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Abstract

The discovery that the Galactic stellar halo is not only formed by the oldest stars in
the Milky Way, but also made up of stars that have ages and abundances typical of
disc populations, has led to the identification of a distinct stellar population within
the Galaxy. This has been associated to the debris remaining from the accretion of a
massive dwarf galaxy: Gaia-Sausage-Enceladus (GSE). In recent years, the question
regarding whether this major merger was indeed a single accretion event has gained in
popularity, with claims that a second dwarf galaxy, Sequoia, must have merged with
the Milky Way to account for a retrograde population in the Galactic halo. By running
a series of N-body, hydrodynamical simulations between the Milky Way progenitor
and a massive GSE-like satellite, we seek to verify the self-consistency of a single
GSE-merger event by attempting to understand the impact of gas on the kinematic
properties of the major merger, as well as its imprint in the present day kinematic-
space of the Milky Way stellar halo. From our list of models, we find that a gas-rich,
GSE-progenitor on a retrograde orbit with Mg, = 8 10°M |, Mgar = 2:1 10°M  and
Mpwm = 4:73  10'°M  most robustly reproduces the significant properties observed
in the kinematic space of the Galactic halo. More importantly, we show that a
model with such properties is sufficient in reproducing merger debris with properties
similar to those attributed to Sequoia, which goes to show that the hydrodynamical
impact of gas on N-body simulations cannot be neglected when modelling galaxy pair
mergers. We highlight the importance of upcoming spectroscopic surveys in further
disentangling debris populations and building upon the work we present.

Keywords: Milky Way, Gaia-Sausage-Enceladus, Sequoia, galaxy merger, hy-
drodynamical
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Chapter 1

Introduction

The Universe is populated by an estimated two trillion galaxies [2], each drifting
apart from the other as a result of the expansion of space driven by dark energy.
Amongst these, located in the Laniakea Supercluster [3], we nd our home { the
Milky Way (MW) galaxy. The structure of the Milky Way is complex and continu-
ously evolving, notably due to internal processes (bar, spiral arms instabilities) and
gravitational interactions experienced between itself and nearby, orbiting galaxies
throughout its past, present and foreseeable future.

A typical galaxy, like the Milky Way, can be de ned as a gravitationally bound
set of stars, gas and dust whose properties, however, cannot be explained by a com-
bination of baryons and Newton's laws of gravity. This implies that luminous matter
alone is insu cient in explaining the complex dynamics of galaxies [4]; a galaxy must
therefore rely on some form of electromagnetically non-interactive \dark" matter to
remain gravitationally bound as a single entity. Its gravitational in uence was found
to be imprinted in the rotation curves of a selection of type-C spiral galaxies [5],
demonstrating that galaxies are embedded in dark matter (DM) halos extending to
large radii from their center. Although the nature of DM is still unknown, its existence
is widely accepted and predicted by the cosmological models that lay the foundations
of modern cosmology, namely a dark energy and cold dark matter dominated cosmo-
logical model of the Universe ( CDM).

The CDM model describes the collapse of in nitesimal density perturbations in
the substructure of the early Universe, observable in the Cosmic Microwave Back-
ground (CMB) [6], as the origin of galaxy formation; DM halos resulting from the
collapse of these density anisotropies gravitationally interact and grow through hier-
archical clustering, leading to the accretion of gas through large-scale laments in the
cosmic web and, subsequently, to the formation of galaxies [7, 8, 9, 10]. In addition to
being permanently 'fed' by the in ow of gas, galaxies also grow more massive through
continuous mergers with smaller nearby systems [11, 8]. The spatial distributions of
matter components (DM, gas and stellar) for the Local Group, nicely illustrated by
Scannapieco et al. (2015) [12] which we show in Fig. 1.1, reveal the large amounts of
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substructure in the Cosmic web.

