematic
abundance trends with logg can induce spurious artificial chemical composition dif-
ferences between substructures. I thus follow a procedure similar to that outlined by
Weinberg et al. (2021) to correct each elemental abundance using the full parent sample.
As systematic trends with log g are more important towards the low and high ends of
the log g distribution, I restrict the sample to stars within the 1 < logg < 2 range. I
then fit a second order polynomial to the [X/H]-log g relation, and calculate the differ-
ence between that fit and the overall [X/H]| median. The difference between these two
quantities for any given log g is then added to the original [X/H] values so as to produce
a flat relation between [X/H]corrected and logg. I then use these values to determine
corrected [X/Fe| abundances. In a recent study, Eilers et al. (2021) pointed out that
simple corrections for abundance trends as a function of log g could erase real differences
associated with abundance gradients within the Galaxy. That is because a magnitude
limited survey may cause an artificial dependence of log g on distance. the study aims at
contrasting the chemical compositions of substructures that are in principle associated

with spatially self-contained progenitors. Thus, systematic differences linked to spatial
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abundance variations within each structure are irrelevant for the purposes, so a straight-
forward correction for abundance variations with log g are perfectly acceptable for the

goals.

iii) Upon obtaining corrected abundances for every halo substructure, I determined the
uncertainties in the abundances using a bootstrapping resampling with replacement
method (utilising the astropy.stats.bootstrap routine by Price-Whelan et al., 2018).
I generated 1,000 realisations of the [X/Fe]-[Fe/H] chemical composition planes for every
element and every halo substructure sample in order to assess the scatter in the abun-
dance distribution. For example, I generated 1,000 realisations of the [C/Fe]-[Fe/H]
distribution for GES by drawing 2,353 values from the observed distribution, with re-
placement (where 2,353 is the size of the GES sample).

iv) For each one of the 1,000 bootstrapped realisations of a chemical composition plane
of a halo substructure, I determine the [X/Fe] value at a given metallicity ([Fe/H]comp)
that is covered by both halo substructures being compared by taking a 0.05 dex slice
in [Fe/H] around [Fe/H]¢omp and determining the median value for stars in that [Fe/H]
interval. This yields 1,000 [X/Fe] median values for each of the thirteen elements studied

for every halo substructure (and disc sample) compared.

v) I take the mean and standard deviation of the medians distribution for every [X/Fe] as
the representative [X/Fe| and uncertainty value, respectively, and use these to quantita-
tively compare the chemical abundances between two populations. This sample median

from the mean of the bootstrap medians is always close to the full sample median itself.

vi) Upon obtaining the mean and uncertainty chemical abundance values for every halo
substructure at [Fe/H]comp (for a range of thirteen reliable elemental abundances in
APOGEE), I quantitatively compare the chemical compositions across halo substruc-
tures adopting a x? statistic to assess the chemical similarities between different sub-

structures. This quantity was computed by using the following relation:

2= Z ([X/Fe]ivsub - [X/Fe]z‘,ref>2

, (3.1)
- 2 2
¢ <U[X/Fe]i,sub + U[X/Fe]i,ref)

where [X/Felgy, and [X/Fel,ef are the abundances of the halo substructure and the com-
pared reference stellar population, respectively, and o[x e sub and O[x/pe| et are the
corresponding uncertainties to those abundance values. Since GES is the halo substruc-
ture for which the sample is the largest, I use this substructure as the main reference

against which all other substructures, as well as in situ disc populations are contrasted.
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vii) Lastly, in order to infer if two stellar populations present consistent chemical abun-
dances in a statistical manner, I determine the probability value of the x? result for twelve
degrees of freedom using the scipy (Virtanen et al., 2020) stats.chi2.cdf routine. In
addition to the x? value, I also compute a metric of separation (defined as Yx/Fe)), that
is calculated by setting the denominator of Eq 3.1 equal to 1. This separation met-
ric provides an additional way to quantify how similar the chemical compositions of two
halo substructures are that is unaffected by the sample size (as smaller halo substructure

samples will have larger uncertainties on their mean abundance values).

viii) For the case of Heracles and Aleph, as the selection of these substructures relies
heavily on the use of [Al/Fe] and [Mg/Fe], respectively, I remove these elements when
comparing these substructures, and reduce the numbers of degrees of freedom to eleven

when calculating the y? probability value.

In order to develop a more clear notion of the meaning of the resulting y? values resulting
from the above comparisons I perform an additional exercise aimed at gauging the
expected x? values for the cases where two samples are identical to each other, or very
different. To accomplish this, I draw, for each substructure, three Ng.,-sized random
samples, two from the high-a and one from the low-a disc samples, where Ngyp, is the
size of the sample of that substructure. I then calculate, for each substructure, two x?
values, one resulting from the comparison of the high-« disc against itself, and the other
from the comparison of the high-« disc against the low-« disc samples. As the high- and
low-a disc both cover a similar range in [Fe/H], and their abundances vary with [Fe/H],
I select a narrow bin in [Fe/H] from which to draw the high- and low-a disc samples
(namely, between —0.45 < [Fe/H] < —0.35). This enables us to obtain random samples of
high- and low-« disc populations at the same [Fe/H], and allows us to directly compare

the mean and scatter values of the chemical abundances using the x? method.

The reader may inspect the resulting x? and probability (py2) values obtained in Ta-
ble 3.2. Here, a p,2 ~ 1 signifies that two populations are statistically equal, and p,2 ~
0 means that they are statistically different. For the quantitative comparisons, I employ
a threshold of p,» = 0.1 as the benchmark, where I will deem two substructures to be
statistically similar if their associated probability value is higher than p,» > 0.1, and

different if below p,2 < 0.1.

The resulting quantitative comparison between the halo substructures indicates that
approximately half of the halo substructures are statistically equal with regards to their
chemical abundances, whilst the other half are statistically different. For example, the
Y2 comparison between the GES and the three Sequoia samples imply that these four
substructures are statistically the same, as I find that the GC, field, and H3 Sequoia
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samples all have a high probability of being statistically similar to the GES substructure
(0.26 < p,2 < 0.85). I find this also to be the case for the LMS-1 substructure, for
which I obtain a probability value of 0.5. Similarly, an ever closer match is found for
the GES-Arjuna comparison, yielding a probability value of 0.91. Along similar lines,
I find that when comparing the Nyx to the high-a disc, I obtain a probability value of
0.79, reinforcing the initial hypothesis that the Nyx is not an accreted substructure, but
instead is a stellar population constituted of high-a disc stars. Moreover, I find that
when comparing Heracles, Sgr dSph, and Thamnos with the GES that the probability of
these substructures being statistically equal is ~0. This result is not entirely surprising,
as all these substructures are postulated to be debris from separate accretion events,
and thus should present differences in their chemical abundances. Interestingly, I find
two surprising results: i) despite the Aleph substructure presenting qualitatively the
same chemistry as the low-a disc, its x? value yields a probability of 0.07, suggesting
that these are not as similar as initially hypothesised; ii) although Heracles occupies a
position in several chemical composition planes that appears to follow a single sequence
with the high-a disc, the x? yielded when comparing this substructure to the high-a
disc indicate that these are statistically different (with a probability value of p,2=0).

For the complete resulting probability values obtained when comparing the chemistry
between every halo substructure, as well as the high- and low-« disc, I refer the reader
to Fig 3.18.
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FIGURE 3.14: A[X/Fe] differences between the resulting mean values obtained using
the procedure outlined in Section 3.5 (at [Fe/H]comp) for the Gaia-Enceladus/Sausage
substructure and the high-« disc stars (top) and for the Large and Small Magellanic
Cloud (LMC/SMC) samples from Hasselquist et al. (2021) (bottom) in thirteen different
chemical abundance planes, grouped by their nucleosynthetic source channel. The
shaded regions illustrate the uncertainty on this A[X/Fe] value. Also illustrated in the
top right/left are the x?/py2/[Fe/H]comp values for the comparison between these two
populations. As can be seen from the abundance values, the x? value, and the Dy2
value, it is evident that the GES/high-a disc and the LMC/SMC are quantitatively
different given their chemical compositions.
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FIGURE 3.15: The same mean and mean error abundance values as shown in Fig 3.14

but comparing the Heracles, Sagittarius dSph, Helmi stream, Arjuna, and Thamnos

substructures with the Gaia-Enceladus/Sausage substructure. I note that those sub-
structures with fewer stars present larger uncertainties in their A[X/Fe| value
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FIGURE 3.16: The same as Fig 3.15 but comparing the three Sequoia samples, LMS-1,
and T’itoi substructures with the Gaia-Enceladus/Sausage substructure.



The nature of halo substructures in the Milky Way 104

0.5F 22=6229 Py2=000  EAx/p)=033 GES — Nyx [Fe/Hlcomp = —0.6 4
g
S 0.0f .
<
—05F — ]
> > > > > > > > > > > > >
Nat S . e N & N & \ \ S $
& e
0.5k x2=5328 P2=000 XAk =004e Innerhigh-o disc — Heracles [Fe/H]comp = —1 1
E ® { 3
————————— g P D -
E 0.0F = SSPRERE = > = i 3 »; E 3 g = ____! i
<
—05F —_ ]
> > > > > @ @ @ @ o o o
& & & g & N & g & &
I R R & ¢ & ¢ S & ¢
0.5F 22=803 Pp=078 XAy =0.00 High-o disc — Nyx [Fe/Hlcomp = —0.6 :
g
X 00f - e e UHISISEREY SER— S .
<
—05F — ]
> > @ @ @ @ @ @ @ @ @ o @
N2t . NS N : N & \ \ $
FFEE Y E e
0.5F 22=2055  Pyr=004  TAxirg=004 e Low-a disc — Aleph [Fe/H]comp = —0.6 g
5
£ ol e - ]
E . [ ® [ ®=szsiiToe & £ | e { Yo e My *
—0.5F .
> > BN S @ @ @ @ @
N\at . NS $ $ \ & N :
N & & & & ¢ SR & F & ¢
0.5F 22=3142  Pp=000  ZAxp) =006 @ Heracles — Thamnos [Fe/Hlcomp = —1.3 -
2 o
O e - 3 ]
E 0.0 e g - \ G E e et F T o 14 S S 3
—0.5F .
> > > > > > N > > > > >
N\at © A S & \ N \ &
9 @\% \%Q & f& & (@ N Q& 6\«\\ é&" &

FIGURE 3.17: The same as Fig 3.14 but comparing the Nyx substructures with the

Gaia-Enceladus/Sausage substructure and the high-a discs, as well as a comparison

between the Heracles and inner high-« disc, Heracles and Thamnos, and Aleph and the
low-av disc.



Compared samples ‘ [Fe/H]comp % Dy2 ‘ YA /R ‘ higha-higha y? higha-lowa x?
Higha disc-GES -0.9 1753.4 0.00 0.50 9.78 4622.96
LMC-SMC -1.1 53.9 0.00 0.04 10.05 1517.67
GES-Heracles -1.3 366.8 0.00 0.06 10.74 507.43
GES-Sgr dSph -1.0 148.3 0.00 0.11 8.55 542.27
GES-Helmi stream -1.2 23.2 0.03 0.08 6.61 153.93
GES-Sequoia (GC) -1.2 7.1 0.85 0.02 3.40 207.94
GES-Sequoia (field) -1.3 14.7 0.26 0.16 4.04 210.68
GES-Sequoia (H3) -1.9 12.6 0.4 0.24 3.42 229.83
GES-Thamnos -1.4 77.9 0.00 0.18 8.82 162.81
GES-LMS-1 -2.1 11.3 0.5 0.23 6.27 371.65
GES-Arjuna -1.3 6.1 0.91 <0.01 5.48 230.82
GES-T'itoi -2.1 13.7 0.32 0.23 6.75 123.99
GES-Nyx -0.6 62.3 0.00 0.33 6.45 1246.71
higha disc-Nyx —0.6 8.0 0.78 <0.01 6.45 1246.71
lowa disc-Aleph -0.6 20.5 0.04 0.04 8.82 195.69
Inner high-a disc-Heracles -1 53.3 0.00 0.04 10.74 507.43
Heracles-Thamnos -1.3 314 0.0 0.06 8.82 162.81

TABLE 3.2: From left to right: compared halo substructures, [Fe/H] value used to compare the two compared substructures, resulting x? value

from the comparison between the listed halo substructures, the probability value the x? result falls upon for a x? test with twelve (or eleven for the

case of Heracles and Aleph) degrees of freedom, the metric separation X A[x /re], x? value between two randomly chosen high-o disc samples of the

same size as the smallest substructure compared, x2? value between a randomly chosen high-a and low-a disc sample of the same size as the smallest
substructure compared. The LMC/SMC samples were taken from Hasselquist et al. (2021).
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3.6 Discussion

3.6.1 Summary of substructure in the stellar halo

Having qualitatively and quantitatively compared the chemical abundances of all the
halo substructures under study, in this Section I discuss the results obtained for each

identified substructure in the context of previous work.

3.6.1.1 Heracles

Stars from this substructure follow low energy, often eccentric orbits with low L,, being
largely phase-mixed in velocity and action space. All these features are to be expected
in the scenario where Heracles was a massive system that merged early in the history of
the Milky Way. Under this hypothesis, dynamical friction would have driven the system
quickly into low energy orbits, sinking it into the heart of the Galaxy (Horta et al.,
2021a; Pfeffer et al., 2021)

The chemical compositions of the stars associated with Heracles are in broad agreement
with this scenario. The distribution of Heracles in the a-Fe plane does not display the
a-Fe knee or shin components of chemically evolved systems (McWilliam, 1997), which
suggests that its star formation ceased before the contribution of supernovae type la
became substantial (Horta et al., 2021a). In Horta et al. (2021a) I checked that this
result was not an effect of the chemical composition criteria adopted in the selection
of Heracles stars by comparing them with a similarly selected GES sample, which did
display a clear a-Fe knee signature. Furthermore, Heracles occupies a locus in different
chemical planes that resembles that of low mass galaxies of the Milky Way and/or
accreted populations. In particular Horta et al. (2021a) show that the stars associated
with Heracles make up a clump in the [Mg/Mn]-[Al/Fe| plane in the region occupied
by accreted and/or chemically unevolved populations, characterised by low [Al/Fe] and
high [Mg/Mn].

Recent work by Lane et al. (2021) suggests that the concentration associated with Hera-
cles in E-L, space could be an artifact of the APOGEE selection function, so the authors
caution that the reality of this halo substructure should be further tested. As discussed
extensively in Horta et al. (2021a), phase mixing makes it especially hard to discriminate
accreted systems from their in situ counterparts co-located in the inner few kpc of Milky
Way on the sole basis of kinematics. Nonetheless, theoretical predictions predict their
existence (e.g. Fragkoudi et al., 2020; Kruijssen et al., 2020; Pfeffer et al., 2021, Horta

et al., 2022, in prep.). Detailed chemistry is thus crucial to tease out the remnants of
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FIGURE 3.18: Confusion matrix of the probability values (estimated using the x? calcu-
lated using Eq 3.1) obtained when comparing the chemical compositions of all the halo
substructures with each other and with a high-/low-« discs. Here, each substructure
is compared with its counterpart using a [Fe/H] value that is well covered by the data
(see Fig B.15 in Appendix B.8 for further details), where red(blue) signifies a high(low)
probability of two systems being statistically equal given their chemical compositions.
Comparisons with blank values are due to the two substructures being compared not
having any overlap in [Fe/H].

accreted systems from the maze of in situ populations overlapping in the inner few kpc

of the Galaxy.

For that reason, I examine closely the comparison between the abundance patterns
of Heracles data and the inner high-a disc at the same [Fe/H] (Fig. 3.17). the x?
analysis shows that the two populations differ chemically with high statistical significance
(x% = 53.3, py2=0, similar to the value obtained when comparing the LMC to the SMC,
see Table 3.2). To check whether this result is sensitive to the choice of [Fe/H]comp, 1
reran the analysis adopting [Fe/H]comp=-0.9 and [Fe/H]comp=-0.95 obtaining x? value
of 36.45 and 44.82, respectively, which corresponds to a probability value of p,2=0 in

both cases.
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Examining more closely the contrast between the abundance patterns of Heracles and
the inner high-a disc I find that they differ in interesting ways. By far the elements dis-
playing the largest differences are oxygen, magnesium, and silicon, whose abundances
are lower in Heracles than in the inner high-a disc. At face value, this difference im-
plies less SNII enrichment in Heracles than in the inner high-a disc, possibly reflecting
a lower star formation rate. A similar, but smaller, difference is seen in carbon, nitro-
gen, and potassium. Interestingly (as in the case of GES, see Section 3.6.1.2), I find
[Ce/Fe|~0, suggesting a small contribution to chemical enrichment from the s-process

nucleosynthesis channel.

I point out that it is possible that the chemical properties ascribed to Heracles may be
to some extent influenced by the selection method, which is partly based on chemistry.
That selection, however, is far from arbitrary. It is rather informed by the fact that
the distribution of inner Galaxy stellar populations form a clear clump in the accreted/-
chemically unevolved region of the [Mg/Mn]-[Al/Fe] plane (see Figure 1 of Horta et al.,
2021a). Our x? analysis shows that Heracles presents an almost unique abundance pat-
tern, differing in a (sometimes small, yet) statistically significant way from most stellar
populations under study. For instance, I find that the abundance patterns of Heracles
and GES are different (i.e., p,2 = 0). This is also the case when comparing Heracles to
the Sequoia (all three samples), Arjuna, Thamnos, and Nyx. This result reinforces the
hypothesis from Horta et al. (2021a) that Heracles is likely the remnant of a separate

early/massive accretion event.

I conclude by stating that the data are consistent with Heracles being the remnant of
a satellite that merged with the Milky Way in its early history. Further studies based
on an expanded set of elemental abundances for a larger sample, as well as detailed
modelling, based both on cosmological numerical simulations and standard chemical

evolution prescriptions, are required to definitively establish the origin of Heracles.

3.6.1.2 Gaia-Enceladus/Sausage

Since its discovery (Belokurov et al., 2018; Helmi et al., 2018), the Gaia-Enceladus/Sausage
(GES) substructure has been extensively studied, both from an orbital and chemical
compositions perspective (e.g., Hayes et al., 2018; Mackereth et al., 2019b; Koppelman
et al., 2019a; Vincenzo et al., 2019; Aguado et al., 2020; Feuillet et al., 2020; Simp-
son et al., 2020; An & Beers, 2021; Horta et al., 2021a; Hasselquist et al., 2021; Buder
et al., 2022; Carrillo et al., 2022). In this work, I have identified a large sample of

GES stars, and have shown that stars belonging to this population are characterized
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by intermediate-to-high orbital energies and high eccentricity, displaying no significant

systemic disc-like rotation.

The chemical compositions of the GES substructure are characterised by lower [a/Fe]
at [Fe/H] —1.6, than high-a disc for most « elements (namely Mg, O, Si, Ca, S), in
agreement with previous work (e.g., Hayes et al., 2018; Haywood et al., 2018; Helmi
et al., 2018; Mackereth et al., 2019b; Horta et al., 2021a; Buder et al., 2022), and
displays an a-knee at [Fe/H]~~1.1 (see Fig 3.19). The stellar populations of GES are also
characterised by lower Al, C, and Ni than in situ populations, resembling the abundance
patterns of stars from satellites of the Milky Way (Horta et al., 2021a; Hasselquist et al.,
2021). They also occupy the accreted/unevolved region of the [Mg/Mn]-[Al/Fe| plane.
In summary, the chemical compositions of GES confirm the results from previous studies,
and reinforce the idea that this halo substructure is the remnant of an accreted satellite

whose debris dominate the local/inner regions of the stellar halo.

3.6.1.3 Sequoia

The Sequoia substructure was initially discovered due to the highly unbound and retro-
grade orbits of its constituent stars and associated globular clusters (e.g., Barba et al.,
2019; Matsuno et al., 2019; Myeong et al., 2019), which made it easily distinguishable
from in situ populations. Since its discovery, several groups have sought to identify it
using different surveys. It has also been examined by Koppelman et al. (2020) on the
basis of N-body simulations by Villalobos & Helmi (2008), suggesting that, rather than
a separate system, Sequoia may constitute a fringe population of stars in low eccentricity
retrograde orbits left over after the GES merger. In this work, I have selected the Se-
quoia substructure by employing three independent definitions, derived from the Myeong
et al. (2019), Koppelman et al. (2019¢), and Naidu et al. (2020) works, respectively.

When inspecting the chemical distribution of these three independent Sequoia samples
in multiple chemical composition planes, I have found that the Sequoia samples defined
by Myeong et al. (2019), Koppelman et al. (2019¢), and Naidu et al. (2020) occupy a
similar locus in all chemical composition planes, that resembles that of low mass satelite
galaxies of the MW and/or accreted populations, displaying low Mg, Al, C, and Ni,
that overlap with the GES substructure. Furthermore, when running a quantitative x?
comparison between the three Sequoia samples, I find that their chemical compositions
are indistinguishable from each other, yielding a high probability value of p,2=0.94
for the comparison between the Koppelman et al. (2020) samples and Naidu et al.
(2020) samples, p,2=0.95 between the Koppelman et al. (2020) and Myeong et al. (2019)
samples, and p,2=0.99 for that between the Myeong et al. (2019) and Naidu et al. (2020)
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samples. Therefore I conclude, reassuringly, that the chemical composition I obtain for

the Sequoia system does not depend on the selection criterion adopted.

As in the case of the systems discussed above, Sequoia occupies the accreted /unevolved
region of the [Mg/Mn]-[Al/Fe] plane, which is encouraging given that two of those sam-
ples were selected purely on the basis of orbital parameters. Interestingly, I note that
the Naidu et al. (2020) sample appears to be simply the metal-poor tail of the Myeong
et al. (2019) and Koppelman et al. (2019¢) samples.

A quantitative comparison of these Sequoia samples with GES shows that all four popu-
lations have consistent and similar chemistry. More specifically, I find that the Myeong
et al. (2019), Koppelman et al. (2019¢), and Naidu et al. (2020) Sequoia samples yield a
probability value of p,2=0.85, p,2=0.26, and p,2=0.4, respectively. At face value, this
chemical similarity corroborates the hypothesis raised by Koppelman et al. (2020), that
stars with low eccentricity and retrograde orbits with relatively high energies could have

resulted from the GES merger.

The hypothesis advanced by Koppelman et al. (2020) embodies a falsifiable prediction
of a metallicity difference between the two systems. Such a difference would be expected
had Sequoia been originally associated with the stellar populations located in the out-
skirts of GES. They argue that, for a GES system of M, ~ 10°6My, the metallicity
gradient expected between the outer regions stripped first (i.e., Sequoia) and the main
body (i.e., GES) would be of the order of ~0.3 dex. I exclude from that test the sample
selected by Naidu et al. (2020), since it adopts a metallicity cut which would bias the
results. The mean metallicities inferred when adopting either the Myeong et al. (2019)
or the Koppelman et al. (2019¢) Sequoia samples are ([Fe/H]) = —1.41 and —1.31, re-
spectively. In contrast, I obtain ([Fe/H|) = —1.19 for the GES sample, suggesting a
difference of ~0.1-0.2 dex, which is roughly consistent with the prediction by Koppel-
man et al. (2020). It is interesting, however, that no difference in abundance pattern
exists between Sequoia and GES at fixed [Fe/H], which under Koppelman et al. (2020)’s
hypothesis would suggest the absence of abundance ratio gradients in the GES progeni-
tor. At face value, this result is at odds with the observations of existing satellites of the
Milky Way. For instance, an [a/Fe| gradient is known to be present in the Sgr dSph (e.g.,
Hayes et al., 2020; Hasselquist et al., 2021). The latter difference may however be ex-
plained away as resulting from the occurrence of recent episodes of star formation in the
Sgr dSph, which would have a strong impact on [a/Fe| of the younger populations (e.g.,
Hasselquist et al., 2021). It is thus conceivable that the absence of a detectable [«/Fe]

difference between Sequoia and GES results from an early quenching of star formation.

the samples for GES and Sequoia cover in a statistically meaningful way a wide range

of metallicities, so that they lend themselves nicely to a more detailed comparison of



The nature of halo substructures in the Milky Way 111

the distributions of those two systems in the a-Fe plane. A crucial diagnostic is the
metallicity of the “a-knee”, [Fe/H]xnee (Section 3.4.1), which is strongly sensitive to
the details of the star formation history of the system. In recent studies, Matsuno
et al. (2019), Monty et al. (2020), and Aguado et al. (2020) suggest that Sequoia is
characterised by a substantially lower [Fe/H]ynee than GES. To test that hypothesis, I
perform a piece-wise linear fit to the GES and Sequoia samples in order to accurately
determine the position of the [Fe/H]xpee in those two systems, in a manner similar to
the approach followed by Mackereth et al. (2019b).

