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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,s = 8 10°My, Mgar = 2.1x10°Mg and
Mpum = 4.73 x 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 find 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 defined 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 insufficient 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 influence 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 (ACDM).

The ACDM model describes the collapse of infinitesimal 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 filaments in the
cosmic web and, subsequently, to the formation of galaxies [7, 8, 9] [10]. In addition to
being permanently 'fed’ by the inflow of gas, galaxies also grow more massive through
continuous mergers with smaller nearby systems [I1], 8]. The spatial distributions of
matter components (DM, gas and stellar) for the Local Group, nicely illustrated by
Scannapieco et al. (2015) [I2] which we show in Fig. [L.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)[I3] 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, filaments and tidal
tails [14] [15], [16], the Milky Way has been found to be the epitome of ACDM 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) reflects 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 [I7, [I§]. In turn, the gathered data will greatly contribute
to unravelling the mysteries of the MW galaxy formation, evolution and present-day
structure of its different 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 M, o = 1.3%03 x 10°Mg
using a sample of APOGEE red giant stars [20]. Of this stellar mass, approximately
0.970% x 10°M, is 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 reflect 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 find 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 significantly
smaller than our own Galaxy at the time of their accretion [24] 25, 26]. The origin of



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

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” EI [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, BI]. 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 ACDM 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 different 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 different chemistry [29, B5] than outer- halo
stars, both thanks to their enrichment in a-elements produced during type II su-
pernovae (SNell) [36] or to the high metallicity composition of relatively massive
(10% — 10'My,)) accreted galaxies [35]. This is notably illustrated by an identifiable
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 different 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 10® years.

n-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] B8] 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 confined 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 first 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, 4], 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 ACDM 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 difficult 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. EI alongside further projections of several
real images of stellar streams onto the night sky [

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 effects exerted by the Galactic
gravitational field. Because stars in the streams follow, at first 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

Zhttps://github.com/cmateu/galstreams
3http://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 identified 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) find 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 different 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
10°Mg, 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 difficult to find, since stellar streams associated to early accretions
are now expected to be fully mixed with the field 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
confirmed 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 first 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. [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 significant step
in the evolution of our Galaxy. The Galactic disk in place at the time this merger
occurred has indeed been significantly 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 difficult
question 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 different 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 finite-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 affected. However, these works are mostly based on pure N-body
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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 effects, 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 influence 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]

& _ve-lyp_o, (1.1)
dt P
where v is the velocity vector of the gas, ® is the potential of the galaxy, p 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
influence the dynamics of a galactic merger. The gas in each of the merging galaxies
can be subjected to different 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, influencing 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 influenced by inflow, outfall or radial gas flows [74], which, by altering the gas
content of a galaxy, have a direct influence 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 pure N-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 [l 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 [l|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 4MOST spectroscopic survey (first 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).
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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 field. A global kinematic pattern of the GSE merger debris arises because of
the coherent retrograde sense of rotation of the stars in their orbits.
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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 all N-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 momentum (E—
L) space.
(¢) 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-
flect the research methods undertook throughout this project, explaining how galaxy-
pair configurations 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 files containing ICs, was carried out in Python. The final 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 first 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 define 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 .

Galaxy Mt [Mg] Component Potential Profile Scale Parameters [kpc]

Gas Myamoto-Nagai a =10, b= —0.06
MW  3.35 x 10! Stars Myamoto-Nagai a=45b=-04

DM Plummer £ =16

Gas Myamoto-Nagai a=25,b=-0.02
GSE  5.74 x 10*°  Stars Plummer S =0.85

DM Plummer g =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 profiles:

_GMhalo

Pp(R,2) = TRt (2.1)
Daisk(r,2) = — Gk (2.2)

Vet (at VE T D)2

where G is the gravitational constant, My, Maisk are the total masses of the galactic
component, [ is the scale radius of the halo, a 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]) when b — 0, the Miyamoto-Nagai potential reduces to that of a Plummer
sphere when a — 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 [7§].

AGAMA is a powerful tool used to deal with arbitrary potential profiles 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 different 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 full N-body/hydrodynamical
simulations using a state-of-the-art GIZMO code. The GIZMO code is a flexible,
massively parallel, multi-purpose smooth particles hydrodynamics (SPH)-based fluid
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 effects from Hopkins et al. (2017) [80]. This allows us to trace some basic
properties of the multi-phase ISM, including cold (10? — 10* K), warm (10* — 10° 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 particle 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. 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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Figure 2.1: Evolution of the system similar to Fig. , this time showing an example
model from our simulations. From top to bottom, the distribution of DM, pre-
existing stars, gas and newly formed stars are shown for different times before the
full coalescence of the Milky Way and the GSE-progenitor. In all panels, the Milky
Way is located in the centre. The linear size of one square panel is 400 kpc.

the analysis, namely being an essential implementation to the calculation of galactic
potentials, the angular momentum of particles and other parameters of the system.

In order to disentangle particles belonging to either the Milky Way or to the
GSE-progenitor across different snapshots, we used the initial snapshot to spatially
dissociate particles from the Milky Way and the GSE-progenitor. This is done by
identifying the particle IDs for DM or pre-existing star components found within
(MW) or beyond (GSE) 100 kpc of the Milky Way center. We do not explicitly trace
the gas particles because of the collisional nature of the ISM.

Newly formed stars however require a more advanced approach in their association
with the main galactic systems in the simulations. In particular, in the association
of newly formed stars with either the MW or the GSE-progenitor, we rely on revised
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spatial selections, which we describe in Sect. [2.2.4]

2.2.1 Merger Orbit

We seek to trace the evolution of the GSE-like satellite as it merges with the
Milky Way, comparing how the orbit changes as we modify the initial 6D kinematic
properties of the GSE progenitor, as well as the gas fraction of both galaxies. To map
out the orbit, we calculate the distance of the center of GSE to the center of the Milky
Way. We can locate the respective galactic centers by finding the mean positions
(Z,9, z) of all particles belonging to the Milky Way or to GSE in the dataframe. We
then calculate the 3D galactocentric distance of GSE-progenitor as follows:

R = v/(Xase — 2vw)? + (Fase — yvw)? + (Zase — Zuw)?, (2.3)

where Zgsg, Yase , Zase and Tyw, Yvw, Zuw are the Cartesian coordinates of the
centres of the GSE-progenitor and the Milky Way, respectively. Recall, however, that
the center of our coordinate system is associated with the center of the Milky Way.

Depending on the parameters of the system (initial velocity of the GSE-progenitor,
total mass, its relative gas fraction), we notably expect a different time scale (time
until the coalescence of galaxies) of the merger. In particular, the most interesting
effect is expected once we include a substantial amount of gas in our systems. This
effect is largely unexplored in the context of the MW-GSE-merger investigation, par-
tially because the gas content of the GSE-progenitor is unknown, despite suggestions
that it was a gas-rich dwarf galaxy [82].

2.2.2 FE-L, phase space

Numerous studies have indeed suggested that the imprints of past merger events,
even if dispersed in configuration space, should still be identified in kinematics-related
spaces such as the £F— L, phase-space. For example, it has been suggested that distinct
accreted satellites should appear as coherent structures in the £ — L, space [83] and
that the shape of these structures should not significantly change during the accretion
event, even in the case of a time-dependent potential [84] 36, R5]. From the number
of substructures found in the £ — L, phase-space, it should be possible to set a lower
limit to the number of past accretion events [83] [85]. However, it is still necessary to
check whether this search is really feasible and meaningful, namely to investigate the
significance of structures identifiable in the £ — L, phase-space.

Therefore, the predominant physical quantities we refer to in our merger analyses
are the total energy (E) and a z-component of the angular momentum (L, ):

1 _
E=0+ 5(‘@2( + v+ v;) [km® 577, (2.4)
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Figure 2.2: a) Distribution in F — L, phase-space of Milky Way halo star sample
of Myeong et al. (2019). They find two populations of merger debris; one radial
population with low L, which they associate to GSE, and one retrograde component
which they link to a separate merger remnant, Sequoia. In the top panel, they show
the L, distribution function for stars with E > —1.1 x 10° km? s72. b) Illustration
of the £ — L, space for a sample of SNd stars in Gaia DR3. Two main features are
seen in the distribution: non-rotating GSE component around L, =~ 0 and prograde
rotating disk component.