Following the release of the Sloan Digital Sky Survey (SDSS)[13] and the sub-
sequent discovery of large amounts of sub-structure in the stellar halo of the Milky
Way, including merger remnants in the form of shells, stream, laments and tidal
tails [14, 15, 16], the Milky Way has been found to be the epitome of CDM cosmol-
ogy. Our understanding of the dynamical structure of the Galactic halo is currently
undergoing a major paradigm shift, thanks to superb data from the Gaia (ESA) satel-
lite. The rise of modern spectroscopic surveys such as the Apache Point Observatory
Galactic Evolution Experiment (APOGEE), Galah, the Large Sky Area Multi-Object
Fiber Spectroscopic Telecope (LAMOST) and the upcoming ones (4AMOST, MOONS,
WEAVE) re ects the intention of the astrophysicist community to uncover the origin
of the Galaxy and its halo in the coming years. These complementary missions pro-
vide unprecedented instrumentation which, combined, hold the power to map out and
analyse motions, luminosities, temperatures and chemical compositions of millions of
stars across our galaxy [17, 18]. In turn, the gathered data will greatly contribute
to unravelling the mysteries of the MW galaxy formation, evolution and present-day
structure of its di erent components (disk, bulge and halo).

1.1 The stellar halo of the Milky Way

1.1.1 Origin and Structure

The Galactic halo contains< 1% of the stellar mass of the Milky Way [19], with recent
analysis calculating the total stellar mass of the halo as My = 1:3'43 10°M
using a sample of APOGEE red giant stars [20]. Of this stellar mass, approximately
0:9'%2 10°M s estimated to belong to accreted populations. The stellar halo of
the Milky Way is the home of the most metal-poor stars of our galaxy, which have
lifetimes comparable to the current age of the Universe [21]. It therefore holds one of
the most powerful archaeological tools in partially uncovering the appearance of the
Milky Way in the past [22, 23], as the chemical elements imprinted in the atmospheres
of halo stars re ect the physical conditions of the interstellar medium in which they
were born [23]. Thus, we can trace their birth site from their chemical abundance
and orbital motions.

While there is mounting evidence that the inner regions of the Milky Way may -
for the very large majority - be made of stars formed in the Galaxy itself over time, it
is in the stellar halo that we need to look to nd traces of past and ongoing satellite
accretion events. Numerical simulations indeed suggest that the stellar halos of disk
galaxies like the Milky Way may contain hundreds of stellar streams, which are relics
of mergers with other galactic systems with masses comparable to or signi cantly
smaller than our own Galaxy at the time of their accretion [24, 25, 26]. The origin of

2
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the stellar halo of the Milky Way remains to this day a major topic of conversation
in Galactic astronomy; whether the Galactic halo was predominantly formed \in-
situ" ! [22] or whether most its stars were primarily accreted during merger events
involving dwarf satellite galaxies [27, 28, 29, 30] is yet to be answered with certainty.

Although the observed substructure of the Galactic stellar halo is consistent
with that of a predominantly accreted stellar halo predicted by cosmological sim-
ulations [30], the reality may in fact comprise a combination of both phenomena,
with further research suggesting that the halo of the Milky Way contains both stel-
lar populations that formed in-situ as well as others resulting from past accretion
events [24, 21, 31]. This may be explained by a division of the Galactic halo into
an inner- and outer- component [32, 33]; the inner- halo originating from in-situ star
formation and accretion processes consistent with CDM cosmology, while the outer-
halo would host the remnants of accreted satellite galaxies [31]. This idea has however
been contested due to the lack of evidence from SDSS/Sloan Extension for Galactic
Understanding and Exploration (SEGUE) in favour of a dual Galactic halo over a
single, sub-structure-rich halo [34].

The di erent properties of the inner- and outer- Galactic halo are representa-
tive of its chemical evolution and merger history. Due to their earlier time of ac-
cretion, inner-halo stars should have di erent chemistry [29, 35] than outer- halo
stars, both thanks to their enrichment in -elements produced during type Il su-
pernovae (SNell) [36] or to the high metallicity composition of relatively massive
(10°  10'M ) accreted galaxies [35]. This is notably illustrated by an identi able
divide between the metallicity density functions (MDF) and the orbital motions of
the outer- and inner stellar halo [32, 37].