The resulting fits (solid lines) and 1-o dispersions (shaded regions) are displayed along
with respective samples for GES (blue), Sequoia (green and red for the Myeong et al.,
2019; Koppelman et al., 2019¢, samples, respectively) in Figure 3.19. The piece-wise
function was determined using the PiecewiseLinFit function included as part of the
pwlf package (Jekel & Venter, 2019). Due to its low metallicity upper limit, the Sequoia
sample from Naidu et al. (2020) is excluded from the comparison. The [Fe/H]ypee values
for GES and the two Sequoia samples are within ~0.1 dex from each other. The largest
difference in fact is that between the Myeong et al. (2019) and Koppelman et al. (2019c¢),
with the latter resulting in a larger [Fe/H]knee. This result suggests the absence of
significant differences in the star formation histories of the two systems, despite the
slightly different mean metallicities discussed above. Since the [Fe/H]xnce parameter
is considerably less sensitive to uncertainties due to selection effects, I conclude that
the precursors of GES and Sequoia underwent similar star formation histories, which

supports the hypothesis that they were once different components of the same system.

In a recent paper, Naidu et al. (2021) propose that Sequoia, rather than constituting
the outskirts of GES, was instead one of its satellites. That notion is predicated on
their estimated ratio between the masses of the two systems (roughly 1/10) and their
chemical composition differences. Naidu et al. (2021) call particular attention to the
large metallicity gradient implied by an association between Sequoia and GES, referring
as well to the difference in [Fe/H]ypee from the literature. the results call into question
the existence of an important difference in [Fe/H]ype. and mean metallicity, thus possibly

accommodating comfortably the possibility of an association between the two systems.

Along those lines, in a recent work Matsuno et al. (2021) determined the abundances of
12 Sequoia stars on the basis of high-resolution spectra obtained with the Subaru High
Dispersion Spectrograph. Their Sequoia sample was selected following the criteria by
Koppelman et al. (2019¢). Matsuno et al. (2021) compared their chemical compositions
to those of GES members selected from Nissen & Schuster (2010) and Reggiani et al.
(2017). The authors found that the abundances of Na, Mg, and Ca differed from GES

for 8 out of the 10 stars in the cleaned Sequoia sample, at the 20 level, which is at odds
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with the findings presented in this work. Thus, I decided to double-check the results by
running Matsuno et al. (2021)’s methodology on the data. I fit a quadratic polynomial
to the GES data and estimated the residuals of the Sequoia sample stars relative to the
polynomial value at their measured [Fe/H]. Because APOGEE does not yield reliable
sodium abundances at low metallicities, I replaced that element by aluminium to run
this test, as it is the APOGEE element sharing a nucleosynthetic source that is closest
to that of Na. Out of the 45 Sequoia stars (selected as in Myeong et al. (2019)) that fall
within the —1.8 < [Fe/H] < —1.4 metallicity range adopted by Matsuno et al. (2021), I
find that 42/40/43 stars fall within 20 of the quadratic polynomial fit to the GES sample
when examining the Mg/Al/Ca abundance planes. When the Koppelman et al. (2019c¢)
Sequoia sample is considered, I find that 22/22/23 out of the total 26 stars match the
abundances of Mg/Al/Ca. In conclusion, when replicating the procedure performed
by Matsuno et al. (2021) on the basis of APOGEE data, I find that the majority of
the sample (>90%) falls within 20 of the [X/Fe]-[Fe/H] quadratic polynomial fit to the
GES sample. This test confirms the finding that Sequoia and GES are very similar in
the chemical space sampled by APOGEE. The reason for the discrepancy between the
results and those by Matsuno et al. (2021) is unclear.

In summary, the chemical composition data are possibly consistent with a common
origin between Sequoia and GES, although further data and modeling are required to

fully clarify the matter.

3.6.1.4 Helmi stream

The Helmi stream is a halo substructure that appears to jut out of the Galactic disc.
It is characterised by stars on highly perpendicular (i.e., high L and v,) and prograde
orbits (Helmi et al., 1999; Koppelman et al., 2019b), which appear to form a pillar at
high orbital energies in the prograde wing of the E-L, plane (see Fig 3.4). Despite
this substructure being discovered decades ago, its chemical compositions have not been
studied in great detail, largely due to the difficulty of obtaining a high confidence sample

with reliable chemical composition information.

Our results on the chemical compositions of the Helmi stream imply that, unsurpris-
ingly, this substructure presents chemistry that is typical of accreted populations and/or
dwarf satellites (i.e., low Mg, Al, C, and Ni). I also find that, despite it being selected
purely on a kinematic and position basis, it occupies the accreted/unevolved region
of the [Mg/Mn]-[Al/Fe| which, combined with its orbital properties, confirms its ac-
creted nature. Furthermore, I find that, when comparing this halo substructure with

the others studied in this work, the Helmi stream differs statistically from all other halo
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FIGURE 3.19: Piece-wise polynomial fit (solid line) and 1-o dispersion (shaded region)
for GES, Sequoia, Arjuna, and Helmi stream samples. Data and fits are displaced
vertically for clarity. The resulting [Fe/H]xnee values are shown. The [Mg/Fe]-[Fe/H]
knee of GES and Sequoia are within 0.1 dex from each other, with the largest difference
being found between the two Sequoia samples. By the same token, [Fe/H]inee for Arjuna
differs from that GES by only 0.05 dex. The star formation efficiencies of these systems,
as indicated by [Fe/H]knee, seem not to have been substantially different. Conversely, for
the Helmi stream I find an ”inverted” knee, that occurs at [Fe/H]ynee~—1.7, suggestive
of a very different star formation history when compared to GES, Sequoia, and Arjuna.

substructures. In Figure 3.19 I display the data for the Helmi stream alongside a piece-
wise polynomial fit performed in the same way as described for GES and the Sequoia
samples. Interestingly, the best fit for the Helmi stream indicate the occurrence of an
“inverted knee”, whereby the slope of the relation between [Mg/Fe]-[Fe/H] becomes less
negative. As discussed above for the case of the Sgr dSph, this is the signature of a burst
of star formation. This is a very interesting result, which merits further investigation

on the basis of a larger sample.

3.6.1.5 Arjuna

The existence of this substructure was proposed by Naidu et al. (2020) as part of the H3
survey (Conroy et al., 2019). Naidu et al. (2020) show that the MDF of the retrograde
component of the halo displays three peaks, which they ascribe to Arjuna (the most
metal-rich), Sequoia, and I'itoi (the most metal-poor, see Fig 3.3). Naidu et al. (2021)
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argue that Arjuna corresponds to the outer parts of the GES progenitor, which, accord-
ing to their fiducial numerical simulation was stripped early in the accretion process,
thus preserving the highly retrograde nature of the GES approaching orbit. In addi-
tional support to that proposition, Naidu et al. (2021) point out that the peak [Fe/H]
and mean [«/Fe] of Arjuna are in excellent agreement with those of GES, which in turn
should be consistent with a much lower metallicity gradient in the GES progenitor than

suggested by Koppelman et al. (2020).

The detailed quantitative comparison of the chemical compositions of Arjuna and GES
(Figure 3.15) shows that the similarity of these two systems indeed encompasses a
broader range of elemental abundances, leading to a p,» = 0.91. In addition, the distri-
butions of Arjuna and GES stars in the a-Fe plane are also very similar, with the two

values for [Fe/H]inee agreeing within 0.05 dex (see Fig 3.19).

Therefore, the results are at face value in agreement with the suggestion by Naidu et al.
(2021) that the stars associated with the Arjuna substructure were originally part of
GES. That association predicts a very low metallicity gradient for GES at the time of
the merger with the Milky Way. Further theoretical and observational work is required
to ascertain the reality of that prediction (see discussion in, e.g., Horta et al., 2021a;
Naidu et al., 2021).

3.6.1.6 DIitoi

Similarly to Arjuna, the I'itoi substructure is a high-energy retrograde substructure
identified by Naidu et al. (2020). However, it is comprised by more metal-poor stars (see
Fig 3.3) than its high-energy retrograde counterparts, Arjuna and Sequoia. Naidu et al.
(2021) propose that I'itoi was in fact a satellite of GES, based on its low metallicity and
high energy retrograde orbit. the detailed comparison of the chemistry of GES and I'itoi
suggests that their abundance patterns are consistent with a p,» = 0.32 (Figure 3.16),.
I point out, however, that this result is highly uncertain, given the relatively small size
of the I'itoi sample and its low metallicity ([Fe/H]comp = —2.1), which places its stars
in a regime where ASPCAP abundances are relatively uncertain. The matter needs
revisiting on the basis of more detailed chemical composition studies applied to a larger

sample.

3.6.1.7 Thamnos

Initially conjectured by its discoverers to be the amalgamation of two smaller systems

(Koppelman et al., 2019¢), Thamnos is a substructure that occupies a locus in the
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retrograde wing of the velocity and IoM planes. It is comprised of stars with intermedi-
ate orbital energy (i.e., E~~1.8x10% km? s72) and fairly eccentric orbits (e~0.5), that

occupies a position at the foot of GES in the Toomre diagram.

As in the case of most orbital substructures in this study, I find that the locus occupied
by Thamnos in the Ni-Fe, C-Fe, and [Mg/Mn]-[Al/Fe] chemical planes resembles that
of low-mass satellite galaxies and accreted populations of the Milky Way. However,
Thamnos distinguishes itself from other substructures by showing a relatively high [/ Fe]
ratio, although not as high as Heracles. In fact, Thamnos does not match the abundance

pattern of any other substructure in this study.

3.6.1.8 Aleph

Aleph was identified in a study of the stellar halo based on the H3 survey (Naidu et al.,
2020). In this work I identify Aleph members by selecting from the parent sample stars
that satisfy the selection criteria outlined in Naidu et al. (2020). I have also searched
for stars that are included in both the sample by Naidu et al. (2020) and in APOGEE
DR17 (highlighted in the chemical abundance figures with purple edges). As described
in their work, this substructure is comprised of stars on very strongly prograde orbits
with low eccentricity, which appear to follow the same distribution as the Galactic disc

component, although at higher J, values.

I find that the locus occupied by Aleph in various chemical planes is placed somewhere
in between low- and high-a disc stars, while sitting squarely within the in situ region
of the [Mg/Mn]-[Al/Fe] plane. This is also the case for the two stars contained in both
the sample by Naidu et al. (2020) and in the APOGEE DR17 data. the quantitative
comparison of the Aleph chemistry with that of the low-a disc suggests a statistically
different, albeit on the borderline (x* = 20.55 and p,> = 0.04). This is in fact not
surprising, seeing as the distribution of Aleph stars on the Mg-Fe plane straddles both
the high and low-« discs (Figure 3.6). These results suggest that Aleph may be a stellar
population comprised of a mix of warped/flared low-a disc, and high-« disc stars, which
also explains its location within the locus of in situ stellar populations in the [Mg/Mn]-
[Al/Fe| plane.

3.6.1.9 LMS-1

LMS-1 is a metal-poor substructure comprised of stars on mildly prograde orbits at
intermediate/high orbital energies. Yuan et al. (2020) identified this substructure by
applying a clustering algorithm to SDSS and LAMOST data in the E-L, plane. Although
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it presents great overlap with the GES in IoM space, it is suggested to be an independent
substructure based on the detection of a metallicity peak in the MDF of the stars
included within the E-L, box defining this system (Naidu et al., 2020). Yuan et al. (2020)
also note that there are potentially several globular clusters with similar metallicity
and orbital properties. In this work, I identified LMS-1 candidates adopting the same
selection criteria as Naidu et al. (2020)’s, obtaining a relatively small sample of only 31

stars.

I examine the distribution of LMS-1 stars in various chemical planes, concluding that its
chemistry is consistent with those of other accreted systems, with all its stars falling in
the ”accreted /unevolved” region of the [Mg/Mn]|-[Al/Fe| plane. Furthermore, the ~0.5
probability value obtained when comparing this halo substructure with GES suggests
that at face value LMS-1 could be part of either of the omnipresent GES substructure.
However, these comparisons are made at [Fe/H|comp = —2.1, where the samples are
small and ASPCAP abundances are relatively more uncertain and in situ and accreted
structures tend to converge towards the same locus in the regions of chemical space
sampled by APOGEE (e.g., Horta et al., 2021a). Moreover, given its location in ToM
space, it is possible that the LMS-1 sample is importantly contaminated by GES stars.

As mentioned in Section 3.6.1.4, Jean-Baptiste et al. (2017a) show that a single accretion
event can lead to multiple overdensities in orbital space (see also Koppelman et al.,
2020). Due to the chemical similarity between LMS-1 and GES, and the close proximity
between these two halo substructures in orbital planes (see Fig 3.4), an association
between these two systems seems tempting. However, I defer a firmer conclusion to a
future when more elemental abundances are obtained for a larger sample of both LMS-1
and GES candidates.

3.6.1.10 Nyx

The Nyx substructure is conjectured to be a stellar stream in the solar vicinity of the
Milky Way (Necib et al., 2020). Given the chemical compositions obtained for this sub-
structure in this work and its strong overlap with the high-« disc in all the chemical
planes studied, I suggest that the Nyx is likely comprised by in situ high-a disc popu-
lations. the quantitative estimate of the similarity between Nyx and the stars from the
high-a disc yields a very low x? with associated likelihood probability of 0.78. I note
that the stars in common between the sample and that of Necib et al. (2020) seem to
boldly confirm this result. Along these lines, I note that the result is in agreement with

a recent study focused on studying the chemical compositions of the Nyx substructure
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(Zucker et al., 2021), who also conjecture Nyx to be comprised of Galactic (high-ar) disc

populations.

3.7 Conclusions

The unequivocal association with accretion events of halo substructures identified on
the basis of orbital information alone is extremely difficult, as demonstrated by recent
numerical simulations (e.g., Jean-Baptiste et al., 2017a; Koppelman et al., 2020; Naidu
et al., 2021). Substructure in integrals of motion space can also be influenced or even
artificially created by survey selection effects (Lane et al., 2021). Because the chemical
compositions of halo substructures contain a fossilised record of the evolutionary histories
of their parent galaxies, abundance pattern information can help linking substructure

in orbital space to their progenitor systems.

In this work I have utilised a cross-matched catalogue of the latest APOGEE (DR17)
and Gaia (EDR3) data releases in order to study the chemo-dynamic properties of sub-
structures previously identified in the stellar halo of the Milky Way. I have successfully
distinguished stars in the APOGEE DR17 catalogue that are likely associated with the
following substructures: Gaia-Enceladus/Sausage, Sagittarius dSph, Heracles, Helmi
stream, Sequoia, Thamnos, Aleph, LMS-1, Arjuna, I'itoi, Nyx, Icarus, and Pontus.
Using the wealth of chemical composition information provided by APOGEE, I have ex-
amined the distributions of the stellar populations associated with these substructures
in a range of abundance planes, probing different nucleosynthetic channels. I performed
a quantitative comparison of the abundance patterns of all the substructures studied
in order to evaluate their mutual associations, or lack thereof. Below I summarise the

main conclusions:

e [ show that the chemical compositions of the majority of the halo substructures
so far identified in the Galactic stellar halo (namely, Gaia-Enceladus/Sausage,
Heracles, Sagittarius dSph, Helmi stream, Sequoia, Thamnos, LMS-1, Arjuna,
I'itoi) present chemical compositions which resemble those of low-mass satellites
of the MW and/or accreted populations. There are however a couple of excep-
tions, namely Nyx and Aleph, that do not follow this pattern and instead present
chemical properties similar to those of populations formed in situ. Furthermore,
in Appendix B.1 I discuss the nature of Icarus, concluding that this substructure
is likely comprised of stars formed in situ, for which the ASPCAP abundances are

unreliable.
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e The chemical properties of the inner-Galaxy Heracles substructure differ from those
of its co-located low-metallicity high-a disc counterparts in a statistically signif-
icant way. Abundances of « elements oxygen, magnesium, and silicon are lower
in Heracles than in its co-spatial high-a disc counterparts, suggesting that the
ratio of SNII/SNIa enrichment in Heracles has been lower in that system than in
the early disc. By the same token, Heracles is found to have higher [a/Fe] ratios
than GES which, as suggested by Horta et al. (2021a), is an indication of an early
truncation of star formation and the resulting absence of an a-knee in the former
system. The abundance pattern of Heracles is indeed found to differ from all of the
other substructures studied in this work. Further studies based on additional ele-
mental abundances for larger samples, as well as detailed numerical modelling, are
required to definitively ascertain the existence of this system and more thoroughly

characterise its properties.

e I show that a large fraction of the substructures studied (namely, Sequoia, Arjuna,
LMS-1, T'itoi) present chemistry indistinguishable from that of the omnipresent
Gaia-Enceladus/Sausage. These findings bring into question the independence of
these substructures, which are at least partially overlapping with GES in kinematic
planes (see Fig 3.4). In view of these similarities, claims in the literature about
the nature of Sequoia as being originally a higher angular momentum component
located in the outskirts of GES (Koppelman et al., 2020), a satellite of GES (Naidu
et al., 2021), or an altogether unrelated system (Myeong et al., 2019) may need
to be reexamined. The possibility that Sequoia was a detached, but much less
massive galaxy than GES is likely challenged by their chemical similarity. On the
other hand, confirmation that it, or Arjuna, might be the remains of populations
originally located in the outskirts of GES depends crucially on the magnitude of
chemical composition gradients one should expect for dwarf galaxies at z ~ 2, and

on whether that is a sufficiently discriminating criterion.

e I found that the halo hosts substructures which differ from GES in a statistically
significant way. Three among those susbstructures display chemistry that is gen-
uinely suggestive of an accreted nature, namely Heracles, Thamnos, and the Helmi
stream (although for the latter this conclusion is not firm due to uncertainties in

the chemistry and small sample size).

e Conversely, the chemistry of the two remaining substructures, Nyx and Aleph, is
indistinguishable from that of in situ populations. I conjecture that Nyx forms
part of the high-« disc. For the case of Aleph, I suggest that it is likely comprised
of stars both from the low-« (flared/warped) disc as well as stars from the high-«

disc.
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e the results suggest that the local/inner (Rge < 20kpc) halo is comprised of the
debris from at least three massive accretion events (Heracles, GES, and Sagittar-
ius) and two lower mass debris (Thamnos and Helmi stream). Upcoming large
spectroscopic surveys probing deeper into the outer regions of the stellar halo (be-
yond Rge ~20kpc) will likely uncover the debris from predicted lower-mass/more
recent accretions (e.g., van den Bosch et al., 2016, Horta et al. 2022, in prep),
and will enable the full characterisation of those already known. Conversely the
precise contribution of massive accretion to the stellar populations content of the
inner few kpc of the halo is still to be fully gauged. Heracles is likely the result of a
real accretion event, likely the most massive to have ever happened in the history

of the Milky Way, but we are still scratching its surface.

This chapter presents a chemical composition study of substructures identified (primar-
ily) on the basis of phase-space and orbital information in the stellar halo of the Milky
Way. Current and upcoming surveys will continue to map the stellar halo and will pro-
vide further clues to the nature and reality of phase-space substructures discovered in
recent years. For the inner regions of the Galaxy and the local halo, the Milky Way
Mapper (Kollmeier et al., 2017) and the Galactic component of the MOONS GTO sur-
vey (Gonzalez et al., 2020) will provide revolutionising chemo-dynamical information for
massive samples. For the outer regions of the stellar halo, the WEAVE (Dalton et al.,
2014), 4AMOST (de Jong et al., 2019), and DESI (DESI Collaboration et al., 2016) sur-
veys will provide spectroscopic data for millions of stars in both high and low resolution.
In addition, in this work I have only studied the chemistry of phase-mixed accretion
events. However, there is a plethora of halo substructures in the form of stellar streams
that has not been studied in this work and also require to be fully examined (see Li et al.
2021 for a recent example). The advent of surveys like S° (Li & Gnedin, 2019) will aid in
such endeavours. All this information, when coupled with the exquisite astrometry and
upcoming spectroscopic information from the Gaia satellite, will provide the necessary
information for further discoveries and examinations of substructure in the stellar halo
of the Milky Way.



Chapter 4

On the mass contribution from

globular clusters to the (Galaxy

4.1 Introduction

As mentioned in Chapter 1, globular clusters (GC) play a pivotal role in the mass
assembly history of galaxies. For the case of the Milky Way, GCs encode information
about how the Galaxy has assembled its mass over time. The pioneering work by Searle
& Zinn (1978), who used the Galactic GC population to infer that GCs found in the
outer Galactic halo region formed over a longer period than those found in the inner-halo
region, were the first to utilise GC stellar populations to place constraints on the mass
assembly history of the Galaxy. In their work, the authors showed that GCs found in the
outer Galactic halo region formed over a longer period than those found in the inner-halo
region, leading to the conclusion that the former population originated from accreted
satellite systems. This concept has since been refined with improved measurements of
ages and chemical abundances, leading to the discovery of a bifurcation in the age-
metallicity distribution of Galactic GCs (Marin-Franch et al., 2009), where the young
and metal-poor branch traces the population of GCs that are thought to result from
satellite galaxy accretion (e.g., Forbes & Bridges, 2010; Leaman et al., 2013). Similarly,
this division is also reflected in the o and Fe compositions of GCs with metallicities
between —1.5 < [Fe/H] < —1, whereby accreted GCs typically present lower [a/Fe] for a
given [Fe/H] in comparison to their in situ counterparts (e.g., Horta et al., 2020). The
results obtained from these observational studies fit well in the present cosmological
framework, the A-CDM model (e.g., Schaeffer & Silk, 1985; Frenk & White, 2012). In
this cosmological paradigm, larger galaxies engulf smaller satellite galaxies and grow

through a process of hierarchical mass assembly. As a result, a substantial fraction of
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the GCs from those accreted galaxies may survive the merger, depending on the details
of the accretion, as suggested by various observational results (e.g., Brodie & Strader,
2006; Myeong et al., 2019; Massari et al., 2019; Koppelman et al., 2019b; Kruijssen et al.,
2019b; Forbes, 2020).

To elucidate the role GCs play in the formation and mass assembly of their host galaxies,
it is vital to first understand how GCs form and evolve in a cosmological context. The
leading GC formation scenarios propose a framework in which GCs formed in the tur-
bulent discs of their host galaxies at z ~2-3, where, due to tidal shocks (Gnedin, 2001)
and the so called "cruel cradle effect” (Kruijssen et al., 2012a), GCs formed in situ were
largely destroyed (Elmegreen, 2010; Kruijssen et al., 2011; Kruijssen, 2014, 2015). As
galaxies evolved, mergers redistributed GC systems of accreted satellites onto the host
galaxies, typically depositing them in the outer regions of the stellar halo component,

where mass loss via evaporation takes place in a longer timescale.

The question of how much stellar mass in the halo arises from GC dissolution and/or
evaporation emerges as a natural implication from the above theoretical framework. In
an attempt to answer such a question, over the last decade there has been substantial
work focusing on the identification of GC stars that have been stripped from their parent
GC, and now reside in the halo field of the Galaxy (e.g., Martell & Grebel, 2010; Martell
et al., 2016; Schiavon et al., 2017b; Koch et al., 2019; Hanke et al., 2020, Kisku et
al., in prep). In these studies, stars arising from GC dissolution and/or evaporation
were identified either by selecting field stars that present high nitrogen and low carbon
abundances, or by identifying stars with strong CN bands, a feature that implies a higher
N content and one that is typically found in the so called ”second population” (SP) GC
stars (for a full review, see Bastian & Lardo, 2018). Such studies have focused on both
the outer regions of the stellar halo (Martell & Grebel, 2010; Martell et al., 2016; Koch
et al., 2019), and within the inner few kiloparsecs from the Galactic Centre (Schiavon
et al., 2017b). Specifically, Martell et al. (2016) focused on metal poor ([Fe/H] < —
1.3) sample from the twelfth APOGEE data release and identified halo field stars that
present high [N/Fe| and [Al/Fe| values, thus selecting former SP GC escapee candidates.
Using the number ratio of N-rich stars to halo field stars, Martell et al. (2016) obtained
an estimate for the contribution from dissolved SP GC stars to the outer regions of the
stellar halo to be on the order of 2-3%. A similar estimate was also obtained in a more
recent study using the SEGUE data (Yanny et al., 2009b) by Koch et al. (2019), which
found a value of~2.6%. Separately, Schiavon et al. (2017b) analysed APOGEE data
for stellar populations within ~3 kpc of the Galactic Centre and found a much larger
fraction of N-rich stars than their outer halo counterpart. In their study, Schiavon et al.
(2017b) identified field stars that presented high [N/Fe] and low [C/Fe] compared to the

main population at a given metallicity, and determined a minimum contribution to the
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stellar halo from dissolved and/or evaporated SP GC stars of approximately~13-17%.

