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Abstract

Aim: As the closest satellite galaxy and one of the most prominent stellar streams in the Galactic
halo, the Sagittarius dwarf galaxy and its stellar stream serve as an extremely valuable example
of ongoing tidal disruption and hierarchical galaxy formation. We use an extensive catalogue of
300,000 RR Lyrae variables fronGaia DR3, supplemented by data from OGLE-IV and a number
of external studies, to characterise the di erent components of the Sagittarius system in terms of
their physical and kinematic properties.

Method: We make use of a previous selection of Sagittarius stream candidates made by Ramos
et al. (2022) in combination with a position-and-magnitude-based selection of Sagittarius core
stars from OGLE-IV, and separate the stream into its constituent elements, distinguishing be-
tween the leading and trailing arms and the Sagittarius core. Next, we locate the bifurca-
tion within the stream to identify the RRLs within the “faint' and bright' branches of the
stream. Characterization of each component involves measuring and comparing their physical
and kinematic properties, including Galactocentric distances, proper motions, radial velocities
and metallicities, where such measurements are available. Further investigation analyses the
colour-magnitude distributions and spectroscopic metallicities of RRLs in the bright and faint
branches. Finally, we study the photometric metallicity distribution of the Sgr core in the con-
text of the surrounding eld RRLs, drawing comparisons with the eld RRLs in the Galactic thin
disk, thick disk, bulge and halo components.

Results: The rst main result of this thesis is that the Sgr core is located signi cantly closer to
the Galactic centre than the two arms, while the leading arm is signi cantly further away. We
further identify a di erence in the declination proper motion distribution between both arms,
and with the core, and between the stream's two branches, while the two arms and core further
show a distinct di erence in their right ascension proper motions. The trailing arm is found
to have largely negative radial velocities and exhibit a motion approaching the Earth along the
line of sight, while the leading arm has a radial velocity distribution centred near zero. Further
investigations reveal that the RRLs in the bright branch tended towards brighter magnitudes
while RRLs in the faint branch tend to be dimmer. Finally, we nd that Sgr core RRLs tend to

Vil



be more metal-poor than eld RRLs in the thin disk, thick disk, and bulge Galactic components,
while they are characteristically more metal-rich than Galactic halo RRLs.

Key words: galaxies: interactions stars: variables: RR Lyrae stellar streams: Sagittarius
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Chapter 1

Introduction

This chapter brie y introduces our research topic, including the motivation behind our choice of
subject material, the main research question we aim to answer, and the structure which this work

follows.

1.1 Motivation

As the closest of the Milky Way's satellites and one of the most prominent stellar streams in
the Galactic halo, the Sagittarius dwarf galaxy and its stellar stream present a uniquely valuable
example of ongoing tidal disruption. Studying this system can provide key insight into the
process of galactic mergers and hierarchical galaxy formation, while simultaneously probing the
gravitational potential of the Galactic halo and providing a way of indirectly studying the Milky
Way's dark matter content. With a growing number of wide-coverage sky surveys, the view of
this stellar stream is becoming clearer in terms of its spatial extent and kinematics, but the
abundance of observational data has outpaced our understanding of the system, and there are
still many open questions surrounding the stream's characteristic features. As a result, these
guestions have been the target of a number recent works (e.g., Ibata et al., 1994; Yang et al.,
2019; Hayes et al., 2020; Ibata et al., 2020; Ramos et al., 2020, 2022; Wang et al., 2022; Muraveva
et al., 2025a) aiming to close the gap between observation and understanding. Our thesis targets

this active eld of research by studying the Sagittarius stream and its dwarf galaxy core, with the



1 Introduction

aim of characterising and analysing its various structural features to shed light onto the nature

and properties of its di erent components.

1.2 Research Question

The aim of this thesis is to characterize the Sagittarius stellar stream through only its RR Lyrae
population. The reason for this choice of stellar tracer is that RR Lyrae variables are excep-
tionally accurate distance indicators, span a wide range of metallicities, are found in all Galactic
components, and are characteristically old, thus able to retain evidence of the early stages of
evolution of the Milky Way. Using an extensive catalogue of RR Lyrae variables froaia DR3
and OGLE-IV, we rst select Sagittarius candidates, and then further categorize them according
to the di erent structural components to which they belong. This procedure involves locating the
bifurcation of the stream within our dataset and using this information to distinguish between
the leading and trailing arms of the stream, the core, and the faint and bright branches. For
each of these components, we investigate trends in galactocentric distance, proper motion space
and radial velocity, as well as metallicity, where such measurements are available. We further
analyse the distribution of the bright and faint branch RRL populations in a colour-magnitude
diagram, as well as their spectroscopic metallicities. The metallicity of the Sgr core component is
investigated using photometric measurements, which are compared with those of the surrounding

eld RRLs in each Galactic component.

1.3 Structure of this Work

This work is structured into four important parts, each tackled in the forthcoming chapters as
follows. Chapter 2 summarizes the existing literature and provides the necessary background on
tidal structures, focusing on stellar streams, the Sagittarius system including the dwarf galaxy and
its stellar stream, and RR Lyrae variable stars, explaining their usage as stellar traces and with
particular focus on their usefulness in studying the Sagittarius stellar stream. Chapter 3 describes
in detail our data catalogue, its respective sources and our methods of selection of Sagittarius
candidates. This chapter further explains the mathematical and statistical methods employed to

make the necessary coordinate transformations and characterise the di erent stream components.

2



1.3 Structure of this Work

Chapter 4 presents and discusses our results and their implications, drawing comparisons with
results from previous works. Chapter 5 nalizes the thesis through a conclusion summarizing
the main results and objectives reached, identifying the limitations of our work and pointing out

opportunities for further work on the subject.






Chapter 2

Background & Literature Overview

This chapter introduces the relevant theoretical background and reviews the literature on the
di erent types of tidal structures, with a focus on stellar streams, then describes the discovery
and physical properties of the Sagittarius dwarf galaxy and its stellar stream. The chapter further
introduces RR Lyrae variable stars, their di erent types, history of discovery, and role as stellar
tracers. Finally, it summarizes briey the scopes and ndings of previous works which have

employed RR Lyrae variable stars to study the Sagittarius stellar stream.

2.1 Tidal Structures

A fundamental question in galactic physics is how information on the formation and evolution
history of a galaxy can be inferred from properties we can only measure in the present, and the
answer lies in observing and studying their tidal structures. Tidal structures, which may come in
the form of shells, streams and tidal tails, are formed in the outer stellar regions of galaxies as a
result of satellite disruption through either tidal interactions or merger events. Long relaxation
times make these features ideal tools for tracing a galaxy's assembly history using present day

observations (Blek et al., 2020; Valenzuela & Remus, 2024).

In the currently accepted lambda-cold dark matter (-CDM) cosmological model, mergers are
essential processes in galaxy evolution. They are able to explain the existence of larger and more
massive galaxies at low redshifts through the standard hierarchical model of galaxy formation,

which suggests that large galaxies are created through mergers of the smaller and less massive ones

5



2 Background & Literature Overview

which are observed at higher redshifts (White & Rees, 1978; White & Frenk, 1991; Lynden-Bell
& Lynden-Bell, 1995). Galactic mergers also shape the morphological appearances, kinematics
and several other aspects of the galaxies which result from such interactions (Naab & Ostriker,
2017; Karademir et al., 2019). For example, the process of satellite disruption and assimilation
has long been hypothesized to be a major contributor to populating galactic halos (e.g., Searle &
Zinn, 1978; Newberg et al., 2002; Majewski et al., 2003; Belokurov et al., 2006).

Tidal structures is a term which collectively refers to tidal shells, streams, and tails, but each
feature may arise from di erent merger scenarios. Simulations suggest that shells are typically
created by mergers with satellites following low angular momentum radial orbits, while streams
are created by mergers where the satellites are following circular orbits (Amorisco, 2015; Hendel
& Johnston, 2015; Pop et al., 2018; Karademir et al., 2019). Mancillas et al. (2019) also observe
in their hydrodynamical cosmological simulations that shells and stellar streams are the most

long-lived features, while tidal tails dissipate relatively rapidly.

According to ndings from cosmological simulations of galaxy assembly, tidal disruption through
interactions with its dwarf satellite galaxies is inevitable during the lifetime of any massive galaxy
(Bullock & Johnston, 2005; De Lucia & Helmi, 2008; Cooper et al., 2010, 2013; Pillepich et al.,
2015; Rodriguez-Gomez et al., 2016). Consequently, such galaxies' stellar halo component must
contain a wide range of di use relics from the disrupted satellites (Martnez-Delgado et al., 2023).
This is consistent with observational ndings, with Atkinson et al. (2013) reporting observations

of stellar streams and shells in up to 26% of galaxies in their sample from the wide- eld Canada-
France-Hawaii Telescope Legacy Survey, Hood et al. (2018) nding such features in 17% of galaxies
from their sample taken from the REsolved Spectroscopy Of a Local VolumE (RESOLVE) survey,
and Duc (2016) reporting observation of tidal streams and shells in 40% of their sample of elliptical

and lenticular galaxies.