Broadly speaking, the accreted component of the stellar halo of the Milky Way
is made up of (i) a large number of stellar streams and (ii) a more (nearly) smooth
component. Stellar streams are usually linked to dwarf galaxies and globular clusters
being disrupted by the tidal forces of the Milky Way. In this case, the orbit of the
object can be traced from the tidal stellar stream, which is usually visible in the sky.
In the case of streams emerging from the accretion of dwarf galaxies, this suggests a
relatively recent perturbation or recent infall. Remnants of galaxies accreted at the
very early phases of the Milky Way evolution are in contrast contained in the smooth
component of the Galactic halo, along with in-situ formed stellar populations heated
up by the mergers at di erent epochs.

Historically, the accretion scenario dates back to Searle & Zinn (1978) [27], who
suggested that the stellar halo was formed from metal-poor satellite galaxies, in which
stars undergoing chemical evolution prior to being accreted eventually fell into dy-
namical equilibrium with the Milky Way. This view was seen as antithetic to the
scenario proposed a decade earlier by Eggen et al. (1962) [22], where \the oldest
stars were formed out of gas falling toward the galactic center in the radial direction
and collapsing from the halo onto the plane" on timescales as short as® \&ars.

Ln-situ: stars formed within the Milky Way itself; not accreted
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While for several decades it has been thought that the stellar halo was the result of
the combination of these two processes (see [23, 38] for a review), the most recent
works seem to exclude a dominant contribution of the radially \collapsed" component
to the inner stellar halo.

However, it has now become evident that the accretion of satellite galaxies is not
the only channel to form stellar halos. When satellites are accreted, they damage the
disk of the Milky Way, and kinematically \heat" it. Because of this process, Milky
Way stars that were con ned in the disk before the interaction can be ejected at large
heights, contributing to the formation of the halo. As a consequence, not all stars in
the halo have an extragalactic origin, but a fraction of them formed in-situ, in the
Galactic disc, and were then ejected into the halo. Since we have evidence that the
most massive accretions in the Galaxy occurred at early times (i.e. in its rst billion
years of evolution), this in-situ, kinematically heated component of the stellar halo
must be made of stars of the ancient Galactic disk. Until a couple of years ago, this
was the scenario traced by numerical simulations (see, for example, [39, 40, 41, 42]).
Thanks to Gaia and complementary spectroscopic surveys, we can now demonstrate
that these two channels (accretions and in-situ, heated disc) are the main two modes
of formation of the inner Galactic halo (inside about 15 kpc from the Galactic center).

1.1.2 Streams in the MW halo

The growth of galaxies through hierarchical clustering described by CDM is ex-
pected to result in the disintegration of the accreted satellite, which may be followed
by a trail of stripped stars. These elongated structures, formed when a small galaxy
or globular cluster is pulled apart by the gravitational forces of a larger galaxy such
as the Milky Way, are called tidal streams. Although it is dicult to accurately
determine the number of tidal streams that have been discovered in the Milky Way,
some estimates claim that the Galaxy contains at least several dozen tidal streams
[43, 44]. A number of these were in fact projected by Mateu (2022) into Galactic co-
ordinates [44], which we illustrate in Fig. 1.2 alongside further projections of several
real images of stellar streams onto the night sk3.

Some of the streams have indeed been found in recent years (see, e.g. [45]). The
most prominent and famous of them is the Sagittarius stream, a stellar band of stars
that wraps around the Galaxy on a polar-like orbit [46, 47]. This stream is made of
stars that were once associated to the Sagittarius dwarf galaxy (Sgr) dwarf spheroidal
galaxy (the closest Milky Way companion at about 24 kpc from the Sun [48]) and
that have been stripped from it, due to the tidal e ects exerted by the Galactic
gravitational eld. Because stars in the streams follow, at rst approximation, similar
orbits, they can be used to reconstruct the Galactic potential at tens of kiloparsecs
from the Galactic centre, providing strong constraints on the DM distribution and

2https://github.com/cmateu/galstreams
Shttp://www.astro.yale.edu/abonaca/research/halo.html
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granularity even far out from the Galactic disk [49, 50, 51, 52].

