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Abstract

Although the stellar halo accounts for just ~ 1% of the total stellar mass of the Milky Way, its
kinematics can tell us a lot about the origins and evolution of our Galaxy. For instance, it is
known that the Milky Way experienced several merger events which left their imprints on the
stellar halo. In particular, with the European Space Agency’s Gaia satellite mission, we now
know that when our Galaxy was still young, in its first Gyrs, a major merger happened and,
likely, perturbed its disc-shaped structure. One imprint of this merger, the Gaia-Enceladus-
Sausage event, has been revealed by the double sequence in the Hertzsprung-Russell diagram
of high transverse velocity stars in Gaia DR2. However, in the solar neighbourhood, selecting
a pure stellar halo sample is non-trivial due to its significant overlap with the thick disk’s
velocity and metallicity distributions. It is then crucial to disentangle these two populations
in order to study the effects of the merger better. Firstly, I will present a new methodology for
finding the local fractions of the stellar halo and thick disc stars by fitting the distribution of
the high transverse velocity stars. I fit these stars by updating the popular Besancon/Galaxia
model, incorporating the latest observational results for the stellar halo. I am able to obtain
a good match to the Gaia data and provide new constraints on the properties of the disc
and halo. In particular, I show that the thick disc contribution to this high-velocity tail is
small, but not negligible, and likely has an influence on the red sequence of the HR diagram.
I look in greater detail using chemistry from LAMOST DRS, finding again that the red
sequence contains a fraction of thick-disc stars. I also investigate the proposed dynamical
substructures in this sample, concluding that they are probably due to resonant orbits rather
than accreted populations. Secondly, I will study the formation of a metal rich ([Fe/H] > —1
dex), low angular momentum (vy < 100 km/s) stellar population, called "the Splash". The
Splash’s formation has been attributed to the Gaia-Enceladus-Sausage merger event, but in
order to fully understand the effects of such an event, we need to know the chemical and
dynamical characteristics of the young Milky Way, i.e., before the major merger event. For
this purpose, I use the SPH + N-body tree-code GASOLINE to explore formation scenarios
of Milky Way-like galaxies. I explore the evolution of an isolated simulation galaxy and

find evidence which supports a clumpy phase of star formation in the young Galaxy. This



scenario is supported by observations of high redshift (z > 1) galaxies with high dense
clumpy regions. I will show that kinematical and chemical properties of the stars associated
with the Splash can be explained by the clumpy formation scenario. This population forms
in the first Gyrs of the simulation, suggesting that its formation could be independent from
the Gaia-Enceladus-Sausage merger.

Keywords: Milky Way dynamics, Milky Way formation, Hydrodynamical simulations
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mostly representative of the Splash stars and are concentrated within ~ 7
kpc, although they do extend up to 10 kpc. The blue dotted contours contain
the most retrograde stars and therefore will have more accreted halo material.
Right panel: the [Fe/H]-|z| plane colour-coded by median v4. In the Splash
metallicity range (-0.7<[Fe/H]<-0.2), there is an apparent transition from
the canonical thick-disc (median vy 2 150 km s~ 1) to the Splash-dominated
region (median vy < 50 kms™1), which occurs at |z| ~ 5 kpc.[Reproduced
from Belokurov et al. (2020), figure 8.] . . . . . . . .. ... .. ... ...
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3.6

3.7

The spatial extent of the Splash stars in the simulation. The left plot shows
the distribution of the metal-rich stars for three different velocity ranges.
The thin and thick disc-like stars are indicated by the red and orange curves,
respectively. The curves are the contours of 10% and 1% of the peak density.
The lower angular momentum stars (dashed black curves) represent the
Splash stars and have similar |z| extension in comparison to observations.
On the right, we show the [Fe/H]-|z| plane colour coded by median vy. The
trends are also remarkably similar to the observations; the transition between
the canonical thick-disc to the Splash-dominated region also occurs at |z| ~ 5
Kpe. . e
Left panel: The cumulative vy distribution for the MW (black) and simu-
lation with clumps (red) in the Splash metallicity regime, —0.7 <[Fe/H]<
—0.2. The fractions of stars and star-particles in the tail of the distribution are

~ 15% and =~ 25%, respectively. Right panel: An estimate of the fraction

of star-particles with halo like kinematics, \/ (v¢ —visr)>+ v& 412 > 180
kms~!, following the criteria from Di Matteo et al. (2019) (see their figure
18 for a comparison with the MW). We show the fractions for the chemically
defined thick disc in the simulation (Clarke et al., 2019). The black curves
are the contours of 50% and 10% of the peak density. The trends in the

simulation with clumps are very similar to the MW, see text for details.
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3.8 Left panel: Error free age distribution for the simulated stars in the simulated

4.1

clumpy galaxy with 5 < R/kpc < 11 and |z| < 3 kpc. ' is the probability
density function of each 1 Gyr age bin. The black and blue curves show the
counter-rotating stars for metal-rich and metal-poor intervals, respectively.
All the counter-rotating stars in the simulation are older than 7 Gyr. The
absence of the shift in the peak of the age distribution between the two
curves, seen by B20, reflects the fact that our simulation has no accreted halo.
The red curve shows the age distribution of the classical thin+-thick disc in
the simulation, which was only evolved for 10 Gyr. The green shaded area
corresponds to the age distribution of the simulation Splash region defined in
Fig. 3.2. As it includes stars with vy <100 km s~!, some thick disc stars are
present. Right panel: cumulative age distribution for the MW (dotted lines)
and simulation (solid lines) convolved with observational errors. The colours
correspond to the same velocity and [Fe/H] interval as in the left panel. We
divide each age by the maximum age in the MW data (12.5 Gyr) and the
simulation (10 Gyr). . . . . . . . ...

[Fe/H]-vy plane colour-coded by median [a/Fe]. The thin disc, thick disc,
Splash and GES regions are defined according to Belokurov et al. (2020).
All the regions, except for GES, are also present in the simulations. The
Milky Way data (upper-left panel) is selected from the catalogue of Sanders
and Das (2018) and the clumpy simulation (upper-right) is from Chapter 3
(see also (Amarante et al., 2020b)). Two further unpublished simulations
are shown in the two lower panels. They both consist of a single merger
with a 1:10 mass ratio, but with different orbits and input physics. Although
not fine-tuned to reproduce the Milky-Way trends, they provide qualitative
insights into the merger’s effects on the main proto-galactic disc. The dashed
lines are density contours on a logarithmic-scale. The observational and
simulation data have different colour-bar scales as they track a different o

element. Nonetheless, they are qualitatively equivalent. . . . . . . . .. ..
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lines, respectively. Merger simulation I and II have different satellite orbits,
creating different signatures in the chemodynamical plane of the simulation.
The former has a large overlap between the accreted and in-situ stars, making
it harder to disentangle the populations. As a consequence, this may result
in the misclassification of some substructures. On the other hand, merger
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The relative line-of-sight velocity error distribution (left) and the standard
deviation of the epoch radial velocities (right) for Gaia high transverse
velocity stars. The colours represent the distribution of the observed Blue
and Red Sequences defined in Chapter 2. Both panels show no significant
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the stars have relative errors lower than 20% in both measurements. This

rule out the possibility of binary contamination in this sample. . . . . . . .



List of tables

1.1

2.1

Stellar halo velocity parameters compiled by Smith et al. (2009). The table
was updated including more recent studies and the stellar halo fraction, f},.
For a nearby sample, vy = v4. A value of vy > 0 indicates prograde rotation.
The estimates for the bulk motion have been standardised using the value of

the solar motion from Schonrich et al. (2010). . . . . . . . . ... .. ...

Parameters for the canonical Galaxia model and our updated model. The
stellar halo model parameters are averaged over the whole range of [Fe/H].
* We do not use a Gaussian distribution to model vy for the thick disc and so
these numbers are just included to give an indication of the mean and spread

of our distribution. See text fordetails. . . . . . . . . . . . ... ... ...






Chapter 1
Introduction

Our unique observation point in space and time, i.e. inside view at a single snapshot in time,
of our own Galaxy challenges ourselves in the study of its structure and evolution. Firstly, as
we are located at the disc plane of the Galaxy, we model its geometrical structure through,
for example, star counts (Herschel 1785, Kapteyn and van Rhijn 1920, Juri¢ et al. 2008) with
complementary radio observations to find the Galactic centre and the spiral arms (e.g. Oort
and Rougoor 1960, Lockman 2002). Despite the development of observational technology,
there are limitations in observing the opposite symmetrical side of our Galaxy due to strong
light absorption towards the Galactic Centre.

Secondly, the study of the dynamical evolution of our Galaxy, either backwards or
forward in time, requires not only velocity measurements of the stars, and/or the gas, but
also the knowledge of the potential of the Galaxy. Nonetheless, observations of disc-like
galaxies over a large range of redshifts (e.g. Fathi et al. 2012, Krywult et al. 2017) allow us to
"look-back in time" at the evolution of disc-like galaxies. This provides important constraints
on simulations that model the formation of the Milky Way.

The Milky Way is known to be a star-forming galaxy and is characterised by a central
bulge, an axisymmetric radially extended disc, a diffuse stellar halo and all of these structures
are embedded in a dark matter halo (Bland-Hawthorn and Gerhard, 2016). Our Galaxy also
features non-axisymmetric structures, e.g., spiral arms and giant molecular clouds located in
the disc, and a bar-structure in the bulge. Besides that, we observe several satellite dwarf
galaxies and stellar streams currently in the stellar halo, which itself is composed of disrupted
stellar systems hinting at past accretion events. A schematic representation of our current
understanding of the Milky Way structure is shown in Figure 1.1. The Sun is located in the
Galactic disc at a distance of 8.18 kpc (Gravity Collaboration et al., 2019) from the Galactic
centre and at z ~ 0.017 kpc (Yao et al. 2017, Bennett and Bovy 2019) above the mean disc
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Fig. 1.1 Artistic impression of the Milky Way Galaxy. Left panel: the face-on view shows
the spiral arms in the disc, the central barred-bulge region and the place where the Sun is
located. Right panel: the edge-on view shows the discy shape of the Galaxy and the diffuse
stellar halo distributed around the Galaxy. Copyright: Left: NASA/JPL-Caltech, right: ESA;
layout: ESA/ATG medialab

plane. All the aforementioned characteristics make our own Galaxy a data-rich laboratory
for studying dynamics and chemical evolution of disc-like galaxies.

To understand our Galaxy’s structure and formation, precise measurement of stellar
positions, velocities and chemical abundances are necessary. Until recently, these studies
were restricted to nearby stellar samples — stars within 100 pc from the Sun — with velocities
and distances determined, mostly, by the Hipparcos mission (Perryman et al., 1997). But now
the European Space Agency’s Gaia satellite (Gaia Collaboration et al., 2016), which was
launched in mid-2016, has increased the spatial range of accurate measurements — up to 3-5
kpc from the Sun — without compromising the quality of the measurements. By the end of its
mission, in 2023, Gaia will have measured parallax and proper motions for 1 billion stars,
with parallax precision up to 7-25 pas at V = 15. In comparison, Hipparcos measurements
had a precision up to 2 mas and observed only ~ 120 thousand stars. Combined with ground-
based large spectroscopic surveys, such as APOGEE (Zasowski et al., 2013) and LAMOST
(Luo et al., 2015), which provide abundance and line-of-sight velocity measurements, Gaia
will be a milestone in characterising the structure and evolution of our Galaxy.

With the exquisite data from Gaia, this thesis is focused on the study of two of the oldest

components of the Milky Way: the thick-disc and the (inner) stellar halo. Although initially
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thought as distinct and unrelated populations, recent studies, including two papers of this
thesis’ author, revealed an inter-connection and a common origin between them during the

Galaxy’s first Gyrs.

1.1 The stellar halo

The stellar halo of the Milky Way is the most extended baryonic component of the Galaxy,
reaching up to ~ 200kpc. Despite that, its relative paucity of stars, compared with the
dominant population of disc stars, makes its study relatively difficult. Its total mass, ~ 108M.,
only contributes around 1% to the total stellar mass of the Galaxy, while the disc contributes
approximately ~ 90% (Binney and Tremaine, 2008). Closer to the Solar Neighbourhood,
e.g. within 1 kpc from the Sun, the stellar halo fraction is even lower, with values ranging
from 0.1 to 1%. We will explore more about the total local fraction in Chapter 2.

The study of the stellar halo provides valuable information about our Galaxy’s formation,
since it contains most of the metal-poor, [Fe/H| < —1 dex , and oldest stars, age > 10 Gyrs,
in the Galaxy (e.g. Das et al., 2020). It is important to note that not all stars are located
sparsely in the spherical halo, as it also comprises the majority of known ancient globular
clusters and dwarf galaxies (Helmi, 2020).

The stellar halo started being identified as a distinct population from the disc stars in
the early 1950s due to its higher velocities in respect to the Sun. For example, Perek (1951)
noticed that RR Lyrae variable stars (age >~ 10 Gyr) have a net higher velocities compared
to classical Cepheids (age ~ 1 Gyr). Later, Roman (1954), studying high-velocity F-type
stars, found a negative correlation between the star metallicity and velocity and settled the
link between Galactic populations associated with kinematics and chemistry/age. Moreover,
Roman (1954) also found the spatial distribution of the high-velocity F stars resembled those
from RR-Lyrae and globular clusters.

With the known correlations between kinematics, abundances, age and spatial distribution
of stars, it was still lacking a clear picture of the processes that formed the Milky Way and
created distinct populations. The first proposed scenario of the stellar halo origin by Eggen
et al. (1962) describes the formation of the oldest stars during the radial collapse of a
primordial gas cloud towards the galactic centre. In this scenario, known as the "monolithic-
collapse" scenario, the collapse is rather rapid and it would attain equilibrium in a time-scale
of 108 years. Old stars form before the collapse, whereas young stars form afterwards during
the formation of a rotating disc. Nonetheless, the stellar halo and disc would have originated

from the same population. But, this simple model was unable to account for the large spread
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in the globular clusters age (Searle and Zinn, 1978) and the presence of retrograde stars
(Yoshii and Saio, 1979). Moreover, selection effects on the sample used by Eggen et al.
(1962) may have induced an underestimate in the timescales involved in the process (e.g.
Isobe, 1974; Saio and Yoshii, 1979).

Searle and Zinn (1978) proposed a second formation scenario where the outermost
globular clusters in the stellar halo have an extragalactic origin. In this scenario, the globular
clusters form in extremely metal poor dwarf galaxies and then merge into the Galactic outer
halo through tidal disruption. This model is known as the "hierarchical/fragmented" picture
of halo formation. The fragmented and monolithic scenarios predict a slightly different
rotation profile (Deason et al., 2018): in the latter the rotational signature of the outer halo
should be aligned with the angular momentum of the disc, whereas in the former the presence
of a rotational feature can constrain the accretion history of the halo. Interestingly enough,
most of the kinematics and chemical studies show that the stellar halo may have gone through
both of the formation scenarios (as already argued by Sandage 1990).

1.1.1 The inner halo and its kinematic-chemical correlation

The discussion above stresses the importance of characterising the stellar halo kinematics
to constrain the Galaxy’s formation models. However, as we will see, one must compare
different studies taking in consideration the strong dependence of the stellar halo kinematics
with the star’s metallicity. Moreover, as summarised, e.g., in Battaglia et al. (2017), the spatial
variations in the kinematic, metallicity and age properties of the stellar halo is consistently
described by two overlapping components that shift their dominance at Galactocentric

distances of ~ 15 kpc:

1. A slightly flattened inner population, with a mild prograde sense of rotation velocities
and metallicity distribution peaking at [Fe/H] ~ -1.6;

ii. A relatively more spheroidal outer halo component, with no (or little retrograde)

rotation and a metallicity distribution peaking at [Fe/H] ~ -2.3.

The distinction between inner and outer halo is also observed in the radial spatial distribution
as it is described by a double-power law distribution (Cohen et al., 2017; Deason et al., 2011).
The break/separation between the two components appear to be at r ~ 15 — 20 kpc (Deason
et al., 2018). The inner component is consistent with the early assembly scenario (Eggen
et al., 1962) and experienced a faster chemical enrichment compared to the outer halo. Das

et al. (2016) support this scenario as they found that BHB stars are older as you go further out
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in the Galaxy. Historically, the innermost stellar component of the halo was often labelled
as the "in-situ‘* halo, but, as we will see, it might actually be composed of both an accreted
population (from a massive merger) as well as in-site stars.

On the other hand, the outer halo is dominated exclusively by stars with an extra-galactic
origin, originally from low mass satellites accreted onto the Galaxy, thus consistent with the
hierarchical formation scenario (Searle and Zinn, 1978). Although extremely important to
the assembly history and mass measurements of our Galaxy (Li et al., 2020) and chemical
evolution of dwarf galaxies (e.g., Kirby et al. 2010,A0ki et al. 2020), among other studies,
the outer halo will not be explored in the present work (interested readers should see, for
example, the review of Helmi, 2008a).

To rule out the inner halo formation models, it is extremely important to have a reliable
estimation of its kinematics. This used to rely on small sample sizes and there was a lack
of complete space-velocity information for candidate stellar halo stars. As can be seen in
Table 1.1 there is a disagreement in the literature regarding the value of the moments for the
velocity distribution and the stellar halo fraction. The latter will be discussed in detail in
Chapter 2. Interestingly, until recently, there was no strong consensus whether the inner halo
had a sense of positive, negative or zero rotation. For instance, measurements of the mean
and dispersion in the rotational velocity component were found to vary from =~ (-20,20) and
~~ (80, 110) kms~!, respectively.