The incidence and morphology of tidal structures can reveal valuable information about the
merger and evolution history of their host galaxy. They can be used to probe the physical
properties of the galaxy's gravitational potential (e.g., Ebrowa et al., 2012; Blek et al., 2013;
Sanderson & Helmi, 2013; Blek et al., 2015b,a; Sanderson et al., 2017; Thomas et al., 2017, 2018;
Malhan & Ibata, 2019), explain the existence and formation of galaxies with unusual features
(e.g., Sanders & Mirabel, 1996; Draper & Ballantyne, 2012; George, 2017; Muller et al., 2019;

Oh et al., 2019; Ebrow et al., 2020), and test theories of galaxy formation and evolution (e.g,
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Bullock & Johnston, 2005; Johnston et al., 2008; Cooper et al., 2010; Hendel & Johnston, 2015;
Pop et al., 2018; Mancillas et al., 2019).

2.1.1 Stellar Streams

Stellar streams are long, narrow associations of stars moving along a common trajectory. They
form in the halo component of a galaxy through the tidal disruption of infalling satellite dwarf
galaxies or globular clusters (Johnston, 1998; Helmi & White, 1999). Whereas extragalactic stellar
streams are signi cantly more challenging to study, streams within the Milky Way (MW) have
been observed by several di erent instruments and surveys and are relatively well-studied. There
are currently over a hundred known stellar streams in the MW (Shipp et al., 2018; Li et al., 2022;
Bonaca & Price-Whelan, 2025), providing a myriad of tools which can be employed to constrain
the MW's gravitational potential and reveal clues about the distribution of dark matter within
our Galaxy (e.g., Ibata et al., 2001b; Helmi, 2004; Johnston et al., 2005; Koposov et al., 2010;
Deg & Widrow, 2013; Vera-Ciro & Helmi, 2013; Bovy et al., 2016; Palau et al., 2025).

2.2 The Sagittarius Dwarf Galaxy

The Sagittarius (Sgr) dwarf galaxy is a spectacular example of a dwarf satellite galaxy currently
undergoing tidal disruption and assimilation into the MW. Discovered over 30 years ago by Ibata
et al. (1994), it is still the closest known dwarf galaxy to date. The dwarf spheroidal (dSph)

galaxy is located within the Sagittarius constellation, hence the origins of its name in line with

astrophysical naming conventions (Ibata et al., 1994, 1995). The Sgr dwarf is also the third most
massive satellite of the MW preceded only by the Large and Small Magellanic Clouds (LMC,
SMC, respectively) (Niederste-Ostholt et al., 2010).

The Sgr dwarf galaxy's stellar population spans a wide range of ages and metallicities (Belokurov
et al., 2006; Ramos et al., 2022). Although its intermediate age population (8 Gyr) dominates
(Bellazzini et al., 2006a), the galaxy also contains much older stars (10 Gyr) (Monaco et al.,
2003), as well as young stars which are most likely formed during the dwarf's most recent crossing
of the MW's disk component (Tepper-Garca & Bland-Hawthorn, 2018). Stellar metallicities can

lie anywhere between 2 dex and near-solar iron abundances ([&el] 0 dex), with a mean
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metallicity of [Fe=H] = 0:41 0:20 dex and a metal-poor tail extending to [FeH] = 1:52 dex
(Monaco et al., 2005; Belokurov et al., 2006).

2.3 The Sagittarius Stellar Stream

Immediately upon their discovery of the Sgr dwarf galaxy, Ibata et al. (1994, 1995) also noticed
that at its close distance of only 16 kpc from the centre of the MW, the Sgr dwarf galaxy is
being subject to strong tidal disruption. It was quickly realised that the galaxy was also rapidly
dissolving and losing its stars to the Galactic halo (e.g., Johnston et al., 1995; Lynden-Bell &
Lynden-Bell, 1995; Mateo et al., 1996), and the globular cluster M54 (also known as NGC6715),

which is likely the core of the progenitor Sgr dwarf galaxy, is left.

Soon afterwards, the rst hints of Sgr's tidal tails were observed (e.g., Alard, 1996; Fahlman et al.,
1996; Mateo et al., 1996, 1998; Totten & Irwin, 1998; Martnez-Delgado et al., 2001), and all-sky
photometric surveys such as 2MASS and SDSS later revealed the full extent of the Sgr stellar
stream (lbata et al., 2001a; Majewski et al., 2003). Since then, newer missions suclag have
sought to repeat observations of the stream with newer and better instruments with the goal of
obtaining more accurate and up-to-date measurements (Antoja et al., 2020; Ibata et al., 2020;

Ramos et al., 2020).

2.3.1 Morphology of the Sagittarius Stream

Today, we know that the Sgr stellar stream consists of a vast, almost polar band of tidally
stripped material, which wraps around the sky for more than one full revolution (Ibata et al.,
2001a; Majewski et al., 2003). A simpli ed depiction of its spatial extent and distribution around
the disk of the MW is illustrated in Figure 2.1. Following the expected structure of a tidal tail,
the Sgr stream consists of two arms; one leading arm which precedes and another trailing arm
which lags behind the core of the Sgr dwarf along its polar orbit (Ramos et al., 2022; Muraveva
et al.,, 2025a). The leading arm, which is more prominent in the northern Galactic hemisphere,
is located at smaller Galactic radii than the core, and thus precedes it. On the other hand, the

trailing arm, which is most prominent in the southern Galactic hemisphere, lags behind due to its
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location at larger Galactic radii. However, this picture becomes notably more complicated when

taking into consideration the arms' bifurcations (Ramos et al., 2022).

Figure 2.1: Left: Simpli ed graphic illustrating the spatial extent of the Sagittarius stellar

stream across the galactic hemispheres. Image credithttps://www.handprint.com/ASTRO/

galaxy.html . Right: The leading and trailing arms of the Sgr stream, and the Sgr core,

illustrated as orange dots, and their 3D distribution around the MW disk, which is represented

by a attened blue spiral. The yellow sphere represents the position of the Sun. Image credit:
David R. Law (UCLA). https://www.stsci.edu/ ~dlaw/Sgr/ .

2.3.2 Bifurcation Structure

The Sgr stream also “forks' into secondary branches, also known as bifurcations, called the bright
and faint branches, present in both the leading (Belokurov et al., 2006) and the trailing (Koposov

et al., 2012) arms. There has been prolonged debate and investigation into whether the two
structures are in fact independent stellar structures, or multiple wraps of the same stream o set
by some precession (e.g., Belokurov et al., 2014; Navarrete et al., 2017; Ramos et al., 2022). The
morphology of the bifurcation structure across the Sgr stream is illustrated in the Figure 2.2,

sourced from Ramos et al. (2022).

Koposov et al. (2012) initially suggest that the two branches may be entirely di erent streams,
citing their di erences in integrated luminosity to argue the existence of a thicker, brighter stream
alongside a thinner, fainter stream which is o set by around 10 degrees. They nd that whereas

both branches have similar distance gradients, their stellar populations di er in their metallicity
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Figure 2.2:  Sky distribution of the selection of Sgr candidates made by Ramos et al. (2022).
Top: Histogram showing star counts obtained from a proper motion selection. The black and
white background is another histogram representing the complete input sample before selection
of candidates. The gure shows a mollweide projection of the histogram in ICRS coordinates,
with superimposed isoprobability contours associated with the probability of stars being mem-
bers of the Sgr stream.Bottom: Histogram of stars in the nal sample, shown in Sgr-centric
coordinates (T ; 7 ). Red crosses trace out peaks from the 1D wavelet transform associated
with the bright branch, and blue crosses correspond to the peaks associated with the faint
branch. The dashed lines represent the resulting polynomials, tted to these crosses. Image
credit: Figure 2 in Ramos et al. (2022).

distribution functions and colour-magnitude distributions. The brighter stream contains a signif-
icant number of metal-rich stars, in likeness to the Sgr core, while the fainter stream is dominated

by a metal-poor stellar population.

Furthermore, the brighter branch exhibits a more complex colour-magnitude diagram, with several
turn-o s and a prominent red clump, suggesting that it contains multiple stellar populations,
while the fainter branch does not (Koposov et al., 2012). These di erences are illustrated in the

Figure 2.3 (refer to Koposov et al., 2012, for further detail). Belokurov et al. (2014) use a variety
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of di erent stellar tracers (blue horizontal branch stars, main sequence turn-o stars, red giants)
to nd consistent results that the Sgr debris in the brighter branches evolves di erently from the

fainter branches, both in the leading and trailing arms.