A full 360 analysis of the Sagittarius stream on the sky has revealed a plethora
of Galactic substructure [47, 53]. Various globular clusters, such as Palomar-12 and
NGC 4147 [54, 55], have in fact been identi ed as belonging to the Sgr stream. While
being the home to a blue horizontal branch population of stars with age 10 Gyr [56],
the predominant stellar population of the Sgr stream has ages between 6-9 Gyr [57].
The ongoing accretion of Sgr and its tidal tail provide a unique insight into what the
last major merger of the Milky Way may have looked like. Hence, the Sgr stream
holds the power to establish a strong reference for the properties of accreted stellar
populations, which is transferable to ongoing research regarding accretion history of
the Milky Way.

Faint, low-mass stars that compose streams may not be visible in all wavelengths
of light and are usually widely dispersed, making them hard to detect. For instance,
Miskolczi et al. (2011) nd 28 galaxies showing distinct stream-like features against
90 galaxies showing faint stream-like features using SDSS data release (DR) 7 [58],
each with varying apparent lengths as a result of their di erent stages of accretion.
Although streams remain somewhat mysterious to this day, understanding the origin
of their stellar populations may strengthen our understanding of the merger history
of the Milky Way.

However, not all stellar streams in the halo have an extragalactic origin. The
Galaxy indeed also contains tens of very narrow stellar streams, more likely made of
stars stripped from globular clusters, old stellar systems with typical masses of few
10PM , mostly orbiting in the inner halo of our Galaxy [59, 13, 60].

1.1.3 Ancient merger debris in the MW halo

The discovery of spatially coherent structures in the halo of our Galaxy brings clues
on the recent past of the Milky Way, since stars that we see nowadays in streams have
possibly escaped their progenitor system very recently (typically within one billion
years ago). The search for stars accreted by the Milky Way at earlier times of its
evolution are more di cult to nd, since stellar streams associated to early accretions
are now expected to be fully mixed with the eld stars and to have lost their spatial
coherence. Cosmological simulations of galaxy mergers predict that the local volume
of the Milky Way should contain hundreds of groups of stars with distinct kinematic
properties, which are the remains of past merger events in the Galaxy. Thanks
to the vast amount of high-quality data from Gaia DRs, such theories are being
con rmed through observations and several halo substructures can be linked to a
massive, possibly single, accretion event - the last major merger of the Milky Way,
between itself and the so-called Gaia-Sausage-Enceladus (GSE) dwarf galaxy [61, 62,
63, 64, 65, 66, 67]. In particular, the rst two Gaia releases have shown that the
stellar halo of our Galaxy, at distances of about 10 kpc from the Galactic center, is
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dominated by the GSE remnants.

Stars associated with this merger event are, on average, characterized by pecu-
liar kinematics and chemical abundances, even if the overlap with the corresponding
properties of in-situ stars is not negligible. A map by Helmi et al. (2018) of the
kinematic properties of GSE tentative members is illustrated in Fig. 1.3 [61]. With
a mass estimated to be between one fourth and one tenth of the mass of the Milky
Way at the time of the accretion, this accretion event has marked a signi cant step
in the evolution of our Galaxy. The Galactic disk in place at the time this merger
occurred has indeed been signi cantly damaged by this accretion and part of its stars
have been expelled at large distances from the Galaxy mid-plane, contributing to
form the stellar halo. It is by studying these stars that it has been possible to date
this accretion event to about 10 billion years ago [1, 68, 69, 63, 70]. There has been
great excitement around this discovery and its consequences on the disk evolution
and its star formation; however, the exact characteristics of this accretion (baryonic
and dark matter masses of the satellite, its gas content and properties, its orbit) are
still largely unknown. We still lack a model able to fully explain the properties of the
satellite progenitor, Gaia-Sausage-Enceladus.