This results in a much higher contribution rate than in the outer halo, by a factor of~4-5.

Furthermore, recent theoretical studies making use of the suite of E-MOSAICS hydro-
dynamical cosmological simulations (Pfeffer et al., 2018; Kruijssen et al., 2019a) have
assessed the contribution of stars dissolved from GCs to the stellar halo field for ~25
Milky Way analogues. The results from these works predict a smaller contribution from
SP GC stars than observational estimates, predicting a total contribution of the order
of ~1% (Reina-Campos et al., 2019) for the outer halo region and ~0.2-9% for the inner
Galaxy (Hughes et al., 2020). Although the predicted fractions at face value do not
match that of the observed fractions, an inner-to-outer halo ratio discrepancy is still

predicted.

In connection with the mass contribution of dissolved GC stars to the Galactic stellar
halo, the question of the spatial distribution of GC escapees is also an important one,
and similarly, its stellar density as a function of Galactocentric distance. Answering
these questions is non-trivial due to the difficulty in correcting the observed number of
a tracer population to the total underlying sample. Along the same lines, estimates of
the stellar mass are rigidly connected to the derived mass normalisation per tracer star,
which generally relies on intricate calibration and stellar models. Moreover, GCs are
typically associated to the stellar halo component of the Galaxy, and with no previous
knowledge of the density profile of GC escapees, it is important to first understand how
the stellar halo is spatially distributed. This information can be used as a guide to
understand the density profile of GC-escapee stars, and will serve later for assessing the

contribution of N-rich stars to the stellar halo field.

Recently, Torio et al. (2018) modelled the density of the stellar halo using a cross-matched
sample of Gaia-2MASS RR Lyrae stars. In that work, several density profiles ranging
in parameter complexity were tested, and it was found that the stellar halo was best fit
by a triaxial ellipsoid, rotated with respect to the Galactic reference frame (in which the
X axis connects the Sun to the Galactic Centre) by ~ 70°; such rotation was thought to
be introduced by a single massive merger event. Using Red Giant Branch (RGB) stars
from the APOGEE fourteenth data release Mackereth et al. (2019b) also found this to
be the case. The same study estimated a total halo stellar mass on the order of ~1.3 x
10° M® when considering the halo as an assembly of many individual components in the
[Mg/Fel]-[Fe/H] plane. This result is in agreement with the recent work of Deason et al.
(2019), based on RGB number counts and extrapolation of the Einasto (1965) profile,
which also suggests a higher mass for the stellar halo of ~1.4 x 10 M ®. These works
utilised existing density models to understand the shape and density profile of the stellar

halo component of the Galaxy. Using such density modelling procedures, they were able
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to estimate the total mass of the stellar halo within a given Galactocentric radius.
Such methods can be applied in theory to any tracer stellar population, enabling the
estimation of mass as a function of Galactocentric radius while accounting for selection

effects induced by observational data.

In this Chapter, I build on the previous work by Mackereth et al. (2019b), and present
a density profile, mass estimate, and a percentage contribution to the stellar halo from
likely SP GC (i.e. N-rich) stars arising from GC dissolution and/or evaporation as
a function of Galactocentric distance. This is accomplished via density modelling of
APOGEE red giant stars, selected on the basis of their chemical compositions. the
methodology allows for the assessment of the stellar mass contained in the complete
halo and the N-rich samples, as well as their corresponding mass as a function of Galac-
tocentric distance. As explained in Mackereth et al. (2019b), the APOGEE red giant
star counts are corrected for their respective normalisation, via the reconstruction of the
APOGEE DRI16 selection function and using stellar evolution models, which enables the

estimation of the stellar density profiles to good accuracy.

This Chapter is organised as follows: Section 5.2 presents the selection of likely halo
APOGEE red giant stars, and the criteria to determine N-rich stars residing in the stellar
halo field. In Section 5.3, I briefly describe the density modelling procedure, based on
the work by Bovy et al. (2016) and Mackereth et al. (2017), including allowances for the
APOGEE-2 selection function. In Section 5.4, I present the main results of the paper.
Section 4.5 includes the discussion of the results in the context of previous studies, for

which I then summarize the results in Section 4.6, and provide the conclusions.

4.2 Data and Sample

In this chapter, I use data from the sixteenth data release of SDSS-IV (Ahumada
et al., 2019a), which contains refined elemental abundances (Jénsson et al., 2020) for
stars observed both by the Apache Point Observatory Galactic Evolution Environment
(APOGEE: Majewski et al., 2017) and its successor, APOGEE-2, one of four Sloan
Digital Sky Survey-IV (SDSS-IV, Blanton et al., 2017) experiments. With twin spec-
trographs (Wilson et al., 2019) mounted to the 2.5-m Sloan Telescope (Gunn et al., 2006)
at Apache Point Observatory in New Mexico and the 2.5-m du Pont Telescope at Las
Campanas Observatory, APOGEE-2, includes high resolution (R~22,500), high signal-
to-noise ratio (SNR>100 pixel!), near-infrared (1.5-1.7um) spectra of over 450,000
stars sampling all parts of the Milky Way. These spectra are used to derive accu-
rate stellar atmospheric parameters, radial velocities and the abundances for up to 25

atomic elements. Targets were selected from the 2MASS point—source catalogue with a
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dereddened (J — K's) > 0.3 colour cut in up to three apparent H-band magnitude bins.
Reddening corrections were determined using the Rayleigh—Jeans Colour Excess method
(RJCE; Majewski et al., 2011). Corrections are obtained by applying the method to the
combined 2MASS (Skrutskie et al., 2006) and Spitzer— IRAC surveys GLIMPSE-I,-II
(Churchwell et al., 2009), and —3D when available, or 2MASS combined with WISE pho-
tometry (Wright et al., 2010). A more in—depth description on the APOGEE survey,
data reduction pipeline, and the target selection can be found in Majewski et al. (2017),
Holtzman et al. (2015), Nidever et al. (2015), Jonsson et al. (2020), Zasowski et al.
(2013), and Zasowski et al. (2017). All the APOGEE data products used in this Chap-
ter are those output by the standard data reduction and analysis pipeline. The data are
first reduced with a custom pipeline (Nidever et al., 2015; Jonsson et al., 2020). The
data are then thoroughly checked, before being fed into the APOGEE Stellar Parameters
and Chemical Abundances Pipeline (ASPCAP; Garcia Pérez et al., 2016; Jonsson et al.,
2020). ASPCAP makes use of a specifically computed spectral library (Zamora et al.,
2015; Holtzman et al., 2018; Jonsson et al., 2020), calculated using a customised H-band
line list (Shetrone et al., 2015, Smith et el, in prep), from which then the outputs are
then analysed, calibrated, and tabulated (Holtzman et al., 2018).

I make use of the distances for the APOGEE DR16 catalogue generated by Leung &
Bovy (2019a), using the astroNN python package (for a full description, see Leung
& Bovy, 2019b). These distances are determined using a previously trained astroNN
neural-network, which predicts stellar luminosity from spectra using a training set com-
prised of stars with both APOGEE spectra and Gaia DR2 parallax measurements (Gaia
Collaboration, 2018). The model is able to predict simultaneously distances and account
for the parallax offset present in Gaia-DR2, producing high precision, accurate distance
estimates for APOGEE stars, which match well with external catalogues and standard

candles.

The sample adopted in this study is restricted to stars contained in the statistical sam-
ple! of APOGEE DRI16 located within fields with extinction information and that satisfy
the following criteria: 0.5 < log g < 3.5, 3500 < Teg < 4750 K, —2.5 < [Fe/H] < -1,
derr/d < 0.2 (where d and de,, are the distance and distance error, respectively). Here
the Teg and log g cuts were made in order to target RGB stars whose C,N and Al
abundances are unaffected by dredge up processes. I note here that I use the cali-
brated ASPCAP abundances, rather than those from other abundance pipelines (e.g.,
BACCHUS, astroNN).

!Stars belonging to the statistical sample are those which were selected at random from 2MASS and
are included in fields with completed cohorts.
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T also remove stars that are in fields in close proximity to the Galactic Centre by excluding
fields within 10° in ! from the Galactic Centre and —b— < 10° for which dust extinction
is most difficult to correct, as well as those which contained globular clusters (GCs) used
for APOGEE calibration. Furthermore, since the aim is to study the Galaxy’s stellar
halo field population, I remove 1,781 stars in the APOGEE DR16 statistical sample that
are known to reside in GCs, adopting the GC memberships established by Horta et al.
(2020). Lastly, since I am focused on selecting dissolved and/or evaporated SP GC stars
in [N/Fe] space, I applied further cuts to ensure I were only considering stars where
[N/Fe] is robustly determined, and removed any stars that had a N_-FE_FLAG warning set
by ASPCAP. I also ensured stars in the sample had reliable Fe, C and Al abundances by
checking the C_FE_FLAG and AL_FE_FLAG warnings were set to zero, and by removing any
stars with [Fe/H], [C/Fe|, and/or [Al/Fe] set to —9999. the final working halo sample is

comprised of 1455 stars.

Next, I define SP GC stars by identifying nitrogen rich (N-rich) stars present in the
stellar halo field population of the Milky Way. To identify N-rich stars, I make use
of the publicly available code XDGMM? (Holoien et al., 2017), and fit a two component
Gaussian mixture model (GMM) to the halo sample [N/Fe]-[Fe/H] distribution, with
the expectation that N-rich stars will stand out in this plane. This software uses the
extreme deconvolution (XD) algorithms (Bovy et al., 2011) to identify components in an
n dimensional space, and allows us to determine the N-rich star field sample statistically
by accounting for the uncertainties and correlations in the measurement errors. I then
refine the N-rich star selection by only considering stars with carbon abundances below
[C/Fe] < 40.15, to ensure that these stars present the low [C/Fe] abundances typical of
SP GC stars, and remove four stars from the sample. the final sample of N-rich stars is
comprised of 46 stars. Fig. 4.1 shows the distribution of the selected N-rich stars and the
halo field population in the [N/Fe| - [Fe/H] plane, where the lowest N-rich star nitrogen
abundance is [N/Fe|~40.5, in agreement with values from other samples (e.g., Martell
et al., 2016; Schiavon et al., 2017b; Nataf et al., 2019). To check whether the metallicity
distribution function (MDF; shown in the top panel of Fig. 4.1) of the likely halo and N-
rich star samples are statistically equal, I perform a two-sided Kolmogorov-Smirnov (KS)
test, for which I obtain a resulting p-value of approximately~0.75. Therefore, I can reject
the null hypothesis that these two samples originate from different parent distributions
and trust that they are statistically the same with a high degree of confidence; this
indicates that the N-rich stars display a similar MDF as the halo field population.
However, the N-rich star sample is clearly separated from the halo field sample in their

nitrogen distribution function (right panel of Fig. 4.1).

https://github.com/tholoien/XDGMM
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I plot the nitrogen abundances of the normal and N-rich halo field stars as a function of
their respective carbon and aluminium abundances in Fig. 4.3 and Fig. 4.2, respectively.
Those abundances are overlaid on data for stars residing in three GCs (NGC 6205,
NGC 6904, NGC 7078) whose metallicities span the same range as the N-rich star sample
(i.e. —2.5 < [Fe/H] < -1), and for which I have substantial GC members, using the
APOGEE GC sample from Horta et al. (2020). By comparing the N-rich star sample to
GC stars, [ aim to discern if the N-rich stars present the typical light element variations
of SP GC stars (Bastian & Lardo, 2018). The data for the GC members display two
clear sequences in Figure 4.3, corresponding to the loci of the FP and SP stars, with
the latter typically showing [N/Fe|] > +0.5. Stellar evolution along the giant branch
runs in parallel along each sequence, where more evolved, more luminous, lower logg
stars have higher [N/Fe| and lower [C/Fe|. The well known N-C anti-correlation in GCs
connects stars of same evolutionary stage in each sequence, so that FP stars have higher
[C/Fe] and lower [N/Fe] than their SP counterparts. With that in mind, the bottom
panel suggests that the stars at the bottom of the SP sequence, with [N/Fe]~+40.5 and
[C/Fe]~+0.2 have no counterparts in the FP sequence. Those would be stars with
lower [N/Fe] and higher [C/Fe| than the bottom of the FP sequence, which itself is
located at [C/Fe]~+0.1 and [N/Fe]~-0.1. I hypothesise that such stars are lacking in
the sample due to a combination of effects. Firstly, these stars relatively high Teg and
log g, which makes CN lines, upon which nitrogen abundances rely, too weak for reliable
N abundances. Secondly, the ASPCAP grid has a [N/Fe] floor at —0.25.

Figure 4.2 shows a correlation between [N/Fe] and [Al/Fe| for the N-rich star sample,
with the majority of these presenting [Al/Fe] > 0, again occupying the same locus as
the SP GC stars. I also report that N-rich stars display a much greater mean [Al/Fe]
(~ 0.3) than the normal halo field population ([Al/Fe] ~ —0.2). I also checked whether
the N-rich population differed from its normal halo counterpart in terms of its neutron-
capture element abundances, since those were found to be enhanced in SG GC stars
by Cunha et al. (2017). The only neutron-capture element for which APOGEE DR16
provides abundances for the sample is Ce. I found no statistically significant difference

in [Ce/Fe] between the two samples.

In a recent paper, Fernandez-Trincado et al. (2019) suggest that SP GC stars must
have [Al/Fe|>+0.5 in order to be considered true SP GC star candidates. In fact,
adoption of such a restrictive criterion would lead to a severe underestimate of the N-rich
population in both the field and GC sample. Stars belonging to NGC 6205, NGC 5904,
and NGC 7078 from the Horta et al. (2020) GC sample display a clear bimodality in
the carbon-nitrogen plane, where the SP GC stars occupy a locus positioned at higher
[N/Fe|, congregating above their FP counterparts. This bimodality is also observed in

the aluminium-nitrogen plane. In the bottom panel of Fig. 4.2, the SP GC stars (i.e.
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FIGURE 4.1: [N/Fe] vs [Fe/H] distribution of the halo field star sample (black dots)
and the selected N-rich stars (orange stars) used in this work. Histograms highlight
the MDF (top) and nitrogen distribution function (right) of both samples, normalised
by the total star number of stars in each sample. Both samples share the same MDF,
however can be clearly distinguished in the [N/Fe] distribution, with the mean N-rich
star [N/Fe] value sitting approximately~0.7 dex higher than the mean halo field [N/Fe]
abundance. Open circles at high [N/Fe] values are the N-rich stars that did not satisfy
the [C/Fe] < 0.15 criterion. The numbers stated in brackets quantify the number of
stars in each sample.

the filled triangles not overlapping with the halo population) clearly present [Al/Fe]
abundances that fall below [Al/Fe]=40.5. Thus, since the N-rich star sample occupies
the same locus as the SP GC stars in both the carbon-nitrogen and aluminium-nitrogen
planes, applying an [Al/Fe| > +0.5 cut to the sample would lead to a similarly severe
underestimate in the number of N-rich stars in the field. In addition, it has been shown
by several authors (e.g., Carretta et al., 2009; Nataf et al., 2019; Mészaros et al., 2020)
that the extent of the Mg-Al anti-correlation varies from GC to GC, making a strict
cutoff in Al difficult to implement.

Finally, I show the spatial distribution of the halo field population and the N-rich star
sample in Fig. 4.4, represented with the same symbols as in Fig. 4.1. Before correcting
for the APOGEE selection function or modelling the stellar density, it is immediately
clear that the halo field population (black) occupies a vast range of heights above the
Galactic midplane, reaching values of Z~20 kpc. The same applies to the N-rich stars,
however these do not display as large a Galactocentric distance range. Interestingly, I
find that a significant fraction of the N-rich stars occupy a position close to the Galactic
Centre, within an approximate radius of Rgc~3 kpc. The remaining N-rich stars are

scattered at higher Z and Y values. It has already been shown that N-rich stars make
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FIGURE 4.2: The same stars plotted from Fig. 4.3 in the [N/Fe] vs. [Al/Fe] plane.
Despite a small fraction of N-rich stars displaying [Al/Fe] < 0 dex, the majority occupy
the same locus as the SP GC stars that display high [Al/Fe] abundances.

up a significant fraction of the inner Galaxy (Schiavon et al., 2017b) and to a lesser
extent of the outer halo (Martell et al., 2016; Koch et al., 2019), therefore the initial

findings are in agreement with results from previous studies.

4.3 Density Modelling

In this section, I briefly describe the method employed for fitting the underlying number
density of stars in the Milky Way’s halo from APOGEE observations, which I represent
here as v4(X,Y,Z—7), in units of stars kpc~3. The computation of this quantity requires
allowances to be made for the survey selection function, which is non-trivial due to the
pencil beam nature of APOGEE, the presence of inhomogeneous dust extinction along

the lines of sight, the target selection criteria imposing different H magnitude limits,
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FIGURE 4.3: [N/Fe] vs. [C/Fe] distribution for the N-rich stars (top) and for stars from
the APOGEE GC sample for three representative clusters (bottom) derived using the
same procedure as in Horta et al. (2020). The black points are the same in both panels,
and represent the halo field population. The N-rich star sample mimics the behaviour
of SP GC stars of similar metallicity, occupying the same locus on this plane. Note
that the N-rich stars with the highest [C/Fe] have no counterparts in the FP sequence.
This is due to a combination of factors. Stars within that high [C/Fe] regime have
higher Teg and logg and low [N/Fe|, which makes CN lines weaker. Moreover, there is
a [N/Fe] floor in ASPCAP at —0.25.

and the use of tracers, RGB stars, that are not standard candles. the main goal is to
determine density laws that describe the spatial distributions of the stellar halo and the
N-rich samples separately. In this way, the number of observed normal field and N-rich
stars can be converted into actual densities, in units of stars pc™> at the solar radius
(NR,). This density law can then be used to estimate the number of halo or N-rich
stars APOGEE would have observed if it covered the full sky. Moreover, using stellar
evolution models I can estimate the mass density. This value can then be estimated
within a chosen volume by integrating an accurate density law for the halo and N-rich

star samples, respectively. It is also straightforward to use the separate density laws to
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FI1GURE 4.4: Spatial distribution in heliocentric X - Z and X - Y of the APOGEE

DR16 field (black dots) and N-rich star (orange stars) samples between —2.5 < [Fe/H]

< —1. The crosshair signifies the position of the Galactic Centre. The dashed circled

lines denote spherical radius bins of 5 kpc in size, signifying a 5, 10, 15, and 20 kpc
distance from the Galactic Centre.

determine the ratio of mass density between N-rich stars and halo field stars, resulting
in the fractional number of N-rich to total halo field stars, given as a percentage, as a
function of position in the Galaxy. By following this procedure, I aim to determine if
the ratio of N-rich stars is constant throughout the Milky Way, and if N-rich stars follow
a similar density profile to that of the stellar halo field population.

Our methodology is an adaptation of that used by Mackereth et al. (2017) and Bovy
et al. (2012); Bovy (2014); Bovy et al. (2016). I employ a modified version of their
publicly available code®. Despite the method following that of these previous studies,
I summarize the key steps here for clarity and completeness. For a full description of
the fitting method, I refer the interested reader to Section 3.1 from Mackereth et al.

(2019b). The main steps are summarised as follows:

(1) I fit different density functional forms for the density profile to the APOGEE N-rich
star sample using a maximum likelihood fitting procedure, based on the assumption
that star counts are well modelled by an inhomogeneous Poisson point process?, which
takes into account the APOGEE selection function. For the halo sample, I adopt the
functional form from Mackereth et al. (2019b) (see Eq. 4.1 in Section 4.3.1) for two
reasons: Firstly, the sample employed in their study is extremely similar to that used

here; and secondly, their model describes the data well (see Section 5.4).

3Available at https://github.com/jmackereth/halo-mass and https://github.com/jobovy/apogee-
maps, respectively.

“See Daley & Vere-Jones (2003) for a more detailed definition of an inhomogeneous Poisson point
process.
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(2) I determine the best-fitting density model for the N-rich star sample by calculating
the Bayesian Information Criterion (BIC Schwarz, 1978) and the logarithmic maximum
likelihood value, In(Lyax), for each model, and choosing that with the lowest BIC value
(see Section 4.3.2 and Section 4.3.3 for a description of the models tested and the selection
of the best fitting model, respectively). the selected halo density profile includes a single
exponential disc profile to account for the contribution of the (thick) disc component
to the sample. I find that by including this disc fraction parameter to the model, I am
able to quantify the fraction of the sample that belongs to the (thick) disc and that
would affect the fitting procedure. Moreover, given the metallicity cut, the contribution
by the thin disk to the sample is negligible, so I do not include that component in the
model. Using this density law for the halo, and the resulting best fitting model for the
N-rich stars, I initiate a Markov-Chain Monte-Carlo (MCMC) sampling of the posterior
probability distribution function (PDF) of the parameters fitted in each density law. I
adopt the median and standard deviation of one-dimensional projections of the MCMC

chain as the best-fit parameter values and uncertainties.

(3) As the fitting procedure does not fit for the normalisation of the density Ny, (the
number surface density of halo or N-rich stars at the solar neighbourhood in stars pc=3),
I compute this quantity by comparing the observed number of halo or N-rich stars in
the metallicity bin adopted to that which would be observed in APOGEE for the fitted
density model if Ng, = 1 star pc~3. I then employ this number-density quantity (Ng,)
to obtain the true number of stars given by the best-fitting halo or N-rich density model
within a given volume. This number density can then be converted into a mass density
using stellar evolution models. Since the aim is to determine the contribution of N-rich
stars as a function of Galactocentric distance, I take the ratio of the mass densities
yielded for the N-rich star sample and the halo sample. This allows us to compare the
ratio of GC dissolution in different spatial regions of the Galaxy, and potentially place
constraints on the origin of the contribution of dissolved GC stars to the Galaxy’s stellar

halo mass budget, and the mass assembly history of the Milky Way.

Our method corrects for the effects induced by interstellar extinction using combined
3D maps of the Milky Way derived by Marshall et al. (2006) for the inner disc plane
and those derived for the majority of the APOGEE footprint by Green et al. (2019),
adopting conversions Ap/Ak, = 1.48 and Auy/E(B - V) = 0.46 (Schlafly & Finkbeiner,
2011; Yuan et al., 2013). Any fields with no dust data (10 fields) were removed from the
analysis. I adopt the combination of Marshall et al. (2006) and Green et al. (2019) dust
maps because Bovy et al. (2016), who assessed the relative merits and limitations of a
number of available maps in the literature, determined that this combination of dust
maps provides the best fits when performing density modelling on APOGEE data for a

trace population.
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4.3.1 Halo Density Model

I aim to discern the profile that best describes the halo field sample. Recent work
modelling the Galactic stellar halo using RR Lyrae stars found that the stellar halo is
well modelled by a triaxial density ellipsoid, angled at roughly 70° with respect to the
axis connecting the Sun and the Galactic Centre (Iorio et al., 2018; Iorio & Belokurov,
2019), but can also be well modelled by a single power law (SPL). Along the same
lines, Mackereth et al. (2019b) used the APOGEE DR14 data and the corresponding
APOGEE selection function, and found that the mono-abundance populations in the
[Fe/H] range selected in that work are well modelled by a triaxial SPL density ellipsoid
with a ”cut-oft” term. The cut-off term accounts for the ignorance regarding the extent of
the sample outside of the observed range, and includes a scale parameter 5 corresponding
to the scale length (such that h,, = 1/8). This density profile also includes a disc term,
modelled by an exponential disc profile with scale height h, = 0.8 kpc and scale length
hr = 2.3 kpc (Mackereth et al., 2017), to account for any contamination from the thicker
components of the high [a/Fe| disc, parameterised by the factor fys.. Hereafter, I refer
to this model as TRI-CUT-DISC.