Figure 2.3: Hess diagrams of the stellar populations in the bright (left) and faint (right)

branches of the trailing arm of the Sagittarius stellar stream, corrected for the distance gradient,

as studied by Koposov et al. (2012). The red clump (RC) and blue straggler (BS) populations
are marked on the left panel. Image credit: Figure 6 in Koposov et al. (2012).

Koposov et al. (2012) demonstrate an important result that the faint branches of both the leading

and trailing arms exhibit common features, and thus likely also have common origins. Similarly,
the bright branches in both the leading and trailing arms have consistent features and are most
probably part of a common structure (Koposov et al., 2012). According to the most recent studies,
it is thought that each of the two branches corresponds to a di erent pericenter crossing between
which the progenitor experienced some perturbation or change in internal rotation, which caused

the stripped material to attain slightly di erent orbital properties (Ramos et al., 2022).
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2.4 Infall of the Sagittarius Dwarf and Formation of the

Stream

The Sgr dwarf galaxy has traversed several pericentric passages around the MW, with the initial
infall occurring between 5 6 Gyr ago (Ruiz-Lara et al., 2020). The exact number of passages
is still debated, with di erent studies exploring the possibilities of as few as three (Toguchi-Tani

et al., 2025), up to as many as 10 20 passages (Zhao, 1998).

During the rstinfall, the Sgr dwarf had a galactic metallicity gradient (e.g., de Boer et al., 2014;
Gibbons et al., 2017; Yang et al., 2019; Hayes et al., 2020; Ramos et al., 2022; Minelli et al., 2023),
which today shows up as a corresponding metallicity gradient along the length of the stream, as
stars nearer to the Sgr core are more metal-rich ([Eel] 0:6 dex), while those further away
are characteristically more metal-poor ([FeH] 1:2 dex) (Bellazzini et al., 2006b; Chou et al.,
2007; Monaco et al., 2007; Hayes et al., 2020).

2.4.1 Importance of Studying the Sagittarius System

There are still many open questions about the exact origins of the stream and its features. The

Sgr system has and continues to be studied extensively through observations (e.g., lIbata et al.,
2001a; Majewski et al., 2003; Ibata et al., 2020; Ramos et al., 2022) as well as through numerical
modelling simulations (e.g., Law & Majewski, 2010; Penrarrubia et al., 2010; Vasiliev et al., 2021)

seeking to understand how such an apparently fragile system could survive to be seen at the
present time, and what this means for our understanding of the dark matter content in our

Galaxy (Ibata & Lewis, 1998; Ibata et al., 2020).

As the closest satellite galaxy and one of the most prominent stellar streams in the Galactic
halo, the Sgr dwarf and its stream serve as an extremely valuable example of ongoing tidal
disruption and hierarchical galaxy formation. They present an ideal system which can inform
about the processes of minor mergers, the dissolution and accretion of dwarf satellite galaxies,
and their subsequent population of the Galactic halo. Sgr has further been described as \the main
dynamical architect of the Milky Way disk" (Ruiz-Lara et al., 2020) as it actively and recurrently

in uences the star formation history of the MW. Ruiz-Lara et al. (2020) nd that the pericentric

crossings of the Sgr dwarf temporally coincide with major bursts of star formation in the MW
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disk, providing strong evidence that these crossings are an important trigger of enhanced star

formation episodes.

Also a useful probe of the distribution of dark matter in the MW and its satellites (e.g., Ibata &
Lewis, 1998), the Sgr system has already aided in the revelation of key results about our Universe,
such as the true shape of the Galactic gravitational potential being roughly spheroidal, although
di erent analyses have suggested di erent axis ratios for the spheroidal potential (Ibata et al.,
2001b; Helmi, 2004; Law et al., 2005).

2.4.2 RR Lyrae Variables in the Sagittarius System

Among the stellar populations in the Sgr dwarf galaxy and its corresponding stellar stream, RR
Lyrae variable stars (RRLs) are of particular interest. RRLs are strictly old # 9 10 Gyr)
pulsating variables that populate the MW halo and old & 10 Gyr) stellar systems, including but
not limited to globular clusters and dSphs, which makes them highly e ective tracers of structures
associated with past accretion events. They are excellent distance indicators (Longmore et al.,
1986) and allow their metallicities to be estimated from photometric parameters, such as their
pulsation period and Fourier decomposition parameters of their light curves, without requiring
high-resolution spectroscopic data (e.g., Mullen et al.,, 2022; Muraveva et al., 2025a). RRLs
are known to span a broad range> 3 dex) in iron abundances, with the most metal-poor
RRLs reaching metallicities near 3 dex, and the most metal-rich RRLs having near-solar iron
abundances ([FeH] 0 dex) (Kovacs & Jurcsik, 2023; Muraveva et al., 2025b).

2.5 RR Lyrae Variable Stars

RR Lyrae (RRL) variable stars are a class of stars on the horizontal branch (HB) of the Hertzsprung-
Russell (HR) diagram which also cross the classical instability strip (illustrated in Figure 2.4).
Typically characterized by low stellar masses ( 0.6 { 0.8 M ) and old ages, they are radial pul-
sators whose surface expands and contracts regularly with periods ranging from a few hours to
one day ( 0:2 1:0 days). Consequentially, their brightness varies over such timescales in one of
two di erent modes, referred to as the fundamental (RRa, RRb, RRab, RR0) and rst-overtone

(RRc, RR1) pulsation modes (Bailey, 1902; Clementini et al., 2023; Muraveva et al., 2025b).
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Figure 2.4: Left: HR diagram illustrating the location of the RR Lyrae class on the HB

and Cepheid instability strip. Image Credits: Rursus (2007). Right: A sample of light curves

showing an RRab light curve on the left and RRc light curve on the right to illustrate their
di erent peak structures. Image Credits: Figure 2 in Pritzl et al. (2019).

2.5.1 Dierent Pulsation Modes

Fundamental pulsation mode RRLs, consisting of the RRa and RRb types, which are today
referred to collectively as RRab or RRO stars, have asymmetrical light curves with sawtooth-like
peaks. They pulsate with periods between 0:42 and 1 day, and have visual amplitudes in
the Gaia G-band, with an amplitude variation between 0:1 and> 1 magnitudes in this band
(Braga et al., 2020; Clementini et al., 2023). The amplitudes of variation further di er based on
the observing wavelength. When observed at shorter optical wavelengths, the RRLs have larger
amplitudes of variation, whereas smaller amplitudes of variation are measured when observing in

longer near-infrared wavelengths (Braga et al., 2018, 2019).

Another class of RRLs, referred to as RRc or RR1, pulsate in the radial rst overtone pulsation
mode, and have nearly sinusoidal light curves. RRc stars usually have shorter periods between
0:2 and 0:42 day, and an amplitude of the light variation up to about 056 magnitudes in the
visible band. A comparison of example observations of both aforementioned types of light curves

is illustrated in Figure 2.4.

There are also double-mode radial pulsators, called RRd or RR01, in which both the fundamental

and rst-overtone modes are simultaneously excited. It has further been suggested that RRLs
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may pulsate in a second overtone (RRe or RR2), possibly in a double mode where the RRL is
pulsating simultaneously in the rst and second overtones (RR12), and that a fraction of RRLs

are pulsating in non-radial or multiperiodic modes (Catelan, 2009; Clementini et al., 2023).

2.5.2 Historical Context

RRLs have long been known to exist in large numbers within Galactic globular clusters (Pickering
& Bailey, 1895), and were correctly identi ed for the rst time by Shapley (1914). Bailey (1902)
was the rst to classify RRLs into categories a, b and ¢ according to the shapes of their light
curves, and Schwarzschild (1940) connected RRab with the fundamental pulsation mode and
RRc with the rst overtone. Double-mode pulsator RRLs were rst recognized by Jerzykiewicz

& Wenzel (1977) among eld stars and then by Sandage et al. (1981) in globular clusters, while
the new class was assigned the 'RRd' notation by Nemec (1983) and Linnell Nemec & Nemec
(1985). Alcock et al. (2000) later introduced the numerical notation for the fundamental and rst

overtone pulsation modes as RRO and RR1, respectively (Catelan, 2009).

2.5.3 Usage as Stellar Tracers

Since their discovery, our understanding of RRLs has been greatly enriched by data from large-
scale targeted surveys studying the MW and other Local Group galaxies. Both ground-based
instruments as well as space-based missions have been accumulating a wealth of new observations
and measurements made with unprecedented accuracy, making them widely available astronom-
ical tools suitable for various scienti ¢ applications in a wide range of astrophysical problems
(Catelan & Smith, 2015).