Beyond the question of the characteristics of the GSE satellite, a more di cult
guestion lies: was the GSE-progenitor a single satellite? Or are several satellites
hiding in kinematic and chemical space, embedded in the GSE region? And more
generally, to what extent is the merger tree currently reconstructed from Gaia data
correct and complete? The answer to this question is not trivial. From the point
of view of the current observational data (Gaia and spectroscopic surveys such as
APOGEE) it is not possible to disentangle the number of satellites the GSE sequence
is really made of. This is why a development of new simulations of the MW-GSE-
like mergers are crucial; they will allow to understand to what extent the current
solution (a single massive satellite) is unique, and propose di erent scenarios that
can be checked with future Gaia releases and with spectroscopic surveys like the
WHT Enhanced Area Velocity Explorer (WEAVE), Multi-Object Optical and Near-
infrared Spectrograph (MOONS) and 4-metre Multi-Object Spectroscopic Telescope
(4MOST).

1.2 Dynamics of merging galaxies

What is the main reason for the galaxy mergers? First, a nite-in-size massive
dwarf galaxy moving through the halo of the bigger one is a subject of dynamical
friction. This dissipative force drags the dwarf galaxy towards the centre of a more
massive one. The time scale of the merger thus depends on the strength of dynamical
friction which heavily depends on the relative velocity of the systems and their density
distributions. This process is well studied in a number of works showing how the orbit
of a dwarf galaxy is a ected. However, these works are mostly based on piiebody
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simulations of collisionless DM and star particles [71, 72, 65, 67].

In addition to the stellar and DM mass components, gas clouds contribute to the
total mass of a galaxy. The evolution of gas during a galaxy merger is illustrated in
Fig. 1.4. Unlike stars and DM, gas is collisional - that is, molecules in a gas cloud
interact with each other, resulting in the exchange or radiation of energy. Subsequent
hydrodynamical e ects, namely gas pressure and energy dissipation via cooling, play
important roles in galaxy mergers. Dynamical friction refers to the drag force that
arises when a massive object (e.g. a dwarf galaxy) moves through a background of
lighter objects, such as stars or gas belonging to a more massive Galaxy. This force
can cause the dwarf satellite to lose kinetic energy, ultimately leading to a merger
event.

Gas pressure, on the other hand, refers to the pressure exerted by a gas on its
surroundings. In the context of galaxy mergers, gas pressure can stabilise the gas
within a galaxy by helping to balance the gravitational forces that are acting on
it; under the in uence of gravity, the gas is compressed and the pressure it exerts
increases accordingly, thus enabling it to counter the gravitational forces causing its
compression. Once the gas pressure is equal to the gravitational force, the gas is
prevented from collapsing further and the system is said to have reached hydrostatic
equilibrium. Mathematically, this can be described by the Euler equation [73]

ds 1
a—r -rP=0; (1.2)

wherev is the velocity vector of the gas, is the potential of the galaxy, is the
gas density and P is the gas pressure. The underlying assumption is that the net
Lagrangian acceleration of the gas resulting from the sum of hydrodynamical and
gravitational forces is zero.

In addition to helping to stabilize the gas within a galaxy, gas pressure can also
in uence the dynamics of a galactic merger. The gas in each of the merging galaxies
can be subjected to di erent gravitational forces and can be compressed as the galaxies
approach each other. This can lead to the formation of shocks in the gas, which can
then transfer energy to the stars and dark matter in the galaxies, in uencing their
dynamics and the overall evolution of the merged galaxy.

Overall, gas pressure and microscopic radiative processes play an important role
in the structure and dynamics of galaxies, and understanding the role that it plays
can help us better understand the processes that shape and evolve galaxies over time.
Beyond the dynamical impact of gas, the chemical evolution of galaxies is expected
to be in uenced by in ow, outfall or radial gas ows [74], which, by altering the gas
content of a galaxy, have a direct in uence on its star formation.
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1.3 Project Outline