Since I am modelling a similar metal-poor halo sample as that one modelled in Mackereth
et al. (2019b), with a very similar MDF, I adopt the functional form from their best-
fitting profile to model the stellar halo field population. That density profile is given
by:

Vi(1e) o (1 — fdise)Te “ exp(—PB7e) + fdiscVs disc- (4.1)

The density is normalised such that the density at the Sun (i.e., v«(7e0)) is equal to

unity, and r, defines the ellipsoidal surfaces on which the density is constant, given by:

Y2 72
2_ y2_ 18 g
Te g 2 2 (42)

where p and ¢ describe the Y,-to-X, and Z,-to- X, axis ratios, respectively, and (X, Yy, Zs)
are the Cartesian coordinates relative to the Galactic Centre. The best-fitting model
found in Torio et al. (2018) included an allowance for the variation in ¢ with re, with
a scale length of~13 kpc. In this work I assume ¢ does not vary with elliptical radius,
and constrain both shape parameters ¢ and p to be < 1, forcing the longest axis to
be that in the X, direction. As in Mackereth et al. (2019b), I allow the orientation
of the density ellipsoid to vary, applying a transformation defined by the unit vector 2
along the transformed Z axis, and the angle of rotation (from the original X axis) of the
ellipsoid about this transformed axis, ¢. In practice, Z is sampled uniformly (with the
MCMC algorithm) by de-projecting samples from an equal-area rectangular projection

of the unit sphere. Employing this method, Z is represented by two parameters, n and
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0, such that Z = (/1 — n2cos, \/1 — n3sind, n). Here 7 is sampled uniformly between
—1 and 1, and 6 between 0 and 27. Such a transformation generally has little impact on

the measurement of the total mass, as the parameters tend to define an ellipsoid which
is roughly aligned with the Sun’s position. For all parameters I adopt uninformative
priors, and set the allowed exponent « and parameter 5 range to be positive. For the

remaining parameters, only a range of [0,1] is permitted.

4.3.2 N-rich star density models

With no pre-conception of the density distribution of N-rich stars in the Galaxy, it is
important to test several different density models for the N-rich sample, and statistically
evaluate which model best fits the data. In this subsection, I describe the range of density
models fitted to the N-rich star data, and provide the analytical function for clarity and

completeness.

I begin by fitting the simplest model to the N-rich star sample, a spherical power law
(SPL). This model is described analytically as:

Vi(re) oc ™7, (4.3)

where 7 is given by Eq. 4.2 when equating p and ¢ to unity. This profile assumes the
density is prescribed by spherical shells, with no flattening along any axis. A flattening
parameter along the Z axis (¢) can be introduced to obtain an axisymmetric profile
(AXTI), which is described by Eq. 4.3, assuming r is given by Eq. 4.2, and equating p to
one. Similarly, a separate flattening parameter along the Y axis (p) can be introduced
to obtain a triaxial profile (TRI), governed by the shape of a triaxial ellipsoid. Alongside
these three single power law density models, I choose also to fit the model described in
Section 4.3.1 (TRI-CUT-DISC), employed to fit the stellar halo field data.

In addition to the profiles mentioned above, I fit two further profiles that are not part
of the single power law family. The first is an exponential disc profile from Mackereth
et al. (2017) (DISC), given by:

V*(Te) X eXp(_hR(R - RO) - hz|ZD7 (4'4)

where R and z are the radial and vertical axes in a cylindrical coordinate system, respec-
tively, hr and h, are the radial and vertical scale lengths, and Ry is the Galactocentric
radius of the Sun. I believe that by testing a disc profile, I will be able to discern if the
N-rich star sample is better described by a disc density model, and thus if it has a high

contribution to the Galactic disc component. The second additional profile fitted is a
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broken power law (BPL). This density model resembles that of a single power law (see
Eq 4.3), however has a break radius denoting a change in the slope of the model, given

by a change in the value of a. The broken power law is given by:

~%n if R<R rea.
) x4 - -
r=%ut if R > Rpreak,

where qy, is the power law exponent inside the break radius (i.e. Rpreak), and agyt is the
exponent outside the break radius. By fitting a broken profile, I will be able to test the
hypothesis in which the N-rich star sample is governed by a break between an inner and
outer component, potentially linked to the different N-rich star ratios found in previous

studies for different spatial regions.

For all the models presented I adopted uninformative priors, as performed in Section
4.3.1. For the parameters of the exponential disc profile, I set a permitted scale length
range of [0,10] (kpc). For the permitted range of the break radius of the broken power
law, I permit values between [0,20] (kpc), a range of Galactocentric distances that is

relatively well covered by the data.

4.3.3 Identification of best-fitting density model

In this subsection, I describe the methodology employed to select the best fitting N-rich
star profile from the density models described in Section 4.3.2. I choose the Bayesian
Evidence ratio as the figure of merit to identify the best-fitting model. I assume that the
posterior distributions are nearly Gaussian, and that therefore the Bayesian Evidence
ratio can be approximated by the Bayesian Information Criterion (BIC; Schwarz, 1978),
defined as:

BIC = d(7)In(N,) — 2in(Lmax), (4.6)

where d(7) is the number of free parameters in the density model, N, is the number
of stars in the sample, and In(Lyax) is the logarithm of the maximum value of the
likelihood.

The best fitting model is that for which the BIC value is the lowest. The BIC statistic
penalises models with a large number of free parameters, such that for two models with
the same In(Lyax) value, the one fewer free parameters is preferred. The results from
this comparison are listed in Section 4.4.2, displayed in Table 5.1. For the fit of each
profile to the N-rich star data, I refer the reader to Appendix C.1.
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4.3.4 Mass estimation

I follow the work by Bovy et al. (2012) and Mackereth et al. (2019b), and estimate the
mass for the halo and N-rich samples. Although the methodology is fully described in
Mackereth et al. (2019b), I briefly explain the procedure for estimating the mass within
an APOGEE star sample for clarity. Upon finding a best-fitting model and its associated
uncertainty for a distribution of stars, the measurement of the mass can be computed

by employing the normalisation of the rate function:

AO|T) = (X, Y, Z|7) x |J(X,Y, Z;1,b, D)|
% p(H, [T — KJJo, [Fe/H)|X,Y, Z) x S(,b, H), (4.7)

where v, (X,Y, Z|7) is the stellar number density in rectangular coordinates, in units of
stars kpc=3. —J(X,Y,Z;l,b,D)— is the Jacobian of the transformation from rectangular
(X,Y,Z) to Galactic (1,b,D) coordinates, and p(H,[J — Ko, [Fe/H]| X, Y, Z) represents
the density of stars in magnitude, colour, and metallicity space given a spatial position
(X,Y,Z), in units of stars per arbitrary volume in magnitude, colour, and metallicity
space. S(l,b,H) is the survey selection function (see Bovy et al., 2016; Mackereth et al.,
2017, for details), which denotes the fraction of stars successfully observed in the survey’s

colour and magnitude range, and includes dust extinction effects.

I perform this mass-estimation procedure on both the total halo and N-rich star sam-
ples by calculating the number of stars seen by APOGEE for a given density model
normalised to unity at the Solar position, N(v,o = 1). That number is obtained by
integrating the rate function over the observable volume of the survey. This integral is

given by:

Nl = 1) = / dfield dD A(field, D) =
fields

D?(p)log (10)

3 vi([R, ¢, z](field, u|T)) x S(field, u), (4.8)

/ dfield dy

where the density and effective selection function (namely, S(field,u)) are calculated
along APOGEE sightlines on a grid linearly spaced in distance modulus p. Since the

true number of observed stars is given by:
Nobs = AN(ps0 =1), (4.9)

comparison of the expected number count for a normalised density model with the true

observed number of stars in the sample provides the proper amplitude, A, which is then
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equivalent to the true number density of RGB stars at the Sun, p. o, when considering

either the halo or N-rich star sample.

The number density in concentric triaxial ellipsoids can also be calculated as a function
of Galactocentric distance. Once a best-fitting model for a specific sample of APOGEE
stars is estimated, the number density can be computed on a grid of v.([R,¢,0]) over
a chosen volume. I can then compute this value as a function of Galactocentric radius
by integrating along the ¢ and 6 axis, which can later be converted into stellar-mass
density using stellar evolution models. In either case, the number counts in RGB stars
can be converted into the mass of the entire underlying population. To do so, I use
the PARSEC isochrones (Bressan et al., 2012; Marigo et al., 2017), weighted with a
Kroupa (2001) IMF. The average mass of RGB stars (Mgragp) observed in APOGEE is
then calculated by applying the same cuts in (J — K)o and log g to the isochrones. The
fraction of the stellar mass in giants, w, is given by the ratio between the IMF weighted
sum of isochrone points within the RGB cuts and those of the remaining population.
The conversion factor between RGB number counts and total stellar mass can then

simply be calculated using;:

(Mggg)([Fe/H])
w([Fe/H])

x([Fe/H]) = (4.10)

As explained in Mackereth et al. (2019b), the factor for each field and each selection in
[Fe/H] is computed by adjusting the limit in (J — K)o to reflect the minimum (J — K)o
of the bluest bin adopted in that field, and only considering isochrones that fall within
2.5 < [Fe/H] < —1. The edges in colour binning for each field are accounted for by
the integration over p[(J — Kj)o,H] for the effective selection function. Mackereth et al.
(2019b) used Hubble Space Telescope photometry to show that the factors determined
using their method are reliable against systematic uncertainty arising from the choice of

stellar evolution models.

Once the normalisation for the sample is obtained, I integrate the normalised density
models described by 400 samples from the posterior distributions of their parameters to
attain the total mass within a population, and the total mass as a function of Galacto-
centric radius for that same population. To avoid over-extrapolation from the fits to the
halo density, I only integrate for the mass within a 1.5 < r < 15 kpc range, for which

the data are well contained.
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4.4 Results

4.4.1 Fit to the halo sample

I perform the fitting procedure described in Section 5.3 to the APOGEE halo sample, to
ensure that the prescribed density provides a good fit to the data. Since it has recently
been shown that the APOGEE DR14 star sample between —2.5 < [Fe/H] < -1 is well
defined by a triaxial SPL density ellipsoid, which included a cut-off term and freedom
to rotate around its axis (Mackereth et al., 2019b), I choose to fit this profile to the
sample. This profile also included a parameter to account for the fraction of the disc in
the sample, described by an exponential disc profile. The resulting best-fitting profile,
obtained running 10,000 realisations of the model, follows a moderately steep power law,
yielding a value of o ~ 3.48 fg:g?, with a slight flattening along the Y axis (p = 0.76
fg:gi), and slightly more flattened along the Z axis, with ¢ = 0.46+0.01, which is in good
agreement with previous results (e.g., Deason et al., 2011; Xue et al., 2015; Iorio et al.,
2018; Mackereth et al., 2019b). I find the § cut-off parameter to be~0.01, indicating a
scale length which is well outside the range of the data, of the order of h,,~100 kpc,
and that the triaxial ellipsoid is consistent with a minor rotation around the Z axis, 6
= 3.6 + 0.5 degrees, and a slighly larger rotation along the X axis, ¢ = 14 fél degrees.
the results also show that the halo sample has low contamination from the disc, given
by the low fqisc = 0.08 fg:ég value. The samples from the posterior distribution of
parameters given by the data are illustrated in a corner plot in Fig. 4.5, which shows
that the posterior distributions are well behaved and converge towards a single value.
Alongside the samples, I show in the top right panel the observed distance modulus p
distribution as predicted by a triaxial disc cut-off profile (black) and a spherical power
law (blue) with an exponent that best fits the data (o ~ 3.2), compared to the real
APOGEE data. Given that the triaxial disc cut-off power law fits the data well, and
yields parameter estimates within agreement with values from previous studies, I choose

to use this model as the best fit density profile.

It is interesting to compare the best estimate of the halo enclosed mass and normalisation
with those by Mackereth et al. (2019b). Using the triaxial disc cut-off power law profile
and the APOGEE star counts, I obtain a halo normalisation p, o = 1.3 J_rgé x 107 Mg
pc—3, and a total stellar halo mass M, halo = 8.3 ﬂg x 108 Mg, by using Eq 4.8 and
integrating over the full observable volume (i.e. r~1.5-15 kpc). I find the total stellar
halo mass estimate to be larger by a factor of 1.5 than that obtained by Mackereth et al.
(2019b) for the same density profile using APOGEE DR14 data, and suggest it is likely
due to the different volumes employed to integrate the density (Mackereth et al. (2019Db)

integrated the halo volume within a Galactocentric distance ranging from 2 < r < 70
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FIGURE 4.5: Corner plot showing the posterior 10,000 samples of the parameters for
the adopted triaxial disc cut-off single power law (TRI-CUT-DISC) model when fit to
the full statistical likely halo sample (1409 stars) between —2.5 < [Fe/H] < —1. The
posterior distributions are well behaved, and converge to a median value. The best
fit profile has a mildly steep power law of a ~ 3.5, and is slightly flattened along its
Y and Z axes. The inset panel (top right) shows the distance modulus p distribution
predicted by the best fit model (black), and the best fit SPL (blue) of similar o ~ 3.2,
where the thickness of each line signifies the 1-0 spread. The grey histogram represents
the real APOGEE data, and shows that the TRI-CUT-DISC profile provides a better
quality fit.

kpc). Furthermore, within the uncertainties, I find the total halo mass estimate to be
in borderline agreement with the estimated 4-7 x 10® M® from the review by Bland-
Hawthorn & Gerhard (2016), and to be smaller than the~10° M® estimate presented
in the work of Deason et al. (2019), or the sum of individual MAPS in Mackereth et al.
(2019b).
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Density profile A BIC A In(Lpax)

SPL 34.3 19.3
AXI 0.0 0.0
TRI 2.2 0.5
TRI-CUT-DISC  10.0 2.6
BPL 60.9 17.6
DISC 9.1 12.0

TABLE 4.1: Summary of the results for a sample of density profiles used to fit the
N-rich star sample. The models tested are: a single power law (SPL), an axisymmetric
power law (AXI), a triaxial power law (TRI), a triaxial power law with a disc and cut-off
term (TRI-CUT-DISC), a broken power law (BPL), and an exponential disc (DISC).
For each model, I report the Bayesian Information Criterion (BIC) and maximum
logarithmic likelihood differences between the best fit model (bold) and the remaining
models, calculated by taking 10,000 MCMC samples and using the median posterior
parameter values.

4.4.2 Fitting the N-rich star sample

In this subsection, I describe the density modelling of the chemically defined N-rich stars.
I test six different density profiles ranging in the number of free parameters, and calculate
the In(Lyax) and BIC values in order to estimate the best fit density profile. The models
of choice are described in detail in Section 4.3.2, and are summarised as follows: a single
power law (SPL), an axisymmetric power law (AXI), a triaxial power law (TRI), the
triaxial disc cut-off profile used to fit the halo sample (TRI-CUT-DISC), a broken power
law (BPL), and an exponential disc profile (DISC). Employing the method described in
Section 4.3.3, I have obtained the BIC and In(L,ax) for the six models tested, which are
listed in Table 5.1. The fit of each profile to the N-rich star data is shown in Fig. C.1 in
Appendix C.1. T draw 10,000 samples from the posterior of each model, for which I take
the median value as the best fit parameters for each profile. I then compute the BIC
and In(Lmax). As is evident from the resulting BIC values from Table 5.1 (and from Fig.
C.1), the AXI profile is the best fitting profile. However, I find the N-rich star sample
can also be well fitted by the TRI-CUT-DISC and TRI profiles.

Once I obtain the best fitting profile, I perform the density fitting procedure described
in Section 5.3 on the N-rich star sample, and obtain a density profile that provides an
exquisite fit to the data. After running 10,000 MCMC iterations, I obtain a density
profile with a slope of o = 4.47f8:g§, which is much steeper than that of the halo profile.
Furthermore, I find the N-rich profile to have roughly the same flattening along the Z

axis as the halo profile (namely, ¢ = 0.47f8:82).

The resulting samples from the posterior distribution of parameters given by the data
are shown in the corner plot illustrated in Fig. 4.6, which shows that the posterior

distributions are well behaved and converge to a median value. In addition to the
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resulting MCMC samples, I show the distance modulus p distribution predicted by the
best fit model (orange) and a spherical power law (blue) with an exponent that best
fits the data (o >~ 3.9), compared to the real N-rich star APOGEE data. Using the
best profile and APOGEE N-rich star counts, I obtain an N-rich normalisation po N_rich
= 3.1 70% x 107 M® pc3. Given the reasonable fit to the N-rich star data by the
axisymmetric power law, I choose to use this profile as the best fitting N-rich density
profile. However, I point out that the TRI and TRI-CUT-DISC profiles also provide a
good quality fit to the N-rich star data, and yield a normalisation value that is consistent,
within the uncertainties, with the value obtained for the AXI profile. Moreover, I find
that when assessing the contribution of N-rich stars to the stellar halo field using either
the TRI or TRI-CUT-DISC profiles as the best fitting N-rich star model, I obtain the

same results as for the AXI profile, within the uncertainties.

The resulting density profiles for the halo (black) and N-rich star (orange) samples are
displayed as a function of spherical radius in Fig. 4.7. It is clear that, while the halo
density appears to decrease at a slower rate with increasing radius, the N-rich star sample
exhibits a much greater decrease at high radii, and a much higher density within r < 3

kpc, in comparison to the halo field population.

4.4.3 Contribution of dissolved/evaporated Globular Clusters to the
stellar halo of the Milky Way

Under the assumption that N-rich stars result from GC dissolution, it is interesting
to estimate the total stellar mass contained in dissolved GC stars, in order to assess
their total contribution to the total stellar-halo mass budget. Besides an estimate of
the contribution to the stellar-halo budget by stars that once belonged to GCs, another
output from the method is the spatial distribution of those stars. In this section, I
estimate the mass density contributed from the halo and N-rich samples respectively
as given by the best fitting density models as a function of distance from the Galactic
Centre. Then I estimate the ratio between the mass in N-rich stars and the total stellar-
halo mass. To determine the total mass contributed by field stars from GC origin to
the stellar halo, I assume the ratio of "first population” (FP) to ”second population”
(SP) stars in GC to be 2 SP stars for every 1 FP star, adopting the minimal scenario
proposed by Schiavon et al. (2017b). Although other FP-to-SP GC star ratios have been
proposed (e.g. Bastian & Lardo, 2015; Cabrera-Ziri et al., 2015), I chose to focus solely
on the "minimal scenario” as it has been shown by Schiavon et al. (2017b) that other
scenarios can be excluded due to the predicted total GC star number counts exceeding
the expected number of total halo stars. I then take the ratio of the disrupted GC

mass with halo mass, to assess the mass contribution of the former to the halo field as
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FIGURE 4.6: The same as in Fig. 4.5, however for the 46 N-rich stars displayed in Fig.

4.1 fitted by an axisymmetric single power law (AXI). As in Fig. 4.5, the posterior

distributions are well behaved. The best fit model displays a steeper exponent a =~

4.5 in comparison to the halo sample, but shows that it is similarly flattened along

the Z axis. As in Fig. 4.5, the inset panel displays the predicted distance modulus g

distribution predicted by the best fit profile (orange) and a best fit SPL with a ~ 3.9
(blue), compared to the N-rich star data.

a function of Galactocentric distance. Performing this exercise will not only lead to a
deeper understanding of the origin of disrupted GC stars (and in consequence N-rich
stars), but it will also provide a more clear understanding of the mass contribution from

GC destruction to the total stellar halo mass budget.

I determine the mass in spherical annuli for both N-rich and halo stars, which in turn
enables us to determine the mass from each sample as a function of spherical radius,
as well as the ratio between the samples. As mentioned above, to estimate the mass
contribution by stars that once belonged to GCs, I need to account for the contribution
by former GC stars whose abundance patterns do not differ from that of the field popu-

lation at same metallicity, which can be accounted for by assuming the FP-SP GC star
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FIGURE 4.7: Integrated density as a function of spherical radius for the best fitting

density profiles of the halo (black) and the N-rich (orange) star samples. The shaded

regions mark the 16" and 84" percentile uncertainties. The dashed line indicates the

region where, due to low sample numbers, the density is not strongly constrained. Both

the halo and N-rich density profile follow a similar pattern within the outer r 2 3 kpc
region, however the N-rich density decreases more steeply.

ratio predicted from the minimal scenario.

Upon determining the density of both N-rich and halo stars as a function of Galacto-
centric distance, I focus the attention on estimating the ratio between N-rich stars and
the total stellar halo. The results from this ratio estimation are shown as the black solid
line in Fig. 4.8, where the N-rich to halo ratio, hereafter denoted as (, is given as a
percentage. The shaded grey regions signify the 16! and 84" percentiles. In a similar
fashion to Fig. 4.7, I choose to compute ( between a 1.5 < r < 15 kpc range, for which
is covered relatively well by the data. the results show that ( increases rapidly with
decreasing radius, growing from a value of { = 2.7'_%@% at r = 10 kpc to a value of ¢
= 16.8f%9do% at r = 1.5 kpc. Moreover, around the solar neighbourhood (i.e., r = 8
kpc), I find the ratio to be ¢ = 3.3f}:(1)%. Therefore, the estimates reveal approximately
an eight-fold increase of the N-rich star to halo contribution in the inner Galactocentric

regions, in agreement with previous findings (Schiavon et al., 2017b).

Under the assumption of the minimal scenario presented in Schiavon et al. (2017b),
whereby the ratio of FP to SP is 1-to-2, I estimate the ratio of dissolved GC stars
to halo field stars to be Cior = 27.57173% at r = 1.5 kpc. Along the same lines, T
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obtain an estimate of (i = 4.2ﬂ:g% at r = 10 kpc. the results show that when

accounting for selection effects in the observational data, the contribution of stars arising
from GC dissolution and/or evaporation to the total stellar halo field is greater by a
factor of~7-9 in the inner few kiloparsecs when compared to the outer regions of the
Galaxy. Furthermore, I report that when repeating the methodology employing another
well fitting density profile for the N-rich stars (in this case the TRI and TRI-CUT-
DISC models), I find that, within the uncertainties, the results remain unchanged, thus

validating both the estimates and procedure.

Now that I have shown the mass fraction contribution of stars arising from GC disruption
to the halo field of the Galaxy as a function Galactocentric distance, I can compute an
estimation of the mass contributed from GC escapees to any given volume or spherical
shell. T chose to estimate the mass contributed by stars arising from GC destruction,
under the minimal scenario assumption, within a volume spanning a radius between
1.5 and 3 kpc from the Galacic centre. For this shell volume, I obtain a total mass
from stars arising from GC dissolution of Mqc inner = 5.61'%2 x 107 Mo. Similarly, 1
compute the total mass of stars arising from GC disruption within a shell of~13.5 kpc
in radius (from 1.5 kpc to 15 kpc), and find a mass estimate of Mac total = 9.61“21:8 x 107
M®. Thus, the results show that disrupted GC stars contribute a significant amount of
mass to the stellar halo of the Galaxy. This notable mass contribution is observed at all

Galactocentric scales, however is more dominant at smaller radii, as shown in Fig. 4.8.