One important use of RRLs is as standard candles, since they follow a luminosity-metallicity
(LZ) relationship in visible wavelengths and a period-luminosity-metallicity (PLZ) relation in the
infrared (IR) (Bono et al., 2003; Catelan, 2009). This makes them abundant stellar tracers with
a small relative distance error€ 3 5% for individual stars), and excellent probes for measuring
accurate distances to old, distant stellar populations, as well as into regions close (20 kpc) to
the MW disk. Their characteristic light curves make RRLs easily detectable even in very crowded

regions of the sky or high-extinction conditions, while their measurable pulsation properties such

15



2 Background & Literature Overview

as periods, amplitudes and mean magnitudes, allow their metal abundances and reddening to be

measured (Clementini et al., 2023).

RRLs are also important probes of galactic formation and evolution, since they allow for studying
old stellar populations in the MW and nearby extragalactic systems. Such old stellar populations
are ones which have witnessed the rst epochs of galaxy formation and can provide useful insight
into the building blocks which contributed to the build-up of galactic halos (Smith, 1995; Catelan
& Smith, 2015).

RRLs are particularly ideal tracers for characterizing stellar streams in the MW, since they are
ubiquitous - found across all Galactic components (halo, disk, bulge), old - thus able to hold

evidence of the early evolution of the MW, and span a wide range of metallicities.

2.6 Previous Work on the Topic

Numerous studies have already tackled the topic of using observations of RRLs to study the Sgr
stellar stream. This section will provide a brief timeline summarizing the scopes of the most

recent and relevant works.

Hernitschek et al. (2017) estimate the mean distance and line-of-sight depth of the Sgr stellar
stream using observations of its old RRL stellar population drawn from PanSTARRS1 (Kaiser
et al., 2010) 3 survey data. Sesar et al. (2017) employ the same dataset to study the trailing arm
of Sgr out to its apocenter at around 90 kpc, and the stream's bifurcation into two branches: one
bending towards the Galactic centre, while another extending further up to around 120 kpc. The
latter branch, known as the “spur' feature of Sgr, was studied further using its blue horizontal

branch stellar population by Bayer et al. (2025).

The Gaia mission has provided a wealth of high-precision kinematic measurements for almost two
billion stars, including thousands of RRLs which have been successfully identi ed and character-
ized (Clementini et al., 2019; Rimoldini et al., 2019; Clementini et al., 2023Y5aia’s latest Data
Release 3 (DR3, Gaia Collaboration et al., 2023) has provided the largest, most homogenous and
parameter-rich catalogue of RRLs to date, making it an ideal dataset to use when studying the
distribution, kinematics and metallicity of the Sgr stream through its RRL population (Muraveva

et al., 2025b).
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Ramos et al. (2020) use RRLs fronGaia's second data release (DR2, Gaia Collaboration et al.,
2018; Clementini et al., 2019) to obtain a full 5D characterization of the Sgr stream. In another
study, Ibata et al. (2020) similarly use photometric metallicities fromGaia DR2 to obtain dis-
tance measurements of RRLs along the stream using tig [Fe=H] relation from Muraveva

et al. (2018) (refer to Muraveva et al. (2025b) for relevant discussion on biases in photometric
metallicities in this dataset). Antoja et al. (2020) employ astrometric measurements from DR2
to identify the Sgr stream solely from the stars' proper motions and successfully calculate the

proper motion along the entire stream's trajectory for the rst time.

Ramos et al. (2022) compile the largest sample of Sgr stream candidate members to date from
Gaia's third early data release (EDR3, Gaia Collaboration et al., 2021), assembling a catalogue
of more than 700,000 stars, among which 8060 of them are RRLs. They also re-evaluate the
nature and possible origins of the bifurcation structure observed in both the leading and trailing
arms of the stream, in light of the latest data. Wang et al. (2022) use 6D position-velocity
measurements from the Sloan Digital Sky Survey (SDSS, York et al., 2000) Sloan Extension for
Galactic Understanding and Exploration (SEGUE, Yanny et al., 2009) in combination with the
Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST, Cui et al., 2012) and
Gaia's EDR3 (Gaia Collaboration et al., 2021; Clementini et al., 2023) to identify 145 RRLs as

Sgr stream members.

Most recently, Sun et al. (2025) use 5D space data on RRLs @aia's DR3 (Clementini et al.,
2023; Gaia Collaboration et al., 2023), supplemented by photometric metallicities and distances
computed by Li et al. (2022) to identify various galactic substructures, one of which being the Sgr
stellar stream. Muraveva et al. (2025a) employ the RRLs iaia's DR3 as tracers, using updated
photometric metallicities from Muraveva et al. (2025b), new computed distance estimates, and
a range of di erent samples of Sgr candidates with varying degrees of purity, in order to revisit
the geometry of the Sgr stream and metallicity of its oldest stars in light of the most recent

measurements.

2.7 Summary

Tidal structures, including shells, streams and tidal tails, are features created in a galaxy's halo

through tidal interactions or merger events with a satellite. Stellar streams are groups of stars
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moving along a common trajectory and make important probes which can o er valuable insight
into the evolution history of their host galaxy. There are hundreds of known stellar streams
within the halo of the Milky Way, one of which is the Sagittarius stellar stream, created by the
ongoing tidal disruption of the Sagittarius dwarf galaxy, which is the closest known satellite of
the Milky Way. RR Lyrae variables stars are radial pulsators whose brightness varies periodically
over the span of a few hours. They are particularly suited for studying stellar streams because of
their characteristically old age, ubiquity, wide range of metallicity measurements, and nature as
standard candles, allowing for reliable distance measurements. Employing RR Lyrae variables to
study the Sagittarius stellar stream is an active subject of research, with many studies seeking to
unravel some of the mysteries which still remain surrounding the conditions for formation of the

Sagittarius stream and consequently, the evolution and current nature of our Milky Way.
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Chapter 3

Data & Methods

This chapter introduces the surveys and studies from which our data catalogue is sourced, and
provides the mathematical framework for the relevant coordinate transformations. It further
explains the methods employed to select Sagittarius candidates, distinguish between the stream's

structural components, and perform our characterisation analyses.

3.1 The Catalogue

We use a custom catalogue consisting of 302,892 RR Lyrae stars, which was compiled by and
will be made publicly available in Braga et al. (in prep.). The catalogue is mostly based on
RRLs observed byGaia DR3 (Clementini et al., 2023) and extended with measurements from
other surveys which have been cross-matched with théaia DR3 source catalogue. Besides
the astrometric and photometric measurements fronsaia, the catalogue is supplemented with
observations from OGLE-IV and additional physical and kinematic properties such as radial
velocities and metallicities sourced from external studies. This section presents in detail the two
most important surveys for our purposes and explains the contents and respective sources of the

full catalogue.
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3.1.1 The Gaia Satellite

Gaia is a European Space Agency (ESA) satellite which was launched into orbit around the
second Lagrange point of the Sun-Earth-Moon gravitational potential in 2013 (Gaia Collaboration
et al., 2016). It has now completed its scienti c operation and was placed into retirement orbit
in 2025. In this post-operations phase, th&aia Data Processing and Analysis Consortium
(DPAC?Y) is still releasing data, with the most recent being its third data release (DR3, Gaia
Collaboration et al., 2023), while the fourth is expected in 2026 and the fth expected no sooner
than 2030. The mission consists of a space observatory with onboard astrometric and photometric
instruments, as well as a radial velocity spectrometer. An artistic rendition of the satellite in space
is pictured in Figure 3.1. The primary scienti ¢ goal of theGaia mission was to construct the
most accurate multi-dimensional map of the Milky Way, measuring astrometry and broad band
photometry in the G, Ggp and Ggp photometric bands of stars and other celestial objects, as well
as some extragalactic sources. The wavelength ranges spanned by each band are summarized in
Table 3.1 (Jordi et al., 2010). It was successful in measuring the positions, distances, motions and
photometry of around 1.8 billion objects and has revolutionised our knowledge of the Universe

throughout the course of its operations.

Band Colour Wavelengths [nm]

G white 350 1000
Ggp blue 330 680
Grp red 640 1000

Table 3.1: The Gaia photometric bands.

Our data catalogue consists oGaia DR3 measurements of positions (right ascension, declination
and their errors) and proper motions (proper motions in right ascension and declination and their
errors) for our RR Lyrae targets, which were retrieved from the archive hosted by ESARefer to

Gaia Collaboration et al. (2023) for a complete description of the content and properties of DR3,
and to Clementini et al. (2023) for further explanation of the speci c processing and validation

pipeline applied to RRL targets in this data release.