The research project aims to explore the structure of the major merger debris of a
massive GSE-progenitor-like dwarf galaxy accreted onto the MW-like disk. More par-
ticularly, the aim of the project is to understand how the initial orbit of the satellite
and implementation of gas and consequent star formation are imprinted in the kine-
matic properties of a MW-GSE-like merger, in a quest to further our understanding of
the structural development of the Milky Way. We attempt to do so by developing and
comparing a set of pureN -body and hydrodynamical models of pairs of galaxies with
similar properties to the Milky Way and the GSE-progenitor, which are generated,
run and analysed as detailed in Chapter 2 where we also list and describe in detail
our chosen set of models. The main results of our analysis are presented in Chapter 3.
The main results of the work are summarized in Chapter 4. By achieving so, we hope
to make a step forward in understanding the presently observable kinematics and
chemistry of the Milky Way and build upon previous non-hydrodynamical research
on the matter (outlined throughout Section 1 and in Appendix A). The novelty of the
inclusion of hydrodynamics to this analysis lays the ground work for further studies
of the MW-GSE merger, which we expect to be multiplied in anticipation of coming
data releases from European Space Agency (ESA)'s Gaia space mission (DR4 is ex-
pected in 2026) and the 4AMOST spectroscopic survey ( rst data release expected in
2024-2025), and is transferable to the analysis of MW-like galaxies.
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Chapters/1_Intro/Medial/Scannapieco_etall5.png

Figure 1.1: Spatial distribution of dark matter (top), gas (middle), and stars (bottom)
resulting from a high-resolution simulation of the Local Group, from Scannapieco et
al. (2015). Continuous circles indicate the MW candidate and dashed circles the
Andromeda candidate.
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Chapters/1_Intro/Medial/bonaca.png

Figure 1.2: Left: Mollweide projection map in Galactic coordinates of the celestial
tracks for the 97 stellar streams according to Mateu (2022)Right: several stellar
streams in the MW halo (Bonaca et al. 2012).

Figure 1.3: Kinematic properties of GSE tentative members on the sky from Helmi
et al. (2018). The proper motions, depicted by the arrows, reveal a rather complex
velocity eld. A global kinematic pattern of the GSE merger debris arises because of
the coherent retrograde sense of rotation of the stars in their orbits.

10



A hydrodynamical reconstruction of the last major merger of the Milky Way

Chapters/1_Intro/Medial/Model_19 xyplotGAS.jpg

Figure 1.4: Evolution of gas distribution during a gas-rich MW-GSE-like merger in
the x-y plane, plotted in increments of 0.4Gyr. The accreted galaxy is on a prograde
orbit and contains 20% of the total gas mass of the more massive galaxy. Distinct
streams of gas are left trailing behind the dwarf galaxy while both galactic disks are
heavily perturbed during the merger (Marabotto et al. (in prep.)).
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Chapter 2

Research Methods

The methods by which allN -body, hydrodynamical, MW-GSE-like merger models
were elaborated, generated and analysed are described in this chapter. The creation
and analysis of our models follows a sequential step-by-step procedure as outlined
below:

1. Generation of merger models

(a) Initial conditions generation and choice of the orbital parameters.
(b) Numerical simulations of the galaxy mergers.

2. Analysis of the modelled merger properties

(a) Merger orbits.

(b) Structure of the merger debris in the total energy - angular momentungf
L,) space.

(c) GSE disruption study via escape times calculation.

(d) Star formation histories of the GSE and the MW.

These steps are developed in further detail in the subsequent subsections. They re-
ect the research methods undertook throughout this project, explaining how galaxy-
pair con gurations that adequately recreate a Milky Way-GSE-like merger event were
developed. Data analysis of the generated simulations, as well as the generation of

the les containing ICs, was carried out in Python. The nal list of merger models is
then described in Section 2.2.

2.1 Model generation

2.1.1 Initial conditions for simulations

In order to run a dynamical model of the galaxy mergers we rst need to adopt
certain properties of both galaxies (MW and GSE-progenitor) and set up the initial

12
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Table 2.1: Constant parameters used to de ne the the initial conditions our our model
MW-GSE-like galaxy mergers. The motivation of our analysis being the investigation
of mergers with varying gas fraction, the masses of individual matter-components are
not constant and are described in Table 2.2.