4.5 Discussion

The results obtained in Fig. 4.8 suggest that the fraction of N-rich star mass as a
function of halo field mass is much greater in the inner regions of the Galaxy when
compared to the outer regions. In agreement with observational estimates (Martell &
Grebel, 2010; Carollo et al., 2013; Martell et al., 2016; Schiavon et al., 2017b; Ferndndez-
Trincado et al., 2019; Koch et al., 2019; Lee et al., 2019), and theoretical predictions
(Tremaine et al., 1975; Gnedin et al., 2014; Reina-Campos et al., 2019; Hughes et al.,
2020), I hypothesise that N-rich stars result from the destruction of pre-existing GCs.
Assuming this hypothesis is correct, the findings may have important repercussions for
the current understanding of the formation and evolution of the Galactic GC system, the
presence of multiple stellar populations in GCs, possibly the formation and evolution
of the Milky Way bulge, and even the mass assembly history of the Galaxy. In the
following subsections, I discuss and compare the results from the stellar halo density

modelling and mass estimation to previous work.
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FIGURE 4.8: Mass density percentage ratio of N-rich stars and halo field stars as a
function of spherical radius. The black solid line signifies the median value, while
the shaded regions show the 16" and 84'" percentile uncertainties. The dashed line
indicates the Galactocentric distance range where the density is not well constrained
due to low numbers of N-rich stars. The mass density percentage ratio drops from ¢ =
16.871%%% at r = 1.5 kpc to a value of ¢ = 2.770:8% at r = 10 kpc. Under the minimal
scenario assumption, one can multiply ¢ by 1.5, and subtract the FP stars from the
halo field, to obtain the total contribution from disrupted GC stars to the stellar halo.

4.5.1 Comparison with previous halo density work

In this section, I perform a detailed comparison of the findings with those from previous
works. The contrasting method employed in this work allows for an interesting compar-
ison, one that will help shed light into the nature of the density of the stellar halo of the
Galaxy.

The majority of early work focused on modelling the density of the Galactic stellar
halo employed different stellar types as tracers of the halo population, including either
Main Sequence Turn Off (MSTO) stars (Morrison et al., 2000; Juri¢ et al., 2008) or
Blue Horizontal branch (BHB) stars (Yanny et al., 2000), for which the photometry is

relatively easily calibrated to provide accurate distances °. By fitting single power-law

SListed in this subsection are only a few of the more recent examples of an extensive list of studies
focused on estimating the density of the stellar halo. For a more comprehensive account of previous
work see Helmi (2008).
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models of the form:
pre) =re ", (4.11)

these groups found an exponent of a~3 and find a flattening requirement (given by
Eq 4.2 when equating p = 1) to fit star counts well. A pivotal work by Deason et al.
(2011) showed that BHB stars in SDSS could be best fit by introducing a break radius
at r,~27 kpc in their exponential profile, thus fitting a broken exponential, for which
the inner slope is shallow a;jp~2.3, and the outer slope is steep, aout~4.6. Along those
lines, Whitten et al. (2019) used a BHB sample from a cross-match of Pan-STARRS and
GALEX data, and studied their relative age-distribution across the Galactic halo. The
results from this work showed that the BHB relative age-distribution of the Milky Way is
also best modelled by a broken profile, finding an older population within the (Rgc~14
kpc) break radius. Another crucial study by Xue et al. (2015) used SDSS-SEGUE
giants to show that such a profile can be accommodated with a single power law of steep
exponent a~4.2, with flattening parameter ¢ varying as a function of Galactocentric
distance between ¢~0.5 and 0.8. Later, Iorio et al. (2018) found that a similar profile
provided a good fit to a sample of RR Lyrae stars within a Galactocentric distance
of~30 kpc, such that a~2.96 with 0.57 < ¢ < 0.75. A recent study found that the
APOGEE DR14 giant data were best fit by a similar single power-law profile, however
with the inclusion of a disc and cut-off term (Mackereth et al., 2019b), such as the model
employed to fit the halo sample in this study. The power law slope obtained for this
model was found to be steep a~3.5, presenting a flattened triaxial ellipsoid, p~0.73 and

g~0.56, slightly rotated in the Z and Y axes.

The behaviour resulting from the fit to the APOGEE data is similar to work from the
literature. Fitting a likely halo sample of stars with metallicities between 2.5 < [Fe/H]
< -1, I find the data are well matched by a triaxial profile with a moderately steep
exponent a~3.5, flattened with p~0.8 and ¢~0.5. I also find the triaxial ellipsoid to be
minorly rotated to the Z and Y axes, by 0~3-4 degrees and ¢~14 degrees, respectively.
Finally, since the data is all contained within a ~20 kpc radius, the issue of flattening
beyond the break radius found in other studies is irrelevant to this work. Thus, I can
conclude that the resulting profile and its associated parameters values are consistent

with the results found in previous studies.

4.5.2 The contribution of GCs to the stellar halo of the Galaxy

4.5.2.1 Mass ratio of stars arising from GC dissolution and/or evaporation

Employing the method described in Section 5.3, I have assessed the fraction of the halo

stellar mass contributed by N-rich stars as a function of Galactocentric distance between
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1.5 < r < 15 kpc. I have shown that N-rich stars contribute a { = 16.81“%900% to the
halo field at~1.5 kpc from the Galactic Centre (see Fig. 4.8), resulting in a much larger
contribution when compared to the outer regions of the Galaxy (i.e. r~10 kpc) for which
I find a ratio of ( = 2.7:1):(;%. Under the assumption of the minimal scenario proposed
by Schiavon et al. (2017b), whereby the ratio of FP-to-SP GC star is assumed to be
2 SP stars for every 1 FP star, I estimate the total contribution from disrupted star
clusters~1.5 kpc from the Galactic Centre to be (ot = 27.5ﬂ?:§%. Along those lines, 1
estimate the contribution from GC dissolved stars to the stellar halo at r = 10 kpc to be
Crot = 4.22:3%. Within the uncertainties, the estimate for the contribution by stars that
once belonged to GCs to the stellar halo mass budget at Galactocentric distances of r =
10 kpc is in agreement with the low bound of the 2-5% estimate from the literature for the
halo of the Galaxy (Martell et al., 2016; Koch et al., 2019; Reina-Campos et al., 2019).
Similarly, the estimate for the contribution at r = 1.5 kpc from the Galactic Centre is
in agreement with the 19-24% estimate from Schiavon et al. (2017b), but is only partly
in agreement with the theoretical predictions from Hughes et al. (2020). Specifically,
within the uncertainties, the estimate falls in the upper range of the predictions provided
by the E-MOSAICS suite of simulations, which predict a contribution ranging between
0.3 and 14% for Milky Way analogs, depending on a galaxy’s accretion history.

Interestingly, the largest fractional contribution to the stellar mass budget by disrupted
globular clusters is attained in the simulations by Hughes et al. (2020) by galaxies that
underwent a phase of intense accretion in their early lives. Mackereth et al. (2018),
analysing EAGLE simulations (Schaye et al., 2015; Crain et al., 2015) established a link
between those types of accretion histories with the (rare) presence of an a bimodality in
the simulated galaxies’ disk populations. According to Hughes et al. (2020), the physical
basis for this connection is the high gas pressure brought about by intense accretion
which, on one hand lowers the gas consumption timescale leading up to formation of an
a-enhanced population, and on the other hand creates an environment that is hostile to

globular cluster survival.

In this context, it is important to notice that (Kisku et al., 2021) studied the abundance
patterns of N-rich stars in the inner Galaxy, suggesting that roughly 1/2 of the N-rich
stars with [Fe/H] < -1 were actually accreted, and were likely associated with Heracles

identified by Horta et al. (2021a).

4.5.2.2 Mass in dissolved GCs

As mentioned in Section 4.4.3, the methodology enables us to determine the mass for

both the stellar halo and for N-rich stars within a sphere of any given radius. Under
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the minimal scenario assumption (see Section 4.4.3), I estimate a total stellar mass
arising from GC remnants, within a shell ranging from 1.5 — 15 kpc in radius around the
Galactic Centre, to be Mgc total = 9.6f§‘:8 x 10" M®. the estimates confirm theoretical
predictions by different groups (~107 - 10® M®, Tremaine et al., 1975; Gnedin et al.,
2014). Furthermore, I find that the estimated mass from stars arising from GC disruption
and/or evaporation to be approximately~3-4 times greater than the total mass in all
existing Galactic GCs (~2.8 x 107 M®, Kruijssen & Portegies Zwart, 2009). This result
would imply that the Galactic GC system was initially four to five times larger, where
approximately only one fourth/fifth survived, resulting in the~150 GCs observed today.
However, due to the metallicity cuts employed in this study, the estimated mass is
biased low, since it does not include the mass from stars arising from disruption and/or
evaporation of GCs with [Fe/H] > —1. Moreover, the estimate only accounts for GCs that
were massive enough to develop multiple populations (MP). It is likely that GCs were
formed with masses below that threshold that nevertheless were destroyed, contributing
only FP stars to the field population. Those of course are not accounted for by the
chemical tagging, so that the estimated contribution of GCs to the stellar mass budget

of halo field populations should be taken as a lower limit.

By the same token, since the results show that there is a much higher contribution of
dissolved GC stars in the inner galaxy, I estimated the total stellar mass arising from
GC disruption, within a hollow sphere of 1.5 - 3 kpc in radius around the Galactic
Centre, to be Mac inner = 5.61%2 x 10" M@®. I find the estimate to be greater than the
predicted~107 M® from Gnedin et al. (2014). Similarly, within the uncertainties, I find
the result to be slightly smaller than the estimate given in Schiavon et al. (2017b), who
found that the mass in destroyed GCs within 2 kpc to be a factor of 6-8 higher than the
mass of existing GCs. The difference is due to three factors: (1) the different volumes
included in the calculation; (2) the different models for the inner halo adopted, and (3)

the different metallicity ranges considered.

4.5.3 Supporting evidence for the GC origin of N-rich stars

Despite the growing evidence for the GC origin of N-rich stars, there have been many
alternate scenarios proposed for the formation of such population. Such alternative for-
mation channels range from the notion that N-rich stars are the oldest stellar population
in the Galaxy which formed in high density environments (Bekki, 2019), to the idea that
N-rich stars were formed in the same molecular clouds that GCs were formed in, however

were never gravitationally bound to them. In this subsection, I discuss the results from
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previous studies which have shown, using measurements other than chemical compo-
sitions, that N-rich stars are likely formed from the dissolution and/or evaporation of

GCs.

The availability of the 6D phase space information provided by the Gaia survey has
made possible the estimation of the integrals of motion (hereafter IoM) of stars in the
Milky Way. Such properties are adiabatic invariants, and thus retain some information
about the origin of their parent population. A recent study by Savino & Posti (2019)
determined the IoM for a sample of 65 CN-strong stars, from the work by Martell &
Grebel (2010), as well as for the Galactic GC system. In their study, a direct comparison
of the IoM values, as well as the metallicity values, was performed for every N-rich-GC
pair, associating a likelihood of these being from the same distribution. The results
from that study showed that a considerable fraction of CN-strong stars display the same
ToM values as existing GCs, thus supporting the notion that N-rich stars arise from GC

dissolution and/or evaporation.

A similar chemo-dynamical analysis of halo stars and Galactic GCs was performed by
Hanke et al. (2020). In that study, three separate methodologies were employed to
attempt to link halo stars to existing GCs. These ranged from statistically linking halo
stars positioned nearby existing Galactic GCs, to linking CN-strong stars (i.e. N-rich
stars) kinematically to existing GCs, to attempting to find halo stars which displayed
similar kinematics to those CN-strong stars. The authors showed that over 60% of
their N-rich star population presented IoM which could be statistically linked to known
GCs, and that around~150 halo stars could be associated with a GC origin. Separately,
a study by Tang et al. (2020) performed a comparison between the IoM of~100 CN-
strong (metal poor) stars from the LAMOST DR5 data set with metal poor halo stars.
The authors from this study concluded that the CN-strong stars do not present similar
kinematics to the halo field population, but resembled that of the inner halo where there
is a high density of GCs with similar chemical compositions. Based on their kinematic
results, the authors supported a GC origin for the CN-strong stars. In a final remark, I
find the findings of Tang et al. (2020) to be in agreement with the results from Carollo
et al. (2013). Using an independent sample CN-strong stars, these authors found that
these follow the velocity distribution of the ”inner halo population” (IHP, as defined in

their work).

The kinematic results from the aforementioned work, when coupled with the results
from chemical composition studies (e.g., Martell & Grebel, 2010; Martell et al., 2016;
Schiavon et al., 2017b; Koch et al., 2019; Lee et al., 2019), support the hypothesis that

N-rich stars arise from the disruption and/or evaporation of GCs.
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4.6 Summary and Conclusions

In this Chapter, I report a study of the spatial variation of the density of N-rich and
normal halo field stars. In this way I assessed the contribution of N-rich stars, and by
inference that of dissolved GCs, to the stellar mass budget of the Galactic halo, as well
as its variation as a function of Galactocentric distance. A summary of the results is

listed as follows:

e I identified in a parent sample of 1455 halo stars with —2.5 < [Fe/H| < —1, using
a Gaussian Mixture Model, 46 N-rich stars that are distributed throughout the
Galaxy (see Fig. 4.1 and Fig. 4.4), and are not bound to existing GCs. The N-rich
stars present a N-C abundance anti-correlation and an N-Al abundance correlation
(see Fig. 4.3 and Fig. 4.2, respectively), and are likely second population stars
that once were bound to a GC (which may or may not still exist) and now reside
in the halo field of the Galaxy.

e I show that once the survey selection effects are accounted for (see Appendix A
in Mackereth et al., 2019a for details), the halo APOGEE data between —2.5 <
[Fe/H] < —1 are well fit by a triaxial single power law with exponent a~3.5, and
flattening parameters p ~0.8, ¢ ~0.5, with major axis only slightly misaligned with

the axis connecting the Sun and the Galactic centre.

e Similarly, I show that the APOGEE N-rich star data between —2.5 < [Fe/H] <
—1 are well fit by an axisymmetric profile, defined by a single power law of slope
a~4.5. The best fitting model is flattened along the Z axis, with a flattening value
similar to that of the halo sample ¢~0.5 (see Fig. 4.6).

e [ find a contribution of N-rich stars to the stellar halo of { = 16.8f%%0% atr=1.5
kpc. However, this ratio drops by a factor of ~6 at large Galactocentric distances

(r = 10 kpc), where I estimate a contribution of ¢ = 2.7753%.

e Assuming that the ratio of first population-to-second population stars in GCs is
1-to-2, I find that stars arising from GC disruption contribute (o = 27.57173%
to the mass of the stellar halo at~1.5 kpc from the Galactic Centre. Conversely,
the contribution of GC escapees at larger Galactocentric distances (i.e. r = 10
kpc) is lower, namely (ot = 4.2ﬂ:g%. Such estimates are in agreement (within
the uncertainties) with previous estimates from the literature for the inner Galaxy
(e.g., Schiavon et al., 2017b) and the outer Galactic halo (e.g., Martell et al., 2016;
Koch et al., 2019).
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o | integrate the total stellar mass between —2.5 < [Fe/H] < -1 and 1.5 < r < 15 kpc

using Eq 4.8 and the best-fitting halo profile, and estimate the mass of the stellar
halo to be M, palo = 8.3 f}g x 10 8 M®.

e I integrate the total stellar mass between —2.5 < [Fe/H] < -1 and 1.5 < r < 15
kpc using Eq 4.8 and the best-fitting N-rich model, and estimate the mass from
N-rich stars to be My N_rich = 6.4 J_r%? x 10 " Mo.

e Using the same technique, and under the assumption of a 1:2 first:second popula-
tion GC ratio, I estimate the total stellar mass between -2.5 < [Fe/H] < -1 and
1.5 < r < 15 kpc arising from GC dissolution and/or evaporation to be Mqgc total
=9.6 f%:g x 10" M®. For a spherical volume ranging from 1.5-3 kpc, I obtain an
estimated mass of Mqc inner = 5.6'_%2 x 10" M®. This total dissolved /evaporated
GC mass is approximately 3-4 times greater than the total mass in all existing
Galactic GCs (namely, ~2.8x10” M® Kruijssen & Portegies Zwart, 2009).

e [ speculate that the increased contribution of GC dissolution towards the inner
regions of the Galaxy may be associated with enhanced merger activity in the
early life of the Milky Way. Some of these merging systems (e.g., Heracles Horta
et al., 2021a) may have brought with them a population of extragalactic N-rich
stars (Kisku et al., 2021). In addition, the enhanced merging activity in the early
life of the Milky Way may also have given rise to conditions that led to efficient in
situ formation and destruction of GCs, leaving behind a large population of N-rich

stars in the inner Galaxy field.

In this Chapter, I have mapped the spatial distribution of N-rich stars in the Galactic
halo, determining their contribution to the stellar mass budget as a function of Galac-

tocentric distance.

The results presented in this chapter constrain the mass contribution from GC disruption
and/or evaporation to the total mass of the stellar halo, but also provide insights into
the mass assembly history of the Milky Way. In the future, the order of magnitude
increase in halo samples afforded by upcoming surveys such as WEAVE (Dalton et al.,
2014) and 4MOST (de Jong et al., 2019) will place key constraints on the understanding
of the mass assembly of the Milky Way halo, and the role played by GCs in this process.



Chapter 5

On the chemical properties of
globular clusters in the Milky
Way

5.1 Introduction

Globular clusters (GC) retain pivotal clues that help reconstruct the mass assembly
history of galaxies like the Milky Way (see Chapter 1 and Chapter 4 for further details).
However, the nature and origin of GCs in the Galaxy is another important and interesting
astrophysical question that still remains unanswered. For decades, this has been the
focus of various studies (e.g., Searle & Zinn, 1978; Fall & Rees, 1985; Ashman & Zepf,
1992; Brodie & Strader, 2006), aiming at using age, chemical composition, and phase-
space information in order to, on one hand, understand the origin of the Galactic GC
system, and on the other constrain the early history of mass assembly of the Milky Way.
Key to that enterprise is to discern which of the Galactic GCs were formed in situ and
which were accreted. In the last decade, the availability of precise ages (Marin-Franch
et al., 2009; VandenBerg et al., 2013) has led to the discovery of the bifurcation in the age-
metallicity relation of Galactic GCs (Marin-Franch et al., 2009; Forbes & Bridges, 2010;
Leaman et al., 2013), which, combined with results from high-resolution hydrodynamical
cosmological simulations of Milky Way analogues, has further constrained the origin the
Galactic GC system (Kruijssen et al., 2019b; Myeong et al., 2019). Furthermore, the
advent of the Gaia survey (Gaia Collaboration, 2018), and the resulting precise 6D phase-
space information have made possible a much better characterization of the properties

of the Galactic GC system.
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Along those lines, a recent study by Massari et al. (2019) presented a new classification
of the Galactic GC system in terms of the kinematic properties of its members. By
studying their distribution in integral of motions (hereafter, IOM) space, Massari et al.
(2019) established an association of each GC to one of the following main groups: Main
Disk (MD), Main Bulge (MB), Gaia Enceladus (GE), Sagittarius (Sag), Helmi Streams
(H99), Sequoia (Seq), Low Energy (LE) and High Energy (HE).

The 16th data release of the Sloan Digital Sky Survey (DR16: Ahumada et al., 2019a)
includes data for over 450k stars from the APOGEE survey (Majewski et al., 2017), plac-
ing us in an advantageous position to obtain detailed chemical-abundance information
for stars that are members of a significant fraction of the total Galactic GC population
(Mészaros et al., 2015; Schiavon et al., 2017b; Mészaros et al., 2018; Masseron et al.,
2019; Nataf et al., 2019). Such data will substantially further the understanding of the
origin of the Galactic GC system, and in the process will help constrain the assembly
history of the Milky Way. In this paper, I present an examination of the chemical prop-
erties of the GC groups identified by Massari et al. (2019). the goal is to check whether
subgroups that are defined purely on the basis of orbital properties can also be distin-
guished in terms of their chemical properties. In the process it is also possible to verify
whether the chemical compositions are consistent with the star formation and chemi-
cal enrichment histories expected from the systems they are associated with. In this
chapter, I present results aimed at disentangling the origin of the Galactic GC system
via a careful examination of their chemical abundance compositions, using a GC cata-
logue determined using the sixteenth data release of the APOGEE survey (Section 5.2).
In detail, in Section 5.3 I describe the sample used and the criteria adopted to define
GC membership; in Section 5.4 I present the results obtained from the examination of
the chemical properties of the kinematically defined GC groups; and in Section 5.5 1

summarise the findings of this chapter and present the main results and conclusions.

5.2 Data

I use data from the sixteenth data release of SDSS-IV (Ahumada et al., 2019a), which
contains refined elemental abundances (Jénsson et al., 2020) from the APOGEE-2 sur-
vey (Majewski et al., 2017), which is one of four SDSS-IV (Blanton et al., 2017) exper-
iments. APOGEE-2 is a near-infrared high-signal-to-noise ratio (S/N > 100 pixel™!),
high-resolution (R ~22,500) spectroscopic survey of over 450,000 Milky Way stars in the
near-infrared H Band (1.5-1.7 pym). Observations were based on two twin NIR spectro-
graphs (Wilson et al., 2019) attached to the 2.5 m telescopes at Apache Point (Gunn

et al., 2006), and Las Campanas Observatories. Targets were selected in general from
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the 2MASS point-source catalogue, employing a dereddened (J— K's) > 0.3 colour cut in
up to three apparent H magnitude bins. Reddening corrections were determined using
the Rayleigh-Jeans Colour Excess method (RJCE; Majewski et al., 2011), based on NIR
photometry from the 2MASS point source catalogue (Skrutskie et al., 2006), and mid-
IR data from the Spitzer-IRAC GLIMPSE-L-II, and -3D (Churchwell et al., 2009) when
available from WISE (Wright et al., 2010). A more in-depth description of the APOGEE
survey, target selection, raw data, data reduction and spectral analysis pipelines can be
found in Majewski et al. (2017), Holtzman et al. (2015), Nidever et al. (2015),Garcia
Pérez et al. (2016), Jonsson et al. (2018), Zasowski et al. (2017), respectively. All the
APOGEE data products used in this paper are those output by the standard data re-
duction and analysis pipeline. The data are first processed (Nidever et al. (2015) &
Jonsson et al, in prep.) before being fed into the APOGEE Stellar Parameters and
chemical-abundances Pipeline (ASPCAP; Garcia Pérez et al., 2016, Jonsson et al in
prep). ASPCAP makes use of a specifically computed spectral library (Zamora et al.,
2015; Holtzman et al., 2018, and Jonsson et al, in prep), calculated using a customised
H-band line-list (Shetrone et al., 2015, Cunha et al., in prep.), from which the outputs
are analysed, calibrated, and tabulated (Holtzman et al., 2018).

5.3 Globular cluster sample and membership

5.3.1 Main sample

In this subsection, I describe the method employed for determining the GC sample in
APOGEE DR16. I build on previous work that has derived a GC sample in earlier
data releases of APOGEE ( Mészéros et al., 2015; Schiavon et al., 2017b; Nataf et al.,
2019) and use the GC catalogues from Harris (1996), Baumgardt & Hilker (2018) and
Baumgardt et al. (2019) in order to establish GC membership of stars in the DR16
sample. The methodology employed for identifying GC members is two-fold: the first
step comprises the determination of an initial sample based on the values from the
aforementioned catalogues. For this, I make use of data on GC positions (Galactic
latitude and longitude), radial velocities, the radial velocity dispersions, tidal radii and

mean metallicity values.

I use these values, and the values provided by APOGEE DR16 catalogue, to associate

any star to be a member of a GC if:

i) | [Fe/H]. — ([Fe/H]ac) | < 0.5
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i1) ’ v — (rvge) ‘ < 20ac

Z”) dproj < 27"111'7"

where [Fe/H] is the iron abundance, rv, is the stellar heliocentric radial velocity, ogc is
the cluster’s radial velocity dispersion, d,,; is the projected distance between the star
and the GC centre, and r,;, is the cluster’s tidal radius. For GCs which are known to
present a spead in metallicity (namely, NGC 6715, Terzan 5 and w Cen), criterion i) was
ommitted. The GC iron abundances and centre coordinates were extracted from the 2010
edition of the Harris catalogue (Harris, 1996), whereas the GC radial velocities, velocity
dispersions, and tidal radii were obtained from the latest versions of the Baumgardt &
Hilker catalogue!,? (Baumgardt & Hilker 2018; Baumgardt et al. 2019). The stellar data
come from APOGEE.