Ihttps://www.cosmos.esa.int/web/gaia/dpac/consortium
2https://gea.esac.esa.int/archive/
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Figure 3.1: An artistic rendition of the Gaia satellite mapping the stars of the Milky Way.
Image Credits: ESA/ATG medialab; background: ESO/S. Brunier. https://www.esa.int/
ESA_Multimedia/lmages/2004/05/Gaia_mapping_the_stars_of the Milky Way

3.1.2 The Optical Gravitational Lensing Experiment

The Optical Gravitational Lensing Experiment (OGLE, Udalski et al., 1992) is a long-term
large-scale photometric sky survey focused on observing variable sources. It was launched by the
University of Warsaw in 1992 and is still ongoing, using the 1.3 m Warsaw telescope located at the
Las Campanas Observatory in Chile. The Warsaw telescope is pictured in Figure 3.2. The survey
was rst launched with the aim of detecting gravitational microlensing events in the direction

of the Galactic bulge, but its scope has since been expanded further to include the discovery
of variable stars long-term observation of their light curves. OGLE targets the densest stellar
regions in the sky, including the Galactic bulge, disk, and Magellanic Clouds. The experiment is
currently in its fourth phase of observation (OGLE-IV, Udalski et al., 2015), which started in
March 2010, and has photometric capabilities in the Cousinsband (mean wavelength 810 nm)

and the JohnsonV -band (mean wavelength 550 nm).

Our catalogue contains measurements of RRLs in the region around the Sagittarius dSph galaxy
made by OGLE-IV (Hamanowicz et al., 2016), including their positions (right ascension and

declination) and | -band magnitudes. The same RRLs have also been cross-matched with the
Gaia catalogue, to obtain a common source identi cation index which can be used to retrieve the

correspondingGaia data (Gavras et al., 2023).
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Figure 3.2: The dome and control building of the Warsaw telescope at Las Campanas
Observatory, Chile. Image Credits: The University of Warsaw. https://en.uw.edu.pl/
25-years-of-the-ogle-project/

3.1.3 Other Surveys and Additional Studies

Besides measurements directly made liyaia DR3 and OGLE-IV, a number of external studies
and additional surveys contribute to our data catalogue. In particular, we source radial velocity
and spectroscopic metallicity measurements from other studies, and distance measurements from
supplementary surveys. Photometric metallicities and Galactic component membership of RRLs
in our catalogue are provided through private communication of results from external ongoing

studies. All supplementary studies and surveys are listed in full in Appendix A.

3.2 Selection of Sagittarius Candidates

We use two methods of selection to identify candidate members of the Sgr stream; one is based
on a prede ned selection made oiaia's third early data release (EDR3, Gaia Collaboration
et al.,, 2021) data by Ramos et al. (2022), while the second is a position-and-magnitude-based

selection performed on the OGLE-IV dataset.

3.2.1 Ramos Selection from Gaia EDRS3 Data

Ramos et al. (2022) use th&aia EDR3 catalogue to make the largest and most stringent selection
of Sgr stream candidates. They improve on previous methods by Antoja et al. (2020) and Ibata

et al. (2020) to reach a balance between purity and completeness.
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3.2 Selection of Sagittarius Candidates

To clean their dataset, they rst impose a parallax cut, Iter out quasar objects and restrict the
selection to within the plane of the Sgr orbit and outside the MW disk using cuts in Sgr-centric
coordinates (C ; = , explained in §3.3). Each of these steps is explained in detail 2.1 and
Appendix A of Ramos et al. (2022).

The selection of Sgr candidates is then made by applying a wavelet transform (Starck & Murtagh,
2002) decomposition of proper motions and identifying the peaks corresponding to the Sgr stream.
They further increase the purity of the sample by implementing a clustering algorithm on the
Colour-Magnitude Diagrams (CMDs) of each Sgr candidate peak, and make cuts G+band
magnitude to remove contamination from halo and disk stars. Refer 8.2 and Appendix B in

Ramos et al. (2022) for a full detailed explanation of all steps involved in the selection.

From the nal selection by Ramos et al. (2022), we select the candidates to which they assign a
probability of Sgr stream membership higher than 50%. The resulting selection consists of 6420
of our catalogued RRLs (hereafter referred to as the 'Ramos selection’). The distribution of these

selected RRLs in equatorial coordinates is illustrated in Figure 3.3.

Figure 3.3: Equatorial coordinate plane distribution of the Ramos selection of Sgr candidate
RRLs.

3.2.2 Position-and-Magnitude-Based Selection from OGLE-IV Data

We use the graphical viewer and data editor TopCat(Taylor, 2005) to perform a two-step se-

lection on the OGLE-IV RR Lyrae catalogue. First, we perform a rough selection of data points

3https://www.star.bristol.ac.uk/mbt/topcat/
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within a 10 region around the known position of the core of the Sgr dSph M54/NGC6715,
(; )=(284 ; 30) in equatorial coordinates (Hamanowicz et al., 2016) using the subset selec-
tion tool. Second, we clean this selection by visualising it in the apparehtmagnitude vs. right
ascension plane and selecting a compact region around the observable overdensity in apparent
| -magnitude. The resulting selection of Sgr candidates from this method (hereafter called the
"OGLE selection’) consists of 2874 RRLs and their distribution across the planes of selection is

illustrated in Figure 3.4.

Figure 3.4: Results from the position-and-magnitude-based selection of Sgr candidate RRLs
from OGLE-IV data. The "x' marks the known paosition in equatorial coordinates of the Sgr
dSph core.

3.2.3 Summary of Selection Intersections

Accounting for the overlaps between both selections such that each object is only counted once,
we have a combined selection of 7316 Sgr candidate RRLs. Figure 3.5 summarizes the number of
RRLs selected by each method and their intersection through a Venn diagram in the top panel,

and equatorial coordinate plot in the bottom panel. The selections are further illustrated in the
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context of all other stars in our catalogue in Figure 3.6. The stars not selected as Sgr stream
candidates are shown using a greyscale histogram and the selected Sgr candidates are highlighted

in colour.

Figure 3.5: Top: A Venn diagram summarizing the quantities of Sgr candidate RR Lyrae

selected by each method and their intersection. Bottom: The distribution of selected Sgr

candidate RR Lyrae in equatorial coordinates. The inset shows a closer view of the region
around the Sgr core.

3.3 Transformation to Sagittarius Coordinate Frame

To facilitate analysis of the Sagittarius stream along its length, we transform our equatorial
coordinates (; ) into the Sgr coordinate frame which de nes™ as the Sgr longitude and™

as the Sgr latitude. We employ the convention de ned by Belokurov et al. (2014) which uses a
pre-existing ( ; ) framework initially introduced by Majewski et al. (2003). Both frameworks
similarly de ne their coordinate system to be centred on the Sgr core according to its position as

determined in Majewski et al. (2003), and use the Euler angles as measured by Majewski et al.
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Figure 3.6: Equatorial coordinate map illustrating the distribution of all RRLs in our cat-

alogue. The selected Sgr candidates are highlighted in pink (Ramos selection), blue (OGLE

selection) and purple (intersection). The distribution of all other RRLs in the catalogue is
shown as a greyscale histogram. The Galactic plane is marked with a dashed red line.

(2003) to de ne a longitude which goes along the length of the stream and a latitude which is
measured along an axis perpendicular to the stream. However, the key di erence is that the prior
framework de nes a longitude™ which increases in the direction of motion of the stream, while
the latter framework uses a right-handed coordinate system where the longitude increases
in the direction opposite to the Sgr motion. The adopted T ; ~ ) framework is a common one

employed in many studies of the Sgr stream (e.g., see Ramos et al., 2020, 2022).

Equation 3.1 shows the relationship used to convert equatorial coordinates () into the Sgr
coordinate system (" ; ~ ) following the de nitions in Appendix A of Belokurov et al. (2014).
The mathematics involved in propagating the corresponding errors i and ~ is detailed in

Appendix B of this work.

=arctan2( 0:93595354 cos()cos() 0:31910658sin()cos( )+ 0:14886895 sin();
0:21215555cos()cos() 0:84846291sin()cos() 0:48487186sin())  (3.1)
~ = arcsin(0:28103559 cos()cos() 0:42223415sin() cos( ) + 0:86182209 sin())

3.4 Selection of Stream Components

Selection of the di erent structural components of the stream is performed in two main steps.

First, we locate the bifurcation of the stream within our dataset and use this information to
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distinguish between the leading arm, trailing arm and Sgr core. Second, we assign branch mem-
bership to the RRLs within the stream'’s arms to determine whether they form part of the bright

or faint branch within each arm.

3.4.1 Conditions for Component Separation

We separate the Sgr stream into its constituent components, using the bifurcation property of the
stream's arms to distinguish between the leading and trailing arms, and the core. Since it is known
that the Sgr stream bifurcates into two branches; one bright and one faint, in both its leading

(Belokurov et al., 2006) and trailing (Koposov et al., 2012) arms, we employ the assumption that

this translates into some level of bimodality in the distribution of RRLs across™ .

First, we separate the two arms from the core by nding the ranges in~ spanned by each
component. To do this, we make the further assumption that the distribution of RRLs along the
Sgr latitude in each branch is well-described by a Gaussian distribution. We consider for this
exercise only the Ramos selection of Sgr candidate RRLs (refer 88.2.1), since this selection
contains candidates across the entire length of the stream and thus spans all three dierent
components. On the other hand, all Sgr candidates in the OGLE selection (refer §.2.2) are
immediately identi ed with belonging to the Sgr core, since the OGLE-IV survey and selection
method employed speci cally target the region on the sky where the Sgr core is known to be

located.