L, = (—vyy + vyx) [kpc km s7'], (2.5)

where z, y are the Cartesian coordinates and v, v,, v, are the velocity components of
particles, ® is the gravitational potential (see Section for computation method).

Since for various types of analysis we need to know the potentials of the GSE and
the MW systems separately, we use the AGAMA software to calculate the poten-
tials (@) using a combination cylindrical and spherical spline functions. In this case
the potential is represented as a sum of azimuthal Fourier harmonics with coefficients
of each term interpolated on a scaled 2D grid in the R — z plane. It is restricted
to models with finite density at their spatial origin, all the while spanning a broad
dynamical range thanks to its near-exponential grid spacing at large radial values (see
section A.4.2 in the documentation for further details) [78]). Due to the nature of our
models, namely representing a system containing two galaxies of finite density with
galactic halos extending to galactocentric distances as large as 100 kpc, AGAMA’s
approach was evidently considered to be a very efficient method for the computation
of the potentials of different components in our simulations.

In the following, we seek to determine the importance and influence of gas on
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the orbital properties of the merger, notably its impact on energy dissipation, by
understanding how the merger debris is imprinted in £ — L, phase space. At first,
such analysis may be used to supplement our previous (purely spatial) analysis of
the merger orbit and test the reproducibility of our models in £ — L. phase-space.
It is indeed easy to extract the orbital properties (prograde, radial, retrograde) of
the merger debris based on the density distribution of particles along the angular
momentum axis.

Different populations of merger debris can therefore be uncovered according to
their kinematic properties, as illustrated Fig. . In panel a, Myeong et al. (2019)
in fact find two distinct remnants in £ — L, phase-space for the Milky Way stellar
halo, one of which they associate to the GSE merger [86]. They however argue the
existence of a second accretion event with retrograde debris, Sequoia, which occurred
independently to the accretion of GSE [I, 69, [87]. This is concurrent with previous
studies that suggest the retrograde components of the Milky Way halo originate from
accreted populations, eg see Beers et al. (2012) [33], Majewski et al. (2012) [88].

In panel b, we show a sample of solar neighbourhood (SNd) stars extracted from
Gaia DR3 [89]. We select stars with radial velocities and only include stars observed
away from the mid-plane (|z| > 3 kpc) of the Milky Way in order to reduce a contam-
ination from the disk stars. We clearly identify a prograde branch, which represents
the Milky Way thin disk, and a radial population associated to the GSE debris, thus
illustrating the power of F — L, space in uncovering remnants of merger debris in the
Galactic halo.

Through our analysis, we investigate which features of £ — L, phase-space are
reproduced by hydrodynamical simulations. We namely seek to verify whether the
particular features of the Milky Way post-merger can be reproduced, or if embedded
populations in the merger debris can be identified in our MW-GSE- like merger mod-
els.

2.2.3 Escape time of the GSE stars

The assumption regarding coherency of the merger debris in kinematic space works
perfectly for low-mass stellar streams, which are scattered across a large volume
around the Galaxy and still observed as a distinct clump, e.g. in energy-angular
momentum space (E — L,) [83]. However, for accreted systems with total masses
larger than > 10° M, this coherency is no longer applicable [90, 91, 92]. This can
be understood because the progenitor galaxy, as it orbits in the Galactic potential,
loses part of its orbital energy and angular momentum due to dynamical friction,
consequently decaying towards the potential well of the Milky Way as the merger
proceeds. Stars lost in the first phases of the merger process will thus tend to have
larger energies than stars lost in the final phases of the accretion events, which will
tend to be more tightly bound to the Milky Way. One can expect that stars lost by
the GSE-progenitor at the early stages of the merger occupy different regions of the
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E — L, space compared to those captured by the Milky Way at later times. Therefore,
one important parameter to be used in our analysis is the time when a given particle
is no longer associated with the GSE-progenitor.

The escape times of particles were computed in order to better envision the mod-
elled mergers. In particular, the escape time of a given particle ¢ was defined as the
time at which it becomes unbound from the GSE progenitor, namely the time at
which its energy is positive in the reference frame of GSE:

tese = 1:(Ei,GSE > O) (26)

To calculate escape times, we develop an algorithm that works backwards in time,
starting from the final snapshot in our simulations. In this special scenario, we are
required to work from the GSE reference frame; due to the nature of our boundary
conditions, we must work using the gravitational potential of the GSE. We recenter
the system to the satellite galaxy and calculate the energy of its stars using the
gravitational potential of the dwarf satellite, not that of the Milky Way, in order to
identify those that are unbound from GSE. For every star within a given snapshot,
we check whether is met. If this is the case, we assign the snapshot number to
the escaped star. If not, we repeat the test for the earlier snapshot, until we reach
t=0. We then save the times of escaped stars back into the original dataframe. Those
that never escape (as well as those belonging to the Milky Way) are saved as ‘NaN’
in order to for the “escaped” data array to match the length of the full dataframe
when these are concatenated. We generate two data arrays for escaped particles; one
containing stars only, and another looking at all collisionless particles.

Although we do not treat this in our analysis, it could be interesting to implement
this algorithm to the Milky Way in order to investigate if this transfer of particles
occurs in both directions, namely if the GSE-progenitor accretes a comparable amount
of matter from the Milky Way to what it loses. Due to the much larger gravitational
potential of the Milky Way, we however assume that this is not the case.

We can then analyse the escape times distributions and investigate the stages of
the merger during which Milky Way most actively strips matter from GSE. We can
further map out escape times into E'— L, phase-space, notably allowing us to envision
how the kinematic distribution of particles during and after the merger relates to their
time of accretion.

2.2.4 Star formation history

The novelty of this project is the introduction of the analysis of star formation
rates (SFRs) for our Milky Way-GSE-like merger simulations. Beyond its impact on
the merger debris structure and the accretion timescale, the presence of gas is essential
in initiating star formation in a galactic system. Therefore, the implementation of
gas to our system of galaxies naturally allows us to investigate the conditions and
properties of the birth of new stars in our merger simulation. Through analysis of
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the star formation history (SFH) of both galaxies, we seek to investigate how the
changing gas fraction across our models is imprinted in the form of starbursts and
whether distinct populations of new stars can be identified.

As we have already mentioned, the association of new stars to the Milky Way or
to GSE is however somewhat more complex than for other kinds of particles. We
therefore develop a pipeline which associates new stars to the Milky Way or to GSE
depending on its birth radius. In a similar manner to that described in Section [2.2.3]
we work back from the final snapshot in the simulation, this time to find the snapshot
at which a star is born. In this snapshot, we start by calculating the position of the
GSE center from the center of the MW. The galactocentric distance of the newborn
star is then computed, which we refer to as its birth radius R;. We then find the
distance between R; and GSE, which we call R,. We then simply say that, at the
time of formation, if R; < Ry then the star was born in the Milky Way, whereas if
R; > Ry the star was born in the GSE.

Therefore, stars formed closer to the centre of the GSE-progenitor are associated
to the dwarf satellite; otherwise, we assume that these star particles belong to the
Milky Way. This simple approach perfectly works at the early stages of the evolution
of the system (which only contains the two galaxies) while the GSE-progenitor is
far away from the GSE centre. At the latest stages of the merger, close to the
coalescence of the galaxies, this may result in some confusion; for instance, once the
GSE-like satellite has penetrated the vicinity of the Milky Way, in-situ star formation
in the Galactic stellar halo may overlap with star formation occurring in the GSE
satellite. In this case, a new star which seemingly belongs to the MW may wrongly
be associated to the GSE progenitor. Whether the passage of GSE in fact has an
influence on the birth of said star or not is a question to keep in mind, of which the
effects and implications could be explored in further studies.

However, the very last stages of the merger are quite short and do not significantly
affect our conclusions regarding the structure of the GSE merger debris in the simu-
lations. Therefore, assume that a purely spatial selection described here is sufficient
in associating new stars to either the Milky Way or to GSE.
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2.3 Models description

In this section, we provide the exact parameters of the galaxies and the initial
velocity vector of the GSE-progenitor in our models. In total, we successfully ran and
analysed 24 models (12 low- and 12 high-resolution, which are identical with respect
to their physical parameters) with different initial conditions. A final list presented
in Table was generated as outlined throughout this chapter. The main interest of
these models is to analyse the properties and orbits of a MW-GSE-like galaxy pair
merger as a function of the gas fraction. Below we discuss the initial conditions for
our galaxy models and the chosen parameters for our simulations, namely the gas
amount inside the Milky Way and GSE-progenitor and the orbital properties of the
dwartf satellite.

The first three models in Table correspond to pure N-body simulations, i.e.
without any gas particles and, thus, no star formation was considered. Referring to
these three models will allow us to highlight any changes in merger properties induced
by the introduction of hydrodynamics to N-body simulations. They only differ from
each other in terms of the initial velocity vector. In particular, we study the evolution
and structure of the merger debris in case of prograde, radial and retrograde orbits
of the GSE-progenitor. In the prograde (retrograde) simulations, the direction of the
merger is along (against) the rotation of the Milky Way, while we study a merger with
no initial angular momentum in the plane of the MW galaxy in the radial simulation.
In these cases, the initial velocity components of the GSE-progenitor are defined as
follows:

e Prograde merger: Vo = (42,42,22) km s~!
e Radial merger: Vo = (—59,0,22) km s™!
e Retrograde merger: Vy = (—42, —42,22) km s7*

Other sets of models presented in Table follow the same idea (prograde, radial
and retrograde simulations) but differ from each other by the masses of the DM, gas
and stellar components. Note that the exact discrimination between stellar and DM
particles is not critical because their impact on the evolution of the system is seen
only via gravitational forces. Due to its interesting kinematic properties in relation
to the presently observed Galactic halo, as we will show later, we favour Model 21
when investigating individual models.

2.3.1 Resolution study

Before proceeding to a full analysis of the MW-GSE-like merger, we carry out a
preliminary resolution study. The aim of this analysis is to explore the effect of the
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Table 2.2: List of generated models for analysis of the MW-GSE-like mergers. Initial
galactic masses for individual components (gas, stars and DM) of both Milky Way
and GSE-progenitors are shown. The stellar and DM masses are altered alongside
the gas mass such that Mp prw = 3.35 X 10" and Myt gse = 5.74 x 100 are always
constant. Vj is the initial velocity vector in the Cartesian coordinate system of the
GSE dwarf galaxy relative to the center of the Milky Way, where the dwarf galaxy is
placed at Ry = (187 kpc, 0, 0). Models in brackets are analogous to their adjacent
model, but are generated in high resolution, which we prioritise for our analysis. The
differences between Low and High-resolution models, namely the numbers of particles

for each matter component in both the MW and GSE, are outlined in Table

Model My yw  Mgase Mouw  Msgse  Mpuyw  Mpaase Vo
1000 My 1010 Mg 109 Mo 100 My, 10 Mg, 100 My, km s~

1 (13) 0 0 6.30 0.244 27.2 5.49 42, 42, 22
2 (14) 0 0 6.30 0.244 27.2 5.49 59, 0, 22
3 (15) 0 0 6.30 0.244 27.2 549  -42.-42, 22
4 (16) 4 0 5.56 0.244 23.9 5.49 42, 42, 22
5 (17) 4 0 5.56 0.244 23.9 5.49 59, 0, 22
6 (18) 4 0 5.56 0.244 23.9 549 42, -42, 22
7 (19) 4 0.8 5.56 0.210 23.9 4.73 42, 42, 22
8 (20) 4 0.8 5.56 0.210 23.9 4.73 59, 0, 22
9 (21) 4 0.8 5.56 0.210 23.9 473 42,42, 22
10 (22) 4 4 5.56 0.074 23.9 1.67 42, 42, 22
11 (23) 4 4 5.56 0.074 23.9 1.67 59, 0, 22
12 (24) 4 4 5.56 0.074 23.9 1.67  -42,-42, 22
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Figure 2.3: Effect of resolution on the orbital decay of accreting GSE-like dwarf onto
the Milky Way-like disk galaxy. The evolution of the orbit as modelled by low (high)
resolution simulations is shown in blue (navy), with annotated pericentric passages.
Although the resolution affects the orbital evolution of GSE, the effect is rather
small, suggesting that even relatively low-resolution simulations are capable to trace
the dynamics of the system. In the retrograde case, the orbit is more sensitive to the
increased resolution due to the larger number of gas particles, consequently enhancing
the dynamical effects discussed in Section .

Table 2.3: Summary of the resolution study, illustrating how the number of particles
n for each component of both galaxies differs at low and high resolutions. In the case
of models illustrating gasless galaxies, Ngqs=0.

Resolution Galaxy Nsiars NHaio NGas

Low Milky Way 5 x 10% 5 x 10% 1 x 10*
High Milky Way 5 x 10° 5 x 10° 1 x 10°
Low GSE 1x 104 2.5x 10 1x104
High GSE 1 x 10° 2.5 x 10° 1 x 108

finite number of particles, and thus the mass resolution of our N-body simulations,
on the evolution of the system.

The different properties between Low and high resolution models are outlined
in Table 2.3] Containing fewer particles, low resolution models are generated much
faster in GIZMO and require less run-time during the data analysis of the resultant
merger models. However, the increased number of particles in high resolution models
improves the statistics of our N-body systems by providing a larger data sample per
analysed bin for any given property.

Although we do not quantify this statistical refinement, we show in Figure [2.3
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that there is good convergence of the results between high and low resolution models
through the orbital decay of GSE. Therefore, we confidently use low resolution models
to test the models and algorithms for data analysis developed throughout this chapter,
of which the results are successfully applied to high resolution models. We then
illustrate our final results in high resolution, minimising the random scatter in our
data and reducing any statistical error thanks to the increased number of particles.

A good agreement for low and high resolutions illustrates the strong behaviour of
GIZMO in providing robust results in the regions sparcely populated with particles,
which is important in the analysis of the low-density environment of the stellar halo.
We therefore deem this resolution study sufficient in ensuring the accuracy of our
results, which are presented in the following chapter.
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Chapter 3

Results

Using our set of the high-resolution simulations described in the previous Chapter,
we explore not only the structure of the GSE-like merger debris after the accretion but
also its evolution over time, which in our models is affected by the orbital parameters
of the merger and by the gas content of both the central MW galaxy and the GSE-
progenitor. Although, we run all the simulations for 10 Gyr, all the mergers are fully
complete within < 5 Gyr. Therefore, when discussing the latest stages of the merger,
we refer to 5 Gyr, unless it is specified in the text.

Using our set of high-resolution simulations described in the previous Chapter, we
explore the structure of the GSE-like merger debris and its evolution over time. In
our models, these are affected by the orbital parameters of the merger and by the gas
content of both the central Milky Way galaxy and the GSE-progenitor.

3.1 Merger time scale and orbit of GSE

We begin by taking a look at the merger time scale of the GSE-progenitor across
our models. From studies of the kinematic properties of the local stellar halo, the
merger of GSE with the Milky Way is estimated to have occurred 8 — 11 Gyr ago [1,
63, 68, 69, [70]. Therefore, one can naturally expect that that the GSE-progenitor
evolved in “isolation” for < 3 — 6 Gyr since the formation of its proto-halo. A direct
way to find the merger time scale is to find the moment of the full coalescence of the
Milky Way and the GSE-progenitor by analysing the orbital evolution of the dwarf
satellite during its infall.

A closer look at the pericentric passages during the orbital decay of Model 21, as
well as its orbital path in 2D space, is detailed in Fig. [3.1] Recall that this model
assumes a retrograde infall of the GSE-progenitor. In panel a, we highlight the
pericentric passages of GSE as displayed in Model 21, found to be R; = 25.8 kpc,
R’ =18.1 kpc and R3 = 11.9 kpc, respectively. These reflect the rapid change in the
rate of the GSE infall as it approaches closer to the center of the Milky Way, where
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Figure 3.1: a) Orbital decay of the GSE satellite as simulated in Model 21, showing
the galactocentric distance of GSE from the Milky Way as a function of time. In
red, the pericentric passages mark the smallest separations between the two galaxies
during the approach of the GSE-like satellite. These are found from the local minima
in the orbit of GSE up until the time of the merger. The coalescence time for this
model is 3.4Gyr, with the black dashed line marking the time of the merger ¢,,,¢,4. On
the right, we illustrate the orbital path of the GSE satellite in 2D space for Model
21. To trace the spatial coordinates of GSE, we define its center as the mean position
of its stars relative to the center of the Milky Way, which itself lies at the center of
our coordinate system. In b) we trace the accretion of the GSE in the z — y plane.
In ¢), a similar plot is projected onto the x — z plane.

its gravitational potential is most influential. This is also illustrated in panels b and
¢, where we easily visualise the rapid decline of the orbit during its later stages.

As one can see in the figure, the merger is fully completed after ~ 3.4 Gyr of
evolution of the system. We define the time of the merger, t,,.4, as the snapshot
in our simulations at which the mean position of all particles belonging to the GSE
satellite is zero. As we define the center of the Milky Way at the origin of our
coordinate system at all times, this implies that the position of the center of GSE is
the same as the position of the center of the Milky Way at and beyond t = #,,¢pg.
Hence, the mean position of all particles in the system after completion of the merger
is always Ri; = 0. Note that the coalescence of the galactic centers does not imply
the end of the evolution of the merger debris; the coalescence of the outer parts, as
well as any tidal features, may occur on longer time-scales. Nevertheless, most of the
GSE-progenitor mass has reached its final destination, the center of the Milky Way,
at t = toerg.

In Fig. we show the evolution of the galactocentric distance from the Milky
Way center to the GSE-progenitor galaxy. The compact orbital curves of radial
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Figure 3.2: Comparison of the orbital decays of the GSE satellite across all high
resolution models, showing the changing distance of GSE from the Milky Way center
over the span of 5 Gyr. Beyond the coalescence time, R(t) is naturally null. From left
to right: prograde, radial and retrograde models are grouped into respective panels.
Increasing the gas fraction of the system causes a noticeable ‘dampening’ of the orbit
of GSE. We also notice a decreasing number of pericentric passages of the orbit in
correlation to the increasing gas fraction, indicating an accelerated infall for a GSE
progenitor with a heavier gas component

merger models depict the sudden deceleration undergone by the satellite following its
head on collision. This is a rather intuitive finding, as the gravitational force exerted
by the Milky Way acts in parallel to the line of motion of the GSE progenitor at all
times, that is, in the exact opposite direction to the motion of the satellite. Thus,
the deceleration of GSE is maximised and its orbit is quashed, leading to tighter peri-
centric passages and a faster time of accretion. We also show that retrograde models
have shorter timescales than their prograde analogues, which we explain from the
the contribution of the dynamical friction experienced between the counter-rotating
gaseous components in decelerating the GSE-progenitor.

The change in gas fraction across models is also found to have a flagrant effect
on the MW-GSE-like merger. The impact of gas fraction on the merger orbit as a
whole is observable across all panels of Fig. [3.2] regardless of the initial velocity of the
satellite. The amount by which the orbital decay of the GSE-like satellite is quenched
with increasing gas fraction is comparable between prograde, radial and retrograde
models; although the orbits are affected by changing gas fraction, the quantity by
which they differ is consistent across all three sets of models. The pericenters of the
orbits occur earlier in the simulations containing a more massive gas component in
the GSE-like satellite, while the distance of the apocenters is concurrently reduced.

By categorising our merger models according to the orbit of the GSE satellite, we
are able to investigate the effect of gas fraction between the proto-galaxy representing
the Milky Way and the GSE-like progenitor on the merger time. This is illustrated
in Fig. |3.3l To do so, we select our high resolution models with non-zero total gas

27



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

—e— prograde
—r— radial
—s=— retrograde

Time of merger [Gyr]

0.0 0.2 0.4 0.6 0.8 1.0
M GSE/MMW

gas /"'gas
Figure 3.3: Time of the galaxy merger as a function of the relative gas fraction in
the GSE and the MW galaxy, excluding gasless models. All three sets of models have
identical Milky Way gas mass, M}V = 4 x 10'°Mg,. Different colours show the merger
time for three types of orbits: blue (prograde), red (radial) and green (retrograde) (see
orbital parameters in Table . For models with identical gas fractions, the accretion
event is concluded quickest in a scenario involving a head on collision between both
galaxies. Across models with identical orbital properties, those with a lower gas
fraction demonstrate a later completion of the galaxy merger.

mass (Models 16-24, see Table [2.2)), implying that MjJ" is fixed at 4 x 10""Mg.
We find that the merger event occurs at earlier times for models containing a more
massive gas component in the GSE progenitor, elucidating the effects of dynamical
friction hinted by the trends in the orbital decays. We also notice that the decrease
in tperg 18 more prominent between two models respectively simulating a gasless
GSE (MgSF /MY = 0) and one containing gas (Mg® /M)W = 0.2) than between
two models containing gas rich GSE progenitors; despite the drastic increase in gas
fraction to MgaSSE / Mg[a‘szv = 1, amounting to a gas mass ratio increase larger by a factor
of five compared to the previous models, t,,,4 is less affected for prograde and radial
mergers. This illustrates the impact that the introduction of dynamical friction has

on the galaxy merger - gas in the GSE progenitor collides with that of the Milky Way



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

. Stars+DM Model 1? 1 Model 14 Moq!el 15
H

mmm Stars+DM ' mmm Stars+DM

e Stars 1| e stars 1 e Stars
! !

= Stars+DM = Stars+DM g | = Stars+DM
e stars - Stars f e Stars
i

Number of stars

= Stars+DM 1 - Stars+DMi = Stars+DM
W Stars i e Stars H e Stars

= Stars+DM { MOdeI 221 oy Stars+DM MOdel 231 o Stars+DM | Model 24

e Stars : e Stars e Stars

1 2 3 4
Time [Gyr]

Figure 3.4: Distribution of the escape times of star and DM particles belonging
to GSE. In light blue, the distribution obtained when isolating pre-existing GSE
stars from DM is over-plotted. New stars formed during the accretion event are not
included. The pericentric passages of GSE are shown using red dashed lines, the
merger time in black. Bursts in the number of escaped particles coincide with the
pericentric passages of the GSE orbit, where the gravitational force exerted by the
Milky Way on GSE is strongest.

proto-galaxy, enhancing the deceleration of the satellite and accelerating its accretion.

This is further illustrated in the retrograde case. With the infall of GSE acting
against the rotation of the Milky Way disk, the angular momentum of GSE is more
abruptly radialised. We therefore notice that a GSE progenitor on a retrograde orbit
is more sensitive to an increase in gas fraction, with a decrease in merger time between
models 18 (gasless-GSE, MZ3"/MMY = 0) and 24 (gas rich-GSE, MG3F/MMW = 1)
of 1.7Gyr. In contrast, the equivalent decrease in tyerg is only 0.7Gyr in the prograde
case, with the effects of dynamical friction being significantly less impactful due to
the coherence between the net angular momenta of both galaxies. The radial case
lays the middle ground with a change in tyes of 1.2Gyr.

In order to understand the implications the orbital path of the GSE-like satellite
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Figure 3.5: Escape time distributions of GSE stars as a function of their initial
distance from its center, R§SE, categorised according to their escape time in relation
to the pericentric passages of the orbit. The largest fraction of escaped stars are
stripped from GSE between the first and second pericentric passages of its orbit
across all models, suggesting that the accreted satellite is most perturbed after its
first approach within the vicinity of the Milky Way.

during its accretion, we now focus our analysis on the escape times of particles be-
longing to the dwarf galaxy. The escape time of a given particles is defined using
Equation 2.6 We notably search for correlations between the pericenters of the orbit
and the number distribution of escaped particles, illustrated in Fig.

The simulations show a gradual increase in the number of escaped stars as the
satellite first approaches the Milky Way. We then find peaks in the number dis-
tribution of escaped stars between each pericentric passage of the orbit, with most
stars being stripped from the GSE-like progenitor at times between the first () and
second (tf,) pericentric passages of its orbit. This is further developed in Fig. ,
where we show that this is true across all models. This is partly due to the increasing
strength of the gravitational potential of the Milky Way at lower galactocentric radii.
Although we could expect the pericenters to correspond exactly to the peaks of es-

30



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

caped particles, we do note a slight lag between the closest approach of GSE and the
greatest loss of stars. Stars are dragged out of the GSE potential as the dwarf galaxy
starts travelling away, which could be what we observe today between the Milky Way
and Sgr as stellar streams.

We also deduce from Fig. that a very small quantity of stars escape the GSE-
like progenitor prior to its first pericentric passage, implying that not many stars
stars are stripped from GSE during its approach; they are mainly stripped when the
potential of the Milky Way acts against its line of motion. The radial distribution
of the escaped stars between the first and second pericenters is rather smooth, with
a consistent peak at RS ~ 10 — 12 kpc in all models. One may find this value
surprising, as we would intuitively expect the majority of escaped stars to come from
the outskirts of the GSE-like satellite given that this is where the galactic potential of
GSE is weakest, meaning its stars are less bound. However, the outskirts of the GSE
galactic disk are less densely populated than the inner disk and bulge, implying that
the number of stars within 10-12 kpc from the center of GSE is significantly greater
than beyond 12 kpc.

This suggests that the GSE halo indeed has the highest fraction of escaped stars
while explaining why the total number of escaped particles is highest at a closer
galactocentric radii than one could expect. It is also clear that stars within 10—12 kpc
of the GSE center are too strongly bound to the dwarf galaxy to be stripped by the
gravitational potential of the Milky Way in large amounts.

During the later stages of the merger, we see this peak shift to smaller values of
R§SE as the pericenters of the GSE orbit get closer to the Milky Way and notice a
decrease in the escaped stars number distribution. Despite the stronger gravitational
force exerted on the GSE-like progenitor, the most loosely bound stars have already
escaped GSE and the Milky Way is required to ‘dig deeper’ into the potential well of
the dwarf galaxy to accrete more stars.

3.2 Evolution of total energy and angular momen-
tum

As discussed in the Introduction, various kinematic characteristics of stellar merg-
ers debris are used to identify accreted stellar populations and describe the proper-
ties of their progenitor galaxies. The most commonly used are so-called integrals of
motions, or the total energy E and the angular momentum, in particular its L, com-
ponent. Both of these quantities are believed to be conserved during the merger, thus
allowing to trace the origin of different structures in the stellar halo [24], [83]. Prior to
the analysis of the energy-angular momentum space, we test whether the widely-used
assumption regarding the conservation of energy (F) and azimuthal angular momen-
tum (L) is reasonable in our simulations.

Fig. shows the evolution of the angular momentum component across all simu-
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Figure 3.6: Left column: evolution of the mean angular momentum in all models,
comparing the effects of increasing gas fraction on the mean L,. Prograde, radial and
retrograde simulations are shown from top to bottom. Right: evolution of the angular
momentum distribution for all stars in the GSE-like satellite. At each output time
step the distributions are normalized by the maximum value. The magenta dashed
lines mark pericenters of the orbit, the black dashed lines tyerg, and the white curve
the mean L,. After the merger, the L, distribution of GSE stars is compressed into
a radial component across all models.

lations. In the left panels, the mean trends are shown to compare the evolution in the
case of prograde (top), radial (middle) and retrograde (bottom) mergers. One can see
that, soon after the first pericenteric passage, the absolute values of the mean angular
momenta rapidly decrease and reach L.~ 0, implying a lack of net rotation of the
merger debris independently of the initial orbital parameters. In the radial merger
simulations (left of Fig. [3.6, middle panel), we see that the merger debris initially
gains some rotation from the Milky Way disk, but its absolute values are very small
and the angular momentum dissipates shortly.

We also notice the influence of gas on the mean L,. Blue curves represent models
with MgaSSE / Mlg\g\s’v = 0, with subsequent curves respectively illustrating the change in
the L, distribution with increasing gas fraction. The gas-rich models of the GSE-
like progenitor are radialised faster than for the gasless case, which is reflective of
previously discussed merger time-scales (see Fig. |3.3]).
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Figure 3.7: Similar to Fig. [3.6] showing the evolution of the total energy distribution
of GSE stars in the Milky Way potential over time. We illustrate the enhanced
binding of GSE progenitor to the Milky Way during pericentric passages. Significant
amounts of scatter in the merger-debris energy distribution is shown after completion
of the merger.

Another interesting result, seen in the right panels of Fig. [3.6], concerns the evo-
lution of the angular momentum distribution. One can see that at the very early
times, the L, has a very broad distribution, but once the GSE-progenitor approaches
the Milky Way, the angular momentum distribution shrinks. Then, close to the next
pericenter, the distribution broadens again in a ‘bottleneck’-like feature. This pattern
in the L, distribution is repeated several times until the merger is completed.

This process, although intriguing at first, is very easily interpreted. Since the
angular momentum is the product of the positions and velocities (see Equ. , if
we assume a constant velocity (distribution) once the satellite galaxy is moving to-
wards the Milky Way center, its angular momentum distribution changes. Therefore,
the assumption regarding the conservation of the angular momentum of the merger
debris is not very precise, because the L. changes as a result of at least three fac-
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tors: generally-speaking, i) angular momentum exchange with the host galaxy, during
which the satellite galaxy can gain some rotation; ii) dissipation of the angular mo-
mentum, which is more rapid in case of gas-rich simulations; iii) “by definition” even
if the velocity distribution of an accreting system is rigid (no dissipation or angular
momentum exchange), once the dwarf galaxy spirals in towards the center of a more
massive one.

In line with the L, analysis, we next test how much we can rely on the total
energy distribution while studying the structure and evolution of the merger debris.
Similarly to Fig. [3.6] we present the evolution of the total energy distribution of the
stellar content of the GSE-progenitors for all the high-resolution models in Fig. [3.7]
Not surprisingly, the total energy of the dwarf galaxy also does not remain unchanged.
The fact that the galaxies are being accreted and their orbits decay in time already
suggest that the total energy should also dissipate. This is clearly seen in Fig. [3.7]
where the total energy oscillates over time starting from the very first pericenteric
passage. Once the merger is completed, we observe the largest scatter in the total
energy distribution, of which the bulk corresponds to the minimum energy inside the
innermost parts of the Milky Way.

The effect of the gas is also quite prominent in Fig. [3.7, where the amount of gas
in the system increases from the top (purely collisionless simulations) to bottom (gas-
rich MW and GSE -progenitors) rows. Once gas is taken into account, the merger
debris penetrates close to the minimum of the potential, where the total energy is
the smallest. Therefore, the energy dissipation in the ISM is a very important factor
in shaping the energy distribution of the accreted merger debris, which we discuss in
details in the following Sections.

3.3 Phase-space structure of the merger debris

In this section, we take a look at the structure of the merger debris in several
phase-space coordinates, which are useful in putting our models in the context on the
GSE debris in the Milky Way. We have already demonstrated that both total energy
and angular momentum of the merger debris evolve in time, especially during the
latest stages of the merger, thus making it harder to identify physical properties of its
galaxy-progenitor. However, it is worth exploring whether some of the information
about the accretion event is imprinted in the stellar halo of the main galaxy after the
merger is completed.

3.3.1 Present-day structure of the merger debris

First, we show the structure of the energy-angular momentum space across all of our
simulations after the merger event. In Fig. [3.8] we present the stellar density distri-
bution in F — L, coordinates for the pre-existing stars of the GSE-progenitor (left)
and all stars formed during the simulations and associated with this system (right).
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Figure 3.8: Comparison of the distribution of pre-existing (left) and newborn (right)
stars in the ' — L, phase space after 5 Gyr. In both cases, the general trend in the
E — L, distribution is characterised by the orbit of GSE. In the right panel, Models
13-15 are excluded due to their lack of gas content and the consequent absence of
star formation. Star forming content in models 16-18 is exclusive to the Milky Way
due to the absence of gas in the GSE progenitor, although the new stellar population
shows a clear radialised component in Model 18.

Note that gasless models are removed from the right panel as they do not exhibit star
formation.

Due to the simple nature of our spatial selection in associating newborn stars
to GSE (see details in Section. 2.2.4]), some of the stars formed at the very last
stages of evolution can be associated to the GSE-progenitor (in particular, notice
the contamination in Model 18 by a radial population) although such models do not
initially contain gas inside the dwarf satellite. We know these stars belong to GSE
due to the radialisation of the angular momentum distribution of the satellite post-
merger seen in Fig. [3.6]

As we have seen in the evolution of both F and L, (Figs. [3.7), the final distri-
butions are very broad, covering almost the entire region of the diagrams. However,
the phase-space structure of the GSE debris is not featureless. Even the distribution
of pre-existing stars (left of Fig. show a number of substructures and small-scale
overdensities which are the most prominent at the highest energies (least bound com-
ponent). We must emphasize that our models include a single merger event, implying
that all these small substructures are linked to the single progenitor. Therefore, it is
highly likely that some of the E — L, overdensities discussed in the literature can, in
fact, represent the same progenitor galaxy despite having very different kinematics
and occupying different regions of £ — L, space.

The stars formed during the evolution of the system, from the ISM of the GSE-
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Figure 3.9: Evolution across 5 Gyr of the distribution of gas (top) and new stars
(bottom) for Model 21 in E-L, phase space. In the top row of each panel, Milky Way
and GSE particles are plotted together. They are then plotted separately according
to their host galaxy, respectively the Milky Way (“in-situ”) and GSE (“accreted”),
in subsequent rows. The accretion of the GSE progenitor results in the radialisation
of the in-situ population, with a retrograde ‘tail’ in the final angular momentum
distribution of the merger debris. This is characterised by the orbit of the accreted

satellite.
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progenitor, also show a number of features, which are however not identical to the ones
observed for pre-existing stars. Note another interesting behaviour of newly formed
stars, which we find tend to have low energies (tightly bound to the host galaxy).
Most of the young stars are expected to form in the center of the GSE-progenitor
and, being more bound to its core and dragged by the dynamical friction, they tend
to move closer to the center of the Milky Way galaxy. Therefore, we already have
some clues about the GSE-progenitor structure from the analysis of the ' — L, space.

Once we compare different simulations, we clearly see some similarities and some
diversities amongst the merger debris. Generally-speaking, all the mergers result in
a dominantly radial component, with no net rotation, around L, ~ 0. However, the
prograde mergers (left columns in each set of panels of Fig. remain prograde in
the upper parts of the £ — L, distribution. Interestingly, the radial mergers also
tend to show some net rotation (as already discussed above) at high-energies. The
most complex is the structure of the retrograde mergers, which still show some ret-
rograde behaviour in the least bound upper parts of the £ — L. and some prograde
rotation (but smaller in comparison to radial and prograde mergers). Interestingly,
our retrograde models (especially Model 21 and Model 24) suggest that the Sequoia
substructure [69] 87, [86] can be easily associated with the GSE-progenitor. In this
case, one can even also expect some differences in the chemical composition due to
different behaviour of young and old stars. We discuss this possibility in the following
sections.

In an attempt to disentangle the complex structure in the £ — L, distribution of
newborn stars for gas-rich, retrograde merger models, we plot the evolution of gas and
new stars in Model 21 over 5 Gyr in E — L, phase-space in Fig. 3.9 The boundary
condition used to differentiate new stars born in the GSE-like galaxy and those born
in-situ is discussed in Sect. 2.2.20 We see that the the nurseries for star formation
correspond to the dense regions of gas in the £ — L, distribution. The rapid evolution
of the gas distribution ultimately leads to the substructure in the final £ — L, plots
shown in Fig. [3.§

We indeed observe in-situ star formation with distinctly prograde L, after 1 Gyr,
corresponding to star formation within the disk of the Milky Way, as well as new stars
formed in GSE with large scatter in L., which is consistent with its L, distribution
at that time (recall Fig. [3.6).

The most interesting substructure is revealed at 3 Gyr, which coincides withe the
time of the final pericentric passage of the GSE orbit for Model 21. Stars formed in
the Milky Way disk have been largely radialised and the spread in L, of in-situ new
stars has started to scatter, most likely as a result of perturbations in the Milky Way
disk caused by the tidal interactions with GSE. Looking at accreted new stars, we
see a slight population with similar L, to the Milky Way disk, suggesting the start of
some mixing between the two galaxies.

The distribution of new stars is split into a slight prograde branch and a largely
retrograde tail after the merger. From the independent distributions of in-situ and
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Figure 3.10: Structure of the GSE-like merger debris in the V, — V,, (galactocen-
tric cylindrical radial and azimuthal velocity) kinematic space for pre-existing GSE-
progenitor stars (left) and stars formed during the simulations (right). The density
distributions are based on radial selections of 5 — 15 kpc. The presented phase-space
represents the original one, used to discover the bulk of the GSE stars using SDSS
and LAMOST datasets (see Fig.2 in Appendix A [1]) In each set of panels, prograde,
radial and retrograde mergers are shown in left, middle and right columns, respec-
tively.

accreted populations at earlier times, we can deduce that the prograde branch orig-
inates from star formation within the Milky Way and that the retrograde tail is
dictated by stars formed within the GSE-progenitor. This once again proves that a
single gas-rich accretion event can self-consistently reproduce the retrograde Sequoia
population, which could belong to stars formed in the outer parts of the retrograde
GSE-progenitor stripped early on.

Moving on from the E — L, analysis, we also investigate the MW-GSE merger
debris in velocity phase-space. In Figure [3.10|we show the stellar density distribution
in a purely kinematic space (galactocentric radial - azimuthal velocity, Vi — V) based
on the stars located in the galactocentric radial range of 5 — 15 kpc. In the left
set of panels, we show the density of the pre-existing stars of the GSE-progenitor,
which reveal almost featureless blob-like distributions. They suggest that the merger
debris inherited some properties of the orbit of the accreted galaxy. In particular,
we see some net rotation in prograde and radial mergers (left and center columns).
However, the rate of rotation is rather small and decreases with increasing mass of gas
in the system, highlighting the importance of the collisional component in shaping
the merger debris structure.

Once we look at the behaviour of newly formed stars, we can clearly see some dif-
ferences compared to the pre-existing stars. A striking feature here is the appearance
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Figure 3.11: Similar to Fig. [3.10, but for the R — V,, (galactocentric distance - az-
imuthal velocity) phase-space without the radial selection.

of the Sausage-like features in the retrograde simulations (rightmost columns in the
right set of panels of Fig. which are not detected neither in prograde nor in the
radial merger simulations. We also note some small substructures around the bulk
of stars representing still unmixed tails of the merger debris, which are similar to the
ones recently discovered using Gaia DR3 datasets [93].

A notable difference between the pre-existing and newly formed stars suggests
that the Sausage merger debris found in the Gaia datasets may also represent the
stars which are formed just before the merger, thus biasing the properties of the
accreted stellar populations, where the oldest stars of the GSE merger are distributed
more homogeneously in the phase-space and, thus, can not be associated with any
phase-space features. Therefore, we suggest that in order to constrain better the
parameters of the GSE accretion event in the Milky Way, it is also worth exploring
the distributions of background stars in various phase-spaces, in particular Vg — Vy
kinematic space.

Since in Fig. [3.10] we presented the kinematic space based on the radial selec-
tion, it is important to analyze the observed behaviour as a function of galactocentric
distance. In Fig. , we show the merger debris density distribution in R—V,, phase-
space. Here, for pre-existing stars (left set of panels) one can see a very broad dis-
tribution which however very strongly changes once we include a substantial amount
of gas (from top with gasless simulations to bottom with gas-rich models). We note
that in the gasless simulations, one still can notice some overdensities related to the
unmixed state of the GSE-like merger, while in the gas-rich models, all the features
are smeared out. This suggests that gas plays a crucial role in shaping the present-day
structure of accreted systems.

At the same time, newly formed stars again reveal a number of substructures
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in a form of diagonal ridges. Note another important feature of the stellar density
structures in the R —V, plane in the form of a tail around V}, = 0, reflecting the radial
dependence of the merger debris structure. Therefore, the coming large-scale surveys,
especially those targeting the innermost regions of the Milky Way disk (4AMOST and
MOONS) will play an important role in constraining the properties of the GSE merger
in the Milky Way.

3.3.2 Imprint of the progenitor structure and merger process
in phase-space

We pursue our analysis in ' — L, phase-space, this time investigating the merger
properties discussed in Sect. are imprinted therein. In this way, we are able to
explore the effect that the infall of the GSE-progenitor had on the kinematics of its
stellar mass.

In Fig. we illustrate how the escape time distribution for Model 21 is im-
printed in £ — Lz phase space. We interestingly reveal some slight amounts of sub-
structure within the kinematic space; particles with tzlj < tose < tf, form a characteristic
retrograde ‘blob” when projected in E'— L, phase-space, as well as a highly retrograde,
weakly bound ‘dash’. A similar retrograde feature, yet more pronounced, is found
for stars escaped between the following pericentric passages, ie with tf, < tese < ti.
This again goes to show the retrograde features of star populations accreted early on,
which can undoubtedly be linked to Sequoia.

We also show in Fig. that the fraction of escaped stellar mass is in fact
significantly lower than the total stellar content of the GSE-like progenitor, which is
a result of the tight gravitational binding of stars in the GSE bulge. This stands out
more in the bottom-left-most panel, in which we see that the fraction of never escaped
stellar mass to total stellar mass is ~ 1 for the most part, with the only exceptions
being slight amounts of substructure in the retrograde tail mentioned above and some
scatter in the prograde component. We are therefore able to trace some contributions
of escaped particles to the final £ — L, distribution of GSE after the merger, although
the fraction of escaped to contained stars is rather small.

In order to understand the fate of the initial structure of the GSE-progenitor, we
also investigate how GSE stars are distributed in £ — L. phase space as a function of
R§SF in the final merger debris. This plot is shown in Fig. We prove that stars
initially found close to the center of GSE correspond to those found on radial orbits,
most tightly bound to the Milky Way after the merger. As previously discussed, the
center of the GSE-like satellite is tightly bound within itself and doesn’t dissociate
during the merger event. Hence, its stars are not dispersed into the Milky Way
during the orbit and the GSE center merges with that of the Milky Way. We note
that with increasing gas fraction, the density of stars with low R§SF and radial orbital
characteristics is more tightly bound.

Stars located further out at the start of the simulation are those that give the
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Figure 3.12: Projection of the escape times of GSE stars in ¥ — L, phase-space for
Model 21 after 5 Gyr. Top: Compartmentalisation of stars into bins according to
their escape times, encapsulated between the times of the pericentric passages. On
the upper row, the number density of stars escaped is shown. On the lower row, we
show the fraction of the total GSE stellar mass that this represents. The majority of
stars that escape GSE are stripped from the dwarf galaxy during the middle stages of
the merger, although they represents a small fraction of its total stellar mass. Bottom:
On the left, the £ — L, distribution of never-escaped GSE stars. The majority of stars
contained in GSE remain within its bulge throughout the accretion event, thus never
escaping the accreted galaxy. On the right, the F' — L, distribution of all (escaped
and pre-existing) GSE stars are plotted. All plots have identical axes to this panel.
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Figure 3.13: F — L, distribution of the final GSE merger debris after 5 Gyr coloured
by mean initial radius from the GSE center, R§SE. Stars located near the center of
the GSE satellite at the start of the simulations find themselves more bound to the
Milky Way after the merger, with an angular momentum tail once again reflecting
the orbital characteristics of the GSE progenitor.

merger debris their characteristic prograde or retrograde ‘tails’ in their distributions.
With the MW disk showing prograde characteristics in E — L, phase-space [I], this
implies that in the case of retrograde models, namely Model 21, the accreted stars
initially found in the outskirts of GSE are the cause of the radialised debris within

the MW after the merger (see Section Fig. [2.2).

3.4 Star Formation Histories

Thanks to the tremendous amount of spectroscopic information about the MW stel-
lar populations, we are able to explore different stages of the MW formation and
evolution. Formation of the chemically-defined thick (so-called high-a sequence) disk
started soon after the Big Bang [94, 5] 96]. The thin disk (or low-a sequence) started
forming at around 8 — 10 Gyr ago [97], 08, [99]. The end of the first process and the
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Figure 3.14: Comparison of SFHs across all MW-GSE merger models. In blue, the
SFH of the MW. In orange, the SFH in the GSE. Major star formation bursts are
observed at the time of the merger (black dashed line), with minor peaks in star
formation between pericentric passages of the GSE orbit (magenta dashed lines).

beginning of the second one coincidentally connect to each other at the time of the
GSE merger (8 — 11 Gyr ago).

Therefore, it is crucial to understand how much the star formation rate of the
Milky Way has evolved at that time. Using our simulations, we explore the SFHs
of the Milky Way and GSE during the merger event. With larger amounts of gas
available, we naturally expect a considerable increase in star formation across models
with increasing gas fraction. The SFHs for our merger models are illustrated in
Fig. where we plot the SFR as a function of time and show that this is indeed
the case.

For the simulations with no gas inside the -GSE (top row), we observe a lot of
scatter in the SFR with some peaks correlating the pericentric passages of the GSE-
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progenitor. However, amongst the scatter, the general trend is a slight decrease in
star formation with a substantial increase of the SFR at the time merger. We see
that the Milky Way SFR is affected by a gasless GSE progenitor, although its effect
is very subtle. Thus we conclude that even a pure perturbation from the GSE-like
merger is enough to enhance the star formation rate via contraction of the gas (see
also [100]).

However, we notice more prominent bursts in the SFRs at the time of the merger
for gas-rich GSE models (middle and bottom rows of Fig. [3.14), suggesting the exis-
tence of a population of younger stars in the merged system. As the galaxies merge,
large amounts of gas and dust are funnelled towards the centre of the Milky Way,
creating a dense, high-pressure environment. This, combined with the compression of
gas by gravitational forces [101], can lead to the rapid formation of new stars, which
we observe in our model. We nevertheless note an earlier burst of star formation in
Model 22. The tidal interactions between the Milky Way and GSE near the pericen-
ters of the orbit have an effect on the SFHs, with prominent bursts in star formation
within GSE following its pericentric passages seen in Models 20, 21, 23 and 24, con-
firming recent results presented in [102]. Within the Milky Way, we rather notice a
gradual buildup in the SFR during the merger timescale. Therefore, our models do
not suggest a correlation between the Milky Way star formation rate and the close
passages of massive satellites, except for the very latest stages of the merger.

In Fig. we also see that the orbital properties of the GSE-like progenitor play
a significant role in defining the intensity of the starburst. Interestingly, across all the
simulations, the retrograde merger models exhibit the highest peak in SFR (rightmost
column) at the time of the merger. For a merger on a retrograde orbit, the counter-
rotating features of the GSE progenitor cancels the rotational angular momentum of
the MW disk, in turn reducing the net angular momentum of the gas which is itself
funnelling to the inner regions of the galaxy, thus favouring a more intense starburst.
In the case of the prograde orbit, the collision of two co-rotating gas components (MW
and GSE) is not so drastic and the gas contraction is therefore smaller. Hence, the
observed star formation burst is also not so prominent.

In order to further explore the star formation process within the Milky Way-GSE-
like merger, we calculate the star formation distance (SFD) relative to the center of
the Milky Way. The plots are shown in Fig. [3.15 In the gasless GSE models (top
row), we see that star formation is stable within Rsr < 25 kpc. Once the orbit of
GSE reaches a galactocentric distance of 25 kpc at later times, a slightly increased
star formation is noticeable around its path. After the merger is complete, we notice
a burst in star formation near Rgr ~ 0, consistent with conclusions drawn from
Fig. for these models.

This burst in star formation at Rgr ~ 0 after the time of the merger is flagrant
in subsequent, gas-rich GSE models. These illustrate the orbit of GSE through the
birth of new stars during its accretion. Star formation is strongest in the GSE-like
progenitor compared to the Milky Way due to a larger relative gas fraction and smaller
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Figure 3.15: Star formation histories of simulated galaxies, as shown by 2D histograms
of formation distance versus formation time, for new star particles inside the GSE-
progenitor and the Milky Way. Star formation in the Milky Way is comprised within
the Milky Way disk. The SFR of stars born within the infalling GSE satellite during
the merger event trace the orbital decay of the dwarf galaxy, shown as a black dashed
line (see Fig.|3.2)).

size of the GSE-progenitor galaxy. We observe star formation in the Milky Way at
slightly larger distances than in gasless-GSE models, perhaps due to the accretion of
gas to the outskirts of the Galaxy early on.

The Milky Way star formation occurs within a smooth radial band, which is
densest between 10 < Rgr < 25 kpe. We deduce that Milky Way star formation is
most dense within its disk, with less new stars being born in the bulge (Rgp < 10kpc)
and in the stellar halo(Rgg > 25kpc). This band is perturbed at the pericenters
of GSE, where we find bursts of star formation in the entirety of the Milky Way.
We indeed notice the dense population of new stars dipping to lower galactocentric
distances than the mean position of the satellite during pericentric passages. In the
most gas-rich models, we also see bursts of star formation at large radial distances.
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The peaks in SFD between pericentric passages may be a result of the scatter of gas
during the merger event.

To summarize, we showed that the GSE-like merger enhances the star formation
rate in the MW-like disk. The effect is small, but not negligible even in models where
the GSE-progenitor galaxy does not contain any gas. Intuitively, the characteris-
tics of the SFRs (namely peaks corresponding to starbursts) gradually become more
prominent with increasing gas fraction in the accreted galaxy. We find that the SFR
is most enhanced in the case of the retrograde gas-rich merger, with further enhance-
ment inside the GSE-progenitor during its close pericentric passages that could in
turn affect its chemical enrichment rate.
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Chapter 4

Project summary

Galactic research has entered a thrilling epoch. Our knowledge about Galactic
stellar populations, which was mostly confined to stars in the solar vicinity up until
just a few years ago, is rapidly extending to larger and larger regions of the disk,
bulge and outer halo of the Milky Way. The Gaia (ESA) satellite mission is giving
us parallaxes, proper motions, and line-of-sight velocities with unprecedented preci-
sion and, thus, once combined with the spectroscopic information from ground-based
surveys, allows us to quantify the complex dynamical processes driving the evolution
of the Milky Way. Therefore, it is now time to understand better the complexity of
underlying physical processes shaping Galactic stellar populations.

Detection of the stellar debris from an ancient, massive accretion is likely the
biggest and even paradigm-shifting discovery of recent years in Galactic astronomy.
In light of the discovery of Gaia-Sausage-Enceladus, in order to build a coherent
picture of the formation of the Milky Way, we now need to understand not only how
its main stellar components (disk, bulge) evolved, but also the properties of accreted
dwarf galaxies which are now buried in the Galactic halo and the bulge regions. As
well as this, the way in which the structure and kinematics of these ancient objects
are imprinted in the present-day kinematic-space and chemical abundance relations
of the Milky Way stellar populations must be better understood.

The backbone of this theoretical project is a set of hydrodynamical simulations
of galaxy mergers tailored to understand the origin of several features of the GSE-
merger debris. This project aimed to answer some of the simplest yet still unanswered
questions: What are the characteristics of the stellar component accreted during a
single massive galaxy merger? How are these populations shaped over time depending
on the orbit and intrinsic structure of the galaxy-progenitor?

The main scientific results of our work are summarized as follows.

1. We found that the merger time scale and a number of pericentric passages prior
to coalescence of the GSE-like progenitor significantly depend on the direction of
the orbit and the relative gas fraction of the Milky Way and accreted galaxy (see

47



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

Fig.|3.2). Radial infall happens on the shortest time scale compared to prograde
and retrograde ones. The merger time scale reduces even more if both the Milky
Way and the GSE galaxies were gas-rich at the time of accretion. Our models
show that the shortest accretion time scale is about 2 Gyr (Model 23: Massive
gas content, radial orbit), and the longest is about 5 Gyr (Model 13: Gasless,
prograde orbit). These numbers are the essential input for galactic chemical
evolution models of the GSE-progenitor because they put constraints on the
time scale of the GSE proto-galaxy enrichment.

2. We demonstrated that the widely-used assumptions regarding the coherence of
the merger debris in the energy-angular momentum space are not applicable
to a MW-GSE-like massive merger. We found that both the total energy and
angular momentum change significantly starting from the first pericentric pas-
sage until the full coalescence of the galaxies (MW and GSE-progenitor), as a
result of dynamical friction and collisional effects of the ISM (see Figs. B.7).
Therefore, most of the information regarding the progenitor galaxy was lost.
Nevertheless, some information can still be recovered from the E — L, distribu-
tion of the merger debris. We showed that the merger remnant from a single
GSE-like event is not clustered in £ — L. phase-space and is spread out over
a large area in these coordinates. However, at the same time, the £ — L, dis-
tributions are not featureless, as a single merger remnant often contributes to
a few overdensities. In particular, we found that the retrograde mergers with
a substantial amount of gas best reproduce the observed kinematic V; — V,;
structure (see Figs. . At the same time, only these models can simultane-
ously explain the Sequoia substructure, which, according to our models, could
belong to the outer parts of the retrograde GSE-progenitor stripped early on

and, thus, preserving some retrograde motion (see Figs. 3.12)).

3. Our models predict that the internal structure of the GSE-progenitor is im-
printed in the structure of the stellar merger debris. If the GSE-like proto-
galaxies had radial abundance gradients, then the accreted stellar debris are
also expected to reveal the abundance gradients in the £ — L, plane. The inner
parts of accreted galaxies contribute mainly to the central regions of the Milky
Way galaxy with the lowest energies; the upper parts of the £ — L, space is
mainly populated by the stars formed at the outskirts of accreted systems (see
Fig. |3.13). Therefore, the search for the abundance variations in the £ — L,
space with coming spectroscopic surveys (4MOST, MOONS) will shed light on
the characteristics of the accreted dwarf galaxies.

4. We showed that the accretion of the GSE-like galaxy inevitably results in the
burst of the star formation inside the Milky Way. From our models, we show
that during the merger the Milky Way SFR rapidly increases by a factor of
~ 10, which is illustrated in our gas-rich simulations of the retrograde merger.
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Such models best reproduce the phase-space structure of the merger debris (see
Fig. |3.14)). Therefore, even if the star formation efficiency in the Milky Way at
the time of the GSE-infall was lower compared to our models, the amount of gas
delivered (and still remained in the gas-rich Milky Way) by the GSE-progenitor
should be enough to sustain the star formation rate in the MW over the next
epoch of its disk formation.

The findings we make from our N-body/hydrodynamical simulations set up the
scene for new, future theoretical models. The next step towards the correct recon-
struction of the merger tree of the Milky Way will require better constraints on
properties (chemical abundance trends, mass spectrum, rate of rotation, DM and gas
content) of dwarf galaxies which did not survive until present but have been accreted
at the early phases of the Milky Way formation.
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