The first step of the procedure consisted of the application of criteria (i) to (iii) above,
which yielded a preliminary sample of ~3,650 stars. Having obtained this prelimi-
nary sample, the second step involved examining the metallicity distribution functions
(MDFs) of the candidates selected in the first pass, which adopted a very broad [Fe/H]
search interval. If the MDF peaked at a value within 0.3 dex from the Harris catalogue
value, and the distribution did not present tails of more than 0.3 dex away from the
mean [Fe/H] value, all candidates were deemed GC members. For those cases in which
the MDF peaked within 0.3 dex of the Harris catalogue value, but presented a broader,
less peaked, distribution, the sample was further cleaned through o-clipping, as follows.
I computed the mean and standard deviation of the [Fe/H] values, and then conducted
the o-clipping procedure by removing any member candidates that presented [Fe/H]
abundances 1 ¢ away from the mean. However, for most GCs the resulting clipped
MDF still presented tails in the distribution, so I had to perform a second o clipping,
removing stars that deviated from the mean [Fe/H] value by more than 2 times the
newly computed o value. Figure 5.1 illustrates the o-clipping method employed and
how successfully it works in defining GC candidate members from our initial sample,
removing any false positives. For a full visualization of all the MDF cuts performed on
the 43 GCs in the final main GC sample and the resulting radial velocity distribution,
see Appendix D.1. I found that, by conducting this methodology, I was able to minimise
false positives and obtain a reliable sample of GC members in APOGEE DR16. For 11
GCs from the original sample, fewer than 3 star members could be identified, so these

GCs were removed from consideration.

"http://physwww.mcmaster.ca/~harris/mwgc.dat
*https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
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F1GURE 5.1: Example of the o-clipping method employed to determine GC candidate

members from the initial sample. The mean metallicity value from the Harris catalogue

for NGC 6121 is [Fe/H] = —1.16, which lies very close to the peak of the distribution of
our sample.

The final sample contained 3,090 stars, associated with 46 GCs. Our selection procedure
is quite conservative and likely excludes GC members. However, sample purity is more
important for the goals than completeness. The mean elemental abundances, rv values,
and associated standard deviations for the member stars for each GC are listed in Table
5.1. For GCs with large [Fe/H] spreads (namely, w Cen, NGC 6715 and Terzan 5), mean
abundances are not entirely meaningful. Moreover, in such cases the mean abundance
ratios do not necessarily reflect those of the environments the GCs were born. Therefore,
I removed these clusters from consideration. With this additional cut, the final working

sample contains 1728 stars associated with 43 GCs.

Recently, Mészéros et al. (2020) performed a careful GC membership analysis, obtaining
a sample that is very similar to ours. They proceeded to study star-to-star internal
abundance variations in GCs, with data based on the BACCHUS (Masseron et al.,
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2016) abundance pipeline. I have repeated our entire analysis adopting both (Mészaros
et al., 2020) member sample and abundances and obtained the same results as presented

in this paper.

5.3.2 Globular cluster groups

In this subsection I briefly discuss how the GCs in the sample are distributed across the
kinematic groups defined by Massari et al. (2019) (see Fig 5.2). From the main sample
of 43 GCs, I find that 9 can be associated to the MD group, 10 to the MB, 9 to the GE
dwarf spheroidal, 5 to the H99, 6 to the LE group and 1 to the Seq dwarf spheroidal.
An additional 5 GCs from the sample could not be unambigously associated to a single
group by Massari et al. (2019). The GC NGC 3201 could be associated to either of the
GE or Seq group, NGC 5904 could belong to either GE or H99, and Liller 1 is listed as
unclassified. Similarly, NGC 6388 is originally classified as a MB GC by (Massari et al.,
2019). However, recent work has shown that NGC 6388 can be associated to the Sequoia
accretion event based on its eccentric-retrograde orbit (Myeong et al., 2019). For this
work, I initially follow the Massari et al. (2019) classification and include NGC 6388 in
the MB subgroup, and study its chemical-abundances in order to discern if this GC is
from in situ or accreted origin. Along the same lines, since it has recently been shown
that NGC 3201 could be associated kinematically to the Sequoia dwarf remnant (Myeong
et al., 2019), I choose to include these GCs in the Seq group. The remaining two GCs for
which Massari et al. (2019) do not find a clear subgroup association (namely, NGC 5904
and Liller 1) are initially marked as unclassified and are discussed in Section 5.4.3. For
the final list of the GCs obtained in the main sample and the kinematic group association
see Table 5.3.

5.3.3 Elemental abundances and orbital parameters

In this paper, I report an examination of the APOGEE DR16 chemical-compositions
for GCs from various subgroups. Specifically, I focus on studying trends in a-element
abundances as a function of [Fe/H] to gain insights into the nature of the subgroups.
Our goal is to examine how the kinematic classification by Massari et al. (2019) maps
into chemical composition space. In so doing I expect to constrain the nature of the
progenitors of the various sub-systems making up the Galactic halo, given the relation
between chemical compositions stellar populations and their histories of star formation
and chemical enrichment. This also makes possible a more clear distinction between

GCs formed in situ from those belonging to accreted systems
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Name

<[Fe/H]>

<[Si/Fe]>

<Vlos>
(km/s)

Name

<[Fe/H]>

<[Si/Fe]>

<Vips>

(km/s)

NGC104

0.72+0.04

0.23£0.04

18.8+7.3

NGC 6397

2.02+0.04

0.3£0.06

19.5+2.8

NGC288

1.26£0.04

0.2940.03

44.5£2.2

NGC 6441

0.39£0.12

0.13+0.13

10.8+15.3

NGC 362

1.09£0.04

0.13£0.04

223.6+5.3

NGC 6522

1.04+£0.06

0.2240.10

12.8+£7.6

NGC 1851

1.07£0.04

0.14+£0.05

320.7£5.9

NGC 6539

0.39+0.09

0.2+0.07

33.8+4.4

NGC 1904

1.5+0.07

0.15£0.04

207.4+2.6

NGC 6540

1.01+0.03

0.21£0.04

14.4£1.1

NGC 2808

1.04+0.06

0.15£0.06

103.4+£8.4

NGC 6544

1.44+0.05

0.22+0.04

38.6+4.6

NGC 3201

1.35+0.05

0.16+0.04

495.4+£3.3

NGC 6553

0.16%0.1

0.0940.07

0.2£9.5

NGC4590

2.244+0.07

0.33£0.05

94.04+3.2

NGC 6656

1.69+0.05

0.29£0.11

146.6+5.6

NGC 5024

1.9240.04

0.25%0.08

60.8+£3.4

NGC6715

NGC 5053

2.15+0.15

0.38+0.09

42.9+1.3

NGC6723

1.0+0.06

0.25£0.03

93.5£3.4

w Cen

NGC 6752

1.4740.03

0.25+0.05

26.3+4.7

NGC 5272

1.4+0.06

0.17£0.07

146.2+4.1

NGC 6760

0.71+£0.1

0.19£0.05

-1.5+5.8

NGC 5466

1.78+0.06

0.19+0.12

108.1+1.0

NGC 6809

1.75+0.04

0.23£0.05

176.1+£3.6

NGC 5904

1.19+0.05

0.18+0.05

03.8+4.9

NGC 6838

0.73+0.04

0.22+0.03

22.7£2.1

NGC6121

1.04£0.03

0.34+£0.04

70.9+3.4

NGCT7078

2.2840.05

0.31+0.07

104.3+£5.2

NGC6171

0.97+0.06

0.3240.08

33.8+£3.1

NGC 7089

1.4640.06

0.1940.07

-3.6£5.5

NGC 6205

1.46+0.04

0.21+£0.07

246.3£5.2

Terzan 2

0.8240.05

0.26£0.02

133.2+1.4

NGC 6218

1.26+0.03

0.26%0.05

40.7£3.1

Terzan b

NGC 6229

1.25+0.05

0.19£0.06

137.8+2.7

Palb

1.2440.02

0.11£0.04

58.9£0.5

NGC 6254

1.49+0.04

0.27£0.05

75.8+£3.9

Pal6

0.81+0.09

0.28+0.07

172.942.3

NGC 6341

2.2240.03

0.31+£0.07

118.2+6.7

Pal10

0.09+0.06

0.0£0.01

32.7+4.9

NGC 6380

0.72+0.05

0.21+0.02

-1.8£7.8

Liller 1

0.03+£0.05

0.01£0.05

61.8+3.5

NGC 6388

0.54+0.06

0.03£0.1

80.1£10.5

HP1

1.1440.07

0.2240.06

40.9£4.8

TABLE 5.1: From left to right, GC name, mean [Fe/H], mean [Si/Fe], and mean radial
velocity obtained for the final list of GCs in the main GC sample from APOGEE DR16.
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Name E Ly Name E Ly,
[km? /s?] [103 kpc * [km? /s?] [10% kpc *
km /] km /s]
NGC104 | -50892*71 0.627001 NGC6397| 667057195 | 0.337001]
NCGC288 | 411161012 | -0.347003 | NGC6441| -938697251% | 0.2119:93
NGC362 | 414061133 | -0.077007 | NGC 6522 | ~1298737392% | 0.011391
NGC1851| 219347337 | -0.2275003 | NGC6539 | 8814571557 | —0.18F5:09
NCGC1904| 266411825 | 0.17709% | NGC 6540 | 10800671514 | 0.18+39}
NCGC2808| 398591285 | 0137501 NGC 6544 | 854011478 | ~0.0779:92
NGC 3201 | 696471307 ~1.6510:02 | NGC6553 | ~1017357237 | 0.2570-02
NCGC4590| ~10101 31 [ 1.277092 | NGC 6656 | -490277204 | 0.47+39}
NGC5024 | ~144077850 | 0.3375:52 NGC6715| 2239113788 1 0.7910-51
NGC5053| 189347932 | 0.2970-52 NGC6723| -8573895%, | ~0.0215:01
w Cen 66584732 | 0.357900 | NGC6752| 691557281 | 0.4119:01
NGC5272| 26985735 | 0.421501 NGC6760| ~787237322 | 0.3470 01
NGC5466| 1829572076 | -0.547001 | NGC6809 | 698567279 | 0.097051
NGC5904| 494512821 | 0.1670:01 NGC6838| 56897199 | 0.6779:99
NGC6121| 785617350 | -0.077003 | NGC7078 | 449427515 | 0.557053
NGC6171| 934157523 | 0.0615:01 NGC 7089 | 247937158 | -0.157503
NGC6205| -557547343 | —0.215:51 Terzan2 | ~14224071550 | -0.0415:50
NGC6218| 95361575 0.0610 13 Terzan5 | 13967613337 | —0.0215:0]
NGC6229| 776187515 | 0.247051 Pal 5 ~96661555 | 0.887008
NGC 6254 | 769691592 | 0.255:01 Pal 6 -962851 1151 | —0.017009
NGC6341 | 493727592 | -0.0550] | Pall0 597257133 1 0.6%9%,
NGC6380| ~10552975929 | -0.027901 | Liller1 | — -
NGC6388| 1015611138 | -0.1370:01 | HP1 ~11430875519 | ~0.011901

TABLE 5.2: From left to right, GC name, mean orbital energy, and mean angular mo-

mentum obtained for the final list of GCs in the main GC sample from APOGEE DR16

using the MWPotential2014 (Bovy, 2015). There is no 6D phase-space information for
Liller 1 provided in Vasiliev, 2019, thus I am unable to obtain IOM for this GC.
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FIGURE 5.2: Orbital energy and vertical action as a function of orbital azimuthal
action for the 46 GCs obtained in the initial main sample, divided into the kinematic
associations identified by Massari et al. (2019).

I focus on calibrated abundances (Jonsson et al., 2018), which have been compared in
detail with independent determinations by other groups. Of relevance to this work,
Jonsson et al. (2018) show that Si abundances, although differing from those of some of
the other groups by statistically significant zero-point shifts, show no trends with stellar
parameters. Since the results depend fundamentally on relative differences between
abundances from a homogeneous set, such small zero-point effects are not important.
The a-element of choice for this study is silicon. I use the [Si/Fe] abundances, as silicon
has been shown in previous data releases to be one of the most reliable a-abundance
measurements in APOGEE (Jonsson et al., 2018). Magnesium is another a-element for
which APOGEE provides exquisite abundances, however it is affected by internal GC
evolution (e.g., Bastian & Lardo, 2018), so I remove it from consideration when using
the main sample. In order to verify that the choice of a-element does not affect the
conclusions, I performed the analysis adopting [Mg/Fe] from first population stars and
found that the results are unchanged. In addition, I compared the mean [Si/Fe|] with
those from the compilation by Pritzl et al. (2005), finding our values to be slightly lower,
of the order of ~ 0.1 dex. Again, such a small zero-point difference has no impact on

the results.

Orbital parameters were estimated for the sample of GCs as follows. I calculated the
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Kinematic Group Associated GCs

Main-Disc NGC7078(30), NGC 6760(11),
NGC 6838(37), NGC 6218(62),
NGC 6397(46), NGC6752(97),
NGC 104(176), NGC 6656(35), Pal 10(3)

Main-Bulge NGC6539(6), NGC6171(51), Terzan2(4),
NGC 6553(23), NGC 6380(15), NGC 6522(6),
NGC 6388(24), NGC 6540(4),
NGC 6723(7), HP 1(12)

Gaia-Enceladus NGC 1904(17), NGC 2808(66),

NGC 6205(80), NGC 6229(6), NGC 6341(10),
NGC 362(49), NGC 7089(26), NGC 1851(30),
NGC 288(35), NGC 5904(167)

Sequoia NGC 5466(7), NGC 3201(114),
NGC 6388(24)

Sagittarius —

Helmi streams NGC5024(18), NGC5053(11),
NGC4590(13), NGC5272(110), Pal5(3),
NGC 5904(167)

Low-Energy NGC6809(60), Pal6(5), NGC6441(28),
NGC 6121(140), NGC 6254(59),
NGC 6544(21)

High-Energy -
XXX Liller 1(4)

TABLE 5.3: GCs obtained in APOGEE DR16 associated to the kinematic subgroups as

defined in Massari et al. (2019), after removing GCs with less than 3 star members. The

GCs highlighted in bold are associations that are uncertain. The number of APOGEE
member stars associated to each GC are given in parentheses.

action integrals for each of the 46 GCs using the potential defined by Bovy (2015,
MWPotential2014), using the publicly available code galpy ? (Bovy, 2015; Mackereth
& Bovy, 2018). In order to obtain reliable kinematic measurements, I draw 100 samples
for each of the 6-D phase-space parameters given by the GC table in Vasiliev (2019), and
obtain 100 estimates of the orbital parameters for each cluster, for which I then take
the median and standard deviation as the value and associated uncertainty. Fig. 5.2
displays the energy (E) values obtained using this method as a function of the azimuthal
action (Lyz) for all the GCs in the main sample, colour-coded by subgroup association.
Highlighted as star symbols are GCs which display peculiar [Si/Fe| when compared to
the remaining GCs in the same subgroup. I find that the orbital energy values differ

Shttp://github.com/jobovy/galpy
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from those of Massari et al. (2019). Such differences can be traced back to the adoption
of different Galactic potentials with different total masses—while Massari et al. (2019)
adopted a McMillan potential (McMillan, 2017), the one adopted in this work was
MWPotential2014 (Bovy, 2015). I assessed the impact of Galactic potential choice on
the results by re-running the calculations using the McMillan potential, and found that
the GC associations to the various subgroups were unchanged, and are consistent with
those found in Massari et al. (2019).

5.4 Results

5.4.1 Disc, Bulge and Low Energy GCs

In Fig. 5.3 I show the mean [Si/Fe| chemical-abundance measurements as a function of
[Fe/H] for the MD (blue symbols), MB (orange symbols) and LE (red symbols) kinemat-
ically identified subgroups. Also plotted are the data for the GC Liller 1 (yellow dot),
which is discussed in Section 5.4.3. At first glance the three subgroups occupy roughly
the same locus in [Si/Fe] space, resembling the region of abundance space occupied by
field stars from the disc and bulge components of the Milky Way (e.g., Hayden et al.,
2015). Within the errors, the MD population displays a low-metallicity [Si/Fe] plateau
until reaching [Fe/H] abundance values of approximately [Fe/H| ~ —0.6, for which ac-
cording to the Milky Way’s Disc field population, I would expect a knee towards lower
[Si/Fe] values (Alves-Brito et al., 2010). When considered in aggregate, the three sub-
groups display a clear knee at about [Fe/H]~-0.8, with a plateau at [Si/Fe]~+0.25 at
lower metallicities and a trend of decreasing [Si/Fe| for increasing [Fe/H] at [Fe/H]-0.8,
which mimics the behaviour of field stars. One GC deviates clearly from this trend,
namely NGC 6388, with very low [Si/Fe]~0.0 at [Fe/H]~— 0.5. I discuss this interesting
GC separately in Section 5.4.4.

When the three subgroups are considered separately, however, the relatively small num-
ber of GCs in the sample prevents the unequivocal identification of a “knee” in the Si-Fe
plane for any of the subgroups in Figure 5.3. In the case of the MB subgroup, the sample
does not contain enough GCs at [Fe/H] — 0.8 to firmly establish the existence of a low
metallicity [Si/Fe] plateau. The LE subgroup straddles properly both [Fe/H] sides of
the “knee” and the GCs seem to follow the same trend as the field population, but the
sample is too small for a solid conclusion. The sample for the MD subgroup covers a
wide range in [Fe/H] towards the metal-poor side of the knee, but contains only one GC
on the metal-rich end, whose position on the Si-Fe is consistent with the existence of a

knee in that subgroup. Again, the sample is not large enough at [Fe/H]- 0.8 for a robust
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conclusion. The GC on the metal-rich end of the MD subgroup is Pal 10. I checked to
see whether the orbital properties of this cluster match those of the MD GC population.
In Fig 5.2 I show that Pal 10 does follow a disc-like orbit, displaying energy values of
E~-6000 km?/s? and following a prograde orbit (i.e. Lz ~0.7 103 kpc km/s), therefore
it is likely to belong to the MD subgroup. All in all, the MB and MD subgroups follow
the trend defined by the field population, thus I conclude that these subgroups share
an in situ origin. Since the origin of the LE subgroup is contentious, the locus of GCs
from that subgroup merits some attention. the results show that the GCs from this
subgroup occupy the same locus in [Si/Fe] vs [Fe/H] space as the MD/MB GCs. This
result is in line with the similarity of these subgroups in E-Lz space, (see Fig. 5.2 of
this paper and Fig. 3 of Massari et al., 2019) I note, however, that at [Fe/H] —1.5 it is
almost impossible to distinguish between accreted and in situ GCs in the Si-Fe plane,
so that an accreted origin for the three most metal-poor GCs in the LE group (namely,
NGC 6254, NGC 6544 and NGC 6809) cannot be ruled out.

In summary, from the point of view of kinematics, the low energy defining this subgroup
makes it hard to distinguish it from the MD/MB subgroups (Fig. 5.2). On the basis
of the chemistry, while the metal-rich GCs NGC 6441, Pal6 and NGC 6121 are clearly
associated with the the MD/MB subgroups, the association of the more metal-poor GCs
NGC 6254, NGC 6544 and NGC 6809 is more uncertain, given that accreted and in situ
GCs occupy the same locus in the Si-Fe plane for those metallicities. 1 conclude that,
while the overal trend on the Si-Fe plane of the LE GCs in the sample suggests an in
situ origin, the position of that subgroup in IOM space does not preclude some of the

members of that category having an accreted origin.

Finally, I highlight the case of NGC 6388. Although that GC is classified by Massari
et al. (2019) as belonging to the MB subgroup, it is characterized by very low [Si/Fe]
(~—0.03), departing by ~ 20 from the mean [Si/Fe| of that subgroup at [Fe/H] ~ —0.5.

I discuss this GC in more detail in Section 5.4.4.

5.4.2 Accreted subgroups

In this subsection, I examine the distribution of GCs of accreted origin in the Si-Fe
plane. Our analysis focuses on the following subgroups: H99, GE, and Seq. The data
for these GCs are displayed in Fig 5.4. We first focus on a comparison between the
positions occupied by the accreted and in situ clusters. Owur results show that the
GCs associated with the three putative accreted systems all fall on the same locus in
the [Si/Fe] plane, positioned on average at lower [Si/Fe| values than the MD and MB

population (illustrated in Fig 5.4 as grey points). This is commonly interpreted as
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FIGURE 5.3: Mean [Si/Fe] vs [Fe/H] chemical-abundances for the Low Energy (red),
Main Bulge (orange) and Main Disc (blue) GC subgroups, illustrated alongside Liller 1
(yellow), with the 1 o spread represented in black error bars. In grey I show the Galactic
disc and bulge field populations defined kinematically according to Massari et al. (2019).
From these abundance plots, by accounting for the 1 o spread uncertainties, I find
that the more [Fe/H] rich LE GCs, namely NGC 6121, NGC 6441 and Pal6 can be
categorized to be from in situ origin. The other three LE GCs still occupy the same
locus as the MD/MB subgroups, however due to their low [Fe/H] abundances and
position in the IOM space (Fig 5.2), it is possible that these more metal-poor GCs
could be from an accreted origin. Furthermore, I find that Liller 1 occupies the same
locus as the in situ GCs, which coupled with its high [Fe/H] value can be classified as
a MB GC.

the result of a history of star formation and chemical enrichment typical of low-mass
galaxies, which differs from that of the Milky Way (e.g., Tolstoy et al., 2009). The
accreted origin of the GCs that are kinematically associated with GE, H99 and Seq is
further confirmed by the fact that their position in the [Si/Fe| plane mimics that of
field populations linked with past accretion events (Hayes et al., 2018; Mackereth et al.,
2018). I calculate the mean [Si/Fe] abundace given by GCs in the —1.5 < [Fe/H] < —1
regime for both the accreted and in situ populations, and find that the accreted groups
display on average [Si/Fe] = +0.174 0.05, whereas the in situ subgroups display a higher
average abundance [Si/Fe] = +0.25+ 0.03. This means that the two distributions differ
at the ~ 91.5% level.

Having established that the accreted subgroups occupy a locus of lower [Si/Fe| than that
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of in situ populations, I now turn to a discussion of the relative positions of the GCs
from the three accreted subgroups in the Si-Fe space. As pointed out above, the GCs
associated with the GE, H99, and Seq subgroups occupy the same locus on the abundance
plane, within the errors. Such similarity in chemical space can be understood in two
possible ways. On one hand, the different accreted subgroups may be associated to three
separate similar-mass satellites. Alternatively, some, or perhaps all of them, could be
part of the same accreted satellite. Consideration of the kinematic properties of the
three systems may help distinguish between these scenarios. The GE system is strongly
bound and mildly retrograde, whereas the other two groups are slightly less bound, with
Seq being strongly retrograde and H99 strongly prograde. Massari et al. (2019) argue
that two of the GCs associated with the Sequoia system (namely, NGC 3201 and w Cen)
have a relatively high probability of belonging to GE. Moreover, they point out that the
Sequoia system’s position in IOM space coincides with that of debris that Helmi et al.
(2018) ascribe to Gaia-Enceladus.

Along the same lines, Massari et al. (2019) analysed the Helmi stream GCs employing the
methodology described in Koppelman et al. (2019b), and found that, when accounting
for the age uncertainties, H99 occupies a locus in age-metallicity space that is consistent
with the Gaia-Enceladus and Sequoia GC subgroups. Moreover, it has been shown
that the field populations of the Gaia-Enceladus, Sequoia, and Helmi Stream occupy
the same locus in [Mg/Fe| vs [Fe/H] and [Al/Fe] vs [Fe/H] planes (Koppelman et al.,
2019a), and that the Helmi Stream displays an MDF which peaks at a value of [Fe/H]
~ —1.5 (Koppelman et al., 2019b), similar to value at which the Gaia-Enceladus MDF
peaks (Helmi et al., 2018; Mackereth et al., 2018).

We conclude that the combined evidence from GC subgroup chemistry and kinematics is
suggestive of either a common origin for the Sequoia, Helmi Stream and Gaia-Enceladus
stellar systems, or that these subgroups are associated with satellites which underwent

similar chemical enrichment histories.