Employing a running window approach acros§S , we t a single and a double Gaussian to the
histogram of RRL counts across™ using a Gaussian mixture modelling (GMM) algorithm, which
nds the parameters giving the best Gaussian ts to the data. Then, we assess goodness-of- t of
both the single and double best tting Gaussian models using the? test. The running window
was implemented using a window width of 20which slides across the full™ range in steps of
5. The ranges of~ where the double Gaussian results in a better t and lower? statistic than
that given by the single Gaussian, we consider the RRLs to be part of the stream'’s leading or

trailing arms, depending on their location with respect to the Sgr core.

Alternatively, in the regions where the single Gaussian gives the better t, we consider the RRLs
to be within the Sgr core. The exact value of where 2 2 becomes negative, indicating the

exact coordinate where selection of the arms stops and the Sgr core begins, is identi ed using a
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one-dimensional interpolation between the last positive and rst negative values of 2= 2 2

to nd the exactly where the 2 2 line meets the™ axis.

In the chosen Sgr-centred coordinate system, we de rie to increase in the direction of motion

of the stream, and each arm occurs on either side of the Sgr core, which is centred at (0, 0), such
that we can easily identify the trailing and leading arms based on their locations it . The
arm spanning a range of positive™ values is identi ed as the leading arm, while the other arm
occurring on the opposite side of the core, spanning a range of negative values is identi ed

as the trailing arm. This method separates our Ramos selection of Sgr candidate RRLs into the

three main stream components: the trailing arm, core, and the leading arm.

3.4.2 Conditions for Branch Separation

Second, we assign bright/faint branch membership probability to the RRLs in the leading and
trailing arms. We do this using the same two Gaussians which were t using GMM along in

the running window, as explained in§3.4.1. Each of the two Gaussian peaks is attributed to a
branch, calling them preliminarily branches A and B. Branch A is taken to be the one described
by the peak at a larger ~ , while branch B is taken to be the one associated with the peak at
a smaller = value. Connecting all instances of the Gaussian peaks associated with a particular

branch along ™ traces out the position of the branch along the length of the stream.

The results of the GMM algorithm are further used to predict branch membership probabilities of
each RRL within each instance of the running window based on ifs position. These probabilities
are then used to assign nal branch membership by choosing members of branch A as those with

P(A) > 0:5, and members of branch B to be the remaining RRLs in the arm witR(A)  0:5.

To identify the branches A and B with the labels of "bright' and “faint' used in the literature, we
employ a method similar to that used in Koposov et al. (2012), who quantify the “brightness' of
each branch by measuring the total integrated luminosity across all constituent stars. In place
of luminosity, we use the photometric mean ux in theG-band measured byGaia to compute
the total integrated ux of each branch. The branch with a higher total integrated ux across
the entire length of the stream is identi ed as the “bright' branch, while the one with a lower
total integrated ux is identi ed as the “faint' branch. These results are further veri ed by cross-

referencing with the identi cations made in the literature, in particular with Ramos et al. (2022).
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3.4.3 Gaussian Mixture Modelling and Probability Computation

Gaussian mixture modelling (GMM) is a technique used to model distributions, which assumes
that all data points can be described by a mixture of a nite number of Gaussians with unknown
parameters (Pedregosa et al.,, 2011; Moitra, 2018). A univariate Gaussian distribution on the

variable x has a probability density function given by:

x )
2 2

. 1
N(xj; )= Po=—exp (3.2)
where is the value at which the peak of the Gaussian occurs, which also coincides with the mean
value of the distribution by de nition, and is the standard deviation (Pedregosa et al., 2011,

Moitra, 2018). A Gaussian mixture with two components has the probability density function:

PXJ 15 15 20 2) = WaNu(X] 15 1)+ WoNo(X| 25 2) (3.3)

whereN; and N, are each univariate Gaussians as de ned in Equation 3.2, and the coe cients

wq; W, satisfy wi;w, 0 andwyg + wy = 1.

The Gaussian mixture modelling algorithm uses expectation-maximization to iteratively compute
the parameters ;; 1; »; 2 and the weightsw; andw, until the combination which maximizes the
likelihood is found. The likelihood is computed as the product of the density function evaluated

across alln possible values of the variable:

A
L= p(xi) (3.4)
i=1
After nding the best tting two-component Gaussian mixture, we can use it to predict the
probabilities of each pointx; belonging to either of the two Gaussian components using the

formula:

Wik Nk (Xi] k; k)
WiN1(Xi] 15 1)+ WoNao(Xi] 25 2)

P (branchK jx;) = (3.5)
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This returns the probability of some star at Sgr latitude™ = x; belonging to branchK . In each
instance of the running window, we compute the probability of each RRL belonging to branch A,
and then nd the corresponding probability of belonging to branch B a®#(B)=1 P(A), and

use these results to assign branch membership as describe@3nt.2.

3.4.4 The Chi-Squared Statistic

The chi-squared ( ?) statistic measures the goodness-of- t of a model as compared to the observed
data (Cowan & Cowan, 1998). We employ it to assess how well our tted single and double
Gaussian mixtures describe the distribution of RRLs across Sgr latitudeé in each instance of

the running window.

The statistic is computed as:

2% (On Ep)?

= (3.6)

b=1

where B is the total number of bins used in the histogram acrosS in the particular instance
of the running window. Oy, is the "observed' number of RRLs, which is just the count given by
the histogram, andE, is the expected number of RRLs according to the tted Gaussian mixture

models.

The 2 statistic is computed separately for the single and double Gaussian mixture models to
determine which of the two resulted in a better t to the data. A smaller 2 value represents a

closer and therefore better t, while a larger > means a worse tting model.

3.5 Analysis of Dierent Component Properties

Characterization of the di erent components of the Sgr stream is performed across two main
categories. In one category, we compare the leading arm, trailing arm, and Sgr core components
with each other, and in another category we analyse the bright and faint branches of the stream
against each other. In this way, each component is characterized in the context of other compo-

nents with which it does not share any members. The physical and kinematic properties of the
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3.5 Analysis of Di erent Component Properties

components are analysed and compared, including their Galactocentric distances, proper motion

distributions and radial velocities.

A two-pronged statistical approach is employed for checking if the physical and kinematic proper-
ties of each component reveal a statistically distinct underlying population. The components are
rst compared pairwise by computing the separations of the mean values of their distributions in
units of their combined standard deviation, and using this to interpret the probability of such a

di erence arising from pure randomness or a real underlying dissimilarity in the populations.

The second approach involves employing non-parametric statistical tests to check for signi cant
di erences between the populations. Noting that the distributions of the physical and kinematic
properties of each component do not usually follow a Gaussian shape, we make use of only non-
parametric tests which can be applied without prior assumptions of a Gaussian distribution. In
the category consisting of the leading arm, trailing arm and core, three components need to be
compared, such that the Kruskal-Wallis test needs to be employed as a rst check. The Kruskal-
Wallis statistic can be interpreted against the standard critical value to determine whether any

di erences between the distribution of the means are likely to be associated with component

membership.

If such a di erence is detected, the Mann-Whitney test is then employed to each pairwise combi-
nation of components to determine which pairs have a statistically signi cant di erence in their

mean property. In the second category containing only two components, the bright and faint
branches are immediately compared using the Mann-Whitney statistical test. For each pair of
components, we further compute the Vargha-Delaney statistic to quantify the di erence between

the populations.

3.5.1 Computing the Separation of Two Means

During our pairwise comparison of properties between each stream component, we determine the
separation of the two distributions, in terms of the combined standard deviation . which takes
the standard deviation of both distributions into account. The expression used to quantify this

separation is shown in Equation 3.7.
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= (3.7)

1 and , are the means of the two distributions, while ; and , are their respective standard

deviations, and is the resulting separation in units of .= 2+ 2,

For distributions which can be approximated as Gaussian, this separation can be interpreted
using the 68-95-99.7 rule, also known as the empirical rule (Hogg et al., 2019), the contents of

which are summarized in Table 3.2.

P(Di erence is Random) P(Di erence is Real)

1 32% 68%
2 5% 95%
3 0:3% 99:7%

Table 3.2: Interpretation of for approximately Gaussian distributions using the empirical
rule, showing the respective probabilities of such a separation arising from a purely random and
non-random distribution.

3.5.2 Kruskal-Wallis Test

The Kruskal-Wallis test is a non-parametric statistical test which can be used to determine if
three or more distributions originate from the same population. Being non-parametric, this test
is suitable for applying to distributions which are not Gaussian. The test compares the means
of thesek > 3 distributions to determine whether the variation between the distributions is
signi cantly larger than the internal variation within each distribution (Deshpande et al., 2018;
Ho man, 2019).