Galaxy Mot [M ] Component Potential Pro le Scale Parameters [kpc]
Gas Myamoto-Nagai a=10, b= 006
MW  3:35 10 Stars Myamoto-Nagai a=4:5b= 04
DM Plummer =16
Gas Myamoto-Nagai a=5, b= 002
GSE 574 10 Stars Plummer =0:85
DM Plummer =2

parameters of the GSE-progenitor orbit. These are summarised in Table 2.1. We
consider the host (MW-like) galaxy to be represented by three components, including
a live DM halo, and stellar and gaseous disk components. The DM distribution is
considered to be a Plummer sphere [75], while the disk components are assumed to
be in the form of Myamoto-Nagai density distributions [76]. These translate to the
following potential pro les:

GM
p(R;2) = P ; (2.1)
R2+ 2
GMy;
ask(1;2) = 9 ok : (2.2)

r’+(a+ p22+b2)2

whereG is the gravitational constant, My,0; Mgisk are the total masses of the galactic
component, is the scale radius of the haloa and b are the scale length and the
scale height of the stellar disk. Beside reducing to a razor-thin disk (see Kuzmin G.G.
(1956) [77]) wherb! 0, the Miyamoto-Nagai potential reduces to that of a Plummer
sphere whema! 0. The equilibrium distribution functions for both the host galaxy
and the GSE-progenitor, as well as the above galactic potentials, were adopted using
the Action-based Galaxy Modelling Architecture (AGAMA) software library [78].

AGAMA is a powerful tool used to deal with arbitrary potential pro les extracted
from N -body models, also capable of constructing self consistent galaxy models using
galactic dynamics. For our initial conditions, each galaxy was created in isolation,
then the Milky Way-like galaxy was placed in the centre of the coordinate system,
while the GSE location was chosen to be far away from the centre of the host.

Since parameters of the Milky Way (mass, spatial scales of its components) are
largely unknown at the time of the GSE merger, we assumed that the total mass of
the host galaxy is close to the present-day one of the Milky Way. This would simply

13
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imply that most of the Milky Way was already in place around the GSE merger.
However, to inspect the manifestation of various amounts of gas, we vary its relative
fraction in comparison to the total mass. In other words, we keep the masses of the
Milky Way the same in all our models but redistribute it between gas, stars and DM
in di erent models (see details in Table 2.2).

The parameters of the GSE-progenitor galaxy are even less constrained. Apart
from the estimates of its total stellar and DM mass, we do not have any reliable
predictions regarding its structure. Since the GSE-progenitor is a dwarf galaxy, we
assume that it is also represented by DM halo, gaseous disk and stellar components.
The latter is considered to be in a quasi-spherical shape.

2.1.2 Hydrodynamical simulation of galaxy mergers - GIZMO

Once the initial conditions were generated we run a ful -body/hydrodynamical
simulations using a state-of-the-art GIZMO code. The GIZMO code is a exible,
massively parallel, multi-purpose smooth particles hydrodynamics (SPH)-based uid
dynamics and gravity calculation [7, 79]. Our simulations take into account radia-
tive cooling and heating of the interstellar medium (ISM) from H and He ionization
and recombination, collisional, dust collisional, free-free, molecular, cosmic ray and
Compton e ects from Hopkins et al. (2017) [80]. This allows us to trace some basic
properties of the multi-phase ISM, including cold (1® 10* K), warm (10* 1P K)
and hot (> 10° K) gas. Our simulations also allow the formation of new star particles
from the dense ISM, which, together with the stellar feedback, were implemented
following Springel & Hernquist (2003) [81]. Our simulations run over a total duration
of 10 Gyr and generate a total of 100 snapshots, returning a dataframe containing
6D-positions and velocities, masses and ages of each patrticle after every 100 Myr
time-step. In this way, we can trace the evolution of a single particle or of the system
as a whole.

2.2 Simulations analysis

Using the output snapshots from the ran simulations, we carry out an analysis of
the MW-GSE-like galaxy mergers. We illustrate an example of the evolution of the
merger system in Fig. 2.1. A primordial step in the data analysis is to recenter the
system to the center of the MW; as the simulation advances in time, the position of
the MW is moving through the computational domain due to gravitational attrac-
tion from the massive GSE-progenitor. To counter this, we implement a routine to
recenter the coordinate system to the center of the Milky Way at all times in order
to ensure that we remain in its restframe. This will largely simplify our calculations
and the elaboration of boundary conditions for indexing and particle selection later in
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