In closing this subsection I comment on the interesting case of NGC 288. On the basis
of kinematics, Massari et al. (2019) assign it unambiguously to the GE subgroup, with a
retrograde orbit and high orbital energy (see Fig 5.2). However, its elemental abundances
place it squarely on the in situ branch, ~ 20 off the mean of the GE subgroup at the same
[Fe/H]. I checked to see if this result survives when other a-elements are considered, and
find that NGC 288 also displays [Mg/Fe] and [Ca/Fe] values ~ 2 o away from the mean
of the GE subgroup, with the GE subgroup presenting mean values of ([Mg/Fe])qp =
+0.17 + 0.07 and ([Ca/Fe])gr = +0.19 + 0.04, respectively, and NGC 288 displaying
[Mg/Fe|ngc2ss = +0.31 £ 0.04 and [Ca/Fe]ygcass = +0.26 £ 0.09, for the same [Fe/H].
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FIGURE 5.4: Mean [Si/Fe| vs [Fe/H] for the GE (cyan), Seq (green), H99 (purple) and
MD/MB (grey) GC subgroups, illustrated alongside NGC 5904 (red) and NGC 6388
(magenta), with the 1 o spread represented in black error bars. In grey I show the halo
field population defined as in Massari et al. (2019). The GE, Seq and H99 accreted
dwarf spheroidal subgroups occupy the same locus, displaying lower mean [Si/Fe] values
to the GCs from the MD and MB populations at the same metallicity range —1.5
< [Fe/H] < —-1. According to galaxy chemical-evolution models, this suggests that
either: both accreted dwarf spheroidals must have had a similar chemical-evolution
history and therefore have been of similar mass, or that some, possibly all, originate
from the same accretion event. Below [Fe/H] < —1.5, the in situ and accreted groups
are indistinguishable in the Si-Fe plane. NGC 288 displays higher [Si/Fe] values than
the rest of the GE subgroup GCs (~ 0.15 dex greater) of similar metallicity, however
displays a clear accreted-like orbit (see Fig 5.2). NGC 5904 clearly occupies the same
locus as the accreted population of GCs. However, due to the uncertainties in the
measurements, it is impossible to suggest to which accreted subgroup NGC 5904 belongs
to. Along the same lines, NGC 6388 occupies the same locus as the [Fe/H]-rich halo
field population, which coupled with its retrograde orbit hints that this GC belongs to
an accreted subgroup.

It is difficult to reconcile the orbital and chemical properties of NGC 288, so I suggest
that NGC 288 is likely an accreted GC with a peculiar chemical composition.

5.4.3 NGC 5904 and Liller 1

The study by Massari et al. (2019) did not assign Liller 1 to any particular kinematic
subgroup, and concluded that NGC 5904 could be associated with either the GE or
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H99 subgroup. In this subsection I examine these GCs’ positions in chemical space to
see whether that information can help clarify whether they have an accreted or in situ

origin.

I first compare the [Si/Fe] vs [Fe/H] abundance measurements obtained for Liller 1 with
the other identified subgroups (see Fig. 5.3). The results show that within the uncer-
tainties, Liller 1 occupies the same locus in the [Si/Fe| vs [Fe/H] abundance plane as
the in situ population, and therefore belongs to either the MD or MB subgroup. Un-
fortunately, there is no 6D phase-space information for Liller 1 (see Vasiliev, 2019, for
details), and therefore I am unable to place kinematic constraints on the origin of this
GC. Furthermore, Liller 1 is quite metal rich, with a mean value of <[Fe/H]>L;ijer1 =
—0.034+ —0.05, which is much higher than the metallicities of the accreted GCs. Thus,
the results suggest that Liller 1 has an in situ origin, agreeing with previous studies (e.g.
Bica et al., 2016).

In the case of NGC 5904, the results show that the mean abundances place it on the
same locus as the GCs associated to the accreted subgroups. Therefore, within the
uncertainties the results suggest that NGC5904 has an accreted origin (agreeing with
the suggestion by Massari et al., 2019). However, since it is impossible to distinguish
the accreted groups in Si-Fe space, I cannot establish an association of NGC 5904 to

any particular accreted subgroup.

5.4.4 NGC 6388

As pointed out in Section 5.4.1, NGC 6388 displays a very low [Si/Fe] abundance ratio,
departing significantly from the locus of the MB subgroup, to which it was associated by
Massari et al. (2019). Its position on the Si-Fe plane is consistent with an extrapolation
towards high metallicity of the trend established by the accreted subgroups at [Fe/H]

—1. It also falls on top of the accreted field population in Fig. 5.4. The mean abundances
for NGC 6388 are based on values for 24 members, which I consider to be statistically
robust. Specifically, the mean silicon abundance of NGC 6388 members (<[Si/Fe]> =
~0.03+0.1) deviates from that of the high a sequence at same [Fe/H] (<[Si/Fe|>pigha =
+0.174+0.05) by ~ 2 0. It is also lower than that of the low a sequence (<[Si/Fe]>/pypa
= +0.02+0.04) by ~ 1 0. I note, however, that Carretta & Bragaglia (2018) obtained
abundances for a comparable sample of NGC 6388 members, obtaining ~0.4 dex higher
mean [Si/Fe|. Wallerstein et al. (2007) also obtained a ~0.3 dex higher mean [Si/Fe],
although their mean abundances of Ti and Ca were around solar or lower (~40.06 and

—0.05, respectively), depending on the log g adopted. On the other hand, Mészaros et al.
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(2020) analysed the APOGEE spectra using a different pipeline, obtaining similar results

to those presented in this paper.

In order to check whether the result is due to systematics in the [Si/Fe] abundance ratios
of NGC 6388 stars, I examined the abundances of other a-elements, such as Mg and Ca.
For the latter element I found ([Ca/Fe]) = +0.09 + 0.11, which is lower than the values
for the MB population at the same [Fe/H] ([Ca/Fe] = 40.19 £+ 0.02), deviating at the
~ 1 o level. Before estimating mean [Mg/Fe], one needs to select GC members that
are not affected by the multiple population phenomenon. In order to isolate NGC 6388
stars belonging to the so-called “first population”, I proceeded as follows. I use [N/Fe| in
order to identify first population stars, since this abundance ratio is strongly enhanced
in their second population counterparts (see, e.g. Renzini et al., 2015; Schiavon et al.,
2017a; Bastian & Lardo, 2018). I define as first population stars those located within
the bottom quartile of the [N/Fe| distribution of NGC 6388 members. By proceeding in
this way, I am confident that I managed to isolate a subsample of first population GC
stars, whose Mg abundances are not affected by the multiple populations phenomenon.
For this subsample, I obtained ([Mg/Fe]) = +0.07 £ 0.11, which again is lower than the
mean value for the MB population (([Mg/Fe]) = +0.27 £+ 0.06) by ~ 2 o.

It is worth noticing that the relative position of NGC 6388 in a-Fe space is not the
same according to different a-elements. When Si is considered, NGC 6388 falls below
the low-a sequence at the 1 o level. On the other hand, the cluster falls on top of the

low-a sequence when Mg or Ca are considered.

Due to NGC 6388 being a bulge GC, positioned in a crowded and dense field, it is
likely that the sample is contaminated by field stars, mainly in the GC foreground. To
ensure the previous findings are robust, I minimise field contamination by considering
only N-rich stars, which belong to the ”second-population” GC population stars. To
obtain a clean sample of ”second population” stars, I select only stars located at the
top quartile of the [N/Fe] distribution. For second-population NGC 6388 stars defined
in that manner, I find an average of ( [Si/Fe] ) = —0.07 £ 0.08, which places NGC 6388
even further away from the in situ population. This solidifies the initial findings, and
confirms that NGC 6388 displays lower [Si/Fe|] abundances than those of other MB GCs

of similar metallicity.

Myeong et al. (2019) studied the properties of NGC 6388 in detail, showing that, on
one hand, it is consistent with an accreted origin on account of its kinematic properties,
but on the other its combination of age and metallicity places it on top of the relation
defined by the in situ GC population for those two parameters (see also Kruijssen et al.,
2019b). I determined the orbital energy and azimuthal action of NGC 6388 (see Fig
5.2), finding its orbit to be retrograde, in agreement with Myeong et al. (2019), but
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cannot distinguish between a possible association to the MB, LE, or the Seq subgroups.
Furthermore, Milone et al. (2019) classified NGC 6388 as a Type II GC, based on the
ratio of first-population to second-population stars. They also obtain the IOM of this
GC, and conclude that NGC 6388 is likely from an accreted origin.

I summarise the results for NGC 6388 as follows: 1) the [Si/Fe] abundance for this GC
differs from that of the MB/MD population at the 2 o level; 2) it differs from that of the
low-« at the 1 o level; 3) Figure 5.4 shows that NGC 6388 falls on top of the accreted
field halo populations in the Si-Fe plane; 4) its position in the IOM does not provide a
unique distinction between an accreted or in situ origin. In view of these results, it is

fair to conclude that the data suggest a possible accreted origin for NGC 6388.

5.5 Conclusions

In this work, I have employed the sixteenth data release from the SDSS/APOGEE
survey in order to map the kinematic properties of Galactic GCs into their positions
in the chemical compositions space. I contrast positions, and APOGEE abundances
and radial velocities with information gathered from the 2010 edition of the Harris GC
catalogue (Harris, 1996) and the Baumgardt & Hilker GC catalogue (Baumgardt &
Hilker, 2018; Baumgardt et al., 2019) to obtain a primary GC sample in APOGEE,
which I refine to obtain an accurate GC membership list. I obtain a final main GC
sample of 3090 stars, associated with 46 GCs, from which then w Cen, Terzanb5 and
NGC 6715 are removed for reasons detailed in Section 5.3.1, leaving us with a sample of
1,728 stars associated with 43 GCs. I assign membership to various kinematic subgroups
according to the classification by Massari et al. (2019). I then examine the distributions
of the various GC subgroups in chemical space, more specifically the plane defined by «
and Fe abundances. After excluding GCs with fewer than three member stars, I identify
in the sample 9 GCs associated to the MD group, 10 to the MB, 9 to the GE dwarf
spheroidal, 5 to the H99, 6 to the LE group, 2 to the Seq dwarf spheroidal and 0 to the
Sag dwarf spheroidal. Furthermore, I find 2 GCs (namely, Liller 1 and NGC 5904) for

which there remains an uncertain association.

I make use of Si abundance measurements in APOGEE as the tracer of a-elements
abundance, and plot them as a function of [Fe/H] with the goal of gaining insight into
the nature of the different kinematic subgroups. In this comparison, I search for any
possible plateau or knees that may present themselves in an [a/Fe] vs [Fe/H] plane.
the results and conclusions are unchanged by adoption of the sample and abundances

presented by Mészaros et al. (2020). Our conclusions can be summarised as follows:
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1. When considered together the in situ GC subgroups (Main Disk and Main Bulge,
MD and MB) and the low-energy group (LE) follow the overall trend of the in
situ populations (MB and MD) in chemical space, with a [Si/Fe|~+0.25 plateau
at low metallicity and a change of slope (so-called “knee”) at [Fe/H]~-0.8.

2. GCs from accreted subgroups, namely Gaia-Enceladus (GE), Helmi streams (H99),
and Sequoia (Seq) fall on the same area of chemical space as accreted field popula-
tions. This locus is characterized by [Si/Fe] + 0.2 at —1.5 [Fe/H] —1.0, going down
to solar or near sub-solar [Si/Fe| for [Fe/H]~ -0.5. At [Fe/H] 1.5, GCs from the

accreted and in situ subgroups are indistinguishable in the Si-Fe plane.

3. When examined separately, the MD, MB, and LE subgroups track the field pop-
ulation, however due to the relatively small sample size these subgroups do not
sample the metallicity space densely enough to define the trend separately from the
other subgroups. Three out of six of the LE GCs (namely, NGC 6121, NGC 6441
and Pal6) fall on the high-metallicity side of the knee and follow the trend of the
field populations, leading to the conclusion that they have an in situ origin. The
three metal-poor GCs from the LE subgroup (namely, NGC 6254, NGC 6544 and
NGC 6809) fall in the region of Si-Fe where accreted and in situ GCs are indistin-
guishable, so their origin is less certain. I conclude that the chemical properties
of the LE subgroup as a whole are consistent with an in situ origin, but given its
borderline position in IOM space, individual clusters belonging to this subgroup

could have an accreted origin.

4. GCs from the accreted H99 and GE subgroups occupy the same position in chemi-
cal space. That is also the case for the GCs in the Seq group, but since the sample
contains only two Seq GCs, the result for that subgroup is not as firm. This result
suggests that GCs from these subgroups are associated to accreted satellites of
similar masses, or possibly originating from one common progenitor. Based on its
position on the IOM space, it is possible that the GCs from the Seq and GE sub-
groups actually once belonged to the same system, as suggested by other groups
(e.g., Massari et al., 2019).

5. NGC 6388 is found to present Si, Mg, and Ca abundances that are considerably
lower than those of other GCs in the main bulge subgroup and similar [Fe/H].
The evidence from other studies in the literature is not conclusive, so more studies
exploring other spectral regions and different a-elements are required to ascertain
the low-a nature of this GC. Considering the orbital characteristics, a confirmation
of this result will lend strong support to the notion that NGC 6388 was in fact
accreted to the Milky Way, as also suggested by other groups (e.g. Milone et al.,
2019; Myeong et al., 2019).
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6. NGC288 is found to present Si, Ca and Mg abundances that are considerably
higher than those of other accreted GCs of similar [Fe/H]. It is characterized by a
highly unbound retrograde orbit. I conclude that NGC 288 is an unusual GC where
the kinematic properties suggest an accreted origin which is not fully compatible

with the its chemistry. More work is needed to clarify the origin of this object.

7. Comparison of the mean [Si/Fe] vs [Fe/H] chemical compositions of Liller 1 and
NGC 5904 with those of the different kinematic subgroups suggests that Liller 1
possibly associated with the in situ subgroups and that NGC 5904 was likely ac-
creted. I cannot, on the basis of the extant data, establish to which accreted

subgroup this GC is associated.

In summary, the information provided by the sixteenth APOGEE data release has en-
abled a study of the chemical-abundances of the Galactic GC system, shedding light
on the origin of a reasonably representative sample of the Milky Way GC system. The
combination of the chemical-abundance information delivered by APOGEE and the
kinematic 6D phase-space information provided by Gaia provides interesting insights
into the origin of the Milky Way GCs. Expansion of such data bases to a larger sample
of Galactic GCs will shed new light on the Galaxy’s early mass assembly history.



Chapter 6

Conclusions

This thesis presents novel results obtained via an analysis of the stellar halo and globular
cluster components of the Milky Way (MW), that shed light into the mass assembly
history and formation of the MW. In this chapter, I attempt to bind these findings
together into a coherent new picture of the formation of the Milky Way, framing them
within the context of the body of literature discussed in the introduction chapter. In
addition, I discuss possible future avenues of exploration that derive naturally from the

body of work presented in this thesis.

A key result of this thesis has been the discovery of Heracles, a stellar population lo-
cated within the innermost regions of the stellar halo, which given its chemo-dynamic
characteristics, is postulated to be the debris from an ancient and massive disrupted
satellite galaxy accreted by the Milky Way (see Chapter 2). In detail, I showed that this
halo substructure presents chemical abundance distributions which are typical of low-
mass satellite galaxies of the MW and/or accreted populations, and that it displays low
orbital energies, thus sitting deep in the potential of the MW (at small Galactocentric
radii). I also compared its chemical properties to that of expectations from the EAGLE
cosmological simulations, and showed that halo substructures like Heracles do occur in

Milky Way-mass galaxies.

Following the discovery of Heracles, in Chapter 3 I examine the nature and reality of
all the halo substructures identified so far in the Galactic stellar halo by analysing their
chemical compositions using the APOGEE survey. In detail, I use the latest Gaia and
APOGEE data to identify stars that are likely to belong to the following substructures in
the stellar halo: Heracles, Gaia-Enceladus/Sausage (GES), Sagittarius dSph, the Helmi
stream, Sequoia, Thamnos, Aleph, LMS-1, Arjuna, I'itoi, Nyx, Icarus, and Pontus. I
examine the distributions of all substructures in chemical space, considering the abun-

dances of elements sampling various nucleosynthetic pathways. In doing so, I found that

171



Conclusions 172

the chemical properties of all halo substructures —minus Aleph and Nyx— resemble those
of dwarf satellites of the Milky Way, such as the Sagittarius dSph. An important result
was the finding that abundance pattern of Heracles differs from those populations formed
in situ and from all other substructures in a statistically significant manner. In addition,
I also showed that the abundance patterns of Sequoia (selected in various ways), Arjuna,
LMS-1, and T’itoi are indistinguishable from that of the omnipresent GES, indicating
a possible common origin, whereas the abundance patterns of the Helmi stream and
Thamnos substructures are different from all other halo substructures, indicating that
they may be debris from separate accreted satellites. Lastly, I found that the chemical
properties of Nyx and Aleph are very similar to those of disc stars, implying that these
substructures likely have an in situ origin. In summary, the results presented on the
chemical compositions of halo substructure in the Milky Way have helped establish the
reality and nature of stellar halo populations, all of which place vital constraints on the

mass assembly history of the Galaxy.

In addition to halo substructures and the role of accreted satellites in the build up of mass
of the Galactic stellar halo, the origin of the Galactic globular clusters (GC) system and
its mass contribution to the total stellar halo mass budget are pivotal questions related
to the mass assembly history of the MW. To this end, in Chapter 4, I presented a density
profile that describes the density distribution of both the stellar halo and N-rich stars.
The latter are deemed to be second population GC stars currently inhabiting the halo
field. I then used these stellar density profiles to show that, when accounting for the
APOGEE selection function, the innermost regions of the stellar halo (at Rgc <3 kpce)
there is a much higher incidence of GC escapee stars (~27%) than in more distant regions
(Rae~10 kpc) of the stellar halo (~4%). These results corroborate previous estimates
based on observed number counts. I also showed that within a spherical shell from 1.5
to 15 kpc in radius, the total stellar mass arising from dissolved and/or evaporated GCs

is on the order of Mg total = 9.6740_96 x107 M.

In a similar vein, in Chapter 5 I presented novel results on the chemical compositions
of Galactic GCs that help shed light on their nature and origin. In detail, I determined
a homogeneous GC sample comprising 49 GCs in the APOGEE DR16 catalogue, and
compared their [Si/Fe] and [Fe/H] abundances with those from accreted and in situ field
stars to associate GCs to previously postulated accreted debris, building on previous
work that attempted to associate GCs to accretion events based purely on kinematic

information.

All together, the results presented in this thesis highlight the importance of disentan-
gling Galactic stellar halo populations to unveil the past and mass assembly history of

the Galaxy. While in this thesis I have reported results that help further unveil the
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assembly history of the Milky Way, there remain key questions that still need to be
solved. One vital open question is ” How many major' accretion events has the Milky
Way undergone?” In the last decade, many studies have reported the discovery of halo
substructures postulated to be the debris from individual disrupted satellite galaxies
(e.g., Belokurov et al., 2018; Helmi et al., 2018; Myeong et al., 2019; Koppelman et al.,
2019c; Naidu et al., 2020; Yuan et al., 2020; Horta et al., 2021a; Re Fiorentin et al.,
2021; Malhan et al., 2022). However, many of these findings are based solely on re-
sults using orbital information from Gaia, which can lead to misidentifications of new
halo substructures that in fact belong to other (possibly already known) progenitors
(e.g., Jean-Baptiste et al., 2017a; Koppelman et al., 2020). In Chapter 3 I showed the
importance of using chemical abundance information to ascertain the reality of halo
substructures, and via a chemical abundance study showed that many halo substruc-
tures resemble the omnipresent Gaia-Enceladus/Sausage accretion and/or populations
formed in situ. My findings have helped elucidate the reality of these halo populations,
and in summary suggest that the Milky Way likely has undergone three major accretions
(namely, Heracles, Gaia-Enceladus/Sausage, Sagittarius dSph) and a number of lower-
mass ones (Thamnos, Helmi Stream, Cetus, Pontus). However, there are still many
steps that need to be taken before establishing a full picture of the accretion history of

the Galaxy.

More specifically concerning the nature of Heracles, another important question that
needs answering is ” Is Heracles fully contained within the inner ~4 kpc from the Galactic
Centre as reported, or do the debris span wider spatial regimes?” Theoretical expecta-
tions suggest that whilst the bulk of the debris from an early and massive cannibalised
satellite galaxy (as believed Heracles to be) may be predominantly contained within
small Galactocentric radii (Pfeffer et al., 2020; Dillamore et al., 2022, Horta et al in
prep), there should be some fraction of stars that occupy larger distances. Assessing to
what spatial extent the incidence of Heracles stars inhabit will be a key question that
shall hopefully be answered with the advent of SDSS-V, (see Fig 6.1 for details). Along
those lines, other obvious questions that still remain unsolved are ” How many accreted
debris reside in these innermost ~4 kpc of the Galactic stellar halo? and ”Is Heracles
(and other early accreted satellites) indistinguishable in chemo-dynamical space from the
oldest in situ halo populations in the Milky Way’s stellar halo?” The answer to these
two questions will shed light on the earliest stages of formation of the Galaxy. So far,
the latest observational data support the notion that an accreted population inhabits
these innermost regions (i.e., Heracles). However, the oldest in situ halo must also reside

in this region. Dissentangling the differences between these two populations seems, at

"Here major refers to satellite galaxies with a stellar mass of M, x10°Mg or so.
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FIGURE 6.1: Midplane target surface density of the APOGEE DR16 catalog (left) and
the Milky Way Mapper’s (MWM) Galactic Genesis Survey (right). The maps show an
artist rendition of the face-on Milky Way beneath the target density contours. MWM’s
Galactic Genesis’ survey will be able to observe ~70,000 stars within ~ 4 kpc from
the Galactic Centre below [Fe/H] < —1, delivering exquisite chemical compositions (for
up to ~20 different elemental species) and radial velocities, that when combined with
the astrometry from Gaia, would yield the largest chemo-dynamical data set of metal-
poor stars in the innermost regions of the Galaxy. This unprecendented amount of
information, would allow me to fully unmask the stellar content and history of the
little studied innermost halo. Along those lines, the sheer number of high-resolution
chemo-dynamical measurements for metal-poor stars throughout the Galaxy will hope-
fully allow one to assess the spatial extent of the Heracles substructure. Image credit:
NASA/JPL-Caltech/R. Hurt (background), J. Bird

present time, non-trivial. In a similar vein, studies on the properties of Galactic glob-
ular clusters predict that an accretion event like Heracles should have occured in the
Milky Way (i.e., ”"Kraken” /”Koala” Kruijssen et al., 2020; Forbes, 2020). Whilst Her-
acles overlaps in the Lindblad diagram with this predicted accretion event, a definitive

connection between them is yet to be established.

Interestingly, there may be a connection between the fact that there is evidence for an
accreted debris in the innermost Milky Way halo, and that the incidence of disrupted/e-
vaporated globular cluster stars (i.e., N-rich stars) increases by a factor of ~5 in this
region when compared to the outer halo. In Kisku et al. (2021), we showed that many of
these N-rich stars present chemo-dynamical features that are consistent with Heracles.
Thus, it is possible that Heracles either brought in GCs which were destroyed during the
merger, or that the Heracles-Milky Way interaction caused in situ GCs in this region to
be destroyed at a higher rate than in the outer halo. Moreover, theoretical expectations

suggest that Milky Way-mass haloes that resemble the Galaxy chemically (i.e., present
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an a-bimodality) assemble their mass early (Mackereth et al., 2018) and typically have
a higher number of disrupted/evaporated globular cluster stars in their inner ”bulge”
region Hughes et al. (2020), in line with the results presented in this thesis. All in all,
it seems that these two findings may be related. In addition, these results will have
ramifications for our understanding of the origin of the Galactic globular cluster system.
Thus, chemo-chrono-dynamically characterising Galactic globular clusters, as done in
this thesis and in previous works (e.g., Forbes, 2020; Kruijssen et al., 2020; Callingham
et al., 2022), should also help elucidate the assembly history of the Galaxy.

The findings presented in this work were only possible thanks to the extensive work
performed by the APOGEE and Gaia survey teams. The efforts of these large collab-
orations (amongst many others) supply the necessary observational data that enable
studies like the ones contained in this thesis. Moreover, the efforts of collaborations
developing and updating state-of-the-art cosmological simulations (such as the EAGLE
simulations used in Chapter 2) provide the necessary theoretical perspective to ground
these observational results. In combination, these large-scale stellar surveys and cosmo-
logical simulations provide the necessary tools to fully characterise the Galactic stellar

halo, and in turn unveil the Milky Way’s mass assembly history and formation.