The Kruskal-Wallis test consists of rst ranking the full dataset consisting of all distributions to be
compared, sorting the data in ascending order, from the smallest to largest values, assigning a rank
Rj to each observationX; . The counteri represents the distribution to which the observation
belongs to, which ranges from 1 t&, andj is the number of the observation within its distribution,
which ranges from 1 ton;, wheren; is the total number of observations in distributioni. Then,

the average rank of each distribution is found using Equation 3.8
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Ri=

1 X
~— R 3.8
o i (3.8)

=1

Finally, the Kruskal-Wallis statistic, H, can be found and used to measure how far each group's

average rank is from the overall average rank using the Equation 3.9.

12 X n+1 2
H= ——— n; Ri
n(n+1) -

(3.9)

wheren = ny + n, + i+ ny is the total number of observations in all distributions combined

(Deshpande et al., 2018; Ho man, 2019).

Under the null hypothesis, all distributions originate from the same underlying population, such
that their average ranks should be approximately equal. If the groups di er, the statisti¢d is
larger than the critical value H , which for 3 groups and a standard signi cance level of = 0:05
has a de ned value ofH =5:991 (Ho man, 2019). For a Kruskal-Wallis statisticH > H , the
null hypothesis can be rejected and there is substantial evidence that thedistributions do not
originate from a common underlying population, but rather ones which are statistically distinct
(Deshpande et al., 2018; Ho man, 2019).

3.5.3 Mann-Whitney Test

The Mann-Whitney test is another non-parametric statistical test which compares two indepen-
dent distributions to determine whether any one of them tends to have consistently larger values
than the other, and thus decide if they belong to di erent underlying populations. As a non-
parametric test, it is also suitable for studying non-Gaussian distributions (Zar, 2010; Deshpande
et al., 2018).

The Mann-Whitney test relies on rst ranking the full dataset consisting of both distributions to
be compared, assigning ranks in ascending order, with the smallest values receiving lower ranks,
and large values being assigned higher ranks. Then the sum of ranks for each distributiBg,
and R, is calculated and used to compute the Mann-Whitney statisti¢J for each distribution,

which is computed according to Equations 3.10 and 3.11.
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R1 (3.10)

U, = nin, U (311)

wheren; and n, are the sample sizes of the rst and second distributions, respectively, aR] is
the sum of ranks in the rst distribution. The nal statistic U is calculated as the minimum of
U; and U, (Zar, 2010).

U =min( Uy; Uy) (3.12)
For distributions containing large numbers of observations, the Mann-Whitney statistit) follows

a normal distribution, such that the Z-score can be computed from it for interpretability as in

Equation 3.13.

Z= (3.13)

ninz(ny + Ny + 1)
12

nin;

where y = is the mean and y = is the standard deviation of the

normal distribution (Zar, 2010).

A Z-score equal or close to 0 indicates no signi cant di erence between the two compared distri-
butions, whereas aZ-score which is far from 0 suggests a signi cant di erence. The threshold is
de ned by the critical value Z , which for a standard signi cance level of =0:05isZ = 1:96.
This means that if Z satises jZj > 1.96, the di erence is signi cant and there is evidence of
the two distributions not originating from the same underlying population. The associateg
value describes the probability of such a di erence arising under random conditions. This means
that when p < 0:05, the observed result is highly unlikely to arise in the scenario where both
distributions arise from the same underlying population, and therefore evidence of a statistically

signi cant di erence between them.

34



3.6 Further Bright and Faint Branch Analysis

3.5.4 Vargha{Delaney Statistic

The Vargha-DelaneyA statistic is used the quantify the “e ect size' of a statistically signi cant

di erence between two distributions. It is directly computed from the Mann-Whitney statisticU,
which makes it suitable for pairwise comparisons of non-Gaussian distributions. The statisc
represents the probability of a random observation from one distribution being larger than a ran-
domly selected observation from the second distribution, and it is calculated as in Equation 3.14
(Vargha & Delaney, 2000).

U
A= 3.14
i, (3.14)

whereU is the Mann-Whitney statistic, and n; and n, are the sample sizes of the two distributions

being compared.

A Vargha-Delaney statistic ofA = 0:5 suggests a 50% chance of a randomly chosen observation
from the rst distribution being larger than one randomly picked from the second distribution.
A > 0:5 suggests that the rst distribution tends to contain larger values, andA < 0:5 suggests

that the second distribution tends to contain larger values (Vargha & Delaney, 2000).

3.6 Further Bright and Faint Branch Analysis

The RRL populations within the bright and faint branches of the Sgr stream are further analysed
through their distributions in a colour-magnitude diagram (CMD). First, the absolute observed
magnitudes in the G-band are computed using the apparent observed magnitudes measured by
Gaia in combination with the corresponding distance measurements from the catalogue. Then,
the CMD is smoothed using Gaussian kernel density estimation (KDE) to compute the probability
density function (PDF) at each point in the diagram. Di erences between the bright and faint
branch CMDs are then highlighted by subtracting both normalized PDFs to identify the locations

in colour-magnitude space where each branch dominates.
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3.6.1 Computing the Absolute Magnitude

The apparent magnitudes measured bgaia are converted into absolute magnitudes by account-

ing for the true distance modulus. This conversion is made using Equation 3.15.

M = mg rue = Mo 5logy (3.15)

10
Here, M is the absolute magnitude,mg is unreddened apparent magnitude from our catalogue,

wrue IS the true distance modulus, andd is the distance of the object from Earth, in parsecs
(Carroll & Ostlie, 2017).

3.6.2 Kernel Density Estimation

Kernel density estimation (KDE) is a non-parametric method of estimating the probability density
function (PDF) of a distribution. It generates a smooth curve or surface to describe the dataset
by approximating each point with a kernel, and summing the kernel contribution of all points to
obtain the total PDF. We employ a Gaussian KDE implementation which approximates every
point by a Gaussian distribution (Jake VanderPlas, 2016; Weglarczyk, 2018; Gramacki, 2019;
Heer, 2021; Garca-Portugtes, E., 2025). The general form of the approximated smoothed surface

function is illustrated in Equation 3.16.

t X
h

X0
f\(t) = % K (3.16)

wheren is the total number of points in the dataset, andh is the bandwidth of the kernel, which
serves the function of a normalization factor. The functioK is the kernel, which in this case has

the form of a Gaussian distribution, following the general structure as shown in Equation 3.17.

2

K(t) = plzzexp % (3.17)

The nal Gaussian KDE PDF has the form of Equation 3.18 which is normalized such that

it satis es the normalization condition for PDFs in Equation 3.19. The observed data points;
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have been extrapolated into a complete, smooth PDF which can be used to obtain the probability
density at any point t within the range in which the function is de ned (Jake VanderPlas, 2016;

Weglarczyk, 2018; Gramacki, 2019; Heer, 2021; Garca-PortugLes, E., 2025).

1 X (t  xi)?
f\(t) = o B P oo (3.18)
Z 1
f(t)dt=1 (3.19)

1

3.7 Metallicity Investigation

Characterization of the stream components in terms of their metallicity is done through two
approaches. We adopt the stellar astrophysics de nition of metallicity as the abundance of iron
over hydrogen [FeH], de ned as [FeeH] =logZ logZ , where Z  0:017 is the mass fraction

of metals in the Sun. Spectroscopic metallicity measurements are available in our catalogue
for RRLs within the arms of the stream, but no such measurements are available for the Sgr
core. For this reason, we use these metallicities derived from spectroscopy to quantify di erences
between the leading and trailing arms, and between the bright and faint branches. The metallicity
investigation of the core is carried out using photometric measurements, which are available for

the core as well as many non-Sgr eld RRLs across di erent Galactic components.

3.7.1 Spectroscopic Metallicity Investigation of the Arms

Di erences between the leading and trailing arms, and between the bright and faint branches in
terms of their metallicities are investigated using spectroscopic metallicity measurements. Em-
ploying the same approach as described §3.5, we compute the separation of the means in units
of combined standard deviation and perform a number of non-parametric statistical tests. The
Mann-Whitney test and Vargha-Delaney statistic are used to determine whether any statistically

signi cant di erences arise between the di erent components in terms of their metallicities.
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3.7.2 Photometric Metallicity Investigation of the Core

RRLs in the Sgr core are compared with the surrounding eld RRLs using their photometric
metallicities derived from OGLE light curves by Mullen et al. (in prep., see appendix A for
full description). Out of 5374 RRLs which are candidate members of the Sgr core, 2509 have
photometric metallicities in the catalogue. The eld RRLs are selected and classi ed into their
associated Galactic components using kinematic ags from Bono et al. (in prep.). The Sgr core
RRLs are then compared to the global eld RRL sample, and separately to the eld RRLs within

each Galactic component.