More recently, taking advantage of the crossmatch between Gaia DR1 and the SDSS
survey, Belokurov et al. (2018) studied the velocity distribution of stars within 10 kpc from
the Sun. With the full 7-D information (phase-space + [Fe/H]) for 190 thousand stars, they
were able to study the velocity-chemistry relation, at different spatial ranges, for the stellar
halo. Figure 1.2 shows the radial and azimuthal spherical velocities plane, v, — vg, for
their sample. The top and bottom rows show stars at 1 < |z|/kpc < 3 and 3 < |z] /kpc < 5,
respectively. Each column has a different metallicity range going from the most metal-poor
to metal-rich from left to right. At the most metal-poor end, a single Gaussian component
is sufficient to fit the data for each velocity component. Moreover, the velocity dispersion
of each component is equivalent, reflecting the relatively spherical shape of the distribution.
However, towards the more metal-rich end ([Fe/H]> —1.66) an extra component is required
to fit the stellar disc and, furthermore, the velocity component associated with the stellar halo

(< vy >~ 20) is stretched towards the radial velocity component.

Their result shows that the anisotropy of the stellar halo, which is given by B =1 —
is strongly dependent on the metallicity and is radially anisotropic (8 > 0.7) for the metal-
rich stellar halo. Moreover, they also find a statistically significant sign of rotation for the
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Reference System  Component (v) (kms~!) o, (kms™T) Tn[%]
Woolley (1978) Spherical vy - 148
Vo - 122
Vo - 82
Norris (1986) Cartesian Vx - 131+6
Vy - 106 £ 6
vy - 85+ 4
Gould and Popowski (1998) Cartesian Vx S+15 171 £ 11 0.07
(Kinematically selected sample) Vy -2+13 99 + 8
\Z 1+8 90 +7
Gould and Popowski (1998) Cartesian Vy -3+9 160 + 7 0.2
(Non-kinematically selected sample) Vy 21 +9 109 +£9
vy 245 94+5
Chiba and Beers (2000) Cartesian Vx -16 £ 16 141 £ 11
Vy -19+ 12 106 £9
\Z S+11 94+ 8
Gould (2003) Cartesian Vy -1+3 171 £ 10
Vy -2 (fixed) 99 + 8
0 243 90 =7
Robin et al. (2003) Cartesian Vy - 131 0.06* —0.11**
(* for stars at My < 8 Vy - 106
+% within 1 kpc from the Sun extrapolation) vy - 226
Kepley et al. (2007) Cylindrical VR 2+11 157 £8
Vo 23+ 8 110+ 6
\Z -1£6 84 +4
Juri¢ et al. (2008) - - - - 0.4
Kordopatis et al. (2013) Cylindrical VR 7+4 30+1 0.5 —0.6**
(* Solar cylinder; chemical decomposition Vo 15+£9 119+ 19
+* Solar cylinder; kinematic decomposition) vy -743 110 £ 12
Robin et al. (2014) - - - - 0.04
Posti et al. (2018) Cylindrical VR -10+9 141+ 6 0.46
Vo 9+7 78 +4
vy -8 9 94 +4
Belokurov et al. (2018) Cylindrical VR 0 140
(avareged over all [Fe/H]) Vo 30 78
\Z 0 80
Amarante et al. (2020b) - - - - 0.47

Table 1.1 Stellar halo velocity parameters compiled by Smith et al. (2009). The table was
updated including more recent studies and the stellar halo fraction, f;. For a nearby sample,
vy = vy. A value of vy > 0 indicates prograde rotation. The estimates for the bulk motion
have been standardised using the value of the solar motion from Schonrich et al. (2010).
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Fig. 1.2 The radial v, and azimuthal vg spherical velocities for stars in the SDSS-Gaia DR1
sample. Each panel contains stars in different metallicity bins (increasing from left to right)
and altitude |zl (increasing from bottom to top, in kpc). The lower metallicity bins show the
presence of an isotropic halo population, therefore consistent with the known canonical halo.
Intriguingly, closer to the plane and at higher metallicities (i.e. the last two panels in the top
row) the distribution is consistent with a rotating disc population (vg > 150kms~! ) and a
mildly rotating and radially anisotropic population, which is distinct from the disc. They
named this structure the "Gaia-Sausage" and concluded it is the product of a major merger
event (see Section 1.1.1 for details). [Reproduced from Belokurov et al. (2018), figure 2.]

stellar halo, which decreases from < vy >~ 50 km s71to < v >~ 20 km s~ ! as [Fe/H]
increases. Based on cosmological hydrodynamical simulations, the authors suggest that the
accretion of several low-mass satellites would not form a highly radially anisotropic stellar
halo, instead a major merger would be able to reproduce the observations. Thus, they suggest
the Milky Way went through a major merger event during its first Gyrs and labelled it the
Gaia-Sausage event.

Simultaneously, but with a different approach, Helmi et al. (2018) also concluded that the
Milky Way had a major merger event that built its inner-halo and called it the Gaia-Enceladus
event. This merger event that might have built the inner halo is now commonly called
Gaia-Enceladus-Sausage (GES). The detailed analysis of this merger is beyond the scope of
this thesis, but we refer to Evans (2020) for an overview.

Nonetheless, we will discuss the possible imprints of this merger in the early disc of the
Milky Way. Before we do this, we first need to describe another old population of the Milky
Way that might have been largely influenced by it: the thick disc.
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1.2 The thick disc

The Milky Way disc has a total mass of ~ 10'°M_, (Rix and Bovy, 2013) and is radially
extended: the ratio between its scale-length and scale-height is ~ 3.6. It is in the (thin) disc
that the stellar formation regions are located (e.g. Kennicutt and Evans 2012), therefore the
youngest and more metal-rich stars are closer to the plane. However, not all stars are young
and metal-rich: the oldest stars in the disc are as old as ~ 10 Gyrs and its metallicity reaches
down to ~ -1.2 dex (see, e.g., Haywood et al. 2013, Hayden et al. 2017). Initially thought of
as a smooth population, in the early 1980s the stellar disc started to be depicted as having
two components.

Yoshii (1982) found that the stellar density distribution of the disc could be modelled
using two exponential distributions with distinct scale-heights. Gilmore and Reid (1983)
independently, but intriguingly more famously', found similar results with a different stellar
sample. It is important to note that both studies rely on stellar counts covering different
regions of the sky. Later, Yoshii et al. (1987) confirmed the previous results and the scenario
of a duality in the Milky disc was established.

More than a decade later, the thick disc started to be seen, rather than a purely geometrical
component, as a distinct chemical population of the disc. Bensby et al. (2003) used a sample
of 66 F and G dwarfs stars in the solar vicinity, classifying stars as thin and thick disc based
on their kinematics. They found a clear distinction between the two populations: the thick
disc stars have [at/Fe] larger compared to the thin disc stars. o elements are mainly produced
by supernovae explosions of massive young stars (e.g., oxygen and magnesium) and thus
identify stars born in rapid bursts of star formation. Therefore this difference in the [a/Fe]
abundance reflects different timescales for the thin and thick disc formation. Afterwards,
[a/Fe] was commonly used to distinguish stellar populations in the thin and thick discs.

The association of a—rich stars with the thick disc became clearer with larger sample
sizes. With a sample of 23 thousand stars from SDSS/SEGUE (Abazajian et al., 2009), Bovy
et al. (2012) fit number density models for mono-abundance populations and concluded
that each population is associated with a scale height and scale length. Figure 1.3 shows
that a-rich stars have large scale heights, ~ 0.8 kpc, and are radially concentrated with
scale length ~ 1.8 kpc. On the other hand, a-poor stars have low scale height, ~ 0.2 kpc,
and are radially extended, with scale length ~ 3 kpc. The notion of the geometric aspect

of the thin and thick disc, as found in the early 1980s, reflects the superposition of single

' As observed in Gilmore et al. (1989): "Similar results to those of Gilmore and Reid (1983) were earlier
derived from the Basel surveys by Yoshii (1982), though not widely appreciated at that time."
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Fig. 1.3 The radial scale length vs the vertical scale height, colour coded by [a/Fe], of
mono-abundance population stars. There is a clear segregation between a-rich, yellow/red
points, and o-poor, green/blue points. The former have smaller scale length and larger scale
height compared to the latter. It indicates that the geometrical thin and thick discs can be
disentangled chemically. [Reproduced from Bovy et al. (2012), figure 5.]

mono-abundance populations with different scale heights (as advocated also by, e.g. Minchev
et al. 2015, Kawata et al. 2018).

The distinct scale height and scale length for the o-rich and a-poor populations is
reflected in the [Fe/H]-[Mg/Fe] plane at different spatial ranges (see, e.g., Hayden et al.
2017). Using a crossmatch between Gaia DR2 and APOGEE DR15 (Zasowski et al., 2013),
we select stars with good parallax (i.e. relative error lower than 20%) and show in Figure
1.4 how the abundance plane varies with galactocentric radius (R) and altitude (z). The z
range increases from bottom to top, while the R range increases from left to right. The
clump associated with the thick disc population is located at [Mg/Fe] ~ 0.3 and dominates
the abundance plane at smaller R and larger z. On the other hand, the thin disc population

([Mg/Fe] ~ 0) dominates for larger R and lower z.
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Fig. 1.4 The [Fe-H]-[Mg/Fe] distribution for APOGEE-Gaia stars at different locations in
the Galaxy. The cylindrical galactocentric radius increases from left to right and the distance
from the plane increases from bottom to top. The upper-middle panel shows stars closest to
the Sun - here it is possible to see two separate o-rich ([Mg/Fe] ~ 0.3) and a-poor ([Mg/Fe]
~ 0.0) populations. As the altitude from the plane increases, the ¢-rich stars dominate over
the a-poor. Therefore, a-rich stars are associated with the thick-disc and the o-poor with
the thin-disc. Moreover, for fixed altitudes, there is a noticeable reduction in the prominence
of the a-rich population at larger radii. Finally, the blue points show counter-rotating stars in
the sample. Notice that a number of these are located in the same region of the diagram as
the thick-disc population (see Section 1.2 for discussion).
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We also show counter-rotating stars, vy < 0 km s7! in Figure 1.4 as blue circles. The
vast majority of these stars are located outside the clumps associated with the disc and are
likely to be accreted stars (e.g. Mackereth et al., 2019). However, it is interesting to note
that a non-negligible number of them have thick disc chemistry. Typically, it is not expected
that disc stars should have retrograde motion and yet these stars are in general too metal
rich ([Fe/H] = —0.7) to be associated with the canonical stellar halo. The observation of
metal-rich low angular momentum stars raises questions about the formation mechanisms
of the thick disc, in particular its overlap/connection with the in-situ stellar halo. We will

explore these themes in the following section.

1.3 The inner stellar halo - thick disc overlap

Metal-rich stars ([Fe/H]>-1), with halo-like kinematics has been in evidence for about a
decade (as in, e.g. Nissen and Schuster 2010, Schuster et al. 2012). Nonetheless, a clear
picture of how these stars are characterised in the velocity-chemical space was yet to come.
Di Matteo et al. (2019) took a step forward, exploring the overlap in the chemical-velocity
space between the inner stellar halo and the thick disc for 60 thousand stars in a crossmatch
between Gaia DR2 and APOGEE DR 14 (Majewski et al., 2017).

Figure 1.5 shows several [Fe/H]-vy planes at different [Mg/Fe] intervals. In this Figure,
negative (positive) vy corresponds to prograde (retrograde) rotation. At low [Mg/Fe] abun-
dances (top row panels) the stars associated with the thin disc are located at vy ~ —220 km s7!
and have [Fe/H] ~ 0. A few retrograde stars (vy > 0 km s~1) are also observed at lower
[Fe/H], but their chemical-velocity properties are detached from the disc stars due to their
accreted nature. As [Mg/Fe] increases, the mean rotational velocity and metallicity decreases
as more stars associated to the thick disc are included in the sample. Moreover, the low
angular momentum stars populate a larger [Fe/H] range, with several retrograde stars in the
range —0.7 <[Fe/H]< —0.2. As these stars seem to be connected to the thick disc population,
D1 Matteo et al. (2019) suggested that they could be heated thick disc stars. In fact, they
argued the Milky Way in-situ halo is solely composed of heated thick disc stars.

The picture that emerges is of a disc formed in the first Gyrs of the Milky Way, which
was then heated and puffed up by the GES merger. This process created a population of
metal-rich low-angular momentum stars, including the counter-rotating ones, which built up
the inner stellar halo. This scenario is supported by the discovery of ultra-metal poor stars on
disc-like circular orbits (Sestito et al., 2019), indicating that the young Galaxy could already

have formed a proto-disc prior to the GES merger event. It also strengthens the formation
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Fig. 1.5 The distribution of [Fe/H]-vy, in km s~!, for stars in APOGEE-Gaiagrouped by
[Mg/Fe]. In this panel, vy < Okms~! indicates prograde rotation. For higher [Mg/Fe]
values, a population of retrograde stars becomes apparent. Intriguingly this includes not
only canonical stellar halo stars ([Fe/H] < —1.2), but also relatively metal-rich stars ([Fe/H]
~ —0.7) which would typically be associated with the chemical thick disc. [Reproduced
from Di Matteo et al. (2019), figure 12.]

mechanism of the thick disc via a major merger (e.g. Quinn et al. 1993, Villalobos and Helmi
2008, Grand et al. 2020).

The major merger scenario is not the only proposed mechanism for the thick disc
formation. For example, Brook et al. (2004) proposed that the thick disc stars are formed
from the accreted gas at high redshift. This would explain the large velocity dispersion of the
thick disc in contrast to the thin disc.

There are other mechanisms that can explain the formation of the thick disc solely by
in-situ secular processes, without requiring any ex-situ processes. Stellar radial migration
(Schénrich and Binney 2009, Loebman et al. 2011) causes stars from the inner parts of the
Galaxy to migrate outwards. During this process they feel a decreased restoring force in
the vertical direction and thus can reach larger |z|. Kawata et al. (2017) also suggests that

mono-age stellar populations form in a disc where the scale-height increases with radius.
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This scenario, the flared star-forming disc, explains for example the presence of a—poor stars
at larger |z| in the outer regions of the Galaxy, Figure 1.4 top right panel. Another mechanism
is scattering by massive clumps during the Galaxy’s first Gyrs(Bournaud et al. 2009, Clarke
et al. 2019, Beraldo e Silva et al. 2020). In this scenario the a-rich (i.e. thick disc) stars
are produced quickly in the clumps and subsequently scattered by them. This scattering
increases the vertical velocity dispersion of the stars and gives rise to the geometrical and
chemical thick disc. It is important to stress that in this scenario the thin- and thick-disc
dichotomy arises early in the Galaxy and would already be present before and during the
GES merger event.

In the following Chapters we will explore with greater detail the heated thick disc
population. In Chapter 2 we explicitly quantify the amount of thick disc stars with stellar
halo kinematics, using a new approach to model the local thick and halo fractions. We will
also find evidence for a significant metal-rich counter-rotating population, taking advantage
of chemistry information from LAMOST DRS. In Chapter 3. we explore the formation of
the metal-rich, low angular momentum population via the clumpy formation scenario. This
has a major implication in the consequences of the GES merger event. Finally, in Chapter 4

we address our conclusions and future prospects.



Chapter 2

The stellar halo in the Solar
Neighbourhood

As discussed in the previous Chapter, the inner stellar halo and thick disc populations have a
significant overlap in metallicity and velocity space. We will explore a new methodology to
disentangle both populations using a kinematically biased sample that enables us to quantify
the amount of heated thick disc stars in the Solar Neighbourhood. Most of the following
content was originally published in Amarante et al. 2020, MNRAS, 492,3816.

2.1 Introduction

Gaia Collaboration et al. (2018a) have demonstrated the amount of detail it’s possible to
obtain from the analysis of the HR diagrams drawn from Gaia data (Gaia Collaboration
et al., 2018b, 2016). For instance, for those interested in the stellar halo and thick disc, their
figure 21 is especially relevant (reproduced here in Section 2.4). By selecting stars with
transverse velocity greater than 200 kms ™!, two distinct sequences are clearly distinguishable
in the colour-magnitude diagram. This kinematic selection cut is likely to produce a sample
dominated by halo stars and so the fact that two sequences are observed could be an indication
that the local halo is composed of two different stellar populations. However, one might
wonder whether this cut produces a pure halo sample. Could there be contamination from
the thick disc and, if so, how does this affect our interpretation of the data? For that matter,
the relative fractions of the stellar halo and the thick disc at the Solar Neighbourhood, turn

out to be a very important constraint, nonetheless not trivial to obtain.
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In the last decade, several studies have provided clues to the local stellar halo fraction, fj,
using different methods and volumes!, see 1.1. For example, Gould et al. (1998) used deep
HST star counts to constrain fj, -, finding it to be in the range 0.07 to 0.2%. Later, Juri¢ et al.
(2008), using the large photometric Sloan Digital Sky Survey (SDSS), modelled the number
density of stars in the Milky Way and found that, at the Solar position, fj, o, = 0.4%. Large
spectroscopic surveys, such as the Radial Velocity Experiment (RAVE), also reinvigorated
studies of the Milky Way’s structure. Kordopatis et al. (2013), using RAVE DR4 data, found
that the local f, varies from 0.5% to 0.6% depending on whether they use a chemical or
kinematic selection, respectively. More recently, Posti et al. (2018) used the cross-match
between Gaia DR1 and RAVE to select, through Action Angle distributions (Binney and
Tremaine, 2008), the local stellar halo. From their study they conclude that fj; ~ 0.45%.
Even though these studies all use different selection criteria and could be subject to various
selection effects, it seems that the value of fj within 1 kpc seems to be converging on ~ 0.5%.

The value of f;, is an important ingredient for models of the distribution of stars in our
Galaxy. The most influential model in the past two decades has been the Besangon model.
In their original model, which was the standard model for most of this time, Robin et al.
(2003) adopted a value for the halo normalisation based on star counts at high and medium
latitudes. They estimated f}, -, = 0.06% for My < 8, which corresponds to f;, ~ 0.06%. This
was subsequently updated in Robin et al. (2014) to incorporate a new multi-component thick
disc, but still a low value for the halo normalisation was adopted (f, = 0.04). Therefore it is
worth emphasising that the halo normalisation in the Besancon model is significantly less
than the above consensus. This means that models and data products which are based on the
Besangon model, such as the Galaxia model (Sharma et al., 2011) or Rybizski mock Gaia
catalogue (Rybizki et al., 2018), will significantly underestimate the halo contribution.

Since the thick disc was first proposed as a distinct component of the Milky Way (see
Chapter 1), its local fraction, frp, is still an open question: due to the degeneracy with its
scale length, frp ranges from 2% (Gilmore and Reid, 1983) to 12% (Juric et al., 2008).
We refer to Bland-Hawthorn and Gerhard (2016) review where they found a mean value of
frp = 4% + 2%, after compiling 25 results from photometric surveys without any detailed
stellar abundance information. Nonetheless, it’s worth mentioning a few specific studies,
e.g., Kordopatis et al. (2013) found that the local f7p was either 15.2% or 18.3%, depending
on whether a kinematic or chemical selection was used, respectively. The caveat with these

IThroughout this Chapter, we take fj, and frp to refer to the fraction of halo and thick disc stars, respectively,
within 1 kpc of the Sun, e.g. f}, is the number of halo stars divided by the total number of halo, thick and thin
disc stars. In the rare instances that we refer to the fraction at the Solar position (i.e. the in-plane normalisation
at the Solar radius), we denote this as fj, o or frp .
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values is the assumption of a Gaussian distribution for both azimuthal velocity, vy, and
metallicity distributions. As will be discussed later, the asymmetric drift in the disc makes
the vy distribution skew towards lower velocities, thus a Gaussian may not be physically
meaningful to describe it. Moreover, it may underestimate (overestimate) the contribution of
the thin (thick) disc stars. Finally, if high resolution spectroscopic data are included and the
thin and thick discs are defined as [a/Fe] poor and rich, respectively, the scale length and
scale heights are clearly different for both populations (Bensby et al., 2003). For example,
Bovy et al. (2012), find that the [/Fe] rich stars have a larger scale height and smaller scale
length than the [a/Fe] poor stars. This helps to break the aforementioned degeneracy with
frp and favour lower values for the thick disc normalisation.

Another challenge is to correctly distinguish stellar halo and thick disc stars when dealing
with a local sample. There is a non-negligible overlap between the former’s metal rich end
and the latter’s metal poor end, with both co-existing at around [Fe/H]~ —0.8, which means
that some cuts in [Fe/H] could lead to contaminated samples. Nevertheless, o peak elements,
especially magnesium, can help distinguishing both populations. For example, using data
from APOGEE Hawkins et al. (2015) and Hayes et al. (2018) have shown that for [Fe/H]
< —0.7 there are two distinct populations: an [a/Fe| poor sequence with zero net rotation,
which is consistent with stars being mainly accreted from small dwarf satellites whose stellar
populations were formed in the first few Gyr of the universe; and an [¢/Fe] rich sequence,
which has some net rotation and is kinematically colder than the [ct/Fe] poor sequence.
Hawkins et al. (2015) point out that these [o/Fe| rich stars could come from either the
thick disc or from some form of in-situ (in their words "canonical") halo population. They
conclude that these two populations are not chemically distinct and that this may suggest a
common origin.

In this Chapter, we present a different approach to estimate f; and frp in order to
quantify the amount of thick disc contamination in the Gaia high transverse velocity sample.
As discussed above, this could potentially change the interpretation of a dual stellar halo
population in the solar neighbourhood, as suggested by Haywood et al. (2018) and Gallart
et al. (2019). This Chapter is organised as follows: Section 2.2 describes the data we will use
in our analysis; Section 2.3 models the tail of the high transverse velocity distribution, in order
to obtain f, and frp; Section 2.4 dissects the chemistry of these stars, using spectroscopic
data from LAMOST; Section 2.5 explores the dynamical properties of the sample; Section
2.6 brings together our findings and presents our take on the nature of the stars in this sample;

finally in Section 2.7 we provide some brief conclusions.
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2.2 Data selection

The sample was extracted from the GDR?2 catalogue using the same ADQL query as described
in Gaia Collaboration et al. (2018a), which we reproduce in Appendix A. The query selects all
stars within 1 kpc that have G < 17 and with transverse velocity v, = 4.74/® /,ué* + /.L§ >
200 kms~!. The total sample size is 77,107. In addition to this sample, since in Section
2.3 we also wish to compare to the entire v; distribution, we randomly selected a sample of
672,138 stars that satisfy the same constraints as the high v; main sample except without the
Vs cut.

Throughout this Chapter, we use the Galactocentric cylindrical velocities vg, vy and
v,, where they are positive in the direction to the Galactic centre, Galactic rotation and
North Galactic pole, respectively. We adopt from Schonrich (2012) the values for the solar
Galactocentric distance R, = 8.27 kpc and local circular velocity v. = 238 kms~!. We
assume the Solar motion with respect to the Local Standard of Rest to be (Ug, Ve, Ws) =
(11.1,12.24,7.25) kms~! (Schénrich et al., 2010).

2.3 Transverse velocity modelling

2.3.1 Galaxia: a synthetic population model

The Galaxia code® (Sharma et al., 2011) is a population synthesis model based on the
Besancon Galaxy model (Robin et al., 2003), which is itself constrained using a variety of
observational results. Galaxia is a convenient tool for understanding large observational
surveys, such as Gaia, and is especially useful for modelling selection effects in all-sky
surveys. In Galaxia, both the stellar halo and thick disc have their 3D velocities described
by a Gaussian distribution. We summarise the parameters of each population in Table 2.1,
where these parameters are the same as Robin et al. (2003). It is important to note that the
Besancon model used in Galaxia is the original model, as described in Robin et al. (2003),
and not the updated model presented in Robin et al. (2014) and available online?. This newer
model, which incorporates a multi-component thick disc, does not significantly improve the
match to the v; distribution, as we will discuss later in this section. In order to understand
the properties of our observed Gaia sample, a good starting point is to compare what would
be the expected transverse velocity distribution from a canonical model of the Milky Way.

For this purpose, we use the mock catalogue created by Rybizki et al. (2018), available at

http://galaxia.sourceforge.net/
http://model2016.0bs-besancon.fr/
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Galaxia \ Model

TD Halo TD Halo

(vg); 0y, [kms™1]  [0;66]  [0,135] [0;58] [0, 140]

(vo); Ov, [kms~!] [195;51] [11;85] | [196,48]* [30,78]

(ve); 0, [kms™']  [0;42]  [0,84] | [0;42]  [0,80]

Fpop(@ > 1) [%] 10.95 0.11 6.52 0.47
Table 2.1 Parameters for the canonical Galaxia model and our updated model. The stellar
halo model parameters are averaged over the whole range of [Fe/H].
* We do not use a Gaussian distribution to model vy for the thick disc and so these numbers
are just included to give an indication of the mean and spread of our distribution. See text for
details.

GAVO* as gdr2mock.main, which is based on the Galaxia canonical model. Using the same
ADQL query as for the observational sample, a total of 42,128 mock stars with v; > 200

I were obtained.

kms™

Although the full mock catalogue has the same number of stars as the Gaia DR2 catalogue,
it is not expected to precisely match the number of stars in either a specific stellar population
(e.g. thick disc or halo) nor a selected sample (e.g. v; > 200 kms™!). For example, even
though the total number of stars in the mock and observed samples are similar for the
same magnitude and spatial cuts, namely 25 and 29 million stars, respectively, if we look
at the stars with v, > 200 km s~! we find that the numbers are 42 and 80 thousand stars,
respectively. The factor of two difference already indicates that there may be a deficiency in
the underlying model from which the mock sample is drawn. This is shown more clearly
in Fig 2.1, where we have normalised both distributions by the total number of stars that
satisfy the original ADQL query without the v; cut, i.e. over the whole range of transverse
velocities. Clearly, the canonical model of the Galaxy is unable to reproduce the observed
data as there is a significant lack of stars for vt > 200 kms~!. For completeness we also
include the distribution from the updated Besancon model Robin et al. (2014). Although this
marginally improves the fit for moderate values of v;, it still significantly underestimates the
number of stars in the tail beyond v; ~ 250 kms~!. The fact that these distributions don’t
agree could be due to either (a) how the velocities are assigned to each population within
a given model, or (b) the assumed normalisation fraction of each population. In the high

v; tail the two dominant populations are the stellar halo and thick disc. For the rest of this

“http://dc.g-vo.org/tap
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Fig. 2.1 The normalised histogram of v, for Gaia data and our model, in black and green
respectively. The canonical Galaxia model, in red, is unable to describe the observed data
for v, > 200 kms~! mainly due to the adopted normalisation factors for the thick disc and
stellar halo populations. The updated Besancon model (Robin et al., 2014), in yellow, is also
unable to fit the tail of the v, distribution.

section we will focus on these two populations, describing our prescription for obtaining an

improved parameterisation of the thick disc and halo.

2.3.2 Thick disc

It is well known that the asymmetric drift affects the vy distribution of disc stars, meaning
that a single Gaussian cannot provide a good match to the skewed observed distribution (e.g.
Binney and Tremaine 2008). One common approach is to model this with two Gaussians,
each with different mean (1), standard deviation (o) and weight (w). For example, Kordopatis
et al. (2013), while studying stars between 1 and 2 kpc above the Galactic plane, decomposed
the observed vy distribution using three Gaussians, each one representing the thin disc, the
thick disc and the halo. Although the results are consistent with the expected fractions for
thin and thick disc, the real physical meaning of the Gaussian parameters, especially for the

disc populations, is rather unclear.
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The asymmetry in the azimuthal velocity distribution for the disc, also known as asym-

metric drift, can be understood by the following three reasons:

i. Due to conservation of angular momentum, stars have slower rotational velocity as
they approach apocentre, so their guiding-centre radii, R, are smaller than the solar

radius, Rp;

il. There is an increase in the density of stars towards the inner parts of the disc and also
in the random velocities of the stars. This latter property means that there are a greater

fraction of stars on eccentric orbits, which can lead them far from their R,;

iii. Populations of stars become kinematically hotter over time and the deviations from
axi-symmetry in the Galactic potential® cause such populations to expand spatially.
Consequently, due to the conservation of angular momentum, their mean rotation rate

decreases.

In order to better depict the asymmetry in the azimuthal velocity distribution, Schonrich
and Binney (2012) presented a new formula to describe the disc kinematics using physically
meaningful parameters. It is constructed within a dynamical framework that connects the
skewness of the vy distribution to the standard deviations of vg and v,. Their model shows
how the distribution of vy changes for slices in distance from the plane (z) and Galactocentric

radius (R). The final distribution, given in equation 29 of Schonrich and Binney (2012), is:

N [—(Re—Ro) _AD,
n(ve|R,z) = Eexp {i—do} exp [ P ff} f(z,Rs —R), (2.1)
where: )
Rg) = —¢
)= 200k
_e“(c—1.5)!
g(c) = (05

re-m=en (Yo [ (1-o0 (F1))

3 Although the Galactic potential is usually modelled as axi-symmetric, which holds to a first approximation,
the spiral arms and the central bar creates an asymmetry.
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and « is the exponent of the relation between the scale height and surface density of a given

stellar population, which is assumed to decrease with height as:

2—1.5z/1.5kpc forz < 1.5kpc
o(z) =
0.5 otherwise.

The dependence on vy is implicit in the definition of the guiding radius R, = Rvy /v,
where v, is the circular velocity speed. Therefore, Equation 2.1 is a function of: the
Galactocentric radius of the measurement (Rp), the scale length of the observed population
(R4), the local radial velocity dispersion (0y), the scale length on which the radial velocity
dispersion varies (Rs) and the scale height of the vertical density profile (k). All the
parameters reflect the characteristics of the dominant population, e.g. thin or thick disc stars,
in a given sample. Finally, it can be noted that this equation also depends on the assumed
Galactic potential, ADpg.

Our first update to the canonical Galaxia model is on the description of the thick disc
kinematics. Instead of the canonical Gaussian distribution for the velocity components, we
use the physically motivated Equation 2.1 to draw the three velocity components of the
mock thick disc data. This requires us to adopt values for the aforementioned parameters
for the thick disc (i.e. Ry, 0y, Rs and hg). Since there is no firm consensus on the values
of these parameters (see Bland-Hawthorn and Gerhard 2016 for a discussion), we obtain
values using data from the APOGEE survey. We take our data from the publicly available
APOGEE-Guaia DR12 catalogue®, selecting all stars within 1 kpc of the Sun with relative
errors in parallax lower than 20%, -1.1<[Fe/H]<-0.1 and 0.2<[Mg/Fe]<0.45. We note that
our chemical selection is within the same range of the selected thick disc (alpha rich) stars
from Mackereth et al. (2019). We fit the APOGEE vy distribution according to Schonrich
and Binney (2012), using the Affine Invariant Markov Chain Monte Carlo emcee package’
(Foreman-Mackey et al., 2013). In order to reduce degeneracies in the modelling we fix
R; = 1.8 kpc and hy = 0.9 kpc, leaving oy and Ry free. This procedure gives oy = 53.4
kms~! and R; = 12.3 kpc. Although this is a simplistic approach, we are only concerned
with obtaining a qualitatively good fit and have found that our results are not especially
sensitive to the choice of parameters. Fig. 2.2 shows the resulting vy distribution from our
model, compared to the observed APOGEE-Gaia thick disc sample. Our model provides a

reasonable fit and one that is statistically superior to the canonical Gaussian model. Since the

®https://www.sdss.org/dr12/irspec/spectro_data/
"http://dfm.io/emcee/current/
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Fig. 2.2 The distribution of vy for the thick disc. The solid histogram shows an APOGEE-
Gaia sample (see text for details), while the green line shows our adopted model based on the
work of Schonrich and Binney (2012). In grey we show the canonical Gaussian distribution
adopted by the Galaxia model (1 = 195 kms~! and 6 =51 kms™1).

goal of this Chapter is not to find the best fit for the local thick disc, we defer more detailed

modelling to future work.

2.3.3 Stellar halo

Belokurov et al. (2018) showed that, within 10 kpc, the stellar halo’s velocity ellipsoid has
a strong dependence on metallicity. As the metallicity increases, the anisotropy (f3) of the
halo also increases, indicating a radially biased population. Moreover, not only does the
stellar halo have a mild rotation, the rotation signature is stronger for more metal poor stars.
None of these features are incorporated into the original Galaxia stellar halo model, thus
we updated the stellar halo model incorporating the rotation and anisotropy dependency on
[Fe/H]. Since Belokurov et al. (2018) only explored the halo for |z| > 1 kpc, we extrapolated
their results and assumed that the features observed for 1 < |z| < 3 kpc are the same for
|z] < 1 kpc. Table 2.1 shows the features of the updated stellar halo model, averaged over all
[Fe/H]. Fig. 2.3 shows the first two moments of the spherical velocity distribution for the
adopted stellar model (solid lines) and the canonical Galaxia model (dashed lines). The left

panel shows how the radial/rotational velocity dispersion increases/decreases significantly
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Fig. 2.3 The dispersion and median of the stellar halo velocity ellipsoid, within 1 kpc of
the Sun, for our model (solid lines) and Galaxia’s canonical model (dashed lines). The
radial, azimuthal and tangential velocities are represented by the green, orange and blue lines,
respectively, in both panels. This is an extrapolation of Belokurov et al. (2018) results where
we assume their observed features for 1 < |z| < 3 kpc are the same for |z| < 1 kpc.

with [Fe/H], resulting in § ~ 0.98. On the other hand, the Galaxia canonical model has a
constant anisotropy of 8 ~ 0.6 representing a more spherically symmetric halo. The right
panel also shows that the new halo model has more significant rotation. Finally, we note that
the tilt of the halo ellipsoid is likely to be negligible for our sample (see, for example, Wegg

et al. 2019) and so we are safe to neglect any correlations in the velocities.

2.3.4 Fitting procedure

Once the functions that describe the velocity distributions for our halo and thick disc pop-
ulations are chosen, our modelling is very straightforward. We first select all the stars in
the mock catalogue that follow the magnitude and distance criteria from the original ADQL
query. For the thick disc and halo stars we re-sample their velocities using our updated
velocity parameters and recalculate their v,. We then compare the v, distribution to the
observed distribution over the range v; > 200 km s~!. To do this, we take bins of width 10
kms~! and calculate the maximum likelihood using a standard x? technique, where we have
two free parameters corresponding to the re-weighting factors for the thick disc (c¢7p) and
halo (cj,). We do not re-weight the thin disc because the fraction of thin disc stars in this v,

range is negligible (< 0.3%), as expected.

63+G£
20} °

8The anisotropy is defined ass B =1 —
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Our adapted Galaxia model is described by the following equation,
Ninodel = 4" [en*Nj, +erp - Npp + N 22)

where, er;lodel is the total number of stars in the i-th bin, N;;/N;D/ zid are the number of
halo/thick-disc/thin-disc stars in the original mock catalogue, ¢, and crp are the aforemen-
tioned re-weighting parameters, and .#” is the normalisation. Note that, in order to maintain
a good fit over the whole velocity range, we normalise over the entire range of v;, not just

v; > 200 kms™!, using the following normalising factor,

N = (N 4 ey N e - Nigh) ™! (2.3)

where the superscript fot is the total number of mock stars for each component in the original

Galaxia model (i.e. within the distance and magnitude range of the observed data and for all

Vt).

We then compare Nli1 | to the corresponding bin from the observed Gaia distribution,

ode

Ni

Gaia» USINg a standard x> maximum likelihood technique, assuming Poisson uncertainties,

. . 2

Nf . —N!

P HeXp <M> ) (2.4)
i \/Ner,Gaia

Né}aia is also normalised by the total number of Gaia stars in the same selection criteria.
Nler,Gaia

To identify the values of ¢, and c7p that maximise our Equation 2.4 we again use emcee,
finding ¢, = 3.78 £0.02 and c7p = 0.52£0.01. If we return to Fig. 2.1 we can now

compare our model (green line) to the observed data, where it is clear that our re-weighting

is the Poison error in the i-th bin.

has produced a significant improvement in the tail of the distribution compared to the standard
Galaxia model. Moreover, even though our fit used only the available data for the tail, we

can see that the model is in good agreement with the v; distribution as a whole.

2.3.5 Results

We can use these correction factors to calculate the local halo and thick disc fractions within
1 kpc and for G < 17, obtaining f, = 0.47% and frp = 6.52%. In comparison, the Galaxia
values are 0.12% for the stellar halo and 10.95% for the thick disc.
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The fact that our values differ from the Galaxia ones is not necessarily surprising, as
can be seen from our discussion in Section 2.1. For the halo, recent studies seem to be
converging on fractions of around 0.4 to 0.5% (e.g. Juri¢ et al. 2008, Kordopatis et al. 2013,
Posti et al. 2018). For the thick disc fraction, there is no firm consensus. This is mainly due
to the degeneracy with its scale height and the reliance on statistical methods to disentangle
thin and thick disc samples. Low values of frp have been reported previously, e.g. Just and
Jahreif3 (2010) who claim that a massive thick disc is inconsistent with the kinematics of
nearby K and M dwarfs.

With these updated fractions, our model predicts that ~ 13% of the high v; Gaia sample
has kinematics consistent with the thick disc. We note that this result is not sensitive to our
assumed form for the thick disc velocity distribution. For example, if we take Ry, 0p and R;
from the dynamical studies listed in Bland-Hawthorn and Gerhard (2016) table 5, or if we
simply use the canonical Gaussian distribution from Galaxia, then the fraction stays within
the range 12 — 14 %. Nevertheless, we still favour our assumed thick-disc model due to the
improved fit to the APOGEE data (Fig. 2.2).

Finally, we can take advantage of the better fit to the high v, data and use our new model
to produce an updated Toomre diagram. This diagram is generally used to kinematically
select stellar halo and/or thick disc stars (e.g. Bensby et al. 2003; Helmi 2008b). Given
assumptions on the properties of the stellar populations (namely their relative contributions
and velocity dispersion), we can predict which regions of the vy vs 4 /vl% + v2 plane will
be dominated by which populations. To illustrate this, the left panel of Fig. 2.4 shows
the Toomre diagram for our updated model. The thin disc, thick disc and stellar halo are
represented by the orange, grey and green shaded regions, respectively. The darkness in the
shading corresponds to regions where a given population has a fraction greater than 75%,
85% or 95% overall. For comparison, the dashed lines show the regions where Galaxia
predicts that the stellar halo (green) or the thick disc (black) has a fraction greater than 85%.
The right panel uses the same colour scheme to show the Toomre diagram for a kinematically
biased sample with v; > 200 kms~!. While the thin-disc stars are not present anymore, due
to the v; cut, there is still a region dominated by the thick-disc population. Over-plotted in
this panel we show the Gaia DR2 high v, stars, colour-coded according to their position in
the HRD (see Section 2.4.2).
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Fig. 2.4 The Toomre diagram for our updated model. The thin disc, thick disc and stellar
halo are represented by the orange, grey and green colours, respectively. The darkness in
shading corresponds to the fraction of a given population at that location of the diagram
(75%, 85% or 95%). Left panel: no kinematic cut, i.e., v,>0 kms~—!. The dashed lines are
the 85% dominance regions for the thick disc (black) and stellar halo (green) in the canonical
Galaxia model. Right panel: v; > 200 kms~!. The Gaia DR2 high v, sample is overplotted
using blue and red symbols, where the colour denotes their position in the HRD.

2.4 Chemistry and HR diagram

In the previous section we have shown that a kinematic decomposition of the Gaia high v;
stars indicates that ~ 13 % have thick disc kinematics, while the remaining ~ 87 % have
halo kinematics. This suggests that a dual population scenario is still plausible and so, to

investigate this further, we will now explore the chemistry of these stars.

24.1 LAMOST-Gaia high v,

The LAMOST spectroscopic survey telescope has been collecting low-resolution (R ~ 2000)
data for millions stars since operations began in 2011 (Luo et al., 2015). This survey is ideal
for our study, allowing us to analyse the chemistry of these high v, stars. We take stellar
parameters from the pipeline of Boeche et al. (2018), which has been updated to incorporate
data from the fifth public data release’. After removing repeats, stars with signal-to-noise
less than 40, and other artefacts, we cross-match with Gaia DR2 and obtain a final sample
of 2982 stars with v; > 200 kms~!. For these stars we have full 6D phase-space, together
with [Fe/H] and [ /Fe]. The median uncertainties on the chemistry are § [Fe/H] ~ 0.06 and

dr5.lamost.org
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O[a/Fe] ~ 0.13. Although the uncertainties on [o/Fe] are too large to provide insights for
individual stars, Boeche et al. (2018) show that the systematics are small and hence [« /Fe]
can be used on a statistical basis.

In Fig. 2.5 we show the distribution of stars in the [a/Fe]-[Fe/H] plane, colour-coded by
various properties. The density in this plane (Fig. 2.5a) shows that there is a wide spread
in metallicities and a hint of bimodality, with peaks at [Fe/H]~ —1.2 and ~ —0.6 . Neither
the spread, nor the bimodality, would be expected for a pure stellar halo population. For
example, although dealing with slightly larger volumes (within a few kpc), the studies of
Smith et al. (2009) and Ivezi¢ et al. (2008) found that the halo [Fe/H] distribution is well-fit
by a single Gaussian with 4 ~ —1.5 and o ~ 0.3 and, in both cases, does not extend to solar
metallicity. Furthermore, the more metal-rich stars have a relatively narrow peak in their
[t /Fe] distribution, unlike the more metal-poor stars. This peak is what we would expect
for a thick disc population (Hayden et al., 2017).

Although a Gaussian distribution is unlikely to accurately represent the metallicity
distribution for a complex system such as the halo or thick disc, for simplicity’s sake
we proceed to fit the distribution with two Gaussians. The blue and red lines in the top
panel show the results of this fit, with parameters (u; = —0.98;0; = 0.41;w; = 0.71) and
(U = —0.54;0, = 0.17;w, = 0.29), where w; is the normalisation factor for each Gaussian.

The more metal poor Gaussian is indicative of a halo population. It’s broader than what
is expected, extending to metallicities much higher than typical halo stars (e.g. Ivezi€ et al.
2012; Smith et al. 2009). The peak is also shifted slightly to higher metallicities. To check
this further we have also analysed metallicities from the default LAMOST pipeline (LASP,
Luo et al., 2015) and found that in this case the metal-poor stars peak around -1.22, which is
in better agreement with literature results for the nearby stellar halo. We note that the overall
shape of the distribution, and the resulting double-Gaussian fit, is essentially unchanged,
apart from this small shift and a slightly more prominent bimodality.

The second Gaussian is consistent with the expected [Fe/H] distribution for the canonical
thick disc at low galactic latitudes (Cheng et al., 2012). Interestingly enough, it contributes
about 30% of the total distribution, which is significantly larger than the fraction predicted
from the kinematic analysis (~ 13%). One should not over-interpret this simple decompo-
sition; issues such as the overly broad halo distribution or the reduced thick-disc fraction
are likely due to the fact that a double-Gaussian model does not accurately represent the
underlying distributions. Whether the stellar halo is more metal rich for lower altitudes
is still unclear and investigating this is beyond the scope of this work. A more realistic

decomposition would consist of a narrower halo distribution, with a peak around -1.2 and
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spread extending to around -0.8. The remaining stars would then be attributed to population
with thick-disc chemistry. We return to this issue in more detail in Section 2.6.

Panels b and c in Fig. 2.5 show the [a/Fe]-[Fe/H] plane colour-coded by the medians of
v and vy, respectively. The differences between the metal rich and metal poor stars is clear,
with a division around [Fe/H]~ —0.7: the former have significant rotation (with vy 235
kms~!), and much smaller v; (with v, =200 kms™!); the latter have little rotation and larger
values of v;, typically v, > 260 kms~!. Thus, if one is interested in obtaining a clean sample
of metal-poor stars with halo kinematics, a higher v; cut is recommended (as advocated by,
for example, Gould et al., 1998).

The value of net rotation for the metal rich stars is significantly slower than what we
expect for the thick disc. This is because the cut of v; > 200 kms~! removes most of the
co-rotating stars, leaving a kinematically biased subset of thick disc stars. The cut also biases
the halo population, removing any net rotation and shifting the mean towards lower values.
Therefore the stars in our sample with weakly pro-grade motion are most-likely unrelated to
the halo and are simply the low angular momentum tail of the thick disc population.

Despite the strong gradients with [Fe/H] in panels b and c, the trends with [cc/Fe| are
less clear. A weak trend can be found if one looks at fixed [Fe/H]. For example, for [Fe/H]
= -0.8 it can be seen that median v, increases as [¢t/Fe| increases, as one would expect if
the high [a/Fe] stars are dominated by thick-disc population. Similarly, at this [Fe/H] v,
decreases as [a/Fe] increases, again reflecting the expected trend. These trends support
the hypothesis that the accreted halo stars, as in (Hawkins et al., 2015), are expected to be
a-poor compared to stars born in the Milky Way.

2.4.2 The Blue and Red Sequences

As mentioned in Section 2.1, the intriguing feature of the high v; Gaia sample is the two
distinct tracks in the HRD, which suggests the presence of two distinct populations. In order
to better understand this, we now analyse the properties of the stars subdivided into two
groups corresponding to the blue and red sequences (hereafter, BS and RS, respectively).

Fig. 2.6 left panel shows the HRD after correcting for extinction using the MW.Combined15'°
map from Bovy et al. (2016). The position of a star in the HRD can be determined by its
chemistry, e.g., [Fe/H] and [o/Fe| abundances, mass and age. However, for this particular
HRD, where most of the objects are old main sequence stars, the age information is com-

pletely degenerate with the metallicity of the star. We illustrate this using isochrones from

10https://github.com/jobovy/mwdust
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Fig. 2.5 [Fe/H]-[o/Fe] plane for the Gaia stars with v, > 200 kms~!. The contour curves
in each panel are colour-coded by a specific quantity: a) number counts, b) median v;, c¢)
median vy and d) median distance from the bisecting isochrone. We only show regions with
at least 5 stars in each pixel, with each pixel being 0.1x0.05 dex. The top histogram shows
the marginalised distributions of [Fe/H] and its double-Gaussian fit.
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Dartmouth Stellar Evolution Database'' (Dotter et al., 2008) in the right panel of Fig. 2.6:
for a fixed [Fe/H]= —0.5 (-1.5), represented by the red (blue) lines, the isochrones completely
overlap for ages of 10 and 12 Gyr in the main sequence region. Moreover, variations in
[ar/Fe] have little effect on the main sequence tracks, as can be seen from the light blue/red
lines, which are isochrones with [t /Fe|=0.2. In contrast to the main sequence, the turn-off
region of the HRD is where the differences between ages and [ct/Fe], for a given metallicity,
become more evident. Nonetheless, it requires high quality spectroscopic data to be able
to discern precisely these differences. We conclude that between [Fe/H], [0 /Fe|, mass and
age, the former is the most significant parameter in creating a discernible bifurcation in the
isochrone tracks.

From Gallart et al. (2019) and Sahlholdt et al. (2019), we know that the two sequences
can be represented by isochrones with metallicities ~-1.5 and and ~-0.7 for BS and RS,
respectively. Although we do not pursue a systematic fit of the HRD as in Gallart et al. (2019),
we stress [Fe/H] is the driving factor in producing the two clearly-separated sequences, as
discussed in the previous paragraph. One might wonder whether unresolved binaries could
play a role in this double sequence, as equal mass binaries would cause a shift in magnitude
by a factor 2.5log2, i.e. similar to the observed separation of the two sequences. However,
the standard deviation of the epoch radial velocities'? for both sequences are very similar,
implying that unresolved binaries are unlikely to play an important role in creating the
double sequence (see Appendix B). Finally, in Fig. 2.6 we show that the two sequences are
bifurcated about an isochrone of [Fe/H]=-0.7, [t /Fe]=0.2 and age=11.4 Gyrs.

Fig. 2.5d shows the [0 /Fe]-[Fe/H] plane colour-coded by the colour-offset from the
bisecting isochrone, i.e. (BP —RP)qps — (BP —RP);s,. As expected, there is a direct correla-
tion between colour and [Fe/H]. This means that a bimodality in [Fe/H], as we have seen in
panel a, will naturally result in a bimodality in colour. For the rest of this section we define
RS/BS stars as those with colours redder/bluer than the bisecting isochrone. We obtain 31752
and 45355 stars in the RS and BS, respectively.

The left panel of Fig. 2.7 shows the v histogram for both sequences. The BS is consistent
with a population with zero rotation, whereas RS has a mild sign of rotation. The rotation
signature in the RS is likely reflecting the fact that most of the thick disc contamination
belongs to the RS. This contamination introduces some net rotation to this group of stars.
As pointed out in the Section 2.4.1, the fact that this sample is based on kinematic cut (i.e.

v; > 200 kms~!) means that the inferred kinematic properties are going to be biased. For

Thttp://stellar.dartmouth.edu/models/index.html
2http://gea.esac.esa.int/archive/documentation/GDR2/Gaia_archive/chap_datamodel/
sec_dm_main_tables/ssec_dm_gaia_source.html
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Fig. 2.6 Left panel: Dereddened Gaia HRD diagram for the high v; stars within 1 kpc. The
green dashed line is the bisecting isochrone used to delineate the blue and red sequences.
The cyan line shows two “boundary" isochrones, illustrating the typical age and metallicity
spread of the sample. Right panel: Isochrones from Dartmouth Stellar Evolution Database
(Dotter et al., 2008). Blue and red lines have a fixed [Fe/H] of -1.5 and -0.5, respectively.
The solid and dashed lines have fixed ages of 10 and 12 Gyrs, respectively. Finally, dark and
light lines have fixed [@/Fe] of 0 and 0.2, respectively.

example, even though the BS stars have zero net rotation, we cannot infer that the stellar halo
has zero net rotation because the prograde stars in this population are preferentially removed
by the v; cut.

In order to quantify the contribution of stars with thick disc kinematics in the RS, we
have applied our kinematic modelling to it, as described in Section 2.3.4. We note that, as
we normalise with the total number of stars in Gaia and in the mock catalogue, we do not
need to know the number of RS/BS stars in the mock catalogue. Our fitting has only two
free parameters, namely the re-weighting factors ¢, and crp. We find that the best fit to
the v, distribution predicts that ~ 36% of the RS sample has thick disc kinematics. The
BS is consistent with having no stars with thick disc kinematics, and so the total fraction
is &~ 16%, in agreement with Section 2.3.5. This fraction is enough to produce the rotation
signal observed in the RS.

The middle panel of Fig. 2.7 shows the metallicity distribution for both sequences.
Given the direct correlation between metallicity and colour (Fig. 2.5d), it is not surprising
to find that the RS has more metal rich stars compared to the BS, although there is some

overlap which is likely due to age effects or scatter from observational errors. The mean
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metallicity of the RS ({[Fe/H]) = —0.63) is higher than what we expect for the “canonical”
halo, e.g. —1.55 (Smith et al., 2009) or —1.45 (Ivezi¢ et al., 2012), supporting the conjecture
that there is thick-disc contamination in this sequence. As expected, the blue sequence
({[Fe/H]) = —1.24) is more consistent with a pure halo population.

One could argue that the overlap in metallicities is caused by a poor choice of bisecting
isochrone. However, we have tested it using a range of different isochrones and found that
the results are similar. This spread can also be understood by looking at the bottom panel
of Fig. 2.5, where the distance from the bisecting isochrone is slightly slanted, i.e. for the
same median value (BP — RP)qps — (BP — RP)jg, there is an [Fe/H] gradient of about 0.2 dex.
Therefore, even if we adopt a more metal rich/poor cut by shifting the bisecting isochrone
slightly to the right/left, the RS would still have a tail towards the metal poor end.

Finally the [o/Fe] histograms, shown in the right panel of Fig. 2.7, also provide clues
to the differences between the two sequences. The RS distribution has a prominent peak,
in contrast to the much broader BS distribution. Although the halo should span a large
range of [at/Fe] (e.g. de Boer et al., 2014), the thick disc should have a much narrower
distribution (e.g. Ishigaki et al., 2012). This can also be seen in figure 6 of Di Matteo et al.
(2019). In this work they show that the canonical thick disc is located in the interval [Mg/Fe]
= [0.25,0.35], whereas the stars consistent with the stellar halo have a broader interval in
[Mg/Fe] = [0.1,0.35]. Therefore the [a/Fe| distributions for each sequence again suggest

that the RS is a mix of stars with thick-disc and halo chemistry.

2.5 Dynamics

We now investigate the orbits of stars in the high v; sample. We calculate orbits using the
Galpy package'? (Bovy, 2015) with the axisymmetric potential MWPotential2014. Even
though observational uncertainties and limitations in the adopted potential can affect our
ability to recover true dynamical properties (e.g. Coronado et al., 2018), deeper insights
can still be obtained. An important orbital parameter to study is the eccentricity of a star.
Each population of the Milky Way tends to have a different distribution in eccentricity, i.e.,
going from close to circular for the thin disc, to moderately eccentric for the thick disc and
eccentric for halo stars.

Since the eccentricity distribution of the high v; sample will be biased due to the fact
that it is based on a kinematic selection, we need to compare to model predictions. Fig. 2.8

shows our observed eccentricity distribution (black), which is clearly not reproduced by the

Bhttp://github.com/jobovy/galpy
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Fig. 2.7 Left panel: vy distribution for the blue and red sequences in the HR diagram. The
BS is consistent with a non-rotating population whereas the RS shows a significant sign
of rotation. Middle panel: [Fe/H] histograms for both sequences. As expected, the RS is
mainly composed of metal-rich stars, in contrast to the more metal-poor BS. Right panel:
[ /Fe| histograms. The strong peak observed in the RS indicates the presence of stars with
thick-disc chemistry.

canonical Galaxia model (red). On the other hand, our updated model (solid green) provides
a very good agreement. The two main reasons for this improvement are: i. the updated
fractions of thick disc and halo stars in the sample and ii. the new stellar halo model, which is
more anisotropic compared to the canonical Galaxia stellar halo as advocated by Belokurov
et al. (2018). In the right panel of Fig. 2.8 we show the normalised histograms for the RS
and BS eccentricity distribution. The RS has slightly fewer high eccentricity orbits compared
to the BS. This is due to the thick disc contamination, which (as can be seen in the left panel)
peaks at an eccentricity of around 0.7.

It has also been suggested that the orbital apocentre and maximum altitude can be used
to infer the origin of these populations. In particular, Haywood et al. (2018) noticed that the
distribution in this space is not smooth and hence attributed it to the effects of an accretion
event that heated the early disc. Indeed there is evidence that a major accretion event
happened in the early Galaxy (e.g. Belokurov et al., 2018; Brook et al., 2003; Chiba and
Beers, 2000; Helmi et al., 2018), which is likely to have some effect on the pre-existing
disc (e.g. Grand et al., 2016; Jean-Baptiste et al., 2017). However, these structures in the
apocentre and maximum altitude plane are likely just a consequence of the different orbital
families that exist in the sample.

For instance, we show the R, — Zmax plane for the Gaia DR2 high v, sample in the top-

right panel of Fig. 2.9. The stars are split into the blue and red sequences. The “lumpiness”
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Fig. 2.8 Left panel: The eccentricity distribution of the Gaia sample (black), Galaxia model
(red) and our updated model (green). In contrast to the Galaxia canonical model, our new
model provides a good match to the observed distribution. We also show the individual
distributions for the mock thick disc (dashed) and halo (dotted). Right panel: Eccentricity
distribution for the blue and red sequences. The RS appears to have more stars with moderate
eccentricities, reflecting the presence of thick disc stars.

is clear, i.e. the stars seem to prefer discrete “tracks" in this plane. Although the RS stars
are concentrated towards lower z,,,, and shorter apocenter, we note that neither sequence
seems to follow a preferred track. This is confirmed in the top right histogram of Fig. 2.9,
where we can see that both sequences have extended distributions towards higher z,,, and
have peaks at the same values of z,4y.

It is known that halo stars can be clustered in a characteristic energy-Jacobi diagram due
to resonant trapping, e.g. as in Moreno et al. (2015). Inspired by this fact, we now perform
a couple of simple tests to determine if the observed tracks can be explained by resonant
effects with an axisymmetric Galactic potential.

Using our updated model with new values for frp, f;, and new stellar kinematics (see
Section 2.3 for details), we draw a sample of mock stars within 1 kpc and with v; >200kms~!.
We calculate their orbits and plot the resulting distribution in the R,po — Zmax plane in the top
left panel of Fig.2.9. This mock distribution shows the same tracks as the observed data. The
fact that we observe these tracks in our mock data, despite the smooth underlying kinematics
with no accretion, tells us that this is simply a natural consequence of resonant effects.

We illustrate this further in the bottom-left panel of Fig. 2.9. Here we show how z;,x

varies as a function of v, for a star initially at the Sun’s position. To simplify the situation,
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we fix the values for the radial and azimuthal velocities. As expected, 7,4, Increases with
v, but this is not a 1:1 trend; there are both discontinuities and regions where the trend is
reversed. For example, as v, approaches ~ 80 kms™! we can see Z,q, “jump” from ~ 2 kpc
to ~ 3.5 kpc. This corresponds to the significant gap seen at ~ 2.5 kpc in the upper panels,
both for the observed and mock data. The nature of this gap is illustrated in the bottom-right
panel, where we have shown an example orbit from either side of this discontinuity. Both
orbits have the same values for vg and vy, but have v, =72 and 74 km s~ 1. Even though the
change in v, is less than 3%, there is a dramatic change in z,,,, as the orbital family changes.
Therefore it is clear that the tracks observed in the Ryp, — Zmax plane are due to transitions
from one orbital family to another. The locations of these gaps are determined by the adopted

potential and cannot be used to learn about the physical origins of the stars.

2.6 Conclusion and discussion

In this Chapter we investigated the intriguing double-sequence in the HRD for high transverse
velocity stars, as first shown in Gaia Collaboration et al. (2018a). We have taken a different
approach from previous studies in accounting for the expected thick-disc contamination,
leading to a slightly different interpretation of the two sequences. In this section we bring

together our results and discuss their implications.

2.6.1 On kinematics

Our first step was to model the tail of the v; distribution, i.e., v, > 200 km s~ We have
updated the description of the kinematics in the Galaxia stellar halo, using recent results from
Belokurov et al. (2018). More importantly, we have also updated the thick disc kinematic
model, adopting a physically meaningful azimuthal velocity distribution as described in
Schonrich and Binney (2012). Our fitting procedure enables us to estimate the overall
(i.e. for v; > 0) stellar halo and thick disc fractions within 1 kpc from the Sun, f} and frp
respectively. We obtain a much better match to the tail (Fig. 2.1) and find that f;, = 0.47%
and frp = 6.52%. The strength of this new approach is that it is based solely on kinematics,
avoiding any pre-selection based on chemistry which could bias the result.

The best-fit model predicts that around 13% of the high v; sample have thick-disc
kinematics. Therefore, if one is interested in selecting a pure halo sample based solely on a
v; cut, we recommend a higher cut than 200 km s~ !, For example, a cut of v; > 220 km g1

produces a sample where ~ 94% stars have stellar halo kinematics, while a cut of 250 kms ™!
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Fig. 2.9 Top row: R,p, — Zmax plane for the mock stars from our updated model (left) and
Gaia sample (right). The Gaia stars are colour-coded for the red and blue HRD sequences.
The histogram to the right demonstrates that the BS and RS stars span a similar range of z;,,y.
Bottom row: the left panel shows 7,4, as a function of v, for MWPotential2014, where vg
and vy have been fixed to the values listed in the legend. The gaps are related to changes in
orbital families. This is illustrated in the right panel, where we show two example orbits
from either side of the gap at v, = 73 kms~!. Even though the change in v, for these two
orbits is less than 3%, there is a dramatic change in z,,,, as the orbital family changes.

has ~ 98%. This is illustrated in Fig. 2.5, where we have shown that thick disc stars tend to
have lower v; values. Adopting a low cut could produce biased samples and lead to erroneous

conclusions regarding the nature of the stellar halo.
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2.6.2 On chemistry

By cross-matching the high v; sample with LAMOST DRS we have been able to investigate
the chemistry of these stars (Section 2.4.1). The [Fe/H] distribution appears bimodal,
seemingly composed of a broad metal-poor component with halo-like chemistry and a
narrower metal-rich component with thick-disc-like chemistry. Even though a Gaussian
distribution may not provide a good representation of the [Fe/H] distribution for a given
population, we fit our sample with a two-component Gaussian model and find that around
30% of the stars belong to the latter (thick-disc-like) population.

As expected, the more metal-rich stars populate the RS and, as a consequence, the mean
metallicity of the RS is higher than the “canonical” stellar halo. There is some overlap in
the [Fe/H] distributions of the two sequences, with the RS/BS having a tail towards the
metal-poor/rich side, which is likely due to age effects or scatter from observational errors.

Our analysis has shown that there is a difference between the BS and RS [a /Fe] distri-
butions, with the latter being consistent with a mix of thick disc and halo populations. This
is in line with the findings of Hayes et al. (2018), who detected two distinct populations in
a sample of metal-poor APOGEE stars, one with low [Mg/Fe| and one with high [Mg/Fe].
They concluded that the low Mg stars are likely to be an accreted stellar halo population,
due to the similarity of their chemistry with nearby dSph stars. On the other hand, the high
Mg stars are chemically consistent with the metal poor end of the canonical thick disc, even
though some of them have halo-like kinematics (see also Fernandez-Trincado et al. 2019).
This agrees with Ishigaki et al. (2012), who analysed a metal-poor sample of stars and found
a difference in the abundance of o elements between the stellar halo and thick disc (also
seen, e.g., in Nissen and Schuster 2010, Hawkins et al. 2015). Finally, Bland-Hawthorn et al.
(2019) has also shown that the orbital angular momentum of a-rich stars decreases with

[Fe/H] (see their figure 4) indicating a transition between thick-disc and stellar halo.

2.6.3 The metal rich counter-rotating stars

There is clearly a discrepancy in the above estimates for the amount of thick disc contamina-
tion in the high v, sample. The [Fe/H] distribution predicts around 30% of the sample are
consistent with the thick disc, while the kinematic decomposition suggests only 13%. In order
to further understand this, we can perform the following simple test: if we assume, to first
order, that the stellar halo has no net rotation and that the thick disc stars all have prograde
motion, we can use the counter-rotating stars as a template for the metallicity distribution

of the halo. Given those assumptions, we can obtain the metallicity distribution of the thick
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disc by subtracting twice the counter-rotating population from the overall distribution. We
present this in Fig. 2.10. There are two interesting points to note: firstly, for the [Fe/H]
distribution of the counter-rotating stars there appears to be a secondary peak coinciding with
what we previously assumed to be the thick disc population (i.e. [Fe/H] = -0.6); secondly,
the subtracted histogram, which we expect to mimic the thick disc contribution, corresponds
to ~ 25% of the data, which is still in disagreement with our kinematic modelling. However,
some studies have suggested that the stellar halo has prograde rotation and so we can account
for this by multiplying the counter-rotating stars by a larger factor. For example, if we
re-scale by 2.2, which would be the factor required to account for a prograde rotation of ~ 30
kms~! (as seen in Belokurov et al. 2018), then the contribution of the thick disc is ~ 18%.
Even though this fraction is now in line with the kinematic modelling, it leaves us with the
following curious question - of the stars that are kinematically classified as halo members,
why do a non-negligible fraction have thick-disc-like chemistry?

This metal-rich peak in the retrograde distribution suggests that a number of thick-disc
stars are, in fact, counter rotating. This is not intuitive, as one would expect that stars formed
in a proto-galactic disc should have the same rotation direction. Di Matteo et al. (2019)
have already interpreted the presence of metal rich ([Fe/H]~ —0.5) counter rotating stars as
evidence for the heating of the early Milky Way disc by a merging satellite galaxy, such as
the one proposed by Belokurov et al. (2018); Helmi et al. (2018). However, it is also possible
that some thick disc stars could be scattered onto counter rotating orbits during its formation.
For example, Clarke et al. (2019) shows that giant molecular clouds could have significantly
heated the early disc, which may produce some counter-rotating stars (see Amarante et al.
2020a for further details). Another possibility is that some of these stars could be members
of a different accretion event. For example the Sequoia system (Barba et al., 2019) has been
shown to posses a number of retrograde metal rich globular clusters (such as NGC 3688;
Myeong et al. 2019) and hence these stars could be related to this event. We will return to
this heated thick-population case in Chapter 3.

Finally, we can test the strength of this result and see how the distance estimate influences
the number of retrograde and metal-rich ([Fe/H]>-0.7) stars in our sample. We adopt the
parallax bias given by Schonrich et al. (2019) and recalculate our distances and velocities.
Although the introduced bias slightly shrinks the distances, we still find that the fraction of
the retrograde metal-rich stars is roughly the same: 22.5% (without parallax bias) and 21%

(including parallax bias).
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Fig. 2.10 An investigation into the metallicity distribution of the high v, sample. The black
line denotes the [Fe/H] distribution of the entire sample. The blue solid line is the metallicity
distribution of all counter rotating stars (v < 0) in the Gaia high v, sample, multiplied by
2. This provides an estimate of the halo distribution under the assumption that (a) the halo
has no net rotation and (b) all thick-disc stars have prograde motion. The red solid curve is
obtained by subtracting this halo-like (blue) distribution from the overall (black) distribution
and should, in principle, mimic the thick disc metallicity distribution. The clear dual peak
in the blue distribution indicates that there is a significant number of counter-rotating thick
disc stars. The dashed lines uses a multiplication factor of 2.2, which corresponds to the
normalisation required to account for a rotation of ~ 30 kms~!.

2.6.4 Nature of the Blue and Red Sequences

We now bring together our findings in an attempt to clarify the nature of the BS and RS.

* The BS is dominated by a halo-like component. Its properties match expectations for
the Gaia-Sausage/Enceladus (Belokurov et al., 2018; Helmi et al., 2018), being radially
anisotropic with little net rotation and having metallicities around —2 <[Fe/H]< —1.
However, there is a tail of metal rich stars (e.g. 23% have [Fe/H] > -1), indicating
that a small amount of chemical thick disc may be present. Our kinematic modelling
suggests that all BS stars have halo-like kinematics, which implies these metal rich
stars could be part of the aforementioned heated thick disc or the metal-rich tail of

accreted material.
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* The interpretation of the RS is slightly more complicated. Its chemistry suggests a
division of ~ 20% halo and ~ 80% thick disc. On the other hand, the v; fit for this
sequence suggests that around 64% have ‘“‘halo-like" kinematics. These seemingly
conflicting results can be resolved if we split this chemical thick disc material approxi-
mately evenly between a “canonical” and a “heated/accreted " thick disc, as discussed
in the previous subsection. This is reinforced in Fig. 2.10 where we can see that
the “canonical” and “heated/accreted” thick discs contribute approximately equally
(assuming that the heated/accreted component has small net rotation). The ~ 20%
stars with halo-like chemistry are radially anisotropic, matching expectations for the
metal-rich part of the Gaia-Sausage/Enceladus (Belokurov et al., 2018; Helmi et al.,
2018).

2.6.5 Comparison to previous studies on the same sample

Gallart et al. (2019) estimated the SFH for both sequences using a colour-magnitude diagram
fitting technique, focusing on the turn-off region in a slightly larger volume than we have
considered here (@ > 0.5 mas). They found that the RS and BS had similar SFHs (see fig.
2 of their paper) and concluded that the former is made up of stars from the progenitor
of the Milky Way and the latter from an accreted satellite galaxy. The pre-existing Milky
Way would be more massive, and thus more metal rich, compared to the merging satellite.
They estimated a 4:1 mass ratio between the merging satellite and our Galaxy’s progenitor.
Moreover, the RS (referred by them as in-situ halo) and the Milky Way’s thick disc have
a common origin. This picture suggests that a pre-existing disc was in place early in our
Galaxy, certainly prior to the satellite’s accretion. Di Matteo et al. (2019) also supports this
scenario by showing that that ~ 40% of stars with [Fe/H] < -1 have thick disc like kinematics,
similar to what we have found here. The study of Sestito et al. (2019) provides further
evidence, finding ultra metal-poor stars on thick-disc-like orbits. Since such metal-poor
stars must be very old, if they were formed in the Milky Way then this supports the picture
that the disc must have formed early (see e.g. Brook et al. 2012; Zolotov et al. 2009). Our
findings are similar to those of Haywood et al. (2018). They pointed out that the RS is likely
to be made up mostly of thick disc stars and that the BS is likely coming from an accreted
population, due to its [t /Fe] abundances. We come to similar conclusions despite using a
different technique, namely fitting of the kinematics, and have quantified the various fractions
in each sequence. However, our studies are not in entire agreement, since we disagree with

their interpretation of the patterns in the R;po — Zmax plane. Rather than being a signature
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of the accretion event in the early Galaxy, as we have pointed out in Section 2.5, these
features naturally occur due to the various orbital families that exist in the Galactic potential.
Therefore, even though there is much evidence for such a merger event (e.g. Chiba and Beers
2000, Belokurov et al. 2018 and Helmi et al. 2018), it is not required to explain the observed

patterns in the Rypo — Zmax plane.

2.7 Summary and final remarks

Our main findings from our analysis of the high tangential velocity stars (v, > 200 kms™!)
in Gaia DR2 are listed below:

* We estimate the fraction of stellar halo and (kinematic) thick disc within 1 kpc of the
Sun to be f, =0.47% and frp = 6.52%, respectively;

 This high v; sample has a contamination of 13% stars with thick disc kinematics;

* Using LAMOST chemistry, we estimate that ~ 30% of high-v; stars have thick-disc
like chemistry;

* There is a metal-rich population of counter-rotating stars, suggesting that a non-

negligible number of thick-disc stars have retrograde orbits;

 All of the BS stars have stellar-halo like orbits. This suggests that the metal-rich tail of
this sequence with [Fe/H] > —1 (i.e. ~ a quarter of the stars) are likely to be part of

the heated thick-disc or the metal-rich tail of accreted material;

* The RS, which contains mostly metal-rich stars, has a similar number of stars with
halo and thick-disc kinematics, i.e. it is composed almost equally of both “canonical”

and “heated" thick-disc components.

* Our interpretation of the two sequences is in alignment with Haywood et al. (2018)
and Gallart et al. (2019), namely the BS is mostly composed of accreted stars, whereas

the RS is mostly composed of heated thick-disc material;

 The wedges in the R,p, — Zmax plane, which have been postulated to be a consequence
of accretion (Haywood et al., 2018), can be reproduced by a smooth (accretion-free)
model such as Galaxia. These wedges are populated by different orbital families which
exist in the adopted Galactic potential, i.e. one does not need to invoke accretion to

explain their existence.
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For a number of years the presence of multiple components in the stellar halo has been
debated, but only now, thanks to more extensive observational data, is this picture taking
form. It is now known that the density of the stellar halo follows a broken power-law
distribution, with a break at ~ 20 kpc (see e.g. Deason et al. 2018 and references therein).
Within 20 kpc the stellar halo is dominated by a metal rich component related to the Gaia-
Sausage/Enceladus event (Chiba and Beers 2000, Belokurov et al. 2018, Helmi et al. 2018),
and the apocentres of these stars coincide with this break radius. This merger has also left its
imprints in the nearby stars, as we have shown throughout our paper. However, simulations
have shown that kinematics alone are not enough to discriminate between accreted stars and
those which were born in the main Milky Way progenitor and heated onto halo-like orbits,
1.e. the “in-situ" halo, (Zolotov et al. 2009, Rodriguez-Gomez et al. 2016, Qu et al. 2017).

We have shown that our updated fractions for the stellar halo and thick disc provide
a good fit to the data, both in terms of the v; distribution (Fig. 2.1) and the eccentricity
distribution (Fig. 2.8). However, if we look in detail we see that the chemical thick disc in
the Gaia high v; sample include stars on retrograde orbits. Counter-rotating stars are not
expected from standard kinematic models, such as the one we have adopted here (Schonrich
and Binney, 2012), and so alternative mechanisms such as additional heating or accretion are
required. The properties of these stars are very uncertain and this clearly needs further study,
ideally using detailed abundances and ages. Simulations will also be extremely valuable
to address the properties of the pre-existing disc and for understanding how this reacts to a
significant merger event such as the Gaia-Sausage/Enceladus. We will discuss this issue in

the next Chapter.



Chapter 3

The kinematically hot thick-disc

In the previous Chapter we quantified the amount of heated thick disc stars observed in the
Solar Neighbourhood. Although it has been suggested that these stars were produced by
the heating caused during the Gaia-Enceladus-Sausage merger event (Di Matteo et al. 2019,
Belokurov et al. 2020, Grand et al. 2020), we show in this Chapter that there is an alternative
scenario for the formation of this population. For this, we will explore the clumpy formation
scenario briefly introduced in Chapter 1. In this scenario a young disc galaxy develops large
dense regions of intense star formation and it is these clumps which dynamically heat the
disc. We will see that low angular momentum, metal-rich stars are naturally formed in this
scenario without the need to invoke a merger.

Cowie et al. (1995) and van den Bergh et al. (1996) were the first authors to observe
clumps in high-redshift (z > 1) galaxies. The light distribution of clumpy galaxies is domi-
nated by gas rich, giant star-forming clumps, in contrast to the smooth light distribution of
disc galaxies in the local Universe. Guo et al. (2015) found that ~ 55% of intermediate- to
high-mass galaxies contain clumps at higher redshifts and this fraction decreases to ~ 15% at
z~ 0.5. The mass and sizes of the clumps are still an open question, due to their dependence
on the observational resolution. Nonetheless, recent studies show that, typically, the clumps
have masses close to ~ 10’M, and linear sizes between 100 — 500 pc (Cava et al., 2018;
Dessauges-Zavadsky et al., 2017).

The origins of clumps in high redshift galaxies have been explored in two scenarios: 1)
formation via gravitational instabilities in the proto-disc (e.g. Ceverino et al., 2010; Noguchi,
1999); 2) an ex-situ origin where the clumps were accreted from merging satellites of the
observed galaxies (e.g. Mandelker et al., 2014). However, it is unlikely that the observed
clumps are caused by multiple mergers that happened simultaneously in the observed galaxies.

It is also argued that, in different merger events the individual metallicities of the merging
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clumps will depend on the mass and evolution history, thus will likely be very different
(Lee et al., 2015). On the other hand, in the fragmented disc scenario, the metallicities
are expected to be the same (Immeli et al., 2004). We note, however, that mergers could
potentially induce the formation of clumpy, high-density star formation regions as proposed
by Perret et al. (2014).

Motivated by the aforementioned clumpy heating scenario, this Chapter will explore
the chemical-kinematic trends that arise in a simulated isolated disc galaxy that develops
clumps in its first Gyrs, investigating the implications for how we interpret the most recent
observations of the Milky Way. Most of the following content was originally published in
Amarante et al. 2020, ApJL, 891, 30.

3.1 Introduction

Selecting a pure sample of stars in either the stellar halo or in the thick disc in the Solar
Neighbourhood is complicated by their significant overlap in both their velocity and metallic-
ity distributions. A common approach for selecting local stellar halo stars uses a kinematic
cut to select high transverse velocity stars, as shown in Chapter 2. By selecting stars with
v; > 200 kms~!, one expects a negligible contamination by thick disc stars. However, with
the high quality data provided by Gaia (Gaia Collaboration et al., 2018b, 2016), recent
studies have shown that such a kinematic cut still leaves a population of stars with thick disc
chemistry (Amarante et al., 2020b; Gaia Collaboration et al., 2018a; Haywood et al., 2018).
This imprint is also seen when different kinematic criteria are chosen (e.g. Helmi et al. 2018),
challenging our understanding of the formation of the Milky Way’s thick disc.

Furthermore, Di Matteo et al. (2019) and Amarante et al. (2020b) found that many
counter-rotating stars in the Solar Neighbourhood are too metal-rich to be considered part
of the accreted halo. In particular, Di Matteo et al. (2019) noted a low angular momentum
population with thick disc chemistry (see, e.g., their figure 13) and proposed that the classical
Milky Way (MW) inner-halo is actually composed of two stellar populations: i) heated stars
from the thick disc (referred by them as the “Plume"), where the heating mechanism is
associated with a major merger event named the Gaia-Sausage/Enceladus’ (Belokurov et al.
2018; Helmi et al. 2018); ii) accreted stars from the Gaia-Sausage.

Belokurov et al. (2020) (hereafter B20), using the Sanders and Das (2018) catalogue,
disentangled the aforementioned low angular momentum structure from the canonical thick

disc and stellar halo. They suggested that this structure, which they termed the Splash,

'For short, we will just refer to it as the Gaia-Sausage.
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is chemically and dynamically distinct from the known stellar populations in our Galaxy.
Nonetheless, its formation must be linked to the thick disc as there is a smooth transition
between the two populations in the kinematic-metallicity space. Moreover, they found
Splash-like structures in hydrodynamical simulations where the host galaxy underwent a
major merger. Therefore they concluded the proto-galactic disc of the MW was likely heated
during the Gaia-Sausage event about 10 Gyr ago, in agreement with other studies (e.g. Di
Matteo et al., 2019; Gallart et al., 2019; Mackereth et al., 2019), and thereby formed the
Splash. Finally, they argued that the thick disc formation occurred before, during and up to
~ 2 Gyr after the merger.

On the other hand, Clarke et al. (2019) presented a hydrodynamical simulation of an
isolated galaxy that formed a thick disc purely via internal evolution driven by clump
formation. These clumps dynamically heat the disc creating two chemically distinct disc
components, with an overall double-exponential vertical profile (Beraldo e Silva et al., 2020),
similar to the MW’s thin and thick discs. They also showed that the model’s clumps are
similar to those observed in high redshift galaxies. Figure 3.1 shows an example of the
striking similarity between the simulation and the Milky Way observations. It shows the
radial scale length (hgr) and vertical scale height (/) for mono-abundance stellar populations
within the simulation’s Solar Neighbourhood. The ot—poor? population is associated with
larger A, and lower A, in contrast to the ox—rich population. This reflects the presence of
a geometrical and chemical thin and thick disc, similar to what is observed in the Milky
Way — note that similarity with Figure 1.3, which shows the results for the Milky Way.
Moreover, similar to the Milky Way, the thin disc population is associated with a mixture of
mono-abundance populations with a larger spread in [Fe/H] (second panel) and age (third
panel) in contrast to the thick disc. The last panel shows the Bayes Factor, which is a metric
chosen to compare the fit of a single exponential versus double-exponential models (see
Beraldo e Silva et al. 2020 for details). Negative (positive) values favours a single (double)
exponential model and are preferred for mono-abundance populations older (younger) than
~5 Gyrs.

Therefore a question that naturally arises is whether clumps are able to form stars with
properties similar to the Splash, or whether the Splash stars uniquely need to form in a major
merger event. In the following sections we demonstrate that clumps in the MW progenitor
can produce stars with very similar kinematic and chemical properties as the observed Splash

stars. This Chapter is organized as follows: Section 3.2 and 3.3 present the details of the

2In the simulation, [O/Fe] traces the evolution of the a-elements.
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Fig. 3.1 The radial scale length (i) versus vertical scale height (4,) for mono-abundance
populations in a clumpy simulation. From left to right the panels are colour-coded by [O/Fe],
[Fe/H], age and by the Bayes factor. Similar to the Milky Way, the a-rich stars have larger
scale height and are radially concentrated, in contrast to the ¢-poor population. The former
is associated with the thick disc and has the oldest and most metal-poor stars in the disc
population. The last panel indicates that a single exponential fit is preferred over a double
exponential profile for these mono-abundance stellar populations. [Reproduced from Beraldo
e Silva et al. (2020), figure 3.]

simulated galaxy and shows its dynamical and chemical features, respectively. Section 3.4

discusses the implications of our results.

3.2 Simulation

The simulation used in this Chapter is described in detail in Clarke et al. (2019). The
initial conditions are characterised by a spherical hot gas corona embedded in a dark matter
halo with a Navarro-Frenk-White (Navarro et al., 1997) density profile with virial radius
7200 = 200 kpc and mass of 10'2M,,. The gas has an initial net rotation and cools via metal-
line cooling (Shen et al., 2010). It settles into a disc, and stars form wherever the temperature
drops below 15,000 K and the density exceeds 1 cm 3. Feedback by supernova explosions
follows the blastwave implementation of Stinson et al. (2006), with thermal energy being
injected to the interstellar medium with an efficiency of 10%. The feedback of asymptotic
giant branch stars is also taken into account. Gas phase diffusion uses the method of Shen
et al. (2010).

These initial conditions are self-consistently evolved for 10 Gyrs with the smooth particle
hydrodynamics+N-body tree-code GASOLINE (Wadsley et al., 2004). As shown by Clarke

et al. (2019), the metal-line cooling results in the formation of clumps during early times of



3.3 Results 47

the simulated galaxy. At the end of the simulation, the galaxy presents a chemical bi-modality
and geometric properties very similar to those observed for the MW (as shown by Beraldo
e Silva et al., 2020). In particular, a thick disc, composed of old, ¢-rich stars is formed3.
This simulation evolves as an isolated galaxy, i.e. without any merger that could produce the
metal-poor and high radial velocity dispersion population associated with the Gaia-Sausage
observed for the MW (see Belokurov et al., 2018; Helmi et al., 2018) or any stellar halo
component.

For comparison, we also ran another simulation from the same initial conditions and with
the same procedure, except for the supernova feedback efficiency, which was set to 80%.
This high feedback efficiency inhibits the formation of clumps and the simulation does not
form a chemical or a geometric thick disc (Beraldo e Silva et al., 2020). We refer to this
simulation as the non-clumpy simulation. This allows us to study the role of the clumps on

the formation of the different populations in the simulation.

3.2.1 Simulated Solar Neighbourhood

In order to reduce contamination from thin disc stars, B20selected stars in the region
0.5 < |z|/kpc < 3. For reliable comparisons to their results, we apply a similar cut to
the simulation data and define our mock Solar Neighbourhood as all star-particles in the
region 5 < R/kpc < 11 and |z| < 3 kpc, where R is the cylindrical radius centered at the
simulated galaxy center, and z is the height from the simulated galaxy plane. Unless
explicitly mentioned, all our results are based on this geometrical slice. We have tested
using the same |z| range as B20 and the difference is the reduced amount of thin disc
star-particles. Nonetheless the trends between the simulated thick disc and Splash region
discussed below are the same. Finally, throughout the Chapter the velocities are given in
cylindrical coordinates centred on the simulated galaxy centre; vg, vy and v, are positive in

the direction of the galaxy centre, galaxy rotation and angular momentum vector, respectively.

3.3 Results

We now compare the kinematics and chemistry of the model to the results of B20. As
described in Section 3.2, our simulation self-consistently evolves as an isolated galaxy and
thus has no accreted stellar halo. Therefore it has a lower fraction of metal-poor and of

counter-rotating stars than the MW. For better comparison with the observational results,

3In the simulation, the [ct/Fe] abundance is tracked by [O/Fe].
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Fig. 3.2 Left column shows the MW stars with 0.5 < |z| /kpc < 3 from Sanders and Das
(2018). The simulation panels are for stars with 5 < R/kpc < 11 and |z| < 3 kpc, see details
in the text. The middle and right column shows data from the clumpy and non-clumpy
simulation, respectively. Top row: absolute density plots where each bin is divided by the
total number of stars/star-particles following the selection criteria. The dashed-lines are
density contours on a logarithmic scale. Bottom row: Row-normalised 2D density plot in
the [Fe/H]-vy plane. The dashed red lines indicate the location of the thin disc, thick disc and
Splash, as defined by B201n the observed data. The solid green lines show the equivalent
regions in the clumpy simulation. The Splash region produced by the simulation is similar
to that of the MW. Comparison of the central and right panels shows that the clumps are
necessary to produce the Splash stars. Moreover the simulation without clumps shows no
Splash region in the velocity-metallicity plane. Finally, we also illustrate in the left panel the
two known accreted stellar halo structures: Gaia-Sausage and Sequoia.

in most of our figures we adopt similar scales and colour schemes as those used by B20.
Moreover, whenever we use data from Sanders and Das (2018)* we select stars with the
same spatial selection, small velocity errors (GV¢ <20 kms™1), low [Fe/H] uncertainty

(G[Fe /H] < 0.15) and accurate parallax (@ /o5 > 5) as in B20.

“http://www.ast.cam.ac.uk/~jls/data/gaia_spectro.hdf5


http://www.ast.cam.ac.uk/~jls/data/gaia_spectro.hdf5

3.3 Results 49

3.3.1 Chemistry-kinematics features

Fig. 3.2 top row shows the absolute density plot in the [Fe/H]-vy plane for both the MW (left)
and the simulations (center and right). Each bin is divided by the total number of stars/star-
particles following the selection criteria in the MW/simulations. As already discussed in
B20, the MW has a significant amount of metal-rich ([Fe/H]> —1), low angular momentum
(v <100 km s~ 1) stars (see, e.g., Fernandez-Alvar et al. 2019; Nissen and Schuster 2010).
The simulation with clumps also has a significant amount of such metal-rich low angular
momentum stars, but lacks a significant amount of retrograde stars, mainly due to the absence
of accreted stars”, and has a slight overdensity at [Fe/H]> 0 and ve < 100 km s~! compared
to MW (but see B20 figure 1, where, e.g., the left panels clearly shows stars in this region).
For comparison, the simulation without clumps, right panel, lacks a significant low angular
momentum population.

The bottom row of Fig. 3.2 shows the row-normalised density plot in the [Fe/H]-vy
plane for both the MW (left) and simulations (centre and right). This normalisation has the
advantage of enhancing the known velocity-metallicity correlation for both the thin and thick
disc, where the former (latter) has a negative (positive) vy gradient with [Fe/H] (as discussed
in Chapter 1. The red contours in the left panel indicate the different populations in the MW,
as identified by B20, where the Splash is defined as the over-density seen at the low angular
momentum (vy < 80 kms~!) and relatively metal-rich (—0.7 <[Fe/H]< —0.2) region. The
two known stellar halo over-densities, Gaia-Sausage (Belokurov et al., 2018; Helmi et al.,
2018) and Sequoia (Barba et al., 2019; Myeong et al., 2019), are also indicated. Although
the Splash region is defined ad-hoc in this plot, it is significantly different from the accreted
stellar halo and the classical thick disc (defined as the o-rich disc, e.g. Bensby et al. 2003;
Hayden et al. 2017) regions, as shown in B20 and later in this work.

The bottom-middle panel of Fig. 3.2 shows the results from the simulated clumpy galaxy.
The same trends observed in the MW’s thin and thick disc are also observed here. In this
panel, the red dashed lines are those defined by B20 with the MW data, while the green solid
lines are defined from the simulation. The narrowness of the bands for the thin and thick discs
in the simulation can be understood as being due to the absence of any observational errors.
Nonetheless, the Splash region is exactly the same both in the MW and in the simulation. In
the right panel, we show the same plot for the non-clumpy simulation. The solid and dashed
red lines are the same as in the middle panel. The trends for the thin and thick disc are not

as clear now and this galaxy can be described as having only one disc component (Beraldo

SWe note that not all retrograde stars with [Fe/H]>-1 observed in the MW are accreted.
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Fig. 3.3 [Fe/H]-v4— plane for Milky Way stars with 0.5 < |z|/kpc < 3. Data from Sanders
and Das (2018). The dashed lines are the density contours on a logarithmic scale. The solid
white lines define the thin disc, thick disc and Splash regions as defined in Belokurov et al.
(2020). Top row: on the left, colour-coded by radial velocity dispersion, it is possible to
see the transition from the thin disc population towards the thick disc going from mild to
higher radial velocity dispersion. The Splash region has a higher radial velocity dispersion
compared with the thick disc counterpart. A similar trend is observed in the vertical velocity
dispersion shown on the right. Bottom row: on the left we see the age gradient from the
thick-disc to the Splash region. Finally on the right, the smooth [Mg/Fe] transition from the
thick region to the Splash region hints at their related origins. Disclaimer: The original idea
of presenting this data in this format is credited to Belokurov et al. (2020).

e Silva et al., 2020; Clarke et al., 2019). Moreover, it lacks the low angular momentum
(vo S50 km s~ 1) star particles of the Splash region.

In Fig. 3.3, we investigate the [Fe/H]-vy plane for the MW stars, colour-coded according
to different properties. As mentioned previously in Section 3.2.1, we use Sanders and Das
(2018) catalogue and follow the same quality cut as mentioned in B20. The slanted V-shaped
region denoting the thin disc, thick disc and Splash is the same as the one adopted in the plot
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of the MW observations (Fig. 3.2). This unconventional, but rather convenient, definition now
clearly shows its benefits. The top row show the dispersion in vg (left) and v, (right) and how
it smoothly increases from the thin disc towards the thick disc. This is the expected result, as
the distinct velocity dispersions of the thin and thick disc have been extensively explored
in the literature, as summarised in Chapter 1. In contrast to this, at the boundary between
the accreted stellar halo ([Fe/H]<-0.7, vy < 100km s~ 1) and the Splash (-0.7<[Fe/H]<-0.2,
vy < 100kms~! ) there is a sharp drop in the radial velocity dispersion.

The bottom panels of Fig. 3.3 are colour-coded by median age and [Mg/Fe]. Once again,
the V-shaped region shows the expected trends for thin and thick discs: the former being
younger and ot—poor, whereas the later is older and oc—rich (see Chapter 1). It is interesting
to note the smooth transition from the thick disc to the Splash region, which is also seen in
the velocity dispersion panels, hinting at a common origin for both populations. The Splash
stars appear to be, on average, older than the thick disc, but not as old as the accreted halo.
We will return to this issue later in this Chapter.

Now, Fig. 3.4 shows the [Fe/H]-v4 plane for the simulated MW analogue colour-coded
according to different properties as we have shown for the MW. The top left panel is colour-
coded by dispersion in vg for each bin. As can be noted, the simulated galaxy has the same
trends as in the MW: the thin disc has a mild vg dispersion and it smoothly increases from
the thick disc towards the Splash region. As expected, the large vg dispersion stars observed
for [Fe/H] < —0.7, associated with the Gaia-Sausage and the Sequoia in the MW, are not
present in our simulation as these stars were accreted. As in the MW, a similar trend is also
observed for the dispersion in v, see top right panel. We stress that not only do trends match
between the simulated galaxy and the observed data, but also the velocity dispersion values
are very similar.

The bottom panels in Fig. 3.4 show how the median age and [O/Fe] vary in the [Fe/H]-vy
plane. As in the MW, the thin disc region is mostly comprised of young stars and the disc
gets older in its thick component. The oldest stars are located in the Splash region. The thin
disc region in our simulation is younger compared with the results in B20; as mentioned in
Section 3.2, the simulation is evolved for only 10 Gyr and thus it will not reflect the same
oldest ages as observed in the MW. Nonetheless, the thick disc and Splash region still have
similar age gradients compared to the observations. Finally, the trends in [O/Fe] are nicely
matched to the [Mg/Fe] trends in the MW, where there is a smooth transition from slightly
[O/Fe]-rich for the thick disc to higher values in the Splash region.

Clarke et al. (2019) showed that, in the simulation, a small population of ¢-poor stars

forms at the same time as the o-rich ones (indeed this is one of the key predictions of the
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Fig. 3.4 [Fe-H]-vy plane in the simulated clumpy galaxy, 5 < R/kpc < 11 and |z] < 3
kpc, which was evolved for only 10 Gyr. The dashed lines are the density contours on a
logarithmic scale. The solid white lines define the thin disc, thick disc and Splash regions in
the simulation as in Fig. 3.2. Top row: on the left, colour-coded by radial velocity dispersion,
it is possible to see the transition from the thin disc population towards the thick disc going
from mild to higher radial velocity dispersion. The Splash region has a higher radial velocity
dispersion compared with the thick disc counterpart. A similar trend is observed in the
vertical velocity dispersion shown on the right. Bottom row: on the left we see that the
Splash region is composed of the oldest stars in the simulation, whereas the thin disc is the
youngest and the thick disc has intermediate to old stars. Finally on the right, the smooth
[O/Fe] transition from the thick region to the Splash region hints at their related origins.

model). We have verified that the publicly available APOGEE-Guaia DR12 catalogue® indeed
confirms that retrograde Splash stars are found both in the a-rich and o-poor in-situ regions
(as defined in Mackereth et al. 2019), supporting our conclusion that scattering by clumps

can produce the counter-rotating Splash stars in the MW.

®https://www.sdss.org/dr12/irspec/spectro_data/
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3.3.2 The Splash vertical extension

Belokurov et al. (2020) analysed LAMOST K giants (Luo et al., 2015) in order to verify
how far from the plane the Splash stars are detected and to determine where the canonical
thick disc transitions to the Splash-dominated region. We reproduce their result in Figure 3.5.
In the left panel we can see that the metallicity and velocity ranges they chose for the thin
and thick disc, red and orange lines respectively, nicely show how the main disc populations
are concentrated near the plane. The black dashed line shows the vertical extension of the
low-angular momentum stars that represent the Splash stars. The Splash extends over a wider
range in |z| when compared to the disc populations. Their restriction towards the fastest
counter-rotating stars avoids a large contamination from the canonical stellar halo, which
is represented by the blue dotted line. Finally, on the right panel, they found that at |z| ~ 5
kpc there is a sharp gradient in median vy where the low angular momentum Splash stars
dominate for higher |z]

Although the stellar density of the disc in our simulated galaxy decreases faster with |z
compared with the MW’s disc, we are still able to verify the transition region, if any, in the
simulation. The left panel in Fig. 3.6 shows the stellar density in the R — |z| plane for the
simulation. The red and orange contours have the same velocity-metallicity intervals as in
B20 and they are a rough representation of the canonical thin and thick discs, respectively.
The black dashed contours outline the spatial extent of the Splash stars in our simulation.
In order to avoid the tail of the stellar halo distribution, B20restricted their velocity range
to —20 < vy < 50 km s~!. Even though our simulation does not have an accreted halo, we
adopt the same range. We note that both in the simulation and in the MW, the Splash stars
extend up to |z| ~ 10 kpc and are also concentrated within R ~ 10 kpc.

The right panel in Fig. 3.6 shows how the median v4 changes in the [Fe/H]-|z| plane. In
the Splash metallicity range, defined by the two vertical dashed lines, we note two features
similar to those observed in the MW: i. the negative gradient of thick disc’s median vy with
|z|; ii. a transition at |z| ~ 5 kpc (horizontal dashed line) where the low angular momentum
Splash stars start to dominate for larger heights. This reinforces the idea that internal

dynamical processes in a clumpy proto-disc can also create Splash stars.

3.3.3 Simulated Splash number fraction

In this subsection, we estimate the Splash-like population in the simulation with clumps and
compare with the MW. B20 estimated that in the range 2 < |z|/kpc< 3 and —0.7 <[Fe/H]<
—0.2 the Splash population dominates the tail of the vy distribution, i.e., vy < 100 km s~
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Fig. 3.5 Left panel: the distribution of the metal-rich stars for three different velocity
ranges. The thin and thick disc-like stars are indicated by the red and orange contours,
respectively. The contours denote 10% and 1% of the peak density. The lower angular
momentum stars (dashed black contours) are mostly representative of the Splash stars and are
concentrated within ~ 7 kpc, although they do extend up to 10 kpc. The blue dotted contours
contain the most retrograde stars and therefore will have more accreted halo material. Right
panel: the [Fe/H]-|z| plane colour-coded by median vy. In the Splash metallicity range
(-0.7<[Fe/H]<-0.2), there is an apparent transition from the canonical thick-disc (median
vy 2 150 km s~1) to the Splash-dominated region (median ve S50 kms~!), which occurs
at |z| ~ 5 kpc.[Reproduced from Belokurov et al. (2020), figure 8.]

The left panel of Fig. 3.7 shows the cumulative distribution of vy for the MW (black) and
simulation (red) in the aforementioned metallicity and spatial range: approximately 15% of
the stars in the MW have vy < 100km s—! whereas the simulation with clumps has about
25% of star-particles in the same regime. However, if we scale vy by the median value for
each distribution, the simulation with clumps has ~ 20% of star-particles in the equivalent
low angular momentum tail, remarkably similar to the MW.

The right panel of Fig. 3.7 shows the fraction of star-particles with halo kinematics in the
simulation chemical thick disc. We used a spatial range similar to that used in Di Matteo et al.
(2019). We also followed their criterion for halo kinematics, \/ (v¢ —VisR)? + V%e + v% > 180

kms~!, where vigg = 233 kms™! and it is the velocity at the local standard of rest in the

simulation (Clarke et al., 2019). The separation criterion between the thin and thick discs
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Fig. 3.6 The spatial extent of the Splash stars in the simulation. The left plot shows the
distribution of the metal-rich stars for three different velocity ranges. The thin and thick
disc-like stars are indicated by the red and orange curves, respectively. The curves are the
contours of 10% and 1% of the peak density. The lower angular momentum stars (dashed
black curves) represent the Splash stars and have similar |z| extension in comparison to
observations. On the right, we show the [Fe/H]-|z| plane colour coded by median vy. The
trends are also remarkably similar to the observations; the transition between the canonical
thick-disc to the Splash-dominated region also occurs at |z| ~ 5 kpc.

for the simulations follows Clarke et al. (2019). We observe that the simulation follows the
same trends as in the MW (see figure 18 in Di Matteo et al. 2019): i. the fraction of halo-like
kinematics is ~ 25% in the range where the Splash stars are concentrated; ii. this fraction
drops quickly as the metallicity increases. The larger fraction of halo-kinematics stars at
[Fe/H]>-0.2 in the simulation, compared with the MW, can be due to differences in the
details of the later star formation history and/or the selection function of the APOGEE data.

3.3.4 The age of simulated Splash stars

In order to compare the age difference between the accreted halo and the Splash stars,
B20 analysed the age distribution of the counter-rotating stars for two distinct metallicity
ranges (see their figure 4). The metal-poor ([Fe/H]<-0.7) region, corresponding to the
accreted halo has a peak at ~ 12.57 Gyr and a sharp drop at ~ 10 Gyr. On the other hand,

"Their ages are limited to 12.5 Gyr.
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Fig. 3.7 Left panel: The cumulative vy distribution for the MW (black) and simulation
with clumps (red) in the Splash metallicity regime, —0.7 <[Fe/H]< —0.2. The fractions
of stars and star-particles in the tail of the distribution are ~ 15% and ~ 25%, respec-
tively. Right panel: An estimate of the fraction of star-particles with halo like kinematics,

\/ (v¢ —visr)? + v,ze + v% > 180 kms™!, following the criteria from Di Matteo et al. (2019)
(see their figure 18 for a comparison with the MW). We show the fractions for the chemically
defined thick disc in the simulation (Clarke et al., 2019). The black curves are the contours of
50% and 10% of the peak density. The trends in the simulation with clumps are very similar
to the MW, see text for details.

the age distribution for the Splash stars, -0.7<[Fe/H]<-0.2, has a slightly younger peak at
~ 11.5 Gyr and also a sharp drop at ~ 10 Gyr (~ 30% of these stars are younger than 10
Gyr). They propose that the Splash is made up of stars from the Galaxy’s proto-disc whose
orbits were heated by to the Gaia-Sausage accretion event. Moreover, the star formation for
the Splash stars ceased just after the merger, 1.e. around 9.5 Gyr ago.

In the left panel of Fig. 3.8, we show the age distribution in our simulation using the
same velocity-metallicity interval as in B20. As already mentioned, our oldest age is 10
Gyr and the fact there is no shift between the metal-poor (blue) and Splash stars (black)
curves merely reflects that our simulation represents an isolated galaxy with no old accreted
stellar halo. Nonetheless, it is evident that the counter-rotating stars in the simulation are
also old and cease to form after 3 Gyr. This fact is qualitatively similar to what is observed
in the MW. The red curve in this panel corresponds to the canonical thin+thick distribution,
vy > 200 km s~ and [Fe/H]>-0.7. As expected it extends over the full age range in the
simulated galaxy in agreement with the observed data. Finally, the green shaded area is
the age distribution for the Splash stars defined as in Fig. 3.2, i.e. vy < 100 km s~ and
—0.7 <[Fe/H]< —0.2. Now, the age extends to an extra 1 Gyr, due to the contamination of
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thick disc, i.e. a-rich stars. As shown by Clarke et al. (2019), all the star-particles in the
simulation thick disc are older than 6 Gyr. Therefore, our result reinforces the connection
between the thick disc and the Splash stars, where the latter could naturally exist in galaxies
with a disc dichotomy.

Fig. 3.8 right panel shows the cumulative distribution for the MW (dotted lines) and the
simulation (solid lines) convolved with the median error from the observational data (median
Cuge ~ 1.3 Gyr)®. For a better comparison, we divided the age intervals by the maximum age
in the simulation (10 Gyr) and observation (12.5 Gyr). For vy < 0 and [Fe/H]> —0.7 the MW
(black dotted line) has a truncated star formation history characterised by: i) approximately
60% of stars are older than age/max(age) =~ 0.8, ii) an extended tail towards young ages.
B20 associated the truncation with the cessation of the MW’s disc heating during the Gaia-
Sausage merger. Similar to the MW, the simulation also has approximately 60% of stars
older than age/max(age) ~ 0.8 (black and green solid lines). The lack of young Splash-like
stars in the simulation is explained by the fact that the clumps, which are responsible for
producing the Splash, stop forming after 4 Gyr. The difference between the simulation and
the MW, in terms of the extended tail of ages, only happens after both the clumps and the
Gaia-Sausage are completed. We also note, by analysing the simulation snapshots, that this
old population is already kinematically hot in the first 3 Gyrs of the simulation. Therefore,
internal dynamical heating in a MW-like galaxy is enough to heat the primordial disc in its
early stages and produce a kinematically hot population with vy < 100 km s~!, as shown by

the green distribution in Fig. 3.8.

3.4 Conclusions

Di Matteo et al. (2019) suggested that the Splash stars (which they refer to as the “Plume")
represent the low angular momentum tail of the thick disc and therefore it is not a distinct
component from the MW. On the other hand, B20 argues on the necessity of three components
(thin disc, thick disc and Splash) to explain the vy distribution for —0.7 <[Fe/H]< —0.2 and
2 < |z|/kpc < 3. Based on their age distribution, they also suggest that the Splash formed
only in the early times of the MW, whereas the thick disc had a continuous formation over
time.

From B20’s work the existence of four distinct stellar populations in the dynamical-
chemical space is suggested: thin disc, thick disc, accreted halo and the Splash, the latter

sometimes being referred to as the in-situ halo. The origin of the Splash also relates to the

8We select stars in Sanders and Das (2018) with estimated age error lower than 2 Gyrs.
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Fig. 3.8 Left panel: Error free age distribution for the simulated stars in the simulated
clumpy galaxy with 5 < R/kpc < 11 and |z| < 3 kpc. n’ is the probability density function of
each 1 Gyr age bin. The black and blue curves show the counter-rotating stars for metal-rich
and metal-poor intervals, respectively. All the counter-rotating stars in the simulation are
older than 7 Gyr. The absence of the shift in the peak of the age distribution between the
two curves, seen by B20, reflects the fact that our simulation has no accreted halo. The red
curve shows the age distribution of the classical thin+thick disc in the simulation, which
was only evolved for 10 Gyr. The green shaded area corresponds to the age distribution of
the simulation Splash region defined in Fig. 3.2. As it includes stars with vy <100 km s,
some thick disc stars are present. Right panel: cumulative age distribution for the MW
(dotted lines) and simulation (solid lines) convolved with observational errors. The colours
correspond to the same velocity and [Fe/H] interval as in the left panel. We divide each age
by the maximum age in the MW data (12.5 Gyr) and the simulation (10 Gyr).

thick disc and it possibly contains the first stars in the proto-disc of our Galaxy’s progenitor.
Besides that, there is clear evidence of a major merger event that occurred in the early stages
of the MW (e.g. Belokurov et al. 2018; Di Matteo et al. 2019; Haywood et al. 2018; Helmi
2008b). D1 Matteo et al. (2019) and B20 proposed that this merger event could have excited
the proto-disc and given rise to the low angular momentum, high radial velocity dispersion
and relatively metal-rich Splash stars.

In this Chapter we analysed an isolated galaxy simulation in order to investigate the
formation of Splash stars. We showed that a clumpy MW analogue can naturally form not
just the chemical and geometric thin and thick discs (Beraldo e Silva et al., 2020; Clarke
et al., 2019), but also the Splash, with distribution, kinematics and chemistry similar to those
observed in our Galaxy. This is a new scenario for the formation of the Splash, as in our case
there was no accretion event and therefore no accreted stellar halo. Moreover, in this scenario,
the formation of the Splash stars occurs in the simulation’s first Gyrs. The thick-disc and

Splash population have a common origin, where the latter is the low angular momentum tail
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of the former, as initially suggested by Di Matteo et al. (2019). This is due to the smooth
transition in kinematics, age and [O/Fe] between the thick-disc and Splash region seen in
Fig. 3.4. We also show that a similar simulation without clumps fails to reproduce the low
rotational velocity patterns of the MW. We verified that the simulated Splash has a similar
number fraction (Section 3.3.3) and age trends (Section 3.3.4) as observed in the MW. Our
results suggest that a Splash population is expected in any galaxy which underwent a clumpy
star-formation episode.

Finally, we note that the two different formation scenarios for the Splash population,
i.e., clumpy star formation (this work) or a major merger (Belokurov et al. 2020; Di Matteo
et al. 2019), are not mutually exclusive, since clumps can have an ex-situ origin associated
to mergers (e.g. Mandelker et al. 2014). The effect of the merger on the disc depends on
several parameters, such as the initial gas fraction and orbit (see e.g. Di Matteo et al. 2011).
Moreover, the proximity of the satellite’s disruption, whether close or far from the disc, also
plays an important role on the disc heating (Sellwood et al., 1998), and requires further study

for the Gaia-Sausage.



Chapter 4
Conclusion and final remarks

In this work we have explored the overlap between the thick disc and the stellar halo in the
Solar Neighbourhood. We took advantage of the recent Gaia satellite astrometric survey and
its synergy with large ground-based spectroscopic surveys, such as LAMOST and APOGEE.

Gaia Collaboration et al. (2018a) demonstrated the level of detail obtained by examining
the HR diagrams drawn from Gaia photometry: a remarkable double sequence in the HRD is
obtained by selecting stars with transverse velocity greater than 200 kms~—!, within 1 kpc of
the Sun.

The initial assumption was that these high transverse velocity stars are a probe of the
stellar halo, in which case the observed double sequence in the HRD suggests that the local
stellar halo is composed of two different populations. Haywood et al. (2018) investigated
this sample and concluded that the thick disc was likely to have been heated by a merger,
giving rise to the red sequence as seen in that particular HRD. They also linked this merger
to the wedges observed in the Apocentre-Zmax plane. Nonetheless, upon closer inspection it
became clear that this kinematic cut fails to select a pure stellar halo sample and quantifying
the “canonical” thick disc contamination had yet to be done.

Chapter 2 (see also (Amarante et al., 2020b)) has presented an investigation into the
contamination of the thick disc in the aforementioned data, developing a new methodology
to estimate the thick disc and stellar halo fractions within 1 kpc of the Sun. We updated the
popular Galaxia/Besancon model (Sharma et al., 2011), incorporating the latest observational
results for the stellar halo (Belokurov et al., 2018). We also adopted a physically motivated
vy probability distribution function (Schonrich and Binney, 2012) for the thick disc. We
quantified the contamination of the kinematically defined thick disc in the high-v; sample
to be ~ 13%. Moreover, by combining our new kinematic model with chemistry from
LAMOST DRS (Boeche et al., 2018; Luo et al., 2015) we were able to quantify the amount of
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thick disc stars heated to halo like orbits — we found this was ~ 64%. Finally, we explained
that the wedges in the Apocentre-Zmax plane, claimed to be caused by the merging satellite
in (Haywood et al., 2018), merely reflect a change in the orbital family due to the adopted
Galactic potential.

Belokurov et al. (2020) concluded that these metal-rich low-angular-momentum stars are
not part of the accreted halo. Instead they linked their formation to the thick disc, suggesting
that the Gaia-Sausage/Enceladus merger event (e.g. Belokurov et al. 2018 and Helmi et al.
2018, but see also Evans 2020) heated the proto-Galactic disc, giving rise to these stars
(which they christened "the Splash") along with the thick disc.

In contrast to this merger scenario, Chapter 3 (see also (Amarante et al., 2020a)) demon-
strated that a Splash-like population can be produced via internal dynamical process during
our Galaxy’s first few Gyrs. We analysed the properties of an isolated galaxy simulation
that forms clumps early in the disc. These clumps dynamically heat the disc, giving rise
to a geometric and chemical thin/thick disc (Beraldo e Silva et al., 2020; Clarke et al.,
2019), similar to the Milky Way. The Splash-like population in the simulation mimics the
Milky Way’s Splash properties: kinematically hot, vertically extended dominating for |z| > 5
kpc, and has the oldest stars in the disc. As the Splash population forms in the first few
Gyrs of the simulation, we proposed that it could already be present in the disc when the
Gaia-Sausage/Enceladus event occured.

We have shown that the study of nearby stars with halo-like kinematics provides evidence
for i) a major merger and ii) a proto-disc formation in the Milky Way’s progenitor. However,
the detailed consequences of the merger on the proto-disc are yet to be confirmed, as
dynamical internal processes in the early stages of the Milky Way can also heat this proto-
disc (Amarante et al., 2020a). Specifically, a few important questions are yet to be answered:
What are the real effects of a merger on an existing disc? Did the Milky Way experience a
clumpy formation in its first Gyrs? Is it possible to disentangle the effects of the merger from
an early clumpy phase?

In order to tackle these questions, and as a natural follow up to the present work, we
plan to study the effects of mergers using state-of-art clumpy simulations. In the following

Section we will preview our current progress and show some promising preliminary results.

4.1 Future work

In Chapter 3, we showed that state-of-the-art N-body + Smoothed Particle Hydrodynamics

(SPH) simulations can explore heating mechanisms in Milky Way-like simulated galaxies.
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Here we expand our initial conditions, adding a satellite that merges with the main galaxy.
Although these simulations are non-cosmological and hence idealised, they can reach higher
resolution compared to hydrodynamic cosmological simulations, such as [llustrisTNG galax-
ies (Springel et al., 2018). Moreover, we can control the initial conditions of the merger
(i.e. the velocity and inclination of the impact in the progenitor) and control which physical
processes are included, enabling us to understand the influence of each of these components
in turn. In these simulations the stellar mass is assembled in a realistic fashion from the
gas distribution, using a variety of flexible star formation prescriptions. These prescriptions
include: self-consistent chemistry, supernova Ia and II and AGB star feedback, as well as
metal and thermal diffusion, and metal-line cooling. These prescriptions have been shown
to match a wide range of observational data (Clarke et al. 2019, Beraldo e Silva et al. 2020,
Amarante et al. 2020Db).

We will now present examples of two merger simulations which, although not intended to
reproduce the Milky Way’s properties precisely, provide valuable insights into the merger’s
effect on the disc. In all these simulations the merger is completed by ~ 3 Gyrs. These
simulations, which were run as part of the viability test of this approach, will aid us in fine
tuning the best scenario that reproduces the GES merger in our Galaxy. Figure 4.1 shows
the [Fe/H]-vy plane as an example of how the simulations will be compared to the Milky
Way. The first two panels reproduce data from the Milky Way and the isolated clumpy galaxy
simulation, previously shown in Chapter 3. The third and fourth panels show the same plane
for two new simulations where there was a single merger with a 1:10 mass ratio, but with
different satellite orbit and supernova feedback. Note that these two examples are again not
intended to reproduce the MW’s properties. The merger simulation I is a clumpy simulation
with a merger and it mimics the smooth transition from the discs to the Splash region. On the
other hand, merger simulation II, which does not have a period of early clump formation,
does not have a distinct chemical thin/thick disc and Splash transition. This suggests that
the merger scenario might not be able to explain the formation of the thick disc (Villalobos
and Helmi 2008, Helmi et al. 2018) and the Splash population (Belokurov et al. 2020; Grand
et al. 2020). However, it is clear that different orbits and input physics (such as those that
allow for early clump formation) are likely to have an effect on the metal-rich low angular
momentum stars. Therefore it is crucial to comprehensively study the role that the merger
plays in the formation of the thin/thick disc dichotomy and to match these simulations with
observations (see, for example, the conclusions in Ciucd et al. 2018).

Groups of stars from the same accretion event will exhibit chemodynamical signatures

that will permit us to find substructures in our Galaxy. The z-component of the angular
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Fig. 4.1 [Fe/H]-vy plane colour-coded by median [a/Fe]. The thin disc, thick disc, Splash
and GES regions are defined according to Belokurov et al. (2020). All the regions, except for
GES, are also present in the simulations. The Milky Way data (upper-left panel) is selected
from the catalogue of Sanders and Das (2018) and the clumpy simulation (upper-right) is
from Chapter 3 (see also (Amarante et al., 2020b)). Two further unpublished simulations
are shown in the two lower panels. They both consist of a single merger with a 1:10 mass
ratio, but with different orbits and input physics. Although not fine-tuned to reproduce the
Milky-Way trends, they provide qualitative insights into the merger’s effects on the main
proto-galactic disc. The dashed lines are density contours on a logarithmic-scale. The
observational and simulation data have different colour-bar scales as they track a different o
element. Nonetheless, they are qualitatively equivalent.



64 Conclusion and final remarks

momentum (L;) and total energy are commonly used to search for these structures (e.g. Helmi
and de Zeeuw, 2000; Simpson et al., 2019). With larger datasets and high-quality abundance
measurements, the number of known substructures is increasingly large. These groups are
usually distinguished simply by slicing the chemodynamical space (e.g. Naidu et al., 2020)
or applying machine learning techniques (e.g. Koppelman et al., 2019; Yuan et al., 2020).
However, several of these substructures either overlap or have smooth transitions in the
chemodynamical space, making it unclear whether some of them share a common merger
event.

Controlled merger simulations help us to understand how many unique substructures can
be identified in the chemodynamic space of simulations with a single merger event. This
will enable us to identify in our own Galaxy connections between each substructure. This
will be possible with a large suite of medium resolution N-body + SPH simulations, which
will improve on the results from pure N-body models such as those of Villalobos and Helmi
(2008). As an example of what can be done, Figure 4.2 shows the L,-Energy plane sliced
by [Fe/H] and colour-coded by [a/Fe]. Merger Simulation I and II are the same as those in
the two lower panels of Figure 4.1. We selected all of the accreted stars and all of the stars
born in the progenitor (in-situ stars) before the merger happened. The blue and red dashed
lines are the density-contours for the accreted and in-situ stars, respectively. The orbit of
Merger Simulation I is such that it disturbs the disc to lower L, creating a large overlap with
the accreted stars. On the other hand, the orbit of Merger Simulation II does not disturb the
disc sufficiently, and by the end of the simulation it is possible to disentangle the accreted
and in-situ stars. The exploration of several orbits, seeing how the resulting signatures in
observational space(s) vary, will provide a unique opportunity to explore and understand the
origins of substructures in the Milky Way.

A complete exploration of the parameter space for merger simulations will aid the
comparison with future large spectroscopic surveys, such as 4MOST (de Jong et al., 2019).
4MOST will expand the legacy of Gaia and its first data release, with 7 million stars, is
expected to be available by 2023. It will provide accurate radial-velocity measurements for
~ 25 millions stars down to V = 20. This will enable the study of the thick-disc and stellar
halo at intermediate heights from the plane (=~ 5 — 10 kpc below and above the plane) with
unprecedented quality. At these heights we will be able to further investigate the heated thick

disc stars, uncovering the role of clumps and mergers during our Galaxy’s infancy.
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Fig. 4.2 L, - Energy plane binned in [Fe/H] and colour-coded by [&/Fe]. The density contours
for the accreted and in-situ stars are given by the blue and red dashed lines, respectively.
Merger simulation I and II have different satellite orbits, creating different signatures in
the chemodynamical plane of the simulation. The former has a large overlap between the
accreted and in-situ stars, making it harder to disentangle the populations. As a consequence,
this may result in the misclassification of some substructures. On the other hand, merger
simulation II has a unique signature for the accreted satellite, with almost no overlap between
the accreted and in-situ stars.
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Appendix A

ADQL query

The Gaia DR2 high velocity stars sample that we have used in Chapter 2 can be obtained
with the following ADQL query.

SELECT = FROM gaiadr2.gaia_source

WHERE parallax_over_error > 10

AND parallax > 1

AND phot_g_mean_mag < 17

AND phot_g_mean_flux_over_error > 50

AND phot_rp_mean_flux_over_error > 20

AND phot_bp_mean_flux_over_error > 20

AND (sqrt(power(pmra,2) + power(pmdec,2)) = 4.74/parallax)
>200

AND phot_bp_rp_excess_factor > 1. +0.015«power(bp_rp,2)

AND phot_bp_rp_excess_factor < 1.3 +0.06«xpower(bp_rp,2)

AND visibility_periods_used > 8

AND astrometric_chi2_al/astrometric_n_good_obs_al — 5 <

1.44+max(1, exp(—0.4xphot_g_mean_mag—19.5))



Appendix B

Standard deviation of the epoch radial

velocities

In Chapter 2 we mentioned on the possibility of the observed double sequence observed in
the CMD of high transverse velocity stars in Gaia, Figure 2.6, to be an artefact caused by
unresolved binaries. It is known that unresolved equal mass binary systems can be identified
as a single star with the same colour as the bluer sequence, but brighter by a factor of 2.51log?2.
This creates a second sequence in the HRD and we note that this difference in brightness
is within the range difference between BS and RS. Moreover, such effect is observed for
example in many globular and open clusters. The binary fraction can vary from 4 to 40% in
globular clusters(see, e.g., the review of Meylan and Heggie, 1997), and reach up to 30% in
open clusters (e.g. de La Fuente Marcos 1997 and Kalirai and Tosi 2004).

We note that, it has also been pointed out that depending on the CMD modelling technique,
the exact value of binary fraction may not affect the CMD fitting (see, e.g, Kerber and
Santiago, 2005). Nonetheless, we decided to verify any binarity signal that could potentially
have not been flagged in Gaia pipeline. Firstly, we analysed the error distribution of the
line-of-sight velocity (v;,) error distribution for both sequences. A high fraction of stars
with large v;,; error could potentially indicate the effect of a binary system. Figure B.1 left
panel shows that both sequences have a low fraction of stars with relative error in v;, greater
than 20%.

Secondly, we calculated the standard deviation of the epoch radial velocities, o(v. ),

2 \rv_e+0.112

(0) ! = — B . 1
(Vraa) T \/rv_nb_transits 8.1

given by equation:
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Fig. B.1 The relative line-of-sight velocity error distribution (left) and the standard deviation
of the epoch radial velocities (right) for Gaia high transverse velocity stars. The colours
represent the distribution of the observed Blue and Red Sequences defined in Chapter 2. Both
panels show no significant difference between the observed sequences. Moreover, the vast
majority of the stars have relative errors lower than 20% in both measurements. This rule out
the possibility of binary contamination in this sample.

where, rv_nb_transits is the number of transits used to compute radial velocity, and rv_e is
the given radial velocity error in Gaia data. Figure B.1 right panel shows that less than 0.5%
of the stars have G(:Tt’;") > 0.3, where rvs is the given radial velocity value in Gaia, and that
the distribution for both sequences is very similar. As this ratio is comparable for the Blue
and Red Sequence, the former can not be simply explained by a population with unresolved
binaries. Should also be noted that the calculated ratio is biased towards the brighter end of
our sample, however there is no reason to expect that it should be considerably larger towards

the fainter end of the sample.
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