6.1 Future work

Prospects for deeper insights on the mass assembly history and formation of the Galaxy
are strong in the near future. The oncoming splurge of spectroscopic/astrometric/photo-
metric data from future Gaia missions and upcoming large-scale stellar surveys (SDSS-V
Kollmeier et al., 2017; WEAVE Dalton et al., 2014; 4MOST de Jong et al., 2019; DESI
DESI Collaboration et al., 2016; MOONS Gonzalez et al., 2020), that will allow to mine
the data for detailed kinematics, chemical abundances, and ages, will provide the full
chemo-chrono-kinematic picture to fully disentangle the properties of different Galactic

components.

The shear increased number and improved quality of observations delivered in the next
few years will compaginate nicely the state-of-the-art data supplied by improved sim-
ulations of galaxy formation. As an example, the advent of the FIRE-3 cosmological
simulations, which will enable the input of different sub-grid models for the treatment
of chemical enrichment in post-processing, will be revolutionary for understanding the
chemical abundance distribution of different stellar populations in MW-like galaxies, and
for the genesis of different chemical elements. Another exciting suite of high-resolution
zoom-in simulations that will be available will be ARTEMIS. These simulations will

deliver a suite of forty-five Milky Way-like galaxies, providing the largest suite of Milky
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Way-like haloes at a similar resolution to FIRE. These zoom-in simulations (including
the existing Auriga, NIHAO, Vintergartan, and Hestia simulations), alongside larger
cosmological simulations like EAGLE, Illustris, CoCo, amongst others, will provide the
necessary theoretical tools to ground the Milky Way in a cosmological setting. Relating
to this thesis, comparing these predictions to high-quality observations will be pivotal
for studies focused on disentangling the origin of substructures in the stellar halo. In
turn, contrasting observational data with predictions from cosmological simulations will

help place the Galaxy in a cosmological setting.

In summary, the future is very bright for the field of Galactic archaeology.



Appendix A

A.1 High- and Low-a disks in action space

In this appendix I briefly present the distribution of disk stars in action space, to inform
the discussion of accreted and in situ populations in Section 2.4. I start by distinguishing
high- and low-« disk stars. For that purpose I display the parent sample on the Mg-Fe
plane in Figure A.1, where the lines defining each sub-sample are drawn on top of the

data. Metal-poor stars are removed in order to minimize contamination by halo stars.

High- and low-« disk stars are displayed in action and energy space in Figure A.2. The
arrows indicate the approximate loci of stars belonging to the each sub-sample. The
orange arrow points to the location of low-a disk stars (e.g., Bovy et al., 2012; Bensby
et al., 2014; Nidever et al., 2014; Hayden et al., 2015; Mackereth et al., 2017; Queiroz
et al., 2020b), which are characterised by high angular momentum, small energy scatter,
and low radial (J;) and vertical (.J,) actions. There are, however, outliers towards higher
E, J., and Jz, which are due to contaminants from the GE/S system and possibly other

accreted systems.

The high-a disk is dominated by two major structures. For constant L,, these two high-
a subgroups occupy significantly different and well separated values of J. and energy.
The most important for the purposes of this paper is strongly rotational, overlapping
substantially with the low-« disk at high L,, but also extending towards L, ~ 0 and
presenting larger scatter towards higher E, J,, and J, (magenta arrow). The other
component presents higher energy at L,/10%1 kpc kms™! and merges with the other
components at higher L,, being associated with the Splash population (see Belokurov

et al., 2019) (green arrow).
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FIGURE A.1l: Definition of high- and low-a disks on the Mg-Fe plane. We added a
£0.04 dex “cushion” in [Mg/Fe] around the dividing line in order to minimize inter-

contamination between the two samples.
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FIGURE A.2: Distribution of high- and low-a disk populations in action space. The

orange arrow indicates the rough position of the low-a//thin disk populations, the ma-

genta arrow that of the standard high-«/thick disk populations, and the green arrow
that of stars associated with the Splash.



Appendix B

B.1 The reality of Icarus

The Icarus substructure is a metal-poor, [Mg/Fe]-poor structure that was identified
by Re Fiorentin et al. (2021) using the APOGEE DR16 and GALAH DR3 data. I
have attempted to identify Icarus star members by employing the criteria listed by Re
Fiorentin et al. (2021), and identified only one potential member within the parent
sample described in Section 3.2.1.9. I thus decided to retrieve the DR17 properties of
the 41 Icarus stars presented by Re Fiorentin et al. (2021) on the basis of APOGEE
DR16 data.

I found that only 3 out of the 41 Icarus candidates have T and log g characteristic
of red giant stars. The remaining 38 stars have stellar parameters consistent with a
main sequence or subgiant nature (Figure B.1), which is the reason why the selection
criteria described in Section 5.2 excluded them from the parent sample. This finding is
confirmed by the positions of the Icarus member sample in the Gaia colthe-magnitude
diagram shown in Figure B.2. Icarus was conjectured to be an accreted substructure in
the Galactic disc based largely on chemical abundance information. However elemental
abundances for sub-giant and main-sequence, and particularly for M dwarfs, were not
very reliable in APOGEE DR16 (although see Birky et al., 2020; Souto et al., 2020).
Therefore, I decided to perform some checks to see if the resulting abundances for these
(primarily) M dwarf stars are reliable in APOGEE DR17.

I checked the STAR_FLAG and ASPCAP_FLAG flags of the 41 Icarus stars determined
by Re Fiorentin et al. (2021). The results from this examination showed that: i)
25/41 stars had a ”BRIGHT _NEIGHBthe”, "PERSIST_HIGH”, ”PERSIST_LOW”, "LOW_SNR”,
SUSPECT_BROAD_LINES, SUSPECT_ROTATION”, MULTIPLE_SUSPECT”, flag set in their
STAR_FLAG, suggesting the occurrence of various issues with the observed spectra of these
stars, which can lead up to uncertainties in stellar parameters and elemental abundances;
i1) 40/41 stars had one or more of the following ASPCAP_FLAGs raised: ”STAR_WARN”,
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FiGUrRE B.1: Kiel diagram of the parent sample used in this work, the Icarus star
identified in this paper (purple), and the Icarus stars identified by Re Fiorentin et al.
(2021) (yellow), using APOGEE DR17 data.

”COLthe_TEMPERATURE_WARN”, ”SN_WARN”, ”VSINI_WARN”, ”VMICRO_WARN”, "N_M_WARN”,
”TEFF_WARN”, "LOGG_WARN”, suggesting that the results from the ASPCAP analysis for

these stars are likely uncertain.

In light of these results, I chose to exclude Icarus from this study, and suggest that
this substructure is not the debris from a cannibalised dwarf galaxy, but is rather likely
comprised of (primarily) M-dwarf stars with unreliable APOGEE abundances in the
disc of the Milky Way.

B.2 The chemical compositions of Pontus according to APOGEE

As I have only been able to identify two star members belonging to the Pontus halo sub-
structure, I will refrain from making any strong statement about its chemistry. However,
based solely on the chemical compositions of the two member stars I have identified in
this work, I find that the Pontus substructure presents elevated abundances in a-elements

(namely, in O, Mg, Si), low C, Al, Ti, and Ce, and approximately solar Mn and Ni. The



The nature of halo substructures in the Milky Way 182

Ggp — Grp

FIGURE B.2: The same samples as in Fig B.1, now in the Gaia colthe magnitude
diagram using Gaia EDR3 data.

two stars I find associated with the Pontus substructure display similar chemical com-
positions to that of other halo substructures and/or satellite galaxies of the Milky Way.
Although it is impossible to attribute any similarities or differences on the basis of two
stars alone, given the close proximity between these two Pontus stars and Thamnos in
the E-L, plane, it is tempting to associate the former to the later. However, a larger

sample of Pontus stars with reliable chemistry is required to ascertain this speculation.
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FIGURE B.3: Pontus stars (light green points) in every chemical composition plane

studied in this work, from carbon to cerium. I note that for the C and N plots, I

restrict the sample to stars with 1 < logg < 2, to account for dredge-up effects in the

red giant branch, and for all abundances, I also make the following cuts: X_FE_FLAG

= 0 and X_FE_ERR < 0.15. For the case of N, Na, Cr, Co, and Ce, the X_FE_ERR <
0.15 restriction removes the two Pontus stars, and for S it removes one.
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FiGURE B.4: The same illustration as Fig. 3.6 in the Si-Fe plane.
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TABLE B.1: Mean orbital parameter values for each substructure studied in this work.
I note that the the angular momentum, actions, orbital energy, eccentricity, maxi-
mum height above the plane, perigalacticon, and apogalacticon are computed using the
McMillan (2017) potential.

Name (VRsVe,Vz) (Ly,Ly,L) (JrsJp,dz)
(kms™1) (kpc kms™1) (kpc kms™1)

Heracles (1.98+106.31,11.66 4+ | (-1.63+148.57, ——3.76+ | (104.85+£77.97,29.42 +
68.19,2.35 + 90.40) 190.74,26.47 + 117.23) 116.92,160.81 + 115.25)

Gaia- (-3.02+£179.09,6.87 £+ | (16.37£469.05,69.90 + | (1043.02+449.16,29.81 +

Enceladus/ 46.65,5.69 £+ 123.71) 866.59, 15.38 + 260.42) 260.10, 735.78 £ 650.55)

Sausage

Sagittarius (184.784+66.70,105.56 + | (460.234+-345.39,3982.96+| (1164.12+£575.14,713.83+
124.02,124.94 + 65.12) | 1388.07,735.78 £ 860.83) | 871.68,3030.59+1236.89)

Helmi C C (793.40+1352.24, 1177.70+

stream 34.50+131.06, 150.67 + | 449.24+1210.39,106.21+ | 280.38,1353.60 + 569.47)
60.45,— — 63.37 =+ | 1666.54,1165.73 +
164.74) 274.68)

Sequoia (33.02+165.33, — — (546.64i855.13, 124.07 £ | (1140.20+682.65, — —

(GO) 172.78 £103.35,17.01 + | 889.85, — — 1483.30 + | 1460.83£774.12,518.01 &+
106.54) 778.86) 406.26)

Sequoia (17.82+180.71, — — (240.73i708.25, 104.55 + | (1116.81+£493.20, — —

(field) 89.64 £ 63.59,26.30 + | 992.64, — 707.92 =+ | 692.00+£323.36,1000.38 =
152.67) 328.93) 794.71)

Sequoia (29.49+139.60, — — | (694.57+805.68,220.29 + | (838.67+932.26, — —

(H3) 171.34 £+ 89.95,9.26 + | 1025.37,— — 1439.97 £ | 1417.29£775.90,709.11 &+
133.64) 778.89) 609.28)

Thamnos (13.05+87.02, — — (92.86i294.91, 133.09 + | (266.58+91.32, — —
118.38 + 40.33,— — | 461.47,— 849.80 £+ | 829.93 £ 189.28,187.87 &+
12.71 + 71.43) 192.88) 148.79)

Aleph (—4.04438.55,212.50 + (7345.82i656.52, — — | (44.064+35.72,2055.17 +
23.29, — —14.044+33.63) | 124.49+369.04,2040.06+ | 427.09, 188.46 + 10.46)

422.91)

LMS-1 (5.61493.13,125.65 =+ | (—201.774+698.43,68.87 + | (254.87+110.66,836.90 +
34.12,16.73 £ 94.98) 901.47,824.52 + 131.36) 132.36,660.16 + 470.59)

Arjuna (20.83£175.58, — — | (613.03+1025.87, — — | (1479.70+2099.64, — —
153.31 4+ 86.74,33.47 + | 4.17 + 1043.82,— — | 1263.86+625.65,775.53
133.44) 1283.14 4+ 632.18) 663.40)

T'itoi (19.61+£99.41, — — | (562.584+1064.28, — — | (455.74+548.87, — —
156.35 + 63.47,59.13 + | 375.26 + 1092.75,— — | 1338.534+419.21,897.37+
133.86) 1360.07 4 422.32) 615.83)

Nyx (133.85+21.27,158.01 &+ | (-57.724+164.31,17.24 =+ | (291.19+104.29, 1258.34+

26.21,5.73 + 48.88)

365.47,1242.37 £ 276.75)

278.25,55.49 + 54.31)
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TABLE B.2: Table B.1 continued.

Name E (ecc,Zmax, Rperi, Rapo)
(km?2s2) (—kpe,kpe,kpe)

Heracles —224860.224+15322.44 (0.81+0.12,1.67 +
0.85,0.33 + 0.24, 3.01 +
1.02)

Gaia- —142394.72+£12519.88 (0.93+0.06,9.84 +

Enceladus/ 6.14,0.61+1.03,17.15+

Sausage 5.22)

Sagittarius -107654.44+17153.96 (0.69+0.20, 35.74 +
17.68,8.81 +
7.34,38.12 &+ 17.86)

Helmi —127688.224+18244.58 (0.65+0.15,16.37 +

stream 9.37,3.974+1.36,24.05+
20.67)

Sequoia, -126706.32+£17892.71 (0.73£0.10,11.11 +

(GO) 9.01,4.1342.49,26.55+
14.52)

Sequoia —126553.68+7592.99 (0.85+0.05,13.82 +

(field) 6.05,1.8440.78,22.62+
5.72)

Sequoia —132658.56+20758.16 (0.65+0.13,10.70 +

(H3) 10.07,4.22 +
2.31,22.88 4+ 16.63)

Thamnos —169972.44+5539.53 (0.57+0.10, 3.10 +
1.60,2.47 £+ 0.70,9.05 +
1.08)

Aleph —146048.56+9553.77 (0.18+0.07,4.06 +
0.56, 8.464+2.00,12.06 +
2.73)

LMS-1 —156766.37+10493.48 (0.61+0.06, 7.04 +
2.75,2.59+0.54,10.89 +
1.95)

Arjuna —125020.44+22921.19 (0.74+0.12,17.13 +
93.15, 3.70 +
2.27,31.73 + 34.98)

T’itoi —136512.56+18198.76 (0.55+0.16, 10.87 +
6.53,4.844+1.98,18.09+
10.51)

Nyx —161398.10+8604.29 (0.50+0.08,1.58 +

0.85,3.7840.95, 11.20 +
1.98)
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FicURE B.5: The same illustration as Fig. 3.6 in
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FI1GURE B.6: The same illustration as Fig.

3.6 in the Ca-Fe plane.
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FI1GURE B.7: The same illustration as Fig. 3.6 in the S-Fe plane. I note that the grid
limit appears clearly in this plane at the lowest [Fe/H] and highest [S/Fe] values.
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FicURE B.8: The same illustration as Fig. 3.6 in the Ti-Fe plane.
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TABLE B.3: Mean ([X/Fe]) abundance values for every halo substructure identified in
this study. As I only identified 2(1) stars belonging to Pontus(Icarus), I exclude these

halo substructures from this table.
([X/Fe]) | Heracles Gaia- Sagittarius| Helmi Sequoia Sequoia
Enceladus/ stream (GO) (field)
Sausage
([C/Fe]) | - - - - - -
0.3040.18 | 0.30£0.29 | 0.384+0.14 | 0.35£0.36 | 0.31+0.32 | 0.37£0.23
([N/Fe]) | 0.26+0.18 | 0.19+0.37 | 0.04+0.14 | 0.224+0.33 | 0.134+0.34 | 0.15+0.35
([O/Fe]) | 0.32£0.09 | 0.24+0.19 | — 0.2740.16 | 0.26+0.17 | 0.244+0.18
0.01£0.08
([Na/Fel) — 0.02+0.51 | — 0.214+0.48 | 0.14£0.50 | 0.05%0.51
0.01+0.42 0.34+0.27
(Mg/Fe]) 0.28+0.06 | 0.16+0.14 | — 0.1940.14 | 0.174£0.13 | 0.144+0.16
0.03£0.08
AR . E . . .
0.134£0.09 | 0.21£0.23 | 0.444+0.08 | 0.25+0.21 | 0.2940.17 | 0.28+0.20
([Si/Fe]) | 0.25+£0.06 | 0.14+0.13 | — 0.164+0.12 | 0.15+0.10 | 0.134+0.16
0.05%0.10
([Ca/Fe]y 0.1940.12 | 0.15+0.18 | 0.01+0.07 | 0.14+0.16 | 0.164+0.17 | 0.154+0.19
([Ti/Fe])| - - - - - -
0.044+0.13 | 0.04£0.20 | 0.15+0.09 | 0.11£0.20 | 0.07+0.21 | 0.09£0.17
([Ce/Re) - E E . E E
0.134£0.33 | 0.10£0.40 | 0.074£0.19 | 0.04£0.36 | 0.04+0.41 | 0.18+0.40
(/e - - E - - E
0.324+0.14 | 0.284+0.22 | 0.2040.10 | 0.23£0.20 | 0.33+0.18 | 0.28+0.17
([Co/Fe]} E E E E E
0.1940.36 | 0.09+£0.44 | 0.164+0.15 | 0.06+£0.37 | 0.0840.44 | 0.08+0.42
INi/Fe| - - - - - -
0.03£0.08 | 0.07£0.15 | 0.144+0.06 | 0.06£0.10 | 0.114+0.10 | 0.09£0.11
([Ce/Fe]) — - - - - -
0.154+0.24 | 0.11£0.36 | 0.004+0.26 | 0.12+0.34 | 0.124+0.42 | 0.17£0.39
([Fe/H]y | - - - - - -
1.3040.21 | 1.1840.42 | 0.72+0.34 | 1.3940.55 | 1.414+0.36 | 1.31+0.37
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TABLE B.4: Table B.3 continued.

([X/Fe])

Sequoia
(H3)

Thamnos

Aleph

LMS-1

Arjuna

T’itoi

Nyx

([C/Fe])

0.25+0.43

0.17+0.28

0.01£0.07

0.46+0.23

0.33£0.22

0.40+0.59

0.07£0.09

([N/Fe])

0.23£0.39

0.12+0.36

0.17+£0.08

0.29£0.39

0.11£0.29

0.23£0.53

0.08+0.16

([O/Fe])

0.31+£0.17

0.43+0.13

0.19£0.09

0.38+0.11

0.23+0.17

0.41+£0.12

0.33£0.11

([Na/Fe]

0.44+£0.55

0.24+0.57

0.02+0.26

0.38+0.49

0.01+£0.46

0.71+0.56

0.04+£0.32

([Mg/Fe]

0.22+0.13

0.33£0.08

0.17+0.06

0.2840.09

0.14+0.13

0.34%0.05

0.32+0.08

([Al/Fe])

0.33£0.19

0.06£0.23

0.12+0.07

0.30£0.10

0.26£0.20

0.33+0.07

0.24+0.12

([Si/Fe])

0.17£0.10

0.30£0.10

0.10£0.05

0.2240.07

0.14£0.11

0.23£0.07

0.2140.06

([Ca/Fe])

0.17+£0.22

0.26+0.18

0.06+0.04

0.10+£0.27

0.17+£0.10

0.1940.48

0.1740.08

([Ti/Fe])

0.06£0.29

0.01+0.17

0.07+0.10

0.11£0.20

0.10£0.16

0.04+0.27

0.15+0.09

([Cr/Fe])

0.09£0.45

0.05+0.40

0.04+0.11

0.12+0.40

0.16+0.37

0.23£0.41

0.05+0.16

([Mn/Fe]

0.32+0.22

0.37£0.18

0.08+0.05

0.30£0.22

0.32£0.17

0.01+£0.13

0.15+0.09

([Co/Fe

)

0.07£0.46

0.02+£0.41

0.02+0.22

0.02+0.52

0.13+0.40

0.1940.46

0.06+0.26

([Ni/Fel)

0.09£0.14

0.04+0.12

0.03+£0.02

0.05+0.12

0.09+0.09

0.01£0.13

0.06+£0.04

([Ce/Fe])

0.13+£0.42

0.13£0.31

0.12+0.29

0.17£0.25

0.13£0.39

0.02+0.35

0.16+0.29

([Fe/H])

1.80+0.09

1.53+0.36

0.53+0.17

1.83+0.25

1.2440.24

2.14+0.10

0.55+0.29
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FIGURE B.9: The same illustration as Fig. 3.6 in the (C+N)-Fe plane.
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F1GURE B.10: The same illustration as Fig. 3.6 in the Mn-Fe plane. I note that the
grid limit appears clearly in this plane at the lowest [Fe/H] values.
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FicUure B.11: The same illustration as Fig. 3.6 in the Co-Fe plane. I note that the
grid limit appears clearly in this plane at the lowest [Fe/H] values.
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F1GURE B.12: The same illustration as Fig. 3.6 in the Cr-Fe plane. I note that the
grid limit appears clearly in this plane at the lowest [Fe/H] values.
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FiGUurE B.13: The same illustration as Fig. 3.6 in the Na-Fe plane. I note that the
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Appendix C

C.1 Fitting the N-rich star sample

I set out to determine the best fit model to the sample of N-rich stars. Our methodology
consists on fitting several different stellar halo density models and determining their
logarithmic maximum likelihood (In(Lmax)) and Bayesian Information Criterion (BIC,
Schwarz, 1978) values (see Section 4.3.3). I then compare the values obtained for each
density model, and take the profile with the lowest BIC value to be our best fit model. If
two models obtain the same In(Ly,,x) value, the BIC value gives preference to the model
with the lowest number of free ranging parameters, therefore choosing the simplest

model.

As described in Section 4.3.2; our N-rich sample is fit by a spherical single power law
(SPL), an axisymmetric single power law (AXI), a triaxial power law (TRI), a rotated
triaxial power law with the inclusion of a cut-off term and a disc contamination pa-
rameter (TRI-CUT-DISC), a broken power law (BPL), and an exponential disc profile
(DISC). The resulting BIC and In(Lyax) values obtained using the median posterior pa-
rameter of the 10,000 MCMC realisations for each model are listed in Table 5.1. From
our results, I find that the best fit model to our N-rich sample is the AXI model, and
therefore choose to use this model for the remainder of the analysis. However, as is
apparent from Fig. C.1, the TRI and TRI-CUT-DISC density profiles also provide good
fits to the N-rich star data. Moreover, I repeat the methodology for determining the
percentage ratio contribution of N-rich stars to the halo field employed in the main body
of the paper using the TRI and TRI-CUT-DISC profile as the best-fitting N-rich mod-
els, in order to check if our results vary when adopting a different model for the N-rich
star sample. The results from this comparison show that our initial findings remain
unchanged, and suggest that the N-rich star sample can either be well modelled by the
AXI, TRI, and TRI-CUT-DISC profiles.
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FiGure C.1: Density profile fits to the N-rich star data from Section 5.2. Each profile
is obtained by taking the median posterior parameter value obtained from the 10,000
MCMC samples. The AXI profile is the best-fitting profile, closely followed by the TRI

and TRI-CUT-DISC profile.

Density Best-fit parameters

profile

SPL a=3.86T0%

AXI a=4.477033, ¢=0.47T0 0

TRI a=4.54T020 p=0.857110, ¢=0.447502

TRI-CUT- a=4.307037 . B=0.03T003, p=0.607035, ¢=0.41707r, 1=0.207503,
DISC 0=0.06"056 [°], 9=0.259 58 [°), faise=0.04700;

BPL Qin=3.19T05% aout=6.05"132, Rireak=8.13"7 23 kpc]

DISC 1/hr=0.41"0 01 [kpc~1],1/hz=0.64") 5 [kpc ']

TABLE C.1: Resulting best-fit parameters for the different functional density forms
fitted to the N-rich star sample. The best-fitting model (AXI) is highlighted in bold.



Appendix D

D.1 GC metallicity and radial velocity distribution func-

tions
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FicUre D.1: Metallicity distribution functions for the GCs in the main sample. The

blue histogram represents the GC members obtained before employing the MDF sigma

clip cut, for which the resulting members are highlighted as the yellow histogram. The

red histogram are the resulting members after performing a second MDF sigma clip.

Recall that for each GC a different clip was applied, depending on the cluster and the
MDF distribution.
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FiGURE D.2: Fig D.1 continued.
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FicUure D.3: Fig D.1 continued.
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F1cuRE D.4: Radial velocities (in units of km/s) for the GCs in the main sample. The
blue histogram represents the GC members obtained before employing the MDF sigma
clip cut, for which the resulting members are highlighted as the yellow histogram. The
red histogram are the resulting members after performing a second MDF sigma clip.
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FiGURE D.5: Fig D.4 continued.
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