Employing the same approach as described &8.5, we compute the separation of the means
in units of combined standard deviation and perform a number of non-parametric statistical
tests. The Mann-Whitney test and Vargha-Delaney statistic are used to determine whether any
statistically signi cant di erences arise between the di erent samples in terms of their photometric

metallicities.

3.7.2.1 De nition of Field RR Lyrae

The sample of eld RRLs is selected by applying the following Iters:

" The RRL is not identi ed as belonging to any clusters, dwarf spheroidal galaxies, or the
Magellanic clouds.

" The RRL is not identi ed with the Sagttarius stream by the Ramos and OGLE selections
described in83.2.1 and§3.2.2 respectively.

using kinematic ags derived by Bono et al. (in prep.). The nal eld RRL sample consists of

243,522 RRLs.

3.7.2.2 Separation of Galactic Components

The eld RRLs are then classi ed according to their associated Galactic component, de ning
four categories of eld RRLs within each of the thin disk, thick disk, bulge and halo Galactic
components. This classi cation is based on the kinematic ag assigned in Bono et al. (in prep.),

which associates RRLs with each of the thin disk, thick disk, and halo Galactic components.
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This kinematic classi cation from this source does not extend to the Galactic bulge, and we de ne
di erent membership criteria for this component. After removing the eld RRLs belonging to the
thin disk, thick disk and halo components from our global eld RRL sample, we adopt a bulge
radius of Rg. guige = 3:5 kpc (Lian et al., 2024; Zoccali & Valenti, 2024; Prudil et al., 2025) and
select stars within this radius to be contained within the Galactic bulge component. The size of
each eld RRL selection and number of available photometric [E#] measurements is shown in

Table 3.3.

Field sample Selection method N N phot: [Fe=H]
Global kinematic ag 243,522 69,109
Thin disk kinematic ag 927 95
Thick disk kinematic ag 3070 203
Bulge Rg < 3:5 kpc 56,618 43,618
Halo kinematic ag 11,083 272

Table 3.3: The size of each eld RRL sample, including the global and Galactic component-
wise selections, and corresponding numbers of available photometric metallicity measurements.

3.8 Summary

We use a custom data catalogue consisting of 302,892 RR Lyrae, mainly sourced fiGaia
DR3 and OGLE-IV, and complemented by some results from other surveys and external stud-
ies. Candidate Sagittarius stream members are selected using two main methods; one based on
the classi cation by Ramos et al. (2022), and another position-and-magnitude-based selection
from OGLE-IV measurements. The equatorial coordinates measured Baia are converted into
Sagittarius-centric longitudes and latitudes for easier characterization of stream along its length.
We separate the stream into its constituent components, identifying the leading arm, core and
trailing arm, using a Gaussian mixture modelling technique to identify the points of bifurca-
tion within the stream. We further use the probabilities derived from Gaussian modelling to
distinguish between the bright and faint branches within the arms of the stream. The physical
and kinematic properties of the di erent stream components, in particular their Galactocentric
distances, proper motion distributions and radial velocities, are analysed through a compari-
son of their mean measurements and a number of non-parametric statistical tests, including the
Kruskal-Wallis test, Mann-Whitney test, and the Vargha-Delaney statistic. The bright and faint

branches of the stream are further studied through their colour-magnitude diagrams which are
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3 Data & Methods

computed using Gaussian kernel density estimation. Finally, the metallicity investigation of the
stream uses spectroscopic metallicities to study the arms, and photometric metallicity measure-
ments to analyse the Sgr core in the context of the surrounding eld stars, grouped by Galactic

component.

40



Chapter 4

Results & Discussion

This chapter presents and describes our results, discussing their implications and signi cance in
the scienti ¢ context of the Sagittarius stream. It further draws comparisons with previous studies
and compares our results with those reported in the literature where possible. The chapter rst
presents the results from the selection of the di erent stream components, followed by the analysis
of their physical and kinematic properties, including their Galactocentric distances, proper mo-
tions and radial velocities. The analysis of the bright and faint branch is then further extended to
investigate their colour-magnitude diagram distributions and spectroscopic metallicities. Finally,
the photometric metallicity of the Sagittarius core is compared with that of the surrounding eld

RRLs, accounting for the di erent Galactic component of which the eld RRLs form part of.

4.1 Selection of Stream Components

The Sagittarius stream is separated into its main constituent components using its bifurcation
property. First, the leading arm, trailing arm and Sgr core components are identied. Then,
the two branches that make up each arm are de ned, and identi ed with the faint and bright

branches of the stream.
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4 Results & Discussion

4.1.1 Separation of Arms and Core

In order to distinguish between the leading arm, trailing arm, and Sgr core components in the
Ramos selection of Sgr candidates, we rst locate the range along which the stream bifurcates
by comparing the 2 statistic of a single and double Gaussian mixture tted using the GMM
algorithm. The bottom panel in Figure 4.1 illustrates the resulting 2 values for both Gaussian
mixtures and their dierence 2= 2 2 evaluated at each instance of the running window.
The top panel illustrates the entire Ramos selection of Sgr candidates in Sgr longitude and
latitude ~ for reference. Refer to Appendix B for the full results of the GMM tting algorithm

using a single Gaussian and double Gaussian mixture in each instance of the running window.

Figure 4.1: Top panel: Log-scale density histogram illustrating the Ramos selection of Sgr

candidate RRLs in Sgr longitude and latitude. Bottom panel:  The resulting 2 values for the

tted single (%, in blue) and double ( 3, in green) Gaussian mixtures from the GMM algorithm

evaluated in each instance of the running window. Their dierence 2= 2  Zisillustrated
as a dashed red line.

A level of bimodality is observed along both components of the stream which are visible in the
upper panel of Figure 4.1. The component of the stream which spans a range of positive

values, is better tted by a double Gaussian mixture model than a single Gaussian model across
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4.1 Selection of Stream Components

its entire length. We identify this component with the leading arm due to its position preceding

the core along its direction of motion.

The component of the stream which spans a range of negative values is better tted by a
Gaussian mixture which varies along its length from a double to a single Gaussian mixture. The
leftmost end of this component is better t by a double Gaussian mixture, while its rightmost
end, which is closer to the known position of the Sgr core at’(; = ) = (0;0), is t better by

a single Gaussian. We interpret the position in™ where the trend reverses to be the point
where the trailing arm joins the Sgr core. As a result, we identify the bimodally distributed
component which spans negative values 6f as the trailing arm lagging behind the Sgr core,

and the unimodally distributed part of the stream as the Sgr core.

The exact = at which a single Gaussian becomes a better t than a double Gaussian mixture is
calculated using interpolation between the last positive and rst negative values of 2= 2 2.
The result is found to be™ = 165 and is illustrated in the context of the rest of the stream

in the Sgr frame in Figure 4.2.

Figure 4.2: Similar to Figure 4.1 with the addition of a dashed black line indicating the point
at which the distribution of RRLs across Sgr latitude changes from from bimodal to a unimodal
distribution, indicating the ~ where the trailing arm ends and the Sgr core begins.
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4 Results & Discussion

Through this analysis, we have separated our Ramos selection of Sgr stream candidates into the
leading arm, trailing arm, and core structures. The nal component assigned to each RRL is

illustrated in Figure 4.3.

Figure 4.3: Results from our separation of the three main structural components of the Sagit-

tarius stream illustrated in the Sgr frame. RRLs which have been selected as members of the

trailing arm are shown as blue points, RRLs in the core are shown in green and RRLs in the
leading arm component are plotted in red.

Ramos et al. (2020) similarly identify the ranges in Sgr longitude where the stream bifurcates
as part of their characterization analysis usingsaia DR2 RRLs employing a slightly di erent
technique to identify the bimodality in the distribution of RRLs across Sgr latitude. They identify

a bifurcation only within the leading arm, within the strongest bimodality being observed within

~

the range 100 < < 120, consistent with the ndings in Belokurov et al. (2006) which report
the beginning of the bifurcation to be around™ 80. They do not detect any appreciable
bifurcation in their sample of RRLs within the trailing arm, citing the low number of RRL counts
within this range as a possible explanation. Navarrete et al. (2017) study the faint branch within

the trailing arm of the stream and cite the range 50 < < 34 to contain this component.

Our approach identi es the bifurcation to span the entire leading arm +38 < =~ < +152:2,

and the range 1371 < < 165 within the trailing Sgr debris, both of which include but

extend the regions identi ed by other studies.

4.1.2 Separation of Bright and Faint Branch

For the leading and trailing arms, where the RRLs are bimodally distributed in™ , we assign
membership according to the probabilities retrieved from the Gaussian mixture modelling algo-
rithm. Figure 4.4 illustrates the probability of belonging to branch A for all RRLs within the
leading arm and trailing arm components. Branch A is identi ed with the sequence of Gaussian

peaks located at higher Sgr latitudes from each instance of the GMM evaluated in